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Abstract 
 

Acetylcholine (ACh) is synthesised from choline and acetyl-CoA, primarily by the enzyme choline 

acetyltransferase (ChAT). Traditionally known as a crucial neurotransmitter synthesised and released 

by neurons of the central and peripheral nervous systems, in recent years there has been an increased 

interest in the role of ACh synthesised by alternative cells types - particularly those of the 

haematopoietic immune system. Non-neuronal ACh plays many important roles in the regulation of 

various immune responses in addition to being associated with the development of a number of 

disease pathologies. A significant number of animal parasitic nematode species have evolved to 

secrete active acetylcholinesterase enzymes (AChEs) which hydrolyse ACh and inhibit it from 

transducing cholinergic signals, suggestive perhaps of an attempt to immunomodulate their hosts in 

this way. Utilising the ChATBAC-eGFP reporter mouse (Tallini et al., 1996) immune cell populations 

capable of ACh production were identified, and the dynamics of their capacity to produce ACh were 

followed throughout type 2 immune responses generated during nematode infection (modelled using 

Nippostrongylus brasiliensis) or during allergic airway inflammation (modelled using an allergenic 

extract of the fungus Alternaria alternata). In carrying out these studies, type 2 innate lymphoid cells 

(ILC2) were newly identified as cholinergic cells capable of ACh synthesis and release during type 2 

immune settings. The cholinergic phenotype of these cells was found to be closely associated with 

their activation state. Importantly, the cholinergic phenotype of pulmonary ILC2 could be induced by 

treatment of the cells with the alarmin cytokines IL-33 and IL-25, - IL-25 demonstrated a more potent 

capacity for this both in vitro and in vivo. Additionally, treatment of the cells with IL-2 greatly 

augmented the actions of IL-25 and IL-33 alone with regards to expression of the ILC2 cholinergic 

phenotype. Finally, in an attempt to understand the roles ACh may play during type 2 immunity in the 

lung, recombinant active and mutant-inactive forms of an AChE expressed by N. brasiliensis were 

generated using a yeast expression system. These were administered intranasally to female BALB/c 

mice during N. brasiliensis infection and during Alternaria allergen extract (ALT)-induced airway 

inflammation. Among the results observed, administration of active AChE significantly increased gut 

worm burden as well as influencing effector mechanisms such as neutrophilia, eosinophilia, type 2 

cytokine production by ILC2 and alternative activation of macrophages, dependent on the model in 

question. The data presented in this thesis contribute to the understanding of how immune cell 

derived ACh may influence type 2 immunity and supports the argument that parasite AChEs may have 

evolved as immunomodulators of host immunity. 
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Mouse strains used in this study 
 

 

 Three strains of mice were used in this study. They are depicted in figures throughout this thesis in 

the following way, to make appreciation of which strain is being referred to easily identifiable to the 

reader: 

 

 

        

           Strain:  BALB/C 

              

 

                  Strain: C57B6/J 

 

 

      Strain:            ChATBAC-eGFP  (ChAT reporter mouse on C57B6/J background)
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1.1 The Immune system and the type 2 immune response 
 

The immune system is a highly complex and powerful defence system comprised of a multitude 

of cellular and humoral components. Each is geared towards playing roles in the maintenance of 

homeostasis and the distinction between that which is non-harmful/must be tolerated versus 

recognition, containment and removal of foreign and invading insults with the potential to cause 

harm. In vertebrates, there are – broadly speaking, two main forms of invading insult (Gause et 

al. 2013): rapidly replicating microbes such as bacteria, viruses, protozoa, fungi and larger, 

multicellular metazoan assailants such as parasitic helminths. In simple terms, the type of immune 

response which ensues following invasion by either of these groups of organisms, reflects the life 

history traits of the aggressor and the potential form of damage that their invasion may take. 

 

The immune system is split into two functional arms termed innate and adaptive immunity. The 

innate immune response identifies and responds to a wide variety of infectious organisms due to 

the recognition of non-self-molecular patterns on the surface of invading pathogens, which may 

signal directly through germ-line encoded receptors such as pattern recognition receptors (PRRs) 

including toll like receptors (TLRs) (Medzhitov and Janeway, 1997a). It is also essential in the 

development of an effective adaptive response, via crosstalk between T and B lymphocytes with 

antigen presenting cells (APCs), which process and present foreign molecules to adaptive immune 

cells in order to direct a targeted response to a specific pathogen (Medzhitov and Janeway, 

1997b). 

 

Co-stimulation of cellular receptors on the surface of adaptive lymphocytes - a pre-requisite for 

the activation of these cells and clonal expansion of lymphocytes capable of soliciting a targeted 

immune response to a particular pathogen, is also carried out by innate immune cells (Medzhitov 
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and Janeway, 1997a, Medzhitov and Janeway, 1997b). Conventional T cells differentiate into 

CD8+ cytotoxic cells, whose main role is to directly kill self-cells infected with viral or microbial 

pathogens, or CD4+ helper cells (Th). Upon stimulation, naive Th cells (Th0) may differentiate into 

a number of different subsets which have the capacity to respond to and secrete different 

cytokines, serving very different tasks dependent upon the type of immune response required to 

resolve a particular infection. CD4+ T cells may also aid B cells in their proliferation and 

development to plasma cells which secrete different classes of immunoglobulins (antibodies), 

which are essential humoral components in the adaptive response to infection. 

 

Historically, researchers have focused on a bi-polar divide between what is referred to as type 1 

(Th1) and type 2 (Th2) immunity. Originally the terms were used to classify CD4+ Th cells as Th1 

or Th2, in reference to the broadly different cytokine profiles released by different Th subsets 

during disparate infection settings (Mossman and Coffman, 1989) (Figure 1.1). However, the 

terms Th1 and Th2 are now often widely used to describe the full array of innate and adaptive 

components essential in the generation of a certain immune environment towards a specific 

pathogen (Anthony et al., 2007), also referred to as ‘global’ Th1 or Th2 immunity (Allen and 

Maizels, 2011). Th1 immunity is predominantly pro-inflammatory, directed towards intracellular 

viral, bacterial and protozoan pathogens whereas Th2 immunity probably evolved to limit the 

tissue damage associated with parasitic helminth infection as well as to eradicate the worms 

themselves (Maizels and Yazdanbakhsh, 2003). Conversely, although beneficial during helminth 

infection, type 2 responses also govern immunopathology associated with allergy and asthma 

(Barnes, 2001). 
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Figure 1.1 Different cytokine profiles are expressed by T helper (Th) cells upon differentiation to 

Th1 or Th2 subsets. Signals such as IL-12 aid development of Th1 cells and IL-4 aids Th2 

differentiation from naïve Th cells (Th0). The transcription factors Tbet and Gata3 are associated 

with Th1 and Th2 subsets accordingly, and aid the expression of cytokines and molecules 

associated with each response. IL-4 produced by Th2 cells can have a positive feedback effect on 

Th2 differentiation.  IFN, interferon, TNF, tumor necrosis factor, IL, interleukin, TGF, transforming 

growth factor.  

 

The type-2 response is characterised by various effector mechanisms (Figure 1.2), including Th2 

polarisation of CD4+ T cells, eosinophilia, epithelial and goblet cell hyperplasia at mucosal sites 

and an associated increase in mucus secretion and release of the molecules MUC5AC and Relmβ 

(Artis et al., 2004, Herbert et al., 2009; Hasnain et al., 2011). Other effector responses include 

mast cell and basophil expansion, increased smooth muscle contraction, expansion of 

alternatively activated macrophages (Jenkins and Allen, 2010) and class switching of B-cells to 

produce IgE and IgG1 isotypes (reviewed by Allen and Maizels, 2011). Cytokines including 

interleukin 4 (IL-4), IL-5, IL-9, IL-10 and IL-13 are classically associated with this response (Figure 

1.2) (Allen and Maizels, 2011). IL-4 and IL-13 in particular are central players in the context of 

global type 2 immunity as both cytokines signal via heterodimeric receptors containing the 
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subunit IL-4Rα (Akiho et al, 2002) (Figure 1.2), considered to be ‘the nexus of type two immunity’ 

(Allen and Maizels, 2011). IL-4 plays a major role in development of Th2 CD4+ T helper cell subsets 

from naïve T helper precursors through the enhanced expression of the transcription factor 

GATA3 and suppression of the Th1 master transcription factor T-bet (Jenner et al., 2009) and once 

polarised, Th2 cells themselves become major producers of IL-4, sustaining the ongoing type 2 

immune response (Figure 1.1). Among other roles, IL-13 in conjunction with IL-5 drives 

eosinophilia in peripheral tissues which is a central feature of type2 immunity (Urban et al., 1998; 

Zhao et al., 2003; Finkleman et al., 2004). Both cytokines are produced abundantly by type 2 

innate lymphoid cells (ILC2) which are activated by epithelial derived ‘alarmin’ cytokines such as 

IL-25, IL-33 and thymic stromal lymphopoietin (TSLP), released upon cellular damage during - for 

instance, parasitic nematode larval migration through host tissues (Artis and Grencis 2008). 

Interestingly, ILC2, which were initially identified as a population of non B, non T, lineage negative 

cells termed innate helper cells (IhC) or ‘nuocytes’ (on the basis of their potent production of IL-

13, Nu being the 13th letter of the Greek alphabet) were only recently formally named and 

characterised, despite the fact that the cells themselves have been shown to play essential roles 

in eradication of helminth parasites previously (Hurst et al., 2002; Neil et al., 2010; Price et al., 

2010; Moro et al., 2010; Saenz et al., 2010; Mjosberg et al., 2011; Pishdadian et al., 2012). It is 

now understood that ILC2 belong to a larger family of innate lymphoid cells which share a 

common Id-2 (inhibitor of DNA binding-2) expressing precursor cell (Klose et al., 2014) with 

subsets which all lack antigen specific recognition but yet largely echo the production of cytokines 

and regulation by lineage specific transcription factors of CD4+ T cell subsets (Bernink et al., 2013; 

Goldberg et al., 2015). This area of immunology is currently an ongoing and fruitful area of study, 

highlighting the novel discoveries still to be made and new avenues of research ignited via the 

study of type 2 immunity.  
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Figure 1.2. Key features of the global type-2 response. Current views place the receptor subunit IL-

4Rα at the centre of type 2 immunity. This subunit forms two types of heterodimeric receptor: the IL-

4 receptor (IL-4R), comprised of IL-4Rα and the common gamma subunit (γc) which binds IL-4, and the 

IL-13 receptor (IL-13R) comprised of IL-13Rα1 and IL-4Rα, which predominantly binds IL-13, but can 

also be ligated by IL-4. RELMα/β: resistin like molecule α or β; TSLP: thymic stromal lymphopoietin; 

DC: dendritic cell; ROS: reactive oxygen species; MBP: major basic protein; CCL11: CC chemokine 

ligand 11; TH2: T helper type 2 cell; YM1: Chitinase-3 like protein 3. Image from Allen and Maizels, 

2011.  
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1.2 Helminths and the taxonomy of nematodes 

 

Infections with parasitic helminths are a strong inducer of type 2 immune responses. The term 

‘helminth’ refers to members of an evolutionarily highly diverse collective of phyla which possess a 

superficially ‘worm-like’ body plan. The majority of these are not closely related and there remains no 

concise agreement regarding their taxonomy. In general, the term is used to refer to the metazoan 

invertebrate organisms belonging to four phyla: The Annelida (segmented worms), Platyhelminths 

(flat worms), Nematoda (round worms) and Acanthocephala (thorny headed worms). A sister group 

to Nematoda, the Nematomorpha (horsehair worms), as well as the Pentastomida (crustacean-like 

organisms, also known as tongue worms), are additional phyla which sometimes fall under the 

artificial umbrella term of helminths. 

 

Much of the discussion on helminths focuses around those groups in which all or some of the members 

have evolved parasitism of one or more host species as a survival strategy. To this end, the 

Platyhelminths, Nematoda, and to a lesser extent, the Acanthocephala have received the greatest 

amount of interest, although there are examples of parasitic species in other helminth groups too. 

Platyhelminths comprises four subclasses; the Monogenea, Trematoda (flukes) and the Cestoda 

(tapeworms) which are all obligate parasites, and the Tubellaria - a paraphyletic group containing 

organisms which are not exclusively parasitic or which are free-living. The Trematoda and Cestoda in 

particular, contain many organisms which pose significant global challenges to human health, 

including species belonging to the trematode genus Schistosoma and the cestode genera Taenia and 

Echinococcus. 

 

The Nematoda (nematodes) represents an incredibly diverse group of organisms with over 25,000 

currently described species (Zhang et al., 2013). They are dioecious pseudocoelomates with a 
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relatively simply body plan. Like other members of the Ecysozoa (for instance, arthropods), nematodes 

usually shed four external layers of cuticle during their development from larvae to sexually mature 

adults. Based on molecular studies and phylogenetic analysis of small subunit ribosomal RNA genes 

from a large number of representative nematode species, the phylum has been organised into five 

distinct clades (Blaxter et al., 1998, Blaxter and Koutsovoulos, 2015) (Figure 1.3). Parasitism of either 

plants, invertebrates or vertebrates appears to have evolved in multiple orders of all clades except 

clade III and the majority of parasitic species which infect humans directly, or their livestock and 

companion animals are found in Clades I (i.e Trichinella spiralis, Dioctophyme renale ), III (i.e, Ascaris 

sp. Brugia malayi, Enterobius vermicularis) and V (i.e. Ancylostoma canis, Necator americanus, 

Haemonchus contortus). Many important parasites of domesticated animals, and some of humans, 

are found within the clade V suborder Strongylida which sits within the infraorder Rhabditiomorpha. 

The model organism Caenorhabditis elegans (C. elegans), a free-living bacteriophore also belongs to 

a closely related order (the Rhabditida) which sits within this group.  
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Figure 1.3. Phylogeny of the Nematoda. The small subunit ribosomal RNA gene was used to generate 

this molecular phylogeny of the relationships of the currently recognised nematode ‘clades’ (Clades I, 

II, III, IV and V) introduced by Blaxter et al. in 1998. A second clade-naming scheme has been more 

recently introduced, utilising numerical clade names that are given below the relevant branches (1 – 

12). Variation in feeding mode, and the evolution of animal and plant parasitic and vector associations 

across different families within clades are as indicated. Representative species of note are named for 

some groups. Figure is taken from Blaxter 2011. 
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1.3 Medical, economic and social impact of nematode parasites  
 

The immune environment and response generated by infection with nematodes is an important and 

on-going field of study because throughout evolutionary history, humans have been (and continue to 

be) persistently infected by these parasites (Hotez et al. 2008). As first highlighted by Norman Stoll in 

his famous 1947 essay ‘This wormy world’, gastrointestinal (GI), soil transmitted nematode infections 

by the parasites Ascaris lumbricoides, Trichuris trichiura, Strongyloides stercoralis and the hookworms 

Ancylostoma duodenale and Necator americanus are among the most prevalent of all infections faced 

by humans worldwide. Though estimates vary due to difficulties in accurately quantifying infection 

prevalence and burden it has been reported that between one billion people, up to 50% of the global 

population are infected with GI nematodes (Stepek et al. 2006). The majority of this burden is carried 

by those living in the poorest socioeconomic areas of the developing world, where acceptable 

standards of nutrition and sanitation are often lacking (de Silva et al. 2003; Levecke et al., 2014). In 

contrast to the developed world (where infections are usually transient and short lived once treatment 

with anti-helminthic chemotherapy is sought) in developing countries these infections are typically 

characterised by overlapping waves of reoccurrence throughout an individual’s lifespan (King 2010). 

These persistent, often chronic infections are responsible for overt morbidity in addition to 

malnutrition, anaemia, impaired cognitive development and growth stunting in children (Crompton 

and Nesheim 2002; Hotez et al. 2008; Gyorkos et al. 2011; Sanchez et al. 2013). Knock-on effects of 

this can include poor performance and absence from work or in school, resulting in damaged health 

and loss of earning capacity later in life (Bleakley 2007; King 2010). The damage caused by these 

typically non-fatal infections has been previously illustrated based on the assessment of the disability-

adjusted life year (DALY). This calculation provides a measure of overall disease burden that combines 

the number of years lost to a population not just as a result of premature death, but also ill-health and 

overall disability. Taking the number of combined DALYS lost as a result of infection by the most 

globally relevant soil transmitted GI species, estimates have been made which indicate that the global 
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impact of these infections sits alongside that generated by diseases which generate much higher 

mortality, such as malaria and tuberculosis (Table 1.1) (Brooker 2010). Considering the impact 

generated by nematode parasites other than soil transmitted GI species, such as the filarial parasites 

Brugia malayi and Wuchereria bancrofti, responsible for elephantiasis, and Onchocerca volvulus which 

causes river blindness, further highlights the overall global impact of disease burden on human health 

generated by nematode parasites. 

 

 

 

 

 

 

Table 1.1. Comparison of disability-adjusted life years (DALYS) lost annually and deaths caused by soil 

transmitted helminth infections, with those related to tuberculosis and malaria. Data adapted from 

Chan, 1997 and information from the World Health Organisation (WHO).  

 

Nematode infection is also of concern to animals and livestock. Nematode parasites can negatively 

affect mammalian host fecundity (Deter et al. 2007) and energy consumption (Coop and Kyriazakis, 

2001) as well as overall health and economic output (Leyva et al. 1982; Suarez et al. 2008) and have 

been shown to reduce the ability of animals to survive environmental extremes such as food shortage 

and harsh winters (Gulland 1992). There are three main classes of anthelmintics currently in use for 

the treatment of nematode parasites in livestock: macrocyclic lactones, benzimidazoles and 

imidazothiazoles/tetrahydropyrimidines, and it is estimated that the global cost for the treatment of 

livestock with these drugs is many tens of billions of dollars (Roeber et al. 2013). Additionally, with the 
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large scale use of these compounds, there has now arisen the added concern that numerous cases of 

drug resistance have emerged to all these drug classes in many livestock species across the globe; 

providing significant challenges as to how these infections will be controlled in the future (Kaplan 

2004; Gasbarre et al. 2009; Domke et al., 2012). 

 

1.4 Asthma and pulmonary fibrosis - disorders associated with type 2 

inflammation 
 

Although the type 2 immune response probably evolved to combat infection and heal tissue damage 

caused by large metazoans such as nematodes, a significant number of features of the response are 

now understood to contribute to the pathology associated with atopic diseases of mucosal and barrier 

surfaces (Fahy 2015) (Figure 1.4). These include diseases such as asthma, IgE mediated allergies and 

allergic rhinitis (hay fever). Approximately 300 million people worldwide have asthma (an 

inflammatory condition of the lower airways) which is responsible for around 250,000 deaths 

annually, making it one of the most common, potentially fatal inflammatory lung diseases (Croisant 

2014). A major mediator of allergic asthma is the canonical type 2 cytokine IL-13, which regulates a 

majority of the key features of the disease such as eosinophilic inflammation, airway hyper-

responsiveness, goblet cell hyperplasia and mucus secretion (Wynn 2003). In patients that possess a 

genotype conferring a predisposition towards asthma, airway allergens including fungal spores can 

act as stimuli which induce allergic–type asthma (Pringle, 2013) and may do so through molecular 

mechanisms which mimic helminth infections. For instance, extracellular ATP acts as a danger signal 

released by damaged cells and in the lung, this can result in the stimulation of purinergic P2 receptors 

and the subsequent release of mature IL-33 during fungal allergen induced airway inflammation 

(Kouzaki et al., 2011). Depending on the allergens in question, this may be mediated by components 

such as serine proteases, as is the case for the fungus Alternaria alternata (Snelgrove et al., 2014) 

which is often implicated in severe asthma and life threatening asthma exacerbations (Neukirch et al., 
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1999; Downs et al., 2001; Agarwal et al., 2011). IL-33 is a crucial alarmin and activator of innate 

immune responses, particularly by ILC2 during both allergic airway inflammation and parasitic 

nematode infection (Cayrol and Girard, 2014) and during infection, ATP in addition to its catabolite 

adenosine also act as danger signals leading to the release of IL-33 (Buyers et al., 2014). This highlights 

a major similarity in the molecular pathways which drive type 2 immune responses during both asthma 

and nematode infection.  

 

Although factors which contribute to and regulate wound healing are considered a characteristic 

feature of the type 2 immune response (Gause et al. 2013), an overactive, persistent or inappropriate 

type 2 immune response can also lead to abnormal damage and scarring of tissue, resulting in fibrosis. 

In the mouse lung, ILC2 have been shown to be capable of driving pulmonary fibrosis generated by 

damage caused as a result of Schistosoma mansoni egg injection, through a mechanism involving IL-

25 release from lung epithelial cells resulting in increased IL-13 release from ILC2 (Hams et al. 2014). 

Importantly, development of fibrosis could be impaired or abolished either by the use of IL-25 

deficient animals or by removal of ILC2 from the system. Furthermore, elevated levels of IL-25 were 

found in human patients with idiopathic lung fibrosis in addition to a population of activated, IL-13 

producing ILC2 indicating a possible causative route of therapeutic interest. As a pro-fibrotic factor, 

IL-13 has received much interest both during schistosomiasis (Chiaramonte et al. 1999; Fallon et al. 

2000)  and in allergic asthma in which it plays a central role, as described above. Either driven by, or 

outside of the actions of IL-13, the majority of cellular players of the type 2 immune response can 

produce molecules associated with tissue repair and remodelling (Gause et al. 2013) and many of 

these have been linked with the pathogenesis of fibrosis. For instance the epidermal growth factor 

receptor ligand amphiregulin which is produced by ILC2, basophils and some CD4+ T cells (Zaiss et al. 

2015) plays a role in TGF-β driven pulmonary fibrosis (Zhou et al., 2012). Another major cellular player 

during the type 2 immune response is the alternatively activated macrophage (M2 MΦ) which 
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characteristically releases molecules such as RELMα, YM-1, arginase-1, TGF-β, vascular endothelial 

growth factor (VEGF) and platelet derived growth factor (PDGF). All of these factors contribute to 

wound healing and are up-regulated during helminth infection, yet have also been linked to fibrotic 

disease (Wynn and Ramalingam 2012).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 | Type 2 immune responses in asthma.  The immune response observed during asthma 

shares many features of the response associated with the type 2 immune response initiated by 

parasitic nematode infection.    Figure from Fehy 2015 
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1.5 Modelling type 2 immunity in mice; the Nippostrongylus brasiliensis 

hookworm model 

 

Humans and mice diverged from one another between 65 million to 75 million years ago. Since this 

time, the two species have been exposed to numerous different selection pressures, including 

differences in exposure to specific pathogens (Mestas and Hughes 2004). These pathogens often 

evolve rapidly, and may do so in accordance with the selection pressures applied to them by the 

immune system of their hosts, which must similarly evolve to keep up with these changes; the 

underlying principal of the ‘host pathogen arms race’ (Meyerson and Sawyer 2011). As a result, 

evolution at the level of the immune response may be faster and more apparent than gross adaptation 

or change at the physiological level. Therefore it is perhaps not surprising to acknowledge that there 

are substantial anatomical and mechanistic differences which have accrued between the human and 

murine immunobiological systems in less than just 100 million years (Mestas and Hughes 2004; 

Gibbons and Spencer 2011). Despite this, it is clear that although the specifics may differ, the salient 

features of the human system are largely well represented in mice (Gibbons and Spencer 2011). The 

divergent features are critical to appreciate when selecting a useful, relevant mouse model of a given 

human disease; however, an argument can be made that there are common outcomes desired by 

both systems, given a similar pathological or infection setting. Therefore, in many instances, the 

overall response of the human or murine systems may be functionally similar, despite notable 

mechanistic differences and therefore (with caution), information derived from mouse models may 

be usefully applied to human systems.  

 

Nippostrongylus brasiliensis is a natural parasitic nematode of rats, widely used as a laboratory model 

of human hookworm infection as it is believed to recapitulate a substantial degree of the physiological 

and immunological features of type-2 immunity as well as the pathology caused by these parasites 

(Holland et al. 2000; Camberis et al. 2003; Reece et al. 2008; McSorley and Loukas 2010). As discussed, 
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these organisms, including the species Ancylostoma duodenale and Necator americanus, are 

responsible for the infection and impact on health of a substantial number of people worldwide. 

Nippostrongylus is closely related to these species (Blaxter 2011) and has been termed ‘the rodent 

hookworm’ due to the high degree of similarity between the lifecycles of these skin penetrating 

parasites which migrate to, and have a transient developmental phase in the pulmonary system before 

moving on to the gut where they exist as reproductively active adults (Figure 1.5). As well as high 

congruence in life history traits, strong molecular support exists for the use of N. brasiliensis as a 

representative model of human hookworm infection, as comparisons of the secreted proteomes of 

infective L3 larvae and adult parasites demonstrate (Sotillo et al. 2014) . 

 

During N. brasiliensis infection, IL-13 has been shown to be of greater importance than IL-4 in timely 

parasite expulsion (Lawrence et al., 1996) and drives the majority of goblet cell hyperplasia, mucus 

production and enhanced smooth muscle contraction which aids worm clearance from the gut 

(Horsnell et al., 2007; Eberl, 2010). Although Th2 CD4+ T helper cells are central mediators of the type 

2 response and indispensable for normal N. brasiliensis expulsion (Urban et al., 1995, Barner et al., 

1998) it is in fact the innate source of IL-13 derived from the activated ILC2 which is essential for 

efficient expulsion of the parasite from the host (Voehringer et al., 2006). Other innate immune cells 

such as basophils are additional sources of IL-13 however, unlike ILC2, basophils in this instance are 

not critical for N. brasiliensis expulsion (Kim et al., 2010).  
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Figure 1.5 . The life cycle of Nippostrongylus brasiliensis. This life cycle recapitulates the features of 

closely related human infective species including Ancylostoma duodenale and Necator americanus. L1 

– L4; larval stages of the parasite.  

 

1.6 Nematodes as immunomodulators  

 
Compared to many disease-causing microbial organisms, many parasitic nematodes can cause chronic 

infections of their hosts which may last for many months or even years, as in the case of some filarial 

species (Subramanian et al., 2004). This characteristic of nematode infection has largely been 

attributed to the impressive ability of these parasites to modulate the immunological environment to 

which they are exposed within the host. This results in scenarios which can include 

immunosuppression or modification of the type 2 immune environment, biased in favour of 
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regulatory-type responses, in addition to induction of responses such as expansion of regulatory T 

cells which are also able to supress inflammatory type 1 mediated immune settings (Maizels et al., 

2004; Babu et al., 2006; McSorley et al., 2008). For the parasite, modifying the immune response which 

would otherwise eliminate it from the host means that its persistence can be prolonged which is 

beneficial to the fitness of the parasite; at the same time, limiting an inflammatory response is also 

beneficial to the host and prevents excess tissue damage caused by the presence of migrating parasite 

larvae or adults. It appears that this ability of nematode parasites to modify the host immune 

environment results from the evolution of a huge array of excreted and secreted (E/S) molecules 

which are capable of interacting with the host’s physiology and can act as immunomodulators to 

dampen the host response to infection (Hewitson et al., 2009). Some of these molecules have been 

studied in a great degree of depth, such as ES-62, derived from the filarial nematode 

Acanthocheilonema viteae (Harnett et al., 2003), which shows promise for use as a therapeutic in 

inflammatory disease settings including arthritis (Harnett et al., 2010; Pineda et al., 2012; Harnett et 

al., 2014). One class of these secreted molecules which can account for a predominant component of 

the total composition of E/S proteins are acetylcholinesterases (AChEs) (Hewitson et al. 2011) and 

these are of central interest to the work outlined in this thesis. 

 

Nematode acetylcholinesterases 

 

Acetylcholinesterases are enzymes which hydrolyse the cationic molecule acetylcholine (ACh). 

Nematodes possess multiple, distinct genes which encode variant forms of AChEs with non-

overlapping functions (Selkirk et al. 2005). The free-living nematode C. elegans has four AChE genes 

which express three classes of active AChE proteins and one protein in which the catalytic domain 

appears inactive (Culotti et al., 1981; Johnson et al., 1988; Coombes et al., 2003). These AChEs are 

associated with the nervous system of the organism and modulate the action of ACh in its role as a 

neurotransmitter. In addition, many parasitic nematodes of vertebrates express AChEs encoded by 
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separate genes to neuronal forms of the enzyme. These are synthesised in specialised secretory sites 

(Nakazawa et al., 1995) and can be identified and purified from the excretory/secretory (E/S) products 

of in vitro cultured larvae and adults isolated from host tissues.  

 

Expression of secreted AChEs has been reported from adults and microfilariae of the clade 3 nematode 

Anisakis simplex (Podolska et al., 2014) and clade 5 strongylid species including: Oesophagostomum 

radiatum (Bremner et al. 1973), Trichostrongylus columbriformis (Rothwell et al., 1973), Stephanurus 

dentatus (Rhoads, 1981), Necator americanus (Pritchard et al., 1994), Heligmosomoides polygyrus 

(Lawrence and Pritchard, 1993), Dictyocaulus viviparous (Mckeand et al. 1994), and N. brasiliensis 

(Grigg et al. 1997). The majority of these AChE secreting species are parasites of the gastrointestinal 

system or associate with other mucosal environments such as the lungs. However, AChE secretion is 

not shared by all nematodes which conduct these lifestyles; Ascaris spp. have both pulmonary and 

intestinal components to their migration through the host and non-muscle stage Trichinella spiralis 

larvae and adults associate with the host intestines; however, neither have been reported to secrete 

AChEs.  

 

The secreted AChEs of N. brasiliensis are among the most fully characterised in terms of their genetic 

and protein sequences, structure, substrate specificities and the kinetics of their enzyme activities; 

two secreted AChEs from D. viviparous have also been fully cloned and structurally well characterised 

(Lazari et al. 2003). Nippostrongylus secretes three isoforms of AChE, denoted NbAChE-A, NbAChE-B, 

NbAChE-C, all of which are monomeric and hydrophilic (Hussein et al. 1999) (Hussein et al. 2000), 

(Hussein et al. 2002). The nucleotide and peptide sequences of NbAChE-A, encoding a 74 kDa protein 

indicates that this isoform shows greater divergence from NbAChE-B, a 69 kDa protein and NbAChE-

C, with a molecular weight of 71 kDa (Hussein et al., 2002). However, sequence analysis of the isoforms 
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indicate that phylogenetically all 3 form a single, distinct protein family when compared to AChEs from 

other nematode species, indicating that the proteins represent a monophyletic family which evolved 

following speciation of N. brasiliensis (Hussein et al. 2002). Compared to non-secreted AChEs from 

other organisms, the C-terminal domains of the secreted AChEs from N. brasiliensis are truncated, 

bearing structural resemblance to soluble, secreted AChEs found in the venom of elapid snakes such 

as Bungarus and Naja (Cousin et al., 1996), (Frobert et al., 1997) and the saliva of the tick Boophilus 

(now Rhipicephalus) microplus (Baxter and Barker, 1998) indicating a putative role in modulation of 

the host physiological environment in which ACh plays numerous essential and important roles in 

processes ranging from neurotransmission to regulation of immune responses, as detailed below.  

 

1.7 Biology of the vertebrate cholinergic system  
 

Cholinergic signalling is one of the oldest cell signalling pathways and takes place in all the major 

lineages of life (Wessler and Kirkpatrick 2008). Esterification of acetyl-CoA (a product of metabolism), 

and choline to form the cationic molecule acetylcholine (ACh) is catalysed by the enzyme choline 

acetyltransferase (ChAT) (Figure 1.6), although in certain cell types the enzyme carnitine 

acetyltransferase (CarAT) has also been shown to play a role in ACh synthesis (Tuček, 1982; Lips et al., 

2007). The cellular actions of ACh are realised via interaction with two different families of ACh 

receptor; nicotinic receptors (nAChR), which are pentameric ligand gated ion channels, and muscarinic 

receptors (mAChR) which are G-protein coupled receptors (GPCR) with seven transmembrane 

domains. The serine hydroxylase acetylcholinesterase (AChE) catalyses the degradation of ACh and its 

hydrolysis back to choline and acetate, resulting in cessation of the ACh induced signal (Figure 1.6). 
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Figure 1.6. The enzymatic synthesis and hydrolysis of acetylcholine. Acetylcholine is synthesised by 

choline acetyltransferase (ChAT) from acetyl-CoA and choline, and is hydrolysed to choline and acetate 

by the enzyme acetylcholinesterase (AChE) 

 

Choline Acetyltransferase  

As the dominant enzyme for the synthesis of ACh, the presence of active ChAT in a cell or tissue is a 

robust indicator of the cholinergic nature of that cell or tissue. So vital is its role in the central and 

peripheral nervous systems that in its total absence, life cannot be sustained. This is demonstrated in 

ChAT-/- mice which die shortly after birth due in part to a lack of synaptic transmission in the diaphragm 

(Brandon et al., 2003). The enzyme belongs to the CoA-dependant acetyltransferase superfamily, 

which also includes carnitine acetyltransferase (CarAT), dihydrolipoltransacetylase, VibH (a 

condensation enzyme from Vibrio cholerae vibriobactin synthetase) and chloramphenicol 

acetyltransferase (Murzin et al., 1995). Mammalian ChAT has three non-coding exons, designated R, 

M, and N in rodents, and between 15-16 coding exons, with the catalytic domain situated in exon 10 
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(Figure 1.7) (Kummer et al. 2008). Alternative splicing can generate multiple ChAT mRNAs with variant 

5’ non-coding regions. Splicing of the coding exons can also result in ChAT variants (Figure 1.7). There 

are between 5 – 7 variants described in mice, rats and humans (Misawa et al. 1992; Robert and Quirin-

Stricker 2001; Ohno et al. 2001). However, in mice and rats the majority of the variants all code for 

the same 69 kDa protein. This suggests that variant diversity may be associated with differences in 

mRNA stability in various settings though the functional consequences of this diversity are not yet fully 

understood. There is some indication that human neuronal ChAT possess nuclear localisation signal 

motifs which may be involved in regulating the distribution of ChAT between the cytoplasm and the 

nucleus and additionally, ChAT protein has been observed in the nuclei of spinal cord and brain 

neurons in human necropsy samples (Resendes et al., 1999; Gill et al., 2003). Therefore, (at least in 

neurons) transcript splice variants may exist to facilitate ChAT to carry out more complex activities 

outside of its canonical ACh synthesis role, in ways yet to be understood. Crystal structures of rat ChAT 

(Cai et al., 2004; Govindasamy et al., 2004) and human ChAT (Kim et al. 2006) have been solved and 

reported, describing in detail the structure of the binding and catalytic domains (Figure 1.8A). These 

structures highlight the importance of a central histamine residue and the presence of a unique ‘P 

loop’ moiety (Figure 1.8B) – not present in other members of the enzyme’s superfamily, which 

facilitates how the enzyme binds to its substrate and catalyses production of ACh with high efficiency. 

This involves a mechanism which shares similarities with the serine-hydrolase enzyme family and 

includes the formation of an acyl-enzyme intermediate structure (Kim et al. 2006).  

 

The Vesicular Acetylcholine Transporter  

Between the first two non-coding exons of ChAT lies an intron-less sequence encoding a 12 

transmembrane domain, H+/ACh exchange protein; the vesicular acetylcholine transporter (VAChT) 

(Figure 1.7). The VAChT pumps ACh into vesicles found in cholinergic neurons (and some other cells), 

across a chemical proton gradient generated by an electrogenic H+-ATPase in the vesicular membrane 
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(Usdin et al., 1995). Vesamicol, a selective VAChT inhibitor, blocks ACh influx into vesicles, thereby 

inhibiting ACh release and impulse transmission in nerve fibres (Prior et al., 1992). The genomic 

organisation of ChAT and VAChT has been termed the ‘cholinergic gene locus’ (Erickson et al., 1994) 

and the expression of ChAT and VAChT in cholinergic nerve fibres shares common cis-acting regulatory 

elements for gene transcription (Eiden, 1998). 

 

 

 

 

 

 

 

 

Figure 1.7. Genomic organisation of the ‘cholinergic gene locus’. Alternative splicing of non-coding 

5’ exons, and coding exons results in different ChAT mRNA variants. Unusually, a second protein is 

coded for by the intron between the first two non-coding exons of ChAT, this being the vesicular 

acetylcholine transporter, VAChT. Schematic from Kummer et al., 2008. 
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Figure 1.8 Crystal structure and domains of choline acetyltransferase. A) In humans ChAT has a 

substrate binding domain (light blue), comprising residues 1 to 89 and 392 to 615, and a catalytic 

domain (dark blue), comprising residues 90 to 391. The enzyme’s active site sits in a tunnel that spans 

the enzyme and is located where the two domains meet - indicated by the red circle. CoA binds 

between the two splayed beta strands (on either side of the red circle) at the mouth of the active site 

tunnel. The side chain of the catalytic histidine, (H324 in human ChAT), is shown as a space-filling 

Corey-Pauling-Koltun model (CPK). B) Upon CoA-binding, ChAT undergoes a conformational change, 

illustrated here by superimposing the ChAT binding domain in the absence of CoA binding (blue) over 

binding in the presence of CoA (green). Upon binding, the catalytic domain makes a 1.5⁰ turn relative 

to the binding domain, resulting in an anchoring of the unique ChAT P-loop such that it interacts with 

phosphate groups of the bound CoA (red spheres on the illustrated CPK model). Figures and text 

adapted from Kim et al. 2006.  



  
Chapter 1: General Introduction 

44 
 

Cholinergic receptors 

The two classes of acetylcholine receptor (Figure 1.9) were identified based on experiments carried 

out by Henry Dale in 1914 and were named according to the actions that the alkaloids nicotine and 

muscarine have on them. Nicotine is a cholinomimetic agonist that stimulates nicotinic acetylcholine 

receptors (nAChRs), selectively antagonised by the neurotoxins curare and α-bungarotoxin. Muscarine 

mimics the actions of ACh on muscarinic receptors (mAChRs), which are inhibited generally by 

atropine, or by drugs that antagonise specific mAChR receptors (for instance, the pharmacological 

compound J-104129 antagonises the M3 receptor preferentially over other mAChRs). The mAChR 

family has 5 subtypes (named M1 through M5) each with 7 transmembrane domains. M1, 3, and 5 

subtypes are coupled to Gq alpha proteins and exert their (predominantly) excitatory effects via 

phospholipase C (PLC) which acts to produce diacyl glycerol (DAG) and inositol triphosphate (IP3) via 

the hydrolysis of PIP2. IP3 binds to intracellular Ca2+ channels on the endoplasmic reticulum which 

leads to Ca2+ influx into cytosol and this, coupled with the action of DAG as a second messenger alters 

phosphorylation of a number of proteins leading to altered cellular function. M2 and M4 receptors 

are generally considered inhibitory in their actions and are coupled to Gi/G0 alpha proteins that inhibit 

the activity of adenylyl cyclase (AC) that degrades ATP to cAMP – a second messenger involved in 

numerous cellular functions. In contrast, nAChRs exist as homo- (for example, the α7 receptor) or 

hetero- (for example, the α4β7 receptor) pentameric ion channels composed of combinations of (at 

least) 9 α and/or 4 β subunits. Their activation alters the intracellular concentration of positively 

charged ions such as Na+, K+, which act to depolarise membranes, or Ca2+, which can directly or 

indirectly modulate numerous intracellular signalling pathways and/or the transcription or activity of 

some genes.  
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Figure 1.9. Acetylcholine (ACh) is a ligand for muscarinic G-protein coupled receptors and nicotinic 

pentameric ion channel receptors. Schematic adapted from Jones et al., 2012 to show non-selective 

receptor agonists (blue boxes/arrows) and antagonists (red boxes/arrows) of receptor subtypes.  
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Acetylcholinesterase  

Acetylcholinesterases (AChE) belong to the large family of serine hydrolase enzymes which utilise a 

nucleophilic serine at their active site to catalyse substrates. As for nematodes, mammalian 

acetylcholinesterase preferentially hydrolyses ACh, generating choline and a covalently bonded, 

acetylated form of the enzyme before hydrolysis results in the liberation of acetic acid (Wilson et al., 

1950) (Figure 1.6). Butyrylcholinesterase (BChE or pseudocholinesterase) which is found primarily in 

the liver, also has the capacity to hydrolyse ACh but its broad substrate specificity means that it acts 

on a wide range of choline esters as well as other alkaloids such as cocaine (Sun et al., 2002). Chemical 

inhibition can aid in distinguishing the actions of cholinesterases. AChEs may be potently inhibited by 

the bisquaternary ligand 1,5-bis(4-allyldimethylammoniumphenyl) pentan-3-one dibromide 

(BW284C51), which does not inhibit BChE; instead inhibited by iso-OMPA, an organophosphate 

(Austin and Berry, 1953).  

 

Vertebrates and invertebrates express AChEs, and in both groups variant isoforms of the enzyme are 

apparent (Selkirk et al., 2005; Massoulie, 2002). In vertebrates, molecular diversity of AChE is 

generated by alternative splicing of the 3 end of a single AChE gene which gives rise to isoforms with 

the same catalytic core domain but variant C-terminal peptides (Massouile, 2002) (Figure 3). In this 

way, T (tailed), S (soluble), H (hydrophobic) or R (read through) transcripts are expressed which can 

form monomers, dimers or tetramers, some soluble, some membrane bound via glycophosphoinositol 

(GPI) anchors or by association with proline rich membrane anchor (PRiMA) or ColQ (AChE associated 

collagen-tail) non-catalytic subunits (Selkirk et al., 2005) (Figure. 1.10).   
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Figure 1.10. Vertebrate acetylcholinesterases (ACE/AChE) are transcribed via alternative splicing of 

a single gene and exhibit molecular diversity as a result of varying C-terminal peptide sequences and 

catalytic subunit interactions. These interactions may form monomers (G1), dimers (G2) or tetramers 

(G4). A. Soluble (S) forms or those translated from Read-through (R) transcripts (which exhibit a lack 

of splicing downstream of the common catalytic exons). B. Hydrophilic (H) forms which generate GPI-

anchored dimers. C. Tailed (T) forms capable of producing a range of associations which may include 

interaction of the C-terminal peptide (also called the tryptophan amphiphilic tetramer domain or 

‘WAT’ due to the presence of three key tryptophan residues required for tetramer formation) with a 

proline rich association domain on non-catalytic subunits PRiMA or ColQ. Figure from Selkirk et al., 

2005. 
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1.8 Neuronal cholinergic signalling. 

 

Since Henry Dale and Otto Loewi described ACh and its role as a neurotransmitter, work for which 

they shared the 1936 Nobel Prize in Physiology or Medicine, ACh has been well known for its role in 

the transfer of action potentials across neuronal synapses (Figure 1.11). De novo synthesis of ACh by 

ChAT occurs in the axoplasm of nerve cells, using acetyl-coA synthesised by mitochondria and choline 

acquired from the extracellular compartment via active uptake by the high affinity choline transporter 

(CHT1). The action of CHT1 and kinetic of choline uptake is therefore the rate limiting step in ACh 

synthesis by pre-synaptic nerve fibres. Once synthesised, ACh is stored at approximately 100 times its 

cytoplasmic concentration, in cholinergic synaptic vesicles enriched with an internal matrix composed 

of synaptic vesicle proteoglycan (SV2). This allows storage of up to 10,000 ACh molecules per vesicle, 

in addition to ATP (Usdin et al., 1995; Reigada et al.,2003). Storage within synaptic vesicles is facilitated 

by the VAChT, as previously explained. Release of ACh occurs as a result of electrical depolarisation of 

the pre-synaptic nerve terminal which results in fusion of ACh vesicles with the terminal membrane 

and exocytotic release of ACh and ATP into the nerve synapse. Reception of ACh is carried out via post-

synaptic nAChR or mAChR signalling and degradation of the signal is carried out by AChE or BChE as 

described. Following degradation of ACh, choline is recycled via CHT1 to form new ACh (Figure 1.11). 
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Figure 1.11.  Synthesis, release, signalling and degradation of acetylcholine at a neuronal synapse. 

ACh: acetylcholine; ChAT: choline acetyltransferase; BChE: butyrylcholinesterase; AChE: 

acetylcholinesterase; N: nicotinic acetylcholine receptor subunit; M: muscarinic acetylcholine 

receptor; CHT1: high affinity choline transporter 1; VAChT; vesicular acetylcholine transporter. 

Schematic from Kummer et al., 2008. 

 

 

1.9 Non-neuronal cholinergic signalling. 

Although the role of ACh as a neurotransmitter is the molecule’s better-known function, the synthesis 

and release of ACh from non-neuronal cells (nNC) and tissues is the more evolutionary ancient 

cholinergic pathway (Wessler et al., 1999; 2008). In mammals, tissues and cells for which there is 

evidence that acetylcholine may be synthesised and released are summarised in Figure 1.12.   
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Figure 1.12. Many mammalian non-neuronal cell types demonstrate a capacity to synthesise and 

release acetylcholine. Note: reference highlighted colour indicates studies conducted on either 

human (yellow) rat (green) mouse (blue) or bovine (red) systems. 

 

Choline uptake and ACh release by non-neuronal cells 

Non-neuronal cells (nNC) still require the uptake of choline from the extracellular environment in 

order to synthesise ACh, however the packaging of ACh in to cholinergic vesicles, and release of ACh 

from nNC may be divergent from that of nerves. Although some nNC types such as epithelial and 
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arterial endothelial cells have been shown to express CHT1 (Lips et al, 2003; Pfeil et al., 2003), many 

others do not. Therefore, to be capable of ACh synthesis these cells must express other transporters 

for this function (Figure 1.13). A family of Na+ independent transport proteins with an intermediate 

affinity for choline compared with CHT1 called choline transporter-like proteins 1 to 5 (CTL1-5) have 

recently been described and may contribute to this role (O’Regan et al., 2000; Traiffort et al., 2005). 

Some of these transporters are ubiquitously expressed such as CTL-1, and show choline transport 

activity in both neuronal and non-neuronal cell types (Uchida et al., 2009; Yabuki et al., 2009; Machova 

et al., 2009; Yamada et al., 2011; Michel and Bakovic, 2012). Interestingly, CTL family members may 

not only be associated with choline uptake by nNC, but may also play non-redundant roles in ACh 

synthesis and release by certain cell types. For example, knockdown of CTL-4 in carcinoma cells results 

in significant reduction of ACh synthesis by the cells and subsequent ACh release (Song et al., 2013). 

 

In addition to CTL proteins, Na+ independent, polyspecific organic cation transporters (OCTs) also 

demonstrate an affinity for choline uptake (Koepsell et al., 2004) and possess a capacity for ACh 

release. In human placenta, a tissue devoid of innervation (Reilly and Russell, 1977), quinine and 

corticosterone (inhibitors of OCTs 1, 2 and 3) but not vesamicol (a VAChT inhibitor) significantly 

supress ACh release in a concentration dependant and reversible manner, and it was shown that OCT1 

and OCT3 subtypes specifically mediate the release of ACh (Wessler et al., 2001). In human airways, 

ACh release from ciliated bronchial epithelium is mediated via OCT1 and OCT2 subtypes, with OCT2 

playing the major role in this release (Lips et al., 2005). Bladder urothelium also uses OCTs to release 

ACh in the absence of any detectable VAChT mRNA or protein (Lips et al., 2007). Many cells capable 

of ACh synthesis express OCTs, and OCT1 in particular is expressed on immune cells (Wessler et al., 

2008), for which there is conflicting evidence regarding the presence of VAChT (Fuji et al., 1998: 

Kawashima and Fuji, 2000; Tayebati et al., 2002).  
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Another mechanism by which ACh may be released from nNC is via the ‘mediatophore’; a proteolipid 

first isolated from the electric ray (Torpedo), which can facilitate the release of ACh from the cytoplasm 

in a quantal fashion. The mammalian homologue for it forms part of the vacuolar H+/ATPase, able to 

carry out the same function (Vairant et al., 1996; Morel et al., 2003). Interestingly, in leukemic T cell 

lines, mediatophore protein is also upregulated following activation, and knockdown via RNAi causes 

a decrease in ACh release by T cells (Fuji et al., 2012): this substantiates the observation that T cells 

activated via αCD3 or the mitogen phytohaemagglutinin (PHA) increase their expression of ChAT and 

release of ACh (Rosas-Ballinas et al., 2011; Fuji et al., 2012). 

 

 

 

 

 

 

 

 

 

Figure 1.13.  Molecular machinery for choline uptake and acetylcholine release by non-neuronal cell 

types. CHT1; high affinity choline transporter-1, CTLs; choline transporter-like proteins, OCTs; organic 

cation transporter proteins, AChE; acetylcholinesterase, BChE; butyrylcholinesterase 

(pseudocholinesterase), ACh; acetylcholine, vAChT; vesicular acetylcholine transporter, ChAT: choline 

acetyltransferase, CarAT; carnitine acetyltransferase. Figure from Beckmann and Lips, 2013.  
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1.10 Cellular roles of non-neuronal cholinergic signalling 

 

Non-neuronal cholinergic signalling (nNCS) has been implicated in many vital cellular functions 

including cell locomotion, proliferation, secretion, reabsorption, regulation of cell–cell contact, and 

immune cell function (Wessler et al., 1998; Wessler et al., 2008). Signalling via mAChR or nAChR may 

impact the numerous pathways which are influenced by intracellular Ca2+ or cAMP concentration via 

mechanisms already described (Figure 1.9). Signalling via mAChRs can increase proliferation of airway 

smooth muscle cells in a similar way to mitogens such as epidermal growth factor (EGF), and in 

combination, mAChR agonists and EGF have a synergistic effect on proliferation (Placeres-Uray et al., 

2013). Interestingly, other reports have identified a connection between mAChR signalling and EGFR 

transactivation (McCole et al., 2002; Xie et al., 2009; Kajiya et al., 2012; Kuhne et al., 2015) leading to 

the proposition that autocrine/paracrine derived ACh can trans-activate EGFR via its ligands including 

EGF, TGF-α and amphiregulin, thus influencing ERK/MAPK pathways and cellular proliferation (Prenzel 

et al., 1999; Wetzker and Bohmer, 2003). Epithelial ACh has been shown to play a regenerative role 

and aid wound healing in the skin, consistent with activation of EGFR described above (Grando et al., 

1993; 1995). Links between epithelial cell proliferation and ACh may also be related to the observation 

that ACh can regulate the epithelial cell mitotic cycle: depletion of endogenous ACh inhibits this in cell 

types such as human bronchoepithelial cells, keratinocytes and corneal epithelium, whereas the 

addition of exogenous ACh restores it (Cavanagh and Colley, 1989; Grando et al., 1993, Grando et al., 

1995; Klapproth et al., 1997).  
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1.11 Cholinergic signalling and the Immune system 

 

Many populations of leucocytes express the required apparatus to partake in cholinergic signalling 

pathways (Figure 1.14) including expression of mAChR and/or nAChR subtypes. This has been 

demonstrated at both transcript and protein levels of receptor expression for numerous immune cell 

lineages including T and B cells (Skok et al., 2003; Kawashima et al., 2004), as well as cells of myeloid 

lineages such as alveolar and mucosa-associated macrophages (Galvis et al., 2006; Koarai et al., 2012) 

and dendritic cells (Salamone et al., 2011). Interestingly, AChR subclass expression by individual 

immune cell types can also be subject to change during disease states as compared to steady state 

homeostatic conditions (Horsnell et al., 2007; Delgado-Velez et al., 2015) - which is also a 

phenomenon observed in the nervous system (Shiozaki et al., 1999), indicating that ACh exerts 

biological influences in a context-dependent fashion with regards to the ongoing immune response. 

In addition to possessing the required receptors to participate in cholinergic signalling, it has been 

demonstrated that immune cells also possess the required downstream intracellular machinery 

necessary to transduce ACh signalling and use it to direct cell-type specific influences on cellular 

function. For example, signalling through mAChRs has been linked to increased pro-inflammatory 

responses and cytokine production by CD3+CD4+ T helper cells (Razani-Boroujerdi et al., 2008; Darby 

et al., 2015), whereas nAChR signalling acts predominantly in the opposite direction to limit immune 

and inflammatory responses by reducing pro-inflammatory cytokine production, and can drive 

enhancement of a regulatory T cell phenotype (Galitovskiy et al., 2011). This indicates that the action 

of ACh is highly determined by the receptor subtypes expressed by specific immune cell populations, 

and the subsequent downstream signalling cascades initiated through these receptors. A role for ACh 

in B cell biology is also indicated from B-cell derived myeloma and hybridoma cell lines which express 

nAChRs and respond to nicotine with increased proliferation but decreased antibody production (Skok 

et al., 2003). Production of the pro-inflammatory cytokine IL-12p40 by dendritic cells is supressed by 

nAChR stimulation (Nouri-Shirazi et al., 2012; Munyaka et al., 2014), while mAChR activation can result 
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in increased TNF-α production and increased HLA-DR (MHCII) and CD86 co-simulator expression, 

enhancing the ability of dendritic cells to prime CD4+ T cell activation (Salamone et al., 2011). 

Inflammatory cytokine production by macrophages is also supressed by cholinergic signalling through 

nAChRs as discussed below, but in addition to this, the phagocytic activity of intestinal macrophages 

can be enhanced by ACh signalling through the α4β2 nAChR (van der Zanden et al., 2009). Taken 

together, these data indicate that the function of the immune system is regulated at numerous and 

varying levels of activity by the contribution of cholinergic signalling.  

 

A well-known example of the influence of cholinergic signalling in immune system function is the 

cholinergic anti-inflammatory pathway or ‘CAIP’ (Figure 1.15) (Tracey et al., 2002). The CAIP provides 

a rapid response system which suppresses inflammatory cytokine production which may be excessive 

or pose a destructive threat to host tissues during infection (Tracey et al., 2007). This is orchestrated 

via the vagus nerve, which, in response to sensory perception of inflammatory signals such as systemic 

LPS or endotoxin (Tracey et al., 2002) or artificial electrical stimulation (Tracey 2007), transduces 

signals to the splenic nerve in the coeliac ganglion. This leads to inhibition of the pro-inflammatory 

cytokines TNF-α, IL-1 and IL-18 by splenic macrophages, but not anti-inflammatory, regulatory type 

cytokines such as IL-10 (Borikova et al., 2000, Tracey et al., 2002). This inhibition is coordinated via α7 

homo-pentameric nAChRs (Wang et al., 2003), with the source of ACh derived from a subset of splenic 

CD44+CD62Llo CD4+ T memory/effector lymphocytes which release ACh in response to noradrenaline 

released by the splenic nerve after vagal stimulation (Rosas-Ballinas et al., 2011). A role for microRNA 

mediated regulation of CAIP, through specific targeting and downregulation of AChE on immune cells 

has also been reported, highlighting an additional level of biological control over these systems 

(Shaked et al., 2009). 

 

In addition to CD4+ T cells, other immune cell types are also able to synthesise ACh de novo and release 

ACh into the extracellular compartment. The development of ChAT reporter strains of mice within the 
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last decade has facilitated novel, sophisticated methods for the identification and characterisation of 

immune cell populations capable of non-neuronal ACh production (Tallini et al., 2006; Gaultron et al., 

2013). For example, cholecystokinin-sensitive B lymphocytes are producers of ACh, and cholinergic 

signalling by these cells may play a role in reducing local recruitment of innate cells such as neutrophils 

during inflammatory settings of sterile endotoxaemia (Reardon et al., 2013), Also, innate cell types 

including macrophages and dendritic cells have been reported to produce ACh (Salamone et al., 2011; 

Koarai et al., 2012; Reardon et al., 2013). Therefore, the potential exists for immune cells to respond 

to ACh in a paracrine as well as autocrine fashion, although the details of how and when this occurs 

and between what specific cell types, through which specific receptors and the relevance of these 

interactions is not yet fully understood.  
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Figure 1.14. The cholinergic apparatus of immune cells. Immune cells can possess molecular 

machinery to both synthesise and respond to acetylcholine. Signalling via nicotinic (nAChR) or 

muscarinic (mAChR) acetylcholine receptors can operate in both autocrine and paracrine fashions and 

this can influence downstream signalling cascades which alter cellular function; for instance, affecting 

synthesis and release of cytokines from CD4+ T cells as depicted.  AcCoA: acetyl coenzyme A; ACh: 

acetylcholine; AChE: acetylcholinesterase; AP1: activator protein 1; APC: antigen presenting cell; 

ChAT: choline acetyltransferase; CHT1: high-affinity choline transporter; DAG: diacyl glycerol; I-AChE: 

acetylcholinesterase inhibitor; IL-2: interleukin 2; IP3: inositol-1,4,5-trisphosphate; mAChR: muscarinic 

ACh receptor; MAPK: mitogen activated protein kinase; MAPKK: MAP kinase kinase; MHC II: major 

histocompatibility complex class II; nAChR: nicotinic ACh receptor; PIP2: phosphatidylinositol 4,5-

bisphosphate; PKC: protein kinase C; PLC: phospholipase C; TCR: T-cell receptor. Schematic from 

Toledo-Ibarra et al., 2013. 
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Figure 1.15. The cholinergic anti-Inflammatory pathway. After Tracey et al., 2002. ACh; acetylcholine, 

NE; norepinephrine, CNS; central nervous system, MΦ; macrophage, TNF; tumour necrosis factor, 

nAChR; nicotinic acetylcholine receptor. 

 

 

1.12 Non-neuronal cholinergic signalling and disease 

 

Non-neuronal ACh has been linked with the pathogenesis of a number of diseases involving numerous 

cell types and organ systems. In the digestive system, upregulation of M2 mAChR is observed in colon 

epithelium in patients with colitis indicating an enhanced role of ACh during this form of inflammatory 

bowel disease (IBD), despite downregulation of ChAT expression (Jonsson et al., 2007). A role for ACh 

in the pathogenesis of IBD is also indicated, as higher levels of microRNA 132 (miR-132), which targets 

and degrades AChE mRNA transcripts, are observed in patients with moderate to severe disease 

compared to healthy controls. As anticipated, this is correlated with a decrease in expression and 

α7 nAChR 
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activity of AChE from intestinal biopsies of these patients (Maharshak et al., 2013). Non-neuronal 

cholinergic signalling may also play roles in the pathology of gastro-oesophageal reflux diseases and 

the underlying sensory function contributing to pain in these conditions: oesophageal epithelia 

express cholinergic components including ChAT, AChE and nAChRs (Nguyen et al., 2000), and 

alterations in expression of a number of non-neuronal cholinergic components leading to ACh 

production and release, including ChAT, vAChT and OCT-1 were observed in a naturally occurring feline 

model of upper digestive tract oesophageal pain (Wolf-Johnson et al., 2012). The development of 

peptic ulcers as a result of increased gastric acid secretion may also be regulated in part through 

mAChR signalling involving M3 receptors and/or M1 or M5 receptors in mice, dependent upon the 

study in question (Aihara et al., 2005; Xie et al., 2005).  

 

In the respiratory system, a role for dysfunction of nNCS pathways is suggested in the pathogenesis of 

cystic fibrosis (CF), which is caused by a mutation in a chloride ion transporter known as the CFTR or 

cystic fibrosis transmembrane conductance regulator (Riorden et al., 1989). Patients suffering from CF 

exhibit up to 70% reduction in ACh content of the bronchi and lung parenchyma, as well as peripheral 

blood leucocytes, despite an overall increase in ChAT activity (Wessler et al., 2007). Regulation of the 

activity of the CFTR has been associated with mAChR (Billet et al., 2013) and nAChR activity, 

particularly the α7 nAChR, which is found in a molecular complex with the CFTR at the airway 

epithelium apical membrane (Maouche et al., 2013). As will be discussed further below, non-neuronal 

ACh, as well as mAChRs expressed on airway epithelium and smooth muscle play roles in the biology 

of diseases associated with type 2 immunity such as asthma (Milara et al., 2013) and additionally, ACh 

is a driving factor in stimulating pro-inflammatory cytokine production from lymphocytes in chronic 

obstructive pulmonary disease (Gwilt et al., 2007).  
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Aberrant action of non-neuronal cholinergic system components may also contribute to diseases of 

the immune system as well as autoimmune mediated conditions. For example, in Sjögren’s syndrome, 

autoantibodies against the M3 mAChR antagonise the receptor found on salivary and lacrimal glands, 

and this inhibits fluid secretion at these sites through suppression of the activity of the water channel 

aquaporin 5 (AQP5), leading to symptoms of chronic dry mouth and dry eyes which are characteristic 

of the condition (Lee et al., 2013). Naturally occurring immunosenescence associated with ageing has 

also been linked with a reduction in ACh and ChAT activity (hypocholinergia). Expression of miR-6775 

increases in an age-dependent manner and is linked with onset of hypocholinergia and dysfunction of 

cholinergic signalling, and this has been linked with an increase in expression of the gene RNF-128 

(Sfera et al., 2015). This gene is also known as GRAIL or ‘gene-related to anergy in lymphocytes’; a key 

mediator of T cell unresponsiveness (Whiting et al., 2011).  

 

Other conditions for which non-neuronal ACh signalling has been linked with disease include 

musculoskeletal disorders such as chronic patellar tendinosis in which patients demonstrate an 

enhanced ChAT immunoreactivity and M2 mAChR expression in affected tendons and surrounding 

blood vessels (Danielson et al., 2007). Additionally, disorders of the skin may be associated with non-

neuronal ACh signalling; healthy keratinocytes are capable of producing and responding to ACh 

(Grando et al., 1993), however during atopic dermatitis (AD), ACh content of the superficial dermis is 

increased up to 14 fold compared to controls (Wessler et al., 2003; Grando et al., 2006) and ACh has 

been linked to the onset of non-histamine mediated pruritus in patients with AD (Heyer et al.,1997).  

 

Cholinergic signalling by nNCs has also been linked to the pathogenesis of some cancers. Carbachol (a 

non-selective mAChR agonist) increases proliferation of mammary cell adenocarcinoma cell lines 

(Espanol et al., 2007), and nicotine has been shown to inhibit apoptosis of lung cancer cells 
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(mesothelioma) expressing nAChRs (Trombino et al., 2004). A role for the M3 mAChR in particular is 

apparent as antagonists applied in vitro and in vivo reduce growth of lung cell small carcinoma cells 

which use ACh as an autocrine/paracrine signal for growth and proliferation (Song et al., 2007). A role 

in human colon cancer development has also been reported via a cyclooxygenase 2 (COX-2)-

dependent mechanism (Yang and Frucht, 2000).  

 

1.13 Cholinergic signalling and type-2 immunity 

 

As discussed, a type 2 immune setting which shares many features of anti-helminth immunity is also 

seen in conditions such as asthma, COPD and reactive airway disease (Spellberg and Edwards, 2001). 

In these settings, mAChR antagonists such as tiotropium bromide, which preferentially targets the M3 

receptor, are already in use as treatments. They act as bronchodilators which inhibit smooth muscle 

hypercontractility and may attenuate airway remodelling associated with these illnesses (Gosens et 

al., 2006; Kang et al., 2012). Mucus hypersecretion and goblet cell hyperplasia is a pathological feature 

of both asthma and COPD (Rodgers, 2004) as well as anti-nematode immunity. In the airways, a 

predominant mucin isoform is MUC5AC; important for efficient anti-nematode immunity (Hasnain et 

al., 2011). Carbachol (a mAChR agonist) stimulation of bronchus and airway epithelial cells (in a non-

infection setting) increases MUC5AC mRNA and protein expression which treatment with aclidium 

(mAChR antagonist) blocked (Cortijo et al., 2011). This response was shown to be initiated via the M3 

receptor and a EGFR transactivation pathway (Cortijo et al., 2011). Interestingly, nAChR activation in 

the lung by nicotine has been reported to suppress production of type 2 effector cytokines including 

IL-4, IL-5 and IL-13 and eotaxin during allergic asthma, as well as the type 2-initiating alarmin IL-25 and 

allergen-specific IgE (Mishra et al., 2008). This may explain in part the phenomenon that smokers 

appear at a lower risk of developing asthma and allergic diseases such as rhinitis (Baldacci et al., 1996; 

Godtfredsen et al., 2001; Linneberg et al., 2001).  
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The M3 receptor controls ~75% of the contractility of intestinal smooth muscle (Matsui et al., 2002), 

and peristalsis is thought to play a crucial role in the removal of intestinal nematodes. In collaboration 

with Dr William Horsnell (University of Cape Town), our laboratory recently investigated the dynamics 

of infection of M3-/- mice with N. brasiliensis. As anticipated, infection was prolonged and worm 

burdens were higher than in wild type controls. However, in addition to the expected defect in smooth 

muscle function, the study revealed a surprising effect of M3 deficiency on adaptive immune 

responses elicited during infection, with a reduction in type 2 cytokine production in the airways and 

intestine (Darby et al. 2015). M3-/- CD4+ T cells were functionally impaired after infection, producing 

less IL-13 than controls, and were unable to confer protection by adoptive transfer. Therefore, it 

appears that the M3 receptor plays an important role in mediating the anti-helminth response, and 

we hypothesize that this may be linked to local production of ACh, possibly from immune cells. 

Interestingly, both ACh and mAChR agonists enhance type 2 cytokine production by mesenteric lymph 

node cells during N. brasiliensis infection, and mAChR antagonists such as atropine block this effect 

(Darby et al. 2015).  

 

For these reasons, it is likely that AChE isoforms secreted by parasitic nematodes into the extracellular 

environment of the host may provide some advantageous benefit to the fitness of the parasites, by 

interrupting ACh signalling between cells of the immune response, thereby inhibiting optimal anti-

helminth type 2 immune responses to eliminate infection. However, the details of ACh-producing cells 

and the dynamics of ACh production by immune cells during type 2 immunity, how this is regulated, 

and on which type 2 immune effector responses ACh acts have never been investigated. Doing so may 

facilitate an understanding of the likely targets of nematode secreted AChE activity within the host.  
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Project Aims  
 

In the following results chapters, an outline of the main aims and summary of the findings of each 

chapter is given prior to presentation of and discussion of the data within each chapter. However, the 

broad aims addressed by this project are as follows (outlined as ordered by results chapter): 

Results Chapter 1: 

 To gain an understanding of which immune cell populations are responsible for non-neuronal 

ACh production during type 2 immunity, and the dynamics of ACh production by these cells 

during these responses. Models of parasitic nematode infection and allergic airway 

inflammation to induce type 2 immune responses were chosen to allow for comparison and 

contrast in similarities and differences in ACh-producing cell populations in response to 

different type 2-inducing stimuli.  

Results Chapter 2:  

 To explore and identify which factors relevant to type 2 immunity regulate the cholinergic 

phenotype and ACh release by these cells, in order to understand how non-neuronal ACh 

production by immune cells may fit into the global type 2 immune paradigm.  

Results Chapter 3 

 To deplete locally-produced ACh, produced as a result of exposure to stimuli which induce 

type 2 immunity (nematode infection and allergen induced airway inflammation); to explore 

if and how type 2 effector functions are influenced by depletion of ACh; to gain an 

understanding into the relevance and importance of ACh during the type 2 immune response 

as well as an insight into pressures which may have led to the evolution of parasitic nematode 

secreted AChEs, and the relevance of enzyme secretion within the host physiological 

environment during infection. 
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2.1 Laboratory animal maintenance and breeding. 

 

Animal purchase, husbandry and ethics statement 

 

All animals used in this study were purchased via the Central Biomedical Services at Imperial College 

from either The Jackson Laboratory or Harlan Laboratories. Animals were housed at the Central 

Biomedical Services facility (CBS) at the Imperial College South Kensington Campus, London, where 

they were cared for according to Imperial College London guidelines. This study was approved by the 

Animal Welfare Ethical Review Board at Imperial College London, and was licensed by and performed 

under the UK Home Office Animals (Scientific Procedures) Act Personal Project Licence number 

70/8193: ‘Immunomodulation by helminth parasites’. 

 

Breeding and maintenance of ChATBAC-eGFP Reporter mice. 

 

Two pairs of homozygous ChATBAC-eGFP reporter mice (Tallini et al., 2006) were obtained from Jackson 

laboratories at the start of the project. From these original animals, a breeding colony was established 

utilising the expertise of trained animal care support staff at the CBS at the Imperial College South 

Kensington Campus, London. Males and Females were housed in monogamous mating pairs and 

directly after birth and during rearing of pups to weaning at 4 weeks of age, fathers were removed 

and housed in isolation as this was found to decrease the rate of infanticide of litters. Breeding pairs 

were allowed to breed for a maximum of 1 year before being culled and replaced by males and female 

offspring in order to continue the colony. This reporter strain is viable and demonstrates no 

observable detrimental phenotype.  
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2.2 Parasites.  

 

Maintenance of Nippostrongylus brasiliensis lifecycle  

 

Female Sprague-Dawley rats weighing between 200-250g were infected sub-cutaneously with 5,000 

N. brasiliensis infective third stage larvae (L3) using a 21-gauge needle and a 1ml syringe, in a volume 

of 300μl sterile PBS. Animals were injected above the upper right thigh, under manual restraint and 

restriction of movement of the head. Rats were housed in groups of no more than 3 animals and were 

observed daily throughout infection to monitor their health. 5 days post infection (p.i.), rats were 

placed into a clean cage and on each of days six to nine p.i. rats were again placed into a fresh cage 

and the faeces, (containing parasite eggs) from the previous cage were collected. Faeces were soaked 

in a suitable volume of distilled water (dH20) for 1 hour, before they were made into a paste and mixed 

in a 1:1 ratio with granular activated charcoal (Sigma-Aldrich). This mixture was plated onto 10cm petri 

dishes which were kept moist and away from direct sunlight at room temperature (~22⁰C) to allow 

development of L3.  Following collection of faeces on the final day, rats were culled by cervical 

dislocation.  

 

Maintenance and recovery of infective larvae of Nippostrongylus brasiliensis 

 

Faecal cultures of N. brasiliensis require at least a week at 22⁰C for development of L3 to occur. 

Cultures up to 3 months old were used for isolation of L3 and throughout this period, dishes were 

monitored and kept damp using dH20 to sparingly wet the cultures. Isolation of L3 was achieved using 

a modified Baermann’s apparatus, making use of a 15ml falcon tube for collection of larvae which was 

attached to a funnel covered with a double layer of untreated muslin cloth/cheese cloth, folded over 

a double or triple layer of lens cleaning tissue (Whatmann). Warm tap water (30⁰C) was used to fill 

the funnel and submerge the cloth layer. Faecal cultures were suspended on the cloth and larvae were 
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allowed to settle for at least 90 minutes. Larvae were then washed 10 times in 15ml of sterile PBS by 

centrifugation of the collection tube at 4⁰C, 150 x g, for 1 minute, removing supernatant using a sterile 

Pasteur pipette and refilling the tube with PBS.  After the last wash, larvae were diluted if necessary, 

and counted using a two chambered McMaster counting slide. To enumerate total number of live 

larvae, the following equation was used: 

 

(X1 + X2) * 3.33 * D.F * V = Total L3 

 

X1 = number of live larvae in the grid area (150µl) of chamber 1 of McMaster slide 

X2 = number of live larvae in the grid area (150µl) of chamber 2 of McMaster slide 

D.F = dilution factor of L3 preparation (if diluted)  

V = total volume of undiluted L3 in PBS.  

 

Infection of mice with Nippostrongylus brasiliensis  

 

Mice (at least 6 weeks of age) were infected sub-cutaneously with 500 iL3 in a volume of 150μl sterile 

PBS. Infection took place using a 21-gauge needle and 1ml syringe. Syringes were of the low dead 

space (LDS) variety which was observed to be important for the accurate administration of the correct 

larval dosage to each animal. Mice were appropriately restrained by hand and typically injected on 

the left flank above the abdomen. Mice were observed daily following infection to monitor their 

health.  
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Faecal egg counts  

 

Following infection of mice with Nippostrongylus brasiliensis, mice housed in cages of n=5 were moved 

to fresh cages with fresh bedding in the evening of day 5 p.i. In the morning of D6 p.i, the total faeces 

were collected from the cages weighed and 1g of faeces was taken from each sample. 22.5ml of dH20 

was added to the faeces which were left to soak for 1hour at room temperature. Samples were 

vortexed well until faeces had completely disintegrated at which point 22.5ml of water saturated with 

sodium chloride (100g dissolved in 280ml dH20) was added to the samples. Samples were vortexed 

directly before removing an aliquot for counting on a McMaster slide and the eggs from three aliquots 

were counted for each sample. Faecal egg count (FEC) was then calculated per gram of faeces.  

 

Gut parasite burden 

 

The entire small intestine (between stomach exit and cecum) of each mouse was removed and placed 

into PBS in a 10cm3 Petri dish at room temperature. Intestines were bisected longitudinally to expose 

the mucosa. The tissue was loosely macerated using a set of forceps and transferred to and wrapped 

in a double layer of muslin cloth (such as that used during Baermann extraction of larvae from faecal 

cultures). This was tied with a piece of cotton thread. The preparation was then suspended in a 50ml 

conical falcon tube filled with 40ml of RPMI medium, pre-warmed to 37oC in a water bath, so that the 

preparation was submerged in the m medium. Falcon tubes were stood upright in a 37oC water bath 

for a minimum of 3 hours. After this time, the intestine packages were carefully removed from the 

tubes and unwrapped in a 10cm Petri dish and observed under a dissecting microscope for any 

remaining parasites; if found, these were placed in the falcon tube of the corresponding sample. 

Parasites were recovered by carefully removing 35ml of the medium in the falcon tube, taking care 

not to disturb the parasites resting at the base of the tube, and transferring the remaining 5ml 
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(containing the parasites) to a well of a 6 well tissue culture plate. Parasites were enumerated 

manually from each sample, by pipetting individual worms from one well to another.  

 

2.3 Modelling murine asthma using Alternaria alternata antigenic extract and 

intranasal administration of substances to mice 
 

Extracts of A. alternata were obtained as a kind gift from Dr. Henry McSorley (University of Edinburgh) 

or purchased as lyophilised protein extract from Greer Laboratories (USA).  Alternaria-induced acute 

allergic asthma was modelled in mice by lightly dosing mice with isoflurane to induce anaesthesia 

before administering 50μg of A. alternata extract intranasally (i.n.), in a total volume of 50μl PBS, with 

or without other substances as indicated in individual experiments. Control animals received 50μl PBS 

only.  Mice were exposed to a single dose of the extract for 24 or 48 hours as indicated, before they 

were culled by cervical dislocation for further use.  

 

Intranasal administration of substances to mice was carried out under light anaesthesia induced via 

inhalation of isoflurane gas. A volume between 50-60μl containing substances to be administered was 

used per animal.  Animals were always at least 6 weeks of age when dosed. Recombinant murine IL-

33 (rmIL-33) (Peprotech), rmIL-25 (R&D systems) and rmTSLP (R&D systems) were administered in PBS 

using 500ng of each cytokine per mouse. Recombinant NbAChE-B (active or inactive enzyme) 

expressed and purified from Pichia pastoris was administered with or without A. alternata extract in 

PBS using 20μg of either enzyme per dose, per mouse. Mice were dosed i.n. a maximum of once per 

day with any substance. Following administration of substances, mice were observed while recovering 

consciousness from anaesthesia and were then monitored daily for any signs of decline in overall 

health or wellbeing, according to monitoring guidelines approved by Imperial College London.    
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2.4 Expression and purification of recombinant active and inactive NbAChE-B 

from Pichia pastoris 
 

Expression of NbAChE-B  

 

The identification, cloning and sequencing of NbAChE-B cDNA and the derived protein sequence was 

previously described in Hussein et al. 1999,  in addition to the cloning of the full length NbAChE-B 

cDNA sequence into the Picha expression vector pPICZα (Invitrogen). Pichia strain X-33 was 

transformed with the recombinant construct via homologous recombination, according to the 

recommendations by the manufacturer (Invitrogen). The mature, active protein was expressed and 

secreted by P. pastoris by making use of an N-terminal signal peptide sequence within the construct, 

provided by the prepro sequence of the yeast α-mating factor of Saccharomyces cereviseae. A 

polyhistidine tag was expressed at the C-terminus of the protein for downstream protein purification 

processes. 

 

Recombinant, or wild type yeast were grown in BMGY medium (1% yeast extract, 2% peptone, 0.1 M 

potassium phosphate  (pH 6.0), 1.34% yeast nitrogen base, 400 ng/ml biotin, 1% glycerol) to saturation 

(2 days) at 30 °C, with constant shaking at 250 RPM. After this, expression was induced in BMMY 

medium (same as BMGY, but with glycerol replaced by 1% methanol as P. pastoris is a methanotropic 

yeast and expression of the gene of interest within the pPICZα construct is driven by the alcohol 

oxidase 1 (AOI) promoter) under the same conditions.  

 

Generation of P. pastoris expressing the inactive form of the enzyme was carried out in exactly the 

same way as for the active form. Inactivation of the catalytic activity of the enzyme had been 
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previously generated via site directed mutagenesis of the construct nucleotide sequence; altering 

serine 193 of the catalytic site to alanine (S193A), utilising methods described in Hussein et al. 2000.  

 

Isolation and purification of NbAChE-B  

 

Culture supernatant from transformed P. pastoris  grown in BMMY media was collected, cleared of 

contaminating yeast cells by centrifugation at 25,000 x g for 10 minutes at 4oC, then concentrated on 

an Amicon cell with a 30kDa molecular weight cut off. Following this, dialysis against Buffer A (50mM 

sodium phosphate + 300mM sodium chloride + 1mM imidazole, pH 8.0 in dH20) was carried out 

overnight at 4oC. Purification of recombinant, polyhistidine tagged NbAChE-B was achieved by nickel-

charged chelating sepharose chromatography. 1% NiSO4 was used to charge chelating sepharose (GE 

Healthcare Lifesciences), which was then packed into flow columns, washed with dH20 and 

equilibrated with Buffer A. The recombinant NbAChE-B dialysate was then loaded onto the columns 

at a flow rate of 40ml/h. The column was extensively washed with Buffer A and following this, the 

isolated enzyme was eluted with Buffer A plus 200mM imidazole.  

 

Isolated enzyme was concentrated and washed in PBS (to remove Buffer A + Imidazole, as the enzyme 

was required for in vivo purposes) using Centricon 10 micro-concentrators (Amicon), after which, the 

purity of the enzyme was determined by SDS-PAGE (see Section 2.20).  Purified Enzyme was stored at 

-80oC until further use.  
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Endotoxin removal from purified NbAChE-B 

 

Once purified and concentrated, active and inactive NbAChE-B were cleared of potential endotoxin 

contamination using endotoxin removal columns which utilises immobilised polymixin-B ligand to bind 

and eliminate bacterial endotoxins from samples, according to the manufactures protocol. Endotoxin 

content of samples was then tested post column-removal, using the Pierce™ LAL Chromogenic 

Endotoxin Quantitation Kit.Care was taken to avoid endotoxin contamination from any equipment 

or exogenous source. As such, the assay was carried out using a sterile flat bottomed 96-well tissue 

culture cell plate (Costar) which was equilibrated to 37oC using a heat block set up inside a sterile 

tissue culture cabinet.  Preparation of endotoxin standards, reagent re-constitution, and assay 

technique were carried out exactly as detailed by the manufacturer. Assay absorbance of standards 

and samples at 450nm was read on a Fluostar Optima microplate reader (BMG Labtech, Germany). 

OD values of a blank control were subtracted from the sample and standard OD values and a standard 

curve was generated using Fluostar Optima software, from which quantification of levels of endotoxin 

in the samples was estimated.  

 

2.5 Cell and tissue processing 

 

All animals were culled by cervical dislocation according to standard ethical procedure, conducted by 

trained individuals. Slicing of the femoral artery or decapitation was conducted (as appropriate to the 

protocol in hand) as confirmatory assessments of death, prior to organ and tissue harvest.  

 

Preparation of single cell suspension from spleen and lymph nodes 

 

Spleens, mesenteric gut draining lymph nodes (MLNs) or mediastinal lung draining lymph nodes 

(MDLNs) were isolated from individual animals and placed into 1ml of complete DMEM medium 
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(cDMEM: DMEM+ 10%FCS + 2mM L-Glutamine + 100U/ml penicillin + 100μg/ml streptomycin). Tissues 

were mashed through a 100μm or 70μm cell strainer (Falcon BD) and subjected to red cell lysis using 

ammonium chloride potassium buffer (ACK buffer: 0.15M NH4Cl + 1mM KHCO3 + 0.1mM EDTA in dH20, 

0.2µm filter sterilised). Cells were strained through a 40μm cell strainer as before, and the single cell 

suspension was set to a known volume in cDMEM prior to cell counting (as described below). 

Centrifugation steps were carried out at 4oC, 460xg for 5 minutes where required.  

 

Bronchoalveolar lavage  

 

Bronchoalveolar lavage (BAL) was carried out using BAL medium containing: sterile PBS with 0.2% BSA 

+2mM EDTA, filtered through a 0.2 μM filter. For isolation of airway cells, lungs were lavaged twice 

using a total of 2ml of BAL media. Samples were centrifuged at 6000xg for 5 minutes at 4⁰C in a table 

top centrifuge and supernatant was removed. Cell pellets were re-suspended and treated with 700µl 

ACK lysis buffer for a maximum of 5 minutes per sample. After this time, 700µl of cDMEM was added 

to samples which were centrifuged as previously. Supernatant was removed and cell pellets were re-

suspended in 500μl cDMEM prior to cell counting.  

 

For analysis of cytokine content of the airways, BAL was carried out with just 1ml of BAL medium which 

was used to lavage the lungs twice. This was centrifuged at 6000xg in a desktop microfuge for 5 

minutes at 4⁰C to remove any cells and then the supernatant was recovered and frozen at -20⁰C.  
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Preparation of single cell suspension from lung tissue 

 

Intact lungs were filled via the trachea with 1.5ml of lung digest solution containing 5mg/ml dispase II 

neutral protease (Sigma) in PBS, filtered through a 0.2μm filter. The thymus and any remaining visible 

mediastinal lymph nodes were removed at this point. Inflated lungs were tied at the trachea using a 

piece of nylon thread as a ligature before lungs were carefully lifted and cut away from the thorax and 

placed into a 5ml polystyrene bijoux containing 1.5ml lung digest solution. Lungs were incubated at 

room temperature for 25 minutes, then incubated for a further 30 minutes at 37⁰C. Lung parenchyma 

was then teased away from the bronchi (which was discarded) and tissue was mechanically dissociated 

in 7ml of DNAse I solution, containing serum free DMEM + 25mM HEPES + 100U/ml DNAse I (Sigma) 

and incubated at room temperature for 10 minutes with gentle shaking, then placed on ice. DNAse 

treated samples were then mashed through 100μm cell strainers and subjected to red cell lysis using 

ACK buffer.  Cells were passed through a 40μm cell strainer to generate a single cell suspension before 

being set to a known volume in cDMEM and counted.  

 

Cell counting  

 

Total cell counts were always enumerated using a Neubauer haemocytometer. An appropriate 

dilution of the samples in a 0.2% solution of trypan blue stain in PBS (0.2μM filtered) was used for cell 

counting in order to record percentage of live and dead cells in each sample.  Cells within 4x4 squares 

on the haemocytometer grid were counted. 
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The following equation was used to determine total cell number in each sample: 

 

(C * 104 * D.F = number of cells/ml)  * V = Total number of cells 

 

C  = cell count (average of 2 or more 4x4 grids) 

D.F = dilution factor of cell sample in trypan blue stain 

V = total volume of cell sample  

 

 

2.6 Flow cytometry 
 

Immune cell populations were identified based on immunophenotypic characterisation of marker 

expression as outlined in Figure 2.1-2.6. Samples processed by flow cytometry were all analysed on 

LSRFortessa cell analysers (BD Bioscience) in the Department of Life Sciences flow cytometry  and FACS 

facility , Imperial College London. 

 

Extracellular antigen staining 

 

Cells in single cell suspension were stained in wells of 96 well V bottomed plates or 5ml round 

bottomed FACS tubes. Up to 1x106 cells were stained per sample. Cells were centrifuged at (939xg) 

for 2 minutes at 4oC and supernatant was removed. Cells were washed with 200µl of cold PBS and 

centrifuged as before. After removing supernatant, 100µl of PBS containing a fixable live/ dead cell 

marker dye (Table 2.1) was used to re-suspend the cell pellet. Cells were incubated for 15 minutes at 

4oC, in the dark then 100µl of FACS buffer (PBS + 1% FCS + 25mM HEPES + 1mM EDTA + 0.1% sodium 
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azide) was added to the samples. Samples were spun as before and supernatant was removed. The 

cell pellet was re-suspended in 100µl of FACS buffer containing anti CD16/CD32 antibody (‘FcγR-block’, 

see Table 2.2) to block non-specific binding of–conjugated antibodies to Fc Receptors . Cells were 

incubated as before for 20 minutes. 100µl of FACS buffer was added to the cells which were 

centrifuged as previously. After removing the supernatant, cells were re-suspended in 50µl of 

fluorophore conjugated antibody cocktails as determined by individual experimental protocols. The 

antibodies used to stain cells for flow cytometric analysis in this study are listed in Table 2.2.  

Unstained, live/dead only, and suitable fluorescence minus one (FMO) controls were utilised where 

appropriate to do so. Cell plates or tubes were wrapped in aluminium foil and stained at 4oC in the 

dark for 20 minutes. After this time, 150µl of FACS buffer was added to the samples which were spun 

as before. Supernatant was removed and cells were re-suspended in 150µl of FACS buffer if 

intracellular staining was not required and if the samples were soon to be analysed ( < 2 days following 

staining). If intracellular staining was required, or if cells were to be analysed > 2 days following 

staining, cells were fixed for 30 minutes at room temperature in the dark, using 200µl of fixative 

reagent from a commercially available kit (FOXP3 intracellular cell staining kit, eBioscience catalogue 

number # 00-5523-00) , centrifuged as before and then re-suspended in 150µl of FACS buffer. Cells 

were stored at 4oC in the dark until analysis.  

 

Intracellular antigen staining 

 

For intracellular cell staining for cytokines such as IL-13 or IL-5, cells in single cell suspension were 

plated into 96 well V bottom plates as described and allowed to rest at 37oC/5% CO2 for between 2 

hours to overnight in 200µl of cDMEM. Following this, cells were centrifuged at 939xg at 40C for 2 

minutes and supernatant was removed. Samples were re-suspended in 190µl of cDMEM containing 

PMA/Ionomycin at a concentration of 100ng/ml and 1µg/ml respectively. Cells were incubated for 1 

hour at 37oC/5%C02 after which time, 10µl of cDMEM containing BD Golgi-Plug (Brefeldin-A, BD 
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Biosciences, concentration according to manufacturer’s recommendations) was added to each sample 

and gently mixed to re-suspend cells. Samples were incubated for a further 3 hours in the presence of 

BD Golgi-Plug after which time cells were spun at 1418 x g at 4oC for 2 minutes, washed with PBS and 

stained for live/dead differentiation and extracellular markers as described, prior to fixing for 

intracellular cell staining. 

 

For intracellular staining, fixed cells were spun at 939xg for 3 minutes at 4oC and re-suspended in 200µl 

of permeabilisation buffer supplied in the FOXP3 intracellular staining kit. Cells were spun again as 

before and re-suspended in 100µl of permeabilisation buffer containing FcγR-block. Cells were 

incubated at 4oC in the dark for 30 minutes. After this time, 100µl of permeabilisation buffer was 

added to the samples and these were centrifuged as before. After removing supernatant, samples 

were re-suspended in 50µl permeabilisation buffer containing cocktails of either: fluorophore 

conjugated antibodies, biotin-conjugated primary antibodies or unconjugated antibodies. Cells were 

incubated as before for 30 minutes after which time 150µl of permeabilisation buffer was added and 

samples were centrifuged as before. If only directly fluorophore-conjugated antibodies had been used 

to stain cells with, 150µl of FACS buffer was added at this point and cells were stored in the dark at 

4oC until analysis by flow cytometry, carried out on the same day as staining. If biotin-conjugated or 

non-conjugated primary antibodies had been utilised, cells were secondarily stained with 50µl of 

permeabilisation buffer containing fluorophore conjugated-streptavidin or fluorophore-conjugated 

antibodies from an appropriate host species under the same conditions as before. Following this, 

150µl of permeabilisation buffer was added to the samples which were centrifuged as previously; 

supernatant was removed and cells were re-suspended in 150µl FACS buffer and stored ready for 

same day analysis. 
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Antibodies 

 

Antibodies used in this study were purchased from a number of sources and fluorophore combinations 

were selected based on commercially available options for specific combinations of markers. The 

relevant details of all antibodies used for flow cytometry experiments are given in Table 2.2.  For each 

lot of every antibody used, a suitable working dilution for staining of cells was established by titration, 

carrying out a 2x serial dilution of the antibody, in the first instance between 1:50 to 1:1600 on 1x106 

cells in a staining volume of 50μl. Cellular material for establishing working dilution was selected based 

on the antigen recognised by the antibody, the cells which express this antigen and the tissue in which 

these cells are likely to be most abundant.  

 

 

 

Table 2.1.  Live/Dead cell differentiation dyes used in this study. 

Product Manufacturer 

Zombie Aqua Biolegend 

Live/Dead® Fixable RED Stain Molecular Probes/Thermo-Fisher Scientific 

4’, 6-Diamidino-2-Phenylindole, Dilactate (DAPI) Biolegend 

Zombie NIR (near infra-red) Biolegend 
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Table 2.2 Antibodies used for flow cytometry in this study. 

Antigen recognised Fluorophore/conjugate Clone Manufacturer 

CD3e APC-Cy7 145-2C11 Biolegend 

CD3 PE 17A2 Biolegend 

CD4 PE GK1.5 Biolegend 

CD4 AF700 RM4-5 ebioscience 

CD8a eFluor450 53-6.7 ebioscience 

CD8a PE 53-6.7 Biolegend 

CD49b PE DX5 Biolegend 

CD49b PE-Cy7 DX5 ebioscience 

ST2 PerCP-CY5.5 RMST2 eBioscience 

CD278 (ICOS) PE-CY7 C398.4A Biolegend 

CD45 AF700 30-F11 Biolegend 

CD90.2 eFluor450 53-2.1 eBioscience 

CD127 APC A7R34 Biolegend 

SIGLEC-F AF647 E50-2440 BD Bioscience 

CD11b PE M1/70 Biolegend 

F4/80 APC BM8 Biolegend 

F4/80 APC-Cy7 BM8 Biolegend 

CD11c PE-CY7 N418 TONBO Bioscience 

LY6-G/LY6-C (GR1) PB RB6-8C5 Biolegend 

CD44 PerCP-CY5.5 IM7 Biolegend 

CD62L PE MEL14 eBioscience 

IL-13 PE-CY7 EBIO13A eBioscience 

IL-5 APC TRFK5 BD Pharmingen 

YM1 Biotin POLYCLONAL R&D systems 

TER-119 PE TER-119 Biolegend 
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CD45R/B220 PE RA3-6B2 Biolegend 

CD45R/B220 PB RA3-6B2 Biolegend 

CD19 PE 6D5 Biolegend 

TCR-γ/δ APC GL3 Biolegend 

FcεRIα PE MAR-1 Biolegend 

CD206 PE-Cy7 C068C2 Biolegend 

I-A/I-E (MHCII) BV-510 M5/114.15.2 Biolegend 

FOXP3 PerCp-Cy5.5 FJK-16S eBioscience 

NOS2 unconjugated Polyclonal (rabbit) Santa-Cruz Biotech 

Goat anti Rabbit IgG FITC   

CD16/CD32 Unconjugated 2.4g2 TONBO Bioscience 

 

Table 2.2 Antibodies used for flow cytometry in this study (continued). 
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Figure 2.1 staining and gating strategy for natural killer T cells (NKT), natural killer cells (NK) and 

basophils. 

 

 

 

 

 

 

 

 

 

Figure 2.2 Staining and gating strategy for type 2 innate lymphoid cells (ILC2) and non-type 2 ILC 

(ST2neg ILC). 
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Figure 2.3 Staining and gating strategy for B lymphocytes  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Staining and gating strategy for T cell subsets and CD4+ T cell activation markers.  

 

 



 
Chapter 2: Materials and Methods 

83 
 

 

 

 

 

 

 

 

 

Figure 2.5 Staining and gating strategy for Neutrophil and eosinophil granulocytes  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 Staining and gating strategy for F480+ cells (macrophages) and CD11c+ dendritic cells 
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2.7 Cell Sorting  

 

Magnetic-activated cell sorting (MACS) 

 

Sorting was carried out using LS MACS columns (Miltenyi) and anti-PE microbeads (Miltenyi) according 

to the manufacturer’s instructions. Briefly,  after generation of single cell suspensions from tissues (as 

described in Section 2.5) , cells were counted and re-suspended in MACS buffer ( consisting of PBS 

(without Ca2+ and Mg2+) pH7.2 + 0.5% BSA +  2mM EDTA, 0.2µm filter sterilised) at a concentration of 

108 cells/ml and were pre-stained with Fc Block (anti CD16/CD32, Table 2.2) for 20 minutes at 4oC after 

which cells were stained with antibody cocktails conjugated to PE (depending on the cell population 

of interest to be sorted) for 20 minutes in the dark at 4oC. Cells were washed and re-suspended with 

MACS buffer in a volume appropriate to the cell number (according to the manufacturer’s instruction) 

after which 80µl of anti-PE microbeads were added per 107 cells. Cells were incubated for 15 minutes 

at 4oC in the dark, after which they were washed in MACS buffer and re-suspended at 500µl/108 cells. 

Cells were applied to LS MACS columns attached to a magnetic field- pre-prepared according to the 

manufacturer’s instructions, and washed through with 3x3ml of MACS buffer; column flow-through 

containing PE negative cells (unlabelled cells) were collected and kept or discarded depending on the 

cellular population of interest.  PE-labelled cells, bound to the magnetic column were collected by 

removing the LS column from the magnetic field and flushing the column through with 5ml MACS 

buffer and the supplied column plunger. Post-sort, samples were prepared for FACS as described 

below.  
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Fluorescence-activated Cell Sorting (FACS) 

 

Cell sorting was carried out with the aid of technicians Jane Srivastava and Catherine Simpson in the 

Imperial College Department of Life Sciences flow cytometry and FACS facility, using a FACS Aria cell 

sorter (Becton Dickinson). Cells were suspended in FACS buffer (described in Section 2.6) pre-sort and 

then sorted into 15ml polystyrene falcon tubes containing DMEM enriched with 20% FCS to aid cell 

recovery post-sort, in addition to 2mM L-glutamine + 100U/ml penicillin + 100μg/ml streptomycin. 

 

For CD4+ ChAT + or CD4+ ChAT-  cell sorting, Pre-FACS CD4+ cell enrichment was carried out by staining 

total lung cells from ChAT-eGFP reporter mice with CD4-PE, then carrying out MACS as described 

above. Enriched CD4+ cells were then stained with anti CD8 and a live/dead stain (Aqua, Invitrogen) 

for 20 minutes each at 4⁰C in the presence of FcγR blocking antibody (CD16/CD32), BD bioscience) 

before sorting for live CD4+CD8- populations of either ChAT+ (eGFP+) cells or ChAT  negative (eGFP-) 

cells.  

 

For sorting ILC2, MACS was used to enrich for a lineage negative population prior to FACS, by staining 

total lung cells with a PE-antibody conjugated cocktail containing antibodies against: CD3, CD4, CD8, 

CD11b, B220, CD19, Ter119, CD49b and FcERa1. MACS were carried out as described for CD4+ cells. 

Negatively sorted cells were then stained with a live/dead marker (Aqua-Invitrogen), before staining 

with antibodies against CD45, CD90.2, ST2 and CD127 in the presence of FcγR blocking antibody 

(CD16/CD32), BD bioscience) as described above.  Cell sorting took place on a FACS Aria Cell sorter 

and ILC populations were sorted as either lineage-CD45+CD90.2+ST2+CD127+ or the equivalent ST2 

negative cells.  
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2.8 Detection of basal acetylcholine release from lymphocytes 

 

Cells from FACS sorted populations were washed by centrifugation at 300xg at 4⁰C for 10 minutes in 

PBS and 100,000 cells were placed into wells of a 96 well V bottom plate (Costar) in a volume of 150μl. 

Cells were incubated at 37⁰C/5%CO2 for 30 minutes before centrifugation of the plate for 2 minutes, 

300 x g, 4⁰C and removal of the cell supernatant. The AChE inhibitor BW284C51 was added to samples 

at a final concentration of 10μM, samples were spiked with 50nM internal standard (Acetylcholine -

1,1,2,2,-D4 chloride , QMX laboratories) and then samples were frozen at -20⁰C until analysis. ACh was 

detected using HPLC-mass spectrometry conducted and analysed by Mark Bennett (Imperial College 

London). A calibration curve for calculation of ACh concentration was set up using a dilution series of 

acetylcholine-chloride (Sigma) between 200nM and 20pM.   

 

2.9 Cholinergic stimulation of cell cultures 
 

Where indicated, cells were simulated with pan-AChR agonists acetylcholine chloride (acetylcholine) 

or carbamocholine chloride (Carbachol), or pan-nAChR agonist nicotine hydrogen tartrate salt 

(Nicotine), or pan-mAChR agonist carbamyl-β-methylcholine chloride (Bethanechol) at the indicated 

concentrations, prepared in the corresponding cell culture medium. All reagents were obtained from 

Sigma-Aldrich. In some experiments, the M3R-selective antagonist J-104129 (AK Scientific inc.) 

(Mitsuya et al., 1999) was used at a final concentration of 40nM and in other experiments the AChE-

specific inhibitor BW-284C51 was used at a final concentration of 10µM to stabilise ACh and increase 

its half-life during experiments. 
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2.10 Cytokine stimulation of CD45+ lung lymphocytes 

 

Lung single cell suspensions were prepared as detailed in Section 2.6. Cells negative for CD45 were 

removed by positive selection for CD45+ cells carried out by FACS as detailed in section 2.8. 5x105 

CD45+ cells in a volume of 100µl cDMEM were plated in wells of sterile 96 well V bottom plates and 

allowed to recover for 2 hours after FACS at 37oC/5%CO2. After this time, cells were stimulated (in 

triplicate) with either 100µl of media only (as a baseline control), or media containing either 

recombinant murine IL-33 (rmIL-33) (Peprotech), rmIL-25 (R&D systems), rmTSLP (R&D systems), rmIL-

7 (Peprotech) or rmIL-2 (Peprotech) at a final concentration of 50ng/ml for each cytokine, or 

combinations of these cytokines as indicated in individual experiments, or 12.5ng/ml PMA + 125ng/ml 

ionomycin. Cells were incubated as previously for 24 hours, after which time plates were centrifuged 

at 939xg for 2 minutes at 4oC and supernatants were carefully removed and stored at -20oC for 

cytokine release analysis. Cells were then processed as detailed in Section 2.7 for analysis by flow 

cytometry.  

 

2.11 In vitro generation of murine bone marrow-derived macrophages 

(BMDM) and polarisation of bone marrow derived macrophages to M1 or M2 

phenotype. 

Isolation of murine bone marrow and in vitro generation of bone marrow-derived 

macrophages 

 

Naïve female C57B6/J mice aged 6-8 weeks old were culled by cervical dislocation and both hind legs 

were removed at the pelvis. Taking care not to snap the femur or tibia the hide was removed from the 

legs and the foot was cut off at the ankle. Legs were placed into cold PBS and the muscle was removed 

manually by rubbing the tissue away from the bones using 70% ethanol-soaked muslin cloth. When 

clean of flesh, the femur and tibia were separated at the knee joint and the ends of both bones were 

cut away with a scalpel to reveal the marrow inside. Manipulating the bones with sterile forceps, the 
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bones were flushed of the marrow using a 27-gauge needle and 5-10ml of cold, sterile PBS. The 

marrow was triturated with a pipette if required, to generate a cell suspension which was passed 

through a 40µm cell strainer (Falcon BD) into a 15ml falcon tube in order to remove any contaminating 

bone shards. The cell suspension was centrifuged at 1418 x g for 6 minutes at 4oC, the supernatant 

was removed and the cell pellet was re-suspended. The cell suspension was treated with ACK red cell 

lysis buffer (as in Section 2.6) for a maximum of 5 minutes after which time, macrophage 

differentiation medium (MDM, containing: RPMI+ 10% FCS + 10% L929 cell conditioned medium 

(containing macrophage –colony stimulating factor, M-CSF) + 25mM L-glutamine + 100U/ml penicillin 

+ 100μg/ml streptomycin + 50μM β-mercaptoethanol) was added to the sample. Samples were 

centrifuged as before, supernatant was removed and cells were re-suspended in an appropriate 

volume of MDM for cell counting as described in Section 2.6. Cells were plated in a volume of 10ml 

MDM, in 10cm non-tissue culture treated Petri dishes at a concentration of between 2.5x105-3.0x105 

cells/ml. Plates were incubated at 37oC/5% CO2 for 7 days with a half media change with fresh MDM 

(warmed to 37oC) on day 4 of culture.  

 

Harvesting differentiated bone marrow derived macrophages and polarisation to M1 and 

M2 subtypes. 

 

After one week of incubation as described above, bone marrow cells were harvested and prepared 

for M1/M2 polarisation (Figure 2.7). Medium was removed from cell cultures which were washed 

twice with sterile PBS warmed to 37oC. After removal of PBS, plates were treated with 4ml Accutase® 

(Sigma) cell detachment solution (diluted 1 in 5 in PBS) and incubated at 37oC/5% CO2 for 20 minutes. 

Detached cells were collected and plates were washed with sterile PBS until clear of cells. Cells were 

centrifuged at 1418 xg for 6 minutes at 4oC, supernatant was removed and cells were re-suspended in 

a suitable volume of cRPMI (MDM without addition of L929 conditioned media) and counted as in 

Section 2.6. Cells were diluted in cRPMI and plated in 24 well sterile, non-tissue culture treated flat 
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bottom plates in a volume of 0.5ml at a concentration of 2x106/ml. Cells were allowed to rest and re-

adhere to the plate surface for 2 hours at 37oC/5% CO2. During this time, a small sample of cells were 

stained for the markers F4/80 and CD11b (as outlined in Section 2.7), to assess – by flow cytometry, 

the percentage of the sample which were F4/80+CD11b+ fully differentiated macrophages; this was 

typically greater than 95% of the sample (Figure 2.7B).  

Following incubation of the cells, cells were polarised as dictated by experimental design with 0.5ml 

of medium (leaving a final volume of 1ml) either alone (to generate M0 ‘unpolarised’ BMDM), or 

containing lipopolysaccharide from E.coli (Ultrapure LPS, InvivoGen) and recombinant murine 

interferon gamma (IFN-γ, from Peprotech) to a final concentration of 10ng/ml and 30ng/ml 

respectively (to generate M1 BMDM), or containing recombinant murine IL-4 and/or IL-13 (Peprotech) 

to a final concentration of 20ng/ml for each cytokine for ‘optimal’ M2 polarisation, or 1ng/ml for ‘sub-

optimal’ M2 polarisation. Extent of polarisation was monitored by flow cytometry based on CD206 

and MHCII expression (Figure 2.7C). In some experiments, cells were co-stimulated with cholinergic 

receptor agonists in addition to polarising stimuli, as outlined in Section 2.11.  Following stimulation, 

samples were incubated for 24 hours at 37oC/5% CO2 before processing for analysis, either for flow 

cytometry as outlined in Section 2.7, or for western blot, as outlined below.  

 

Processing of bone marrow derived macrophage samples for protein lysates 

 

Cell protein lysates from BMDM were made and stored at -80⁰C in lysis buffer (50mM HEPES pH 7.5, 

10% glycerol, 1% Triton X-100, 1.5mM MgCl2, 1mM EGTA + protease inhibitor cocktail). This was 

carried out by removing macrophage cell culture supernatants, washing adherent cells twice with cold 

PBS and then applying 10µl lysis buffer/sample (approximately 1x10E6 cells/sample). Cell lysate was 

collected into cold 1.5ml microtubes which were continuously rotated at 4oC for 30 minutes before 

being frozen. 
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Figure 2.7. Bone marrow derived in vitro macrophage differentiation model. (A) The generation of 

unpolarised (M0) macrophages (MΦ) from murine bone marrow cells in the presence of macrophage 

colony stimulating factor (M-CSF) and the polarisation of the cells to either M1 or M2 phenotype with 

lipopolysaccharide (LPS) and IFN-γ or IL-4 and/or IL-13 respectively. (B) homogeneity of MΦ cells 

generated from bone marrow was assessed by flow cytometry for CD11b+F480+ cells and (C) M0, M1 

and M2 phenotype was also assessed by flow cytometry on the basis of differential CD206 (mannose 

receptor-1) and MHCII expression.  
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2.12 Isolation and ex vivo culture of murine pulmonary macrophages 

 

Naïve female mice were sacrificed and lungs were processed as described in Section 2.6. No BAL 

procedure was carried out prior to intra-tracheal lung inflation with dispase. Single cell suspension of 

lung tissue was generated as described in Section 2.5. The entire cell suspension from the lungs of 

each animal was suspended in 10ml of cDMEM and plated into a 10cm non-tissue culture treated Petri 

dish. Cell cultures were incubated at 37oC/5% CO2 for 2 hours after which time, medium containing 

non-adherent cells was removed and adherent cells were washed 3 times with 10ml PBS warmed to 

37oC. Adherent cells were treated with 4ml of Accutase® cell detachments solution (Sigma) warmed 

to 37oC, and plates were incubated at 37oC/5% CO2 for 20 minutes. Detached cells were collected and 

plates were washed with cDMEM until all cells were removed. Cells from individuals were combined, 

centrifuged at 460xg, 4oC for 6 minutes and supernatant was removed. Cells were re-suspended in an 

appropriate volume of cDMEM and counted as detailed in section 2.5.  Cells were diluted to a 

concentration of 2x106 cells/ml in cDMEM and 0.5 ml was plated in 24 well non-tissue culture treated 

plates. Cells were allowed to rest for 2 hours before being stimulated with polarising cytokines and/or 

cholinergic agonists as dictated by experimental design, in a final volume of 1ml. Cells were cultured 

as previously for 24 hours. After this time, cell culture supernatants were removed, cells were gently 

washed 3 times with sterile PBS and cells were treated with 0.2ml of Accutase® and incubated for 20 

minutes as described above. Detached cells were then collected and placed into wells of 96 well V 

bottom plates for antibody staining and flow cytometric analysis as described in section 2.6.  

 

2.13 Detection of free nitrites by Griess assay 
 

The Griess assay was carried out according to the manufacturer’s instructions (Promega). Reagents 

were allowed to equilibrate to room temperature for 30 minutes before use. A standard curve was 
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generated by dissolving the provided 0.1M nitrite solution from the kit in whatever medium or 

solution the samples to be tested were in, to a concentration of 100μM. 100μl of this was plated, in 

triplicate on a microplate, and serially diluted down to a concentration of 1.56 μM using sample 

medium or buffer. Sample medium or buffer with no added nitrite was used as a ‘blank’ or negative 

control. 50μl of each sample was plated in triplicate on the microplate. 50μl of sulphanilamide solution 

was added to each well of standard or sample, and incubated for 10 minutes at room temperature in 

the dark. 50μl of N-1-naphthylethylenediamine dihydrochloride (NED) solution was then added to 

each well and the plate was incubated again for 10 minutes at room temperature in the dark. 

Following this, absorbance of samples was read on a Fluorstar Optima plate reader at 540nm within 

30 minutes of adding NED solution. The mean of triplicate values was taken as the measurement of 

free nitrite in each sample.  

 

2.14 RNA extraction. 

 

Total RNA was isolated from cells or whole tissues using the RNeasy RNA purification mini-kit (Qiagen) 

according to the manufacturer’s instructions. On-column Digestion of DNA was carried out using a 

DNAse I kit protocol (Qiagen) according to the manufacturer’s instructions. 40U of RIBOLOCK RNAse 

inhibitor (Fermentas) were added to purified RNA to prevent degradation of transcripts during use. 

Integrity/degradation of RNA was assessed on a  1% agarose gel by electrophoresis. RNA was stored 

at -80oC.  
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2.15 Polymerase chain reaction 
 

Conventional endpoint PCR  

 

Reverse transcription (RT) of RNA was carried out in a 20μl reaction volume using the Superscript III 

reverse transcriptase protocol (Invitrogen) according to the manufacturer’s instructions. Between 

50ng - 1μg of RNA was used for RT, with at least a tenth of this quantity being kept aside, untreated 

with superscript enzyme as a control for residual (genomic) DNA contamination. Reverse transcribed 

cDNA samples were stored at -20oC until use. Polymerase chain reaction (PCR) was carried out in a 

20μl reaction volume containing: 0.25pmol forward and reverse primers (Table 2.3), 1.25mM dNTPs, 

0.5U Taq polymerase (New England Biolabs), 1x Thermopol reaction buffer (New England Biolabs), 2 

µl cDNA (containing between 5-10ng template) and dH20. A typical thermocycle regime of 95oC, 5mins, 

followed by 35 cycles of 94oC, 30s, XoC, 1 min, 72oC, 1min and a final cycle of 72oC for 10mins was used 

where X was primer specific (see annealing temperatures in tables 2.3 and 2.4). PCR products were 

visualised by agarose gel electrophoresis on a gel of appropriate agarose percentage (1-3%) made with 

a standard Tris-acetate-EDTA buffer (pH 8.0), utilising GelRed ®  nucleic acid gel stain (Biotium) and a 

GelDOC-IT TS imaging system (UVP).  

 

Quantitative (real time) PCR (qPCR) 

 

cDNA was prepared as described for use as template DNA. Primer efficiencies were verified as being 

equal for ChAT and 18s rRNA gene amplification (see chapter 3) using total cDNA prepared from 

mouse brain tissue. qPCR assay was carried out using the Quantitect SYBR green PCR kit according to 

the manufacturer’s instructions, in a final volume of 10µl (Qiagen). An ABI F7500 real-time PCR 

thermocycler system and software was used to carry out the assays (ThermoFisher-Scientific). 2.5ng 

of RNA transcribed to cDNA template was used per reaction for test samples and forward and reverse 

primers were used at a final concentration of 0.5μM. Relative gene expression of ChAT was calculated 
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using 18s rRNA expression as a housekeeping or reference gene using the comparative CT method (2-

ΔΔCT) (Livak and Schmittgen, 2001) 

 

2.16 Sequencing 

 

Sequencing of PCR products was carried out via GATC-biotech and material for sequencing was 

prepared according to the company instructions for single light-read sequencing. Sequence data was 

analysed using ApE plasmid editor software.  

 

2.17 Generation of double stranded RNA and heterogeneous short interfering 

RNA  
 

Double stranded RNA (dsRNA) for Nippostrongylus AChE-B, β-tubulin, or Val-8 sequences was made 

using primers with a T7 leader sequence (TAATACGACTCACTATAGGG) (Table2.2) according to the T7 

Ribomax Express large scale production system kit protocol (Promega). Linear cDNA starting material 

for dsRNA production was prepared from Nippostrongylus cDNA (AChE-B and β -tubulin) or a pET29b 

plasmid containing the N-terminus minus signal peptide sequence of VAL-8, isolated from E.coli 

glycerol stock (prepared by Dr. S.Huang).  

 

Shortcut RNAseIII (New England Biolabs), was used to generate heterogeneous short interfering RNA 

(hsiRNA) from dsRNA, using whole dsRNA preparations, according to the manufacturer’s instructions 

and agarose electrophoresis was used to confirm digestion. For VAL-8 and β -tubulin, a single dsRNA 

fragment was generated and digested to hsiRNA whereas for AChE-B 3 smaller dsRNA fragments were 

generated (Table 2.4) and these were combined in equal proportion for digestion to hsiRNA.  
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2.18 Administration of heterogeneous short interfering RNA to 

Nippostrongylus brasiliensis adult cultures in vitro.  
 

 

Nippostrongylus adults were obtained from rat guts at day 7 p.i and approximately 200 

Nippostrongylus adults/well in 96well flat bottomed plates were placed in 200µl serum free RPMI-

1640 + 2mM L-glutamine, +100U/ml Penicillin/Streptomycin to which media only (control), or 2µM of 

hsiRNA of either AChE-B, β -tubulin or VAL-8 was added, either neat or first incubated with 

lipofectamine 2000 (Invitrogen) in a 1:1 (V:V) ratio, according to the manufacturer’s instructions. 

These conditions were carried out in duplicate. 40U/µl of Ribolock RNAse inhibitor (Fermentas) was 

added to each well to prevent hsiRNA degradation. Cultures were incubated at 37oC/5%CO2 for 48 

hours, or 120 hours before washing worms 3x with 1xPBS and storage of worms in Trizol at -80oC.  

 

Target RNAi was assessed by cDNA preparation (as described) from worm total RNA extracted using a 

standard phenol-chloroform RNA extraction with subsequent RNA cleanup using the Qiagen RNAeasy 

kit. PCR was carried out using target detection primers (Table 2.4) which amplified non-overlapping 

sequences of the relevant genes with those used to generate dsRNA. The thermocycler settings were 

the same as those described for RT-PCR with optimised annealing temperature for each primer pair 

(Table 2.4). Neat cDNA isolated from worms was diluted 1:10, 1:100, and 1:1000 before PCR, as a semi-

quantitative measure of detecting RNAi when compared with control cDNA (worms treated with 

media only). Detection of β-actin by PCR for each cDNA preparation was used as a non-target 

housekeeping reference control. Products of PCR were analysed by agarose electrophoresis. 
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Table 2.3. PCR oligonucleotides used in this study for detection of mouse genetic targets. 

Primer target Sequence Ta (oC) Product size (bp) 

ChAT (qPCR) F: GGCCATTGTGAAGCGGTTTG 
R: GCCAGGCGGTTGTTTAGATACA 

60                148 

ChAT (endpoint) F: GCTGCCGTGCTGGCTTCTGA 
R: CGCTCCCACCGCTTCTGCAA 

55                375 

GATA3 F: CTCGGCCATTCGTACATGGAA 
R: GGATACCTCTGCACCGTAGC 

62 138 

TCF7 F: CGCTGCATAACAAGCC 
R: CCAGCTCACAGTATGGG 

57 203 

RORα F: GTGGAGACAAATCGTCAGGAAT 
R: GACATCCGACCAAACTTGACA 

60 220 

RORC F: CCGCTGAGAGGGCTTCAC 
R: TGCAGGAGTAGGCCACATTACA 

62 230 

18s rRNA  F: GCAATTATTCCCCATGAACG 
R: GGCCTCACTAAACCATCCAA 

60 123 

β -actin F: TGGAATCCTGTGGCATCCATGAAAC 
R: TAAAACGCAGCTCAGTAACAGTCCG 

55 250 

CHRM1 F: GGACAACAACACCAGAGGAGA 
R: CGAGGTCACTTTAGGGTAGGG 

55 195 

CHRM2 F: TGAAAACACGGTTTCCACTTC 
R: GATGGAGGAGGCTTCTTTTTG 

55 228 

CHRM3 F: TTTACATGCCTGTCACCATCA 
R: ACAGCCACCATACTTCCTCCT 

55 215 

CHRM4 F: TGCCTCTGTCATGAACCTTCT 
R: TGGTTATCAGGCACTGTCCTC 

55 201 

CHRM5 F: CTCTGCTGGCAGTACTTGGTC 
R: GTGAGCCGGTTTTCTCTTCTT 

55 240 

CHRNA1 F: GACCATGAAGTCAGACCAGGA 
R: TTAGCTCAGCCTCTGCTCATC 

55 179 

CHRNA2 F: TGAGGTCTGAGGATGCTGACT 
R: AGAGATGGCTCCAGTCACAGA 

55 227 

CHNRA3 F: GTTGTCCCTGTCTGCTCTGTC 
R: CCATCAAGGGTTGCAGAAATA 

55 209 

CHNRA4 F: AGATGATGACGACCAACGTGT 
R: ATAGAACAGGTGGGCTTTGGT 

55 194 

CHNRA5 F: TGGGCCTTGCAATATCTCAGT 
R: TGACAGTGCCATTGTACCTGA 

55 249 

CHNRA7 F: TCAGCAGCTATATCCCCAATG 
R: CAGCAAGAATACCAGCAAAGC 

55 203 

CHNRB1 F: CTCACTGTGTTCTTGCTGCTG 
R: GAGTTGGTCTCTCTCGGGTTT 

55 252 

CHNRB2 F: GGACCATATGCGAAGTGAAGA 
R: ATTTCCAGGGAAAAAGAAGCA 

55 232 

CHNRB4 F: TGGCTGCCTGACATAGTTCTC 
R: AGTCCAGGATCCGAACTTCAT 

55 244 
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Table 2.4. PCR oligonucleotides used in this study for detection of Nippostrongylus genetic targets. 
T7 promotor sequences are underlined. 

 

Primer target Sequence Ta (oC) Product 

size (bp) 

β-Tubulin (detection) F: CTGGAATTCGCCCTTGGGT 
R: GCGTGGAACATATTTGCCTCC 

57 253 

β-Tubulin (dsRNA) F: TAATACGACTCACTATAGGGTGTTCTCGTTGATCTCGAGCC 
R: TAATACGACTCACTATAGGG TCAGTTGCCAGGGAAGCGAA 

57 590 

VAL8 (detection) F: CACCCCAAAGGCAGCAAAAA 
R: TAATGCATACCGGGGCAGTC 

57 328 

VAL8 (dsRNA) F: TAATACGACTCACTATAGGG AACTGTCAAAACAGCGCGAA 
R: TAATACGACTCACTATAGGG GCCATCGCAAGTTGATTGAGG 

57 637 

AChE-B (detection) F: TTCGGCACGAGGATGGGACTTCCC 
R: CTGAAGAAACCTCCTCCATAAATCC 

57 412 

AChE-B (dsRNA) .1 F: TAATACGACTCACTATAGGG GCTAGATTACTCCTGGCAATATG 
R: TAATACGACTCACTATAGGG GTACGTTTCGTCTTTGGTTTGG  
 

57 254 

AChE-B (dsRNA) .2 F: TAATACGACTCACTATAGGG ACAGCGAAGGCACTAGGATG  
R: TAATACGACTCACTATAGGG GCCGTACTTCTCCCTTGAAGTAG 

57 238 

AChE-B (dsRNA) .3 F: TAATACGACTCACTATAGGG CACTGCTTACAAGGAAGTAGACAA 
R: TAATACGACTCACTATAGGG GAATGGAAACTAGTTGCCTTTAGC 

57 250 

β-actin  F: CAGAAGGACTCCTATGTAGGAGATGA 
R: CATGATCTGGGTCATCTTTTCTCTGT 

55 250 

 

2.19 Enzyme linked immunosorbant assay (ELISA) 

 

Assay kits for detection of murine IL-13, IL-5 and amphiregulin were all purchased from R&D systems. 

Working concentrations of capture and biotin-conjugated detection antibodies, standards and 

streptavidin-conjugated horse radish peroxidase were all prepared according to the manufacturer’s 

instructions and kit specific recommendations. Nunc F96 maxisorp immunoplates (Thermoscientific) 

were used to carry out the assays. TMB was used as substrate and reactions stopped by addition of 

1M H2SO4, absorbance was read at 450nm and 510nm, on a Fluostar Optima microplate reader (BMG 

Labtech, Germany) and the latter subtracted from the first. Fluostar Optima software was used to 

construct standard curves and only assays for which the R2 value of a linear or 4 parameter model line 

of best fit was >0.98 were used to draw quantitative data from.  
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2.20 Ellman’s assay for measurement of cholinesterase activity  

 

Ellman’s assay for detection of esterase activity was carried out in flat bottomed 96 well sample (Nunc) 

plates in a total volume of 200µl. Samples were prepared by mixing 160µl of 100mM NaPO4 buffer (pH 

7.0) (made by mixing mono and dibasic sodium phosphate at a 1:1 ratio), 25µl of 10mM 5,5'-dithiobis-

(2-nitrobenzoic acid) (DTNB, dissolved in NaPO4 buffer) and 10µl of 25mM acetylthiocholine iodide 

dissolved in dH20, and adding this solution to 5µl of experimental sample. Concentrated 

excretory/secretory (E/S) product from adult Nippostrongylus brasiliensis (using archived samples 

from the Selkirk laboratory), known to contain 3 isoforms of secreted active acetylcholinesterase 

(AChE-A,B,C) was used as a positive control for the assay and PBS was used in place of an experimental 

sample as a negative control. In order to demonstrate specific activity of acetylcholinesterase over 

other esterases such as butyrylcholinesterase, or test for the presence of free sulfhydryl in the 

experimental test samples which would also induce a colorimetric change when combined with the 

DTNB in the assay buffer, BW-284C51 , a specific inhibitor of acetylcholinesterase activity was added 

to control samples at a final concentration of 10µM. Absorbance of samples was analysed on a 96 well 

plate reader (Fluostar Optima microplate reader, BMG Labtech, Germany) at 450nM within 10 

minutes of assay set up.  

 

2.21 Proteins 

 

Determination of protein concentration. 

 

Protein concentration was determined using either the bicinchoninic acid (BCA) microplate assay 

(Pierce) according to manufacturer’s instructions using 200µl BCA reagent mix and 25µl protein 

sample, or by Bradford assay using 200µl Coomassie protein assay reagent (Sigma) and 5µl protein 

sample. A standard curve was generated for each assay using serial dilutions of bovine serum albumin 
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(BSA) ranging in concentration from 0.025mg/ml to 2.0mg/ml. Absorbance was read at 560nm (BCA 

assay) or 600nm (Bradford assay) on a Fluostar Optima microplate reader (BMG Labtech, Germany). 

Standards and samples were measured in triplicate and mean values calculated and used as working 

concentrations for each sample.  

 

SDS-Polyacrylamide gel electrophoresis (SDS-PAGE).  

 

Proteins were resolved under standard conditions by sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE). 10% SDS-PAGE resolving gels comprised of the following dissolved in 

dH20: 10% (w/v) N,N’-Methylenebis(acrylamide), 150mM Tris Base, pH 8.8, 0.1% (w/v) SDS, 0.1% (w/v) 

ammonium persulphate, 0.1% (v/v) N,N, N’,N’-Tetramethylethylenediamine (TEMED). Resolving gels 

were allowed to polymerise at room temperature for a minimum of 1 hour, covered in water saturated 

N-butanol before applying a stacking gel, comprised of the following dissolved in dH20: 5% N,N’-

Methylenebis(acrylamide), 50mM Tris base, pH 6.8, 0.1% (w/v) SDS, 0.1% (w/v) ammonium 

persulphate, 0.1% (v/v) TEMED. Stacking gels were allowed to polymerise at room temperature for a 

minimum of 1 hour or overnight.  Proteins in a maximum of 15µl sample volume containing 1x SDS-

loading buffer  + Dithiothreitol (DTT, final concentration of 77mg/ml) were boiled at 105oC for 5 

minutes and allowed to cool to room temperature before loading onto gels. Electrophoresis was 

carried out in 1x SDS-PAGE running buffer (25mM Tris-base, 192mM glycine, 0.1% SDS) at 50V for 30 

minutes to allow proteins to move through the stacking gel, then at 100V until proteins had sufficiently 

resolved in the resolving gel. A pre-stained protein ladder (Bio-Rad) was used to assess molecular size 

of proteins after both Coomassie blue staining and Western Blot (see below).  
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Coomassie blue staining of polyacrylamide gels 

 

Staining took place overnight at room temperature in Coomassie’s stain (0.4% (w/v) brilliant blue –R 

in 10% v/v glacial acetic acid, 40% (v/v) methanol, 50% (v/v) dH20). Gels were de-stained using 10% 

glacial acetic acid (v/v), 40% methanol (v/v), 50% dH20 (v/v) until gel background was completely clear 

and blue protein bands were clearly visible.  

 

Western Blot 

 

Following SDS-PAGE, proteins were transferred to an ECL membrane (Amersham Hybond, GE 

Healthcare) overnight at 50V/cm2 of membrane area and Coomassie counter staining of the resolving 

gel was used to verify the extent of protein transfer. Following transfer, the membrane was blocked 

using blocking buffer containing 5 % (w/v) bovine serum albumin (BSA) in ‘TBS-T’; tricine-buffered 

saline with 0.1% Tween, for 1 hour at room temperature.  Following this, the membrane was washed 

3 times for 15 minutes with constant agitation in TBS-T.  The membrane was then probed using 

primary antibodies either unconjugated or biotin conjugated as detailed in Table 2.5. This took place 

overnight at 4oC in blocking buffer.  The membrane was washed as before and then probed for 1 hour 

at room temperature using either HRP-conjugated secondary antibodies derived from appropriate 

hosts or HRP-conjugated streptavidin (R&D systems) diluted to the manufacturer’s recommended 

dilution in blocking buffer, as detailed in Table 2.5. Membranes were washed as before and Western 

Lightning ECL (PerkinElmer, USA) was used to create a signal. Chemiluminescence was detected using 

a LAS-3000 Fuji Imager.  
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Table 2.5. Details of primary and secondary antibody probes used for Western blots in this study. 

Primary  

Antibody Antigen  

Host 

/isotype of 

primary 

antibody 

Conjugate of  

primary 

antibody 

Primary 

antibody 

manufacturer 

Secondary 

probe  

Conjugate 

of 

secondary 

probe 

Manufacturer 

of secondary 

probe 

Murine YM-1 

(CHI3L3, ECF-1) 

Goat/IgG 

(Polyclonal) 

Biotin R&D systems Streptavin HRP R&D systems 

Murine NOS2 (M-

19) 

Rabbit/IgG 

(Polyclonal) 

None Santa Cruz 

Biotechnology 

Goat anti 

Rabbit IgG 

HRP R&D systems 

Cofilin (D59) Rabbit/IgG 

(Polyclonal) 

None New England 

Biolabs 

Goat anti 

Rabbit IgG 

HRP R&D systems 

 

2.22 Statistics and analysis  

 

Statistical analysis and generation of graphs and charts was carried out using the software Prism 

version 6.0 (Graphpad). Flow cytometry fcs files were analysed using FlowJo software (Treestar). Data 

was analysed using parametric two tailed non-paired student’s t-test or non-parametric Mann-

Whitney U test as appropriate. Unless stated otherwise, data annotated with ‘n.s.’ denotes no-

significant difference between groups whereas data annotated with asterix indicate significant 

differences as follows; * = p <0.05 ; ** = p <0.01; ***p <0.001. Western blots were analysed using 

ImageJ software to quantify target band intensity, which was then divided over intensity for the 

housekeeping reference band for cofilin to obtain a value for relative density of the stain of interest 

for each sample. These results were reported after being normalised against an internal experimental 

control.  
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3.1 Introduction. 
 

Henry Dale was among the first to explore the pharmaceutical properties of acetylcholine (ACh) in 

1914, followed by an extensive body of work by Otto Lowei who investigated ‘parasympathin’ as it 

was then known, and its capacity to transmit electrical signals between neurons. In 1926, 

parasympathin was identified as ACh by Lowei and Ernst Navratil. Since then, the importance of ACh 

as a major chemical neurotransmitter of the central and peripheral nervous systems (CNS/PNS) has 

been appreciated and its numerous physiological roles have continued to be defined.  

 

In addition to describing its actions within the CNS and PNS, synthesis of ACh and biological function 

of the molecule has also been ascribed to non-neuronal cells types from plants (Ewins 1914; Horiuchi 

et al. 2003), single celled organisms such as paramecia (Bulbring et al. 1949; Umberta et al. 2001) and 

lower invertebrates lacking a nervous system, such as poriferans  (Horiuchi et al. 2003). In vertebrates, 

non-neuronal ACh content has been found to be moderate to high in the spleen which has limited 

cholinergic innervation, (Dale and Dudley, 1929) and the placenta for which innervation is absent 

(Brennecke et al., 1988; King et al., 1991; Wessler et al. 2001). As described in detail in Chapter 1, 

numerous non-neuronal cell types in vertebrates possess choline acetyltransferase (ChAT) - the major 

ACh synthesising enzyme - or carnatine acetyltransferase (CarAT), which is also capable of ACh 

synthesis (albeit in a non-preferential manner to ChAT); indicative of their cholinergic nature.  

 

Haematopoietically derived cells of the immune system also express the required machinery to 

synthesise, release, hydrolyse and respond to ACh. Data indicate that although in peripheral tissues 

such as denervated skeletal muscle - in which total ACh content is a product of both ChAT and CarAT 

activities (Tuček 1982), or in urothelium, where CarAT alone synthesises ACh (Lips et al. 2007), ACh 

synthesis by immune cells appears to correlate most strongly with activities of ChAT rather than CarAT, 
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which plays a secondary role to ACh production in these cells (Fujii et al., 1996). Methods utilised to 

identify ACh synthesising immune cells have therefore relied more on the demonstration of cellular 

ChAT expression as a robust indicator of the cholinergic synthesising capacity of a given population. 

This has been favoured over, for instance, direct isolation of ACh from non-neuronal cells, which – 

although not impossible (Rosas-Ballina et al. 2011; Reardon et al. 2013; Kawashima et al. 2015), poses 

certain technical challenges given the labile nature of ACh.  

 

Identification of the expression of ChAT by immune cell populations has been achieved utilising a 

number of different methodologies. At the mRNA transcript level, ChAT has been identified in human 

leukaemic T cell lines including: HSB-2, CCRF-CEM (CEM) MOLT-3 and MOLT-4 (Fujii et al. 1999; Ogawa 

et al. 2003; Fujii et al. 2012) - although splice variants of ChAT mRNA species may differ  between 

specific lines. For instance, CEM express N2- and M-type ChAT as well as N1-type to a lesser degree, 

while MOLT-3 cells explicitly express N2 species (Ogawa et al. 2003). Additionally, ChAT mRNA has 

been identified in murine bone marrow derived dendritic cells and splenic mononuclear leukocytes 

(Kawashima et al. 2007) as well as splenic, thymic and peripheral blood lymphocytes and intravascular 

leukocytes from rats (Rinner et al. 1998; Hecker et al. 2009). Recently, qPCR has demonstrated ChAT 

mRNA in splenic B220+CD23+ murine B cells (Reardon et al. 2013), despite an absence of ChAT mRNA 

observed in the human B cell lines BALL-1, NALM-6 and Daudi (Fujii et al. 1999). 

 

At the level of protein expression, demonstration of immune cell ChAT has been achieved via a number 

of routes. Both monoclonal and polyclonal anti-ChAT antibodies have been employed in 

immunoblotting and immunohistochemical methodologies used to study neuronal systems and 

attempts have been made to apply these same tools to the study of non-neuronal cell types too. For 

example, ChAT immunoreactive (IR) non-neuronal inflammatory cells have been reported in the 
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lamina propria of both frozen and paraffin embedded histological sections of human intestine samples 

from patients with Hirschprung’s disease, as well as from the intestines of rats infected with the 

parasitic nematodes Trichinella spiralis and Nippostrongylus brasiliensis (Ratcliffe et al. 1998). In this 

study, many of these cells were reported to be eosinophils based on gross morphology. However, 

despite being in line with the eosinophilia anticipated during a nematode inflicted type 2 immune 

response, other markers that would confirm or refute this cellular identity were lacking. By western 

blot, monoclonal antibodies against ChAT have also identified immunoreactive protein from MOLT-3 

cells with the same molecular weight (70 kDa) as ChAT isolated from human placenta (Kawashima et 

al., 1998), supporting the observation of ChAT mRNA species in leukaemic human T lymphocyte cell 

lines and the argument that these synthesise ACh.  

 

Recently, commercially available transgenic mouse strains in which fluorescent reporter proteins 

expressed under the control of elements of the ChAT or cholinergic gene locus promoters have been 

developed. This has facilitated progress in the way that ChAT-expressing cell types can be observed 

and studied. One strain that has been used in a number of studies investigating ChAT expression by 

immune cells was generated using bacterial artificial chromosome technology (BAC) to knock-in a 

construct spanning the ChAT locus (Tallini et al., 2006). In this strain (ChATBAC-eGFP), enhanced green 

fluorescent protein (eGFP) is expressed under the control of endogenous ChAT transcriptional 

regulatory elements. When any cell type expresses ChAT, eGFP is co-transcribed and expressed as a 

transgene reporter of ChAT transcription. In the original report describing the generation of this strain, 

the authors demonstrated that in addition to successful visualisation of cholinergic components of the 

peripheral and central nervous systems throughout all the anatomical locations studied, eGFP 

expression was also observed on an individual cell-by cell basis in non-neuronal epithelial cells of the 

gastrointestinal and pulmonary tract. This is in line with reports by other groups concerning the 

cholinergic nature of some epithelial cell types (Lips et al., 2007; Kummer et al., 2008). Additionally, 
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the authors reported eGFP expression in an undefined subset of lymphocytes observed in intestinal 

Peyer’s patches, and concluded this was indicative of genetic evidence of immune cell ACh 

biosynthesis. This highlights the potential use of the mouse as a tool for exploring the non-traditional 

role of ACh signalling in non-neuronal cell types during homeostasis as well as pathological conditions.  

Using this mouse, the group of Kevin Tracey, responsible for the initial discovery and description of 

the cholinergic anti-inflammatory pathway (Boroikova et al., 2000; Tracey, 2002; Wang et al., 2003), 

discovered that in the spleen, which is predominantly devoid of cholinergic innervation (Nance et al., 

1989; Bellinger et al., 1993; Cano et al., 2001; Rosas-Ballina et al., 2008), CD4+ T cells expressing an 

effector/memory CD44hhiD62Llo phenotype are the major source of ACh, releasing the molecule in 

response to upstream vagus nerve activity. This is instrumental in suppression of inflammatory 

cytokine production from macrophages during inflammatory settings such as LPS-induced sepsis 

(Rosas-Ballina et al., 2011), and ACh conducts these effects through the α7 nAChR expressed by the 

cells (Wang et al., 2003).  In a further study utilising the ChATBAC-eGFP mouse, the same group 

identified B cells as a major source of ACh. After exploring the regulation of ChAT expression by these 

cells, they concluded that TLR signalling pathways orchestrated via the adaptor protein MyD88 are 

responsible for ChAT expression and ACh synthesis (Reardon et al., 2013). Evidently, the ChATBAC-eGFP 

mouse has proven itself a useful tool for the identification and study of the cholinergic nature of 

immune cells.  

 

In addition to BAC transformation technology, other ChAT reporter strains have been generated 

utilising Cre /LOXP systems. Using a ChAT-IRES-Cre mouse in which the optimised internal ribosome 

entry site (IRES) fused to the Cre gene was inserted after the ChAT stop codon, such that Cre 

expression is placed under the control of endogenous ChAT promoter activity (Rossi et al., 2012)- 

Gaultron et al. generated a ChAT-TdTomato reporter mouse (ChAT-Cre;R26R:floxSTOP:tdTomato). 

This was achieved by crossing the Cre expressing line with a commercially available TdTomato reporter 



Chapter 3: Results 

107 
 

line in which a LOXP-flanked stop cassette constitutively inhibits expression of TdTomato protein 

(Gaultron et al., 2014). Upon promoter activity and ChAT transcription, Cre expression is initiated, 

relaxing the inhibition of TdTomato transcription in the ChAT-expressing cell type and thereby 

facilitating identification of ChAT-TdTomato+ cells using fluorescence detection methodologies. Using 

this mouse, the authors were able to identify cholinergic nerve fibres of the enteric nervous system in 

close proximity to macrophages and lymphocytes within the intestinal lamina propria. This, they 

suggest, is indicative of neuronal/immune cell interaction and/or cross-talk. They also observed 

TdTomato labelling of gall bladder and enteric epithelial cells as well as T cells within the Peyers 

patches, corroborating the observations made using the ChATBAC-eGFP mouse (Tallini et al., 2006). 

Additionally, this group was the first to identify ChAT+ microfold or ‘M’ cells within the intestinal 

epithelium.  A limited number of immune cells expressing T and B cell phenotypes were also observed 

in the spleen: histological methods demonstrated that ChAT+ immune cells were anatomically located 

in splenic white pulp, and flow cytometry phenotypically confirmed these cells as CD3+ T cells and 

B220+CD19+ B cells. However, the overall proportion of these ChAT+ cells was extremely small 

(0.013% for T cells and 0.085% for B cells) compared to reports using the ChATBAC-eGFP reporter strain 

(Rosas-Ballina et al., 2011; Reardon et al., 2013). These results could be explained by an independent 

study that aimed to assess which reporter strain was the most sensitive reporter of ChAT expression 

(Erickson et al., 2014). In this study, fluorescence localisation in both strains was analysed and 

compared to the results from alternative methodologies for ChAT detection including 

immunolocalisation. The authors concluded that while immunolocalisation methods and the ChATBAC-

eGFP strain yielded comparably accurate labelling of ChAT+ cells, the ChAT-TdTomato strain was less 

accurate at identifying ChAT+ cells than either of these alternative approaches. It is likely that these 

limitations of the ChAT-TdTomato strain extend to other cell types including non-neuronal immune 

cells. This suggests that for studies which aim to identify these cell types and accurately quantify and 

characterise them, the optimal choice of tool for this purpose is the ChATBAC-eGFP mouse. 
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3.2 Chapter and results summary 
 

This chapter describes the cholinergic phenotype of cells of the immune system and specifically, which 

immune cell subsets possess the capacity for ACh production during biological type 2 immune 

responses. To achieve this, the reporter mouse strain generated by Tallini et al (ChATBAC-eGFP) was 

utilised.  Immune cell cholinergic phenotype and the dynamics of this during type 2 immunity was first 

investigated in the lung, airways, spleen and mesenteric lymph nodes utilising the N. brasiliensis 

infection model at time points representing early (day 2), mid (day 4) and late (day 7) infection as well 

as during the chronic tissue repair phase following parasite expulsion (day 21).  Among major ACh-

producing populations, which included B cells and CD4+ T cells, type 2 innate lymphoid cells (ILC2) 

were identified. These cells rapidly upregulated ChAT following infection and maintained an increased 

ChAT+ phenotype throughout infection time course up to day 21 p.i. FACS-purified pulmonary ILC2 

also demonstrated ChAT mRNA transcripts and ACh release, confirming their cholinergic phenotype. 

Recall immunity to Nippostrongylus infection did not alter the cholinergic phenotype of ILC2 when 

compared to primary infection alone, indicating that ILC2-derived ACh may play an important role 

during both primary and secondary responses. Expression of a cholinergic phenotype by ILC2 was 

demonstrated to be a robust feature of the type 2 immune response as ILC2 upregulated ChAT 

expression during a second model of type 2 airway inflammation.  Overall, the work presented here 

characterise cholinergic immune cell subsets which produce ACh during type 2 immune responses, 

and identify ILC2 as a major source.  
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3.3 Results 

Identification of acetylcholine-synthesising immune cell populations in the lungs, airways 

and secondary lymphoid organs during primary infection with N. brasiliensis. 

 

The ChAT reporter mouse ChATBAC-eGFP has not previously been used to investigate cells capable of 

producing ACh during type 2 immune responses. In order to model this scenario, the rodent 

hookworm N. brasiliensis was used to infect reporter animals, and WT C57B6/J controls were used to 

set flow cytometry gates for eGFP expression. Samples were taken at day 2, 4, 7 and 21 p.i., and results 

compared to those obtained from age-matched (and sex-matched where possible) uninfected naïve 

reporter controls (Figure 3.1A). Compared to naïve animals, infected reporter mice demonstrated 

obvious haemorrhagic legions in the lung tissue by D2 p.i. (Figure 3.1B), altered flow cytometry scatter 

profile of cells in the lungs which was indicative of enhanced granulocyte influx (Figure 3.1C) and in 

accordance with this, increased eosinophilia in the lung tissue and airways over the course of infection 

(Figure 3.1D-E). These observations were indicative of successful hookworm infection and initiation 

of an appropriate type 2 immune response in these reporter animals.  

 

Infection was also correlated with an increase in total cell counts (relative to naïve control animals) at 

anatomical sites relevant to the Nippostrongylus lifecycle (the lung and airways) and in secondary 

lymphoid tissues relevant to the ongoing immune response (the spleen, lung draining mediastinal 

lymph nodes (MDLN) and the gut-draining mesenteric lymph nodes (MLN)) (Figure 3.2Ai-V). As adult 

Nippostrongylus is an intestinal dwelling parasite, significant attempts were made at isolating cells 

from the small intestine to analyse as for other tissues. However, although live cell isolation from naïve 

animals was possible, in my hands and using a number of different isolation methodologies, cell 

isolation from Nippostrongylus infected animals at day 4 and beyond was extremely problematic due 

to significant cell death (>80% of total cells) and high levels of mucus (expected following a helminth 

infection). These experiences have also been noted by other researchers in the field (Dr. Tiffany 
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Bouchery, personal communication). Therefore, further study of this site was not given primary focus 

as the subject of this thesis.  

 

In the majority of anatomical sites from which samples were taken, increased total cell count, 

indicative of an ongoing immune response to infection was also correlated with an increase in the 

proportion of cells which were eGFP+, demonstrating expression of ChAT (Figure 3.2Bi, ii,iv,v). When 

the number of ChAT-expressing cells were calculated based on cell count and proportion of eGFP+ 

cells, this resulted in significant increases in the total number of ChAT+ cells present in these 

anatomical sites, rising over infection from as early as D2 and peaking at D7 (Figure 3.2Ci-V). One 

exception was in the airways where the overall proportion of eGFP+ cells remained constant (Figure 

3.2Biii), however due to the significant increase in cell count, this equated to more ChAT+ cells 

resulting from infection (Figure 3.2Ciii). Of note; although in this model, parasites are typically cleared 

from the host by D12 (Camberis et al., 2003), increased cellularity and total number of ChAT+ cells 

remained significantly elevated in all sites other than the MLNs up until D21. This is indicative of an 

ongoing immune response in which the cholinergic phenotype of many cells was sustained, although 

decreased from the apparent peak at D7.  This is of particular interest in the lung as following tissue 

damage generated as a result of parasite migration, an emphysematous-like pathology has been 

described in which the tissue undergoes repair (Turner et al., 2014). It is possible therefore that ACh 

production by the cell populations involved in this may be contributing to these processes.  
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 Figure 3.1. ChATBAC-eGFP mice demonstrate pulmonary inflammation and enhanced eosinophilia 
following infection with N. brasiliensis. A) Model of control/naïve/infection groups indicating at 
which time point (days 2, 4, 7, 21 post infection) animals were culled and sampled. B) representative 
photographs of intact lungs taken from age and sex matched ChATBAC-eGFP mice under naïve settings 
and at day 2 post infection with N. brasiliensis; arrows indicate lesions caused by nematode migration 
through lung tissue. C) Representative flow cytometry forward/sideways scatter profile of live, single 
cells of total lung preparations from naïve ChATBAC-eGFP mice and mice infected with N.b. at D7 p.i. 
Pink gates indicate % of cells with low forward scatter (FSC-A) and high side scatter (SSC-A) which 
could represent eosinophils and other granulocytes. D) Proportion and (E) total number of eosinophils 
in the lung and airways (BAL) in naïve ChATBAC-eGFP animals and animals infected with N.b throughout 
infection sampled at Day 2, 4, 7, 21 p.i. Data expressed as mean +/- S.E.M. *p=<0.05, ** p =<0.01, 
***p=<0.001, n.s= non-significant difference (p>0.05). n= 3 to 5 mice/ group. 
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Figure 3.2. Infection with N. brasiliensis is associated with an increase in ChAT+ cells in the lungs and 
secondary lymphoid sites. A) Total cell count in the (i) spleen, (ii) mediastinal lymph nodes (MDLN), 
(iii) airways (derived from bronchoalveolar lavage, BAL) (iv) lung tissue and (v) mesenteric lymph nodes 
(MLN) in ChATBAC-eGFP reporter animals infected with N. brasiliensis at day 2,4,7 and 21 post infection 
(p.i.). B) As for (A) but for proportion of total eGFP+ cells at the sites/time points indicated. C). As for 
(A) but for total number of eGFP+ cells at the sites/time points indicated. Data expressed as mean +/- 
S.E.M. *p=<0.05, ** p =<0.01, ***p=<0.001, n.s.= non-significant difference (p>0.05). n= 3 to 5 mice/ 
group. eGFP gating was always set using the equivalent control cells from C57B6/J animals infected 
with Nb.  
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Following on from analysis of total reporter expression during infection time course, I addressed the 

question of which specific immune cell populations exhibited ChAT expression. In particular, it was of 

interest and relevance to uncover whether a type 2 immune response could alter ChAT expression in 

any individual populations in particular, rather than just contributing to a general or overall increase 

in the majority of populations. To achieve this, immunophenotyping antibody panels were designed, 

tested and then utilised to identify immune cell populations and their corresponding ChAT reporter 

expression by flow cytometry.  

 

 

Of the immune cell populations investigated, myeloid lineages such as granulocytes including 

eosinophils, neutrophils and basophils exhibited the least interesting results, as no significant degree 

of alteration in the proportion of cells expressing ChAT during infection was observed in any 

anatomical location investigated (Figure 3.3A-D). The proportion of ChAT-expressing cells appeared 

very low particularly in eosinophils and neutrophils. Basophils generally demonstrated a higher 

proportion of ChAT+ cells in their population that was particularly high in cells of the MLN (Figure 

3.3B). However naïve animals exhibited the same proportion of ChAT+ basophils as infected animals 

at all time points examined. The same pattern was also true of CD11c+ dendritic cells (DC) as well as 

F480+ macrophages (Figure 3.3A-D).  
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Figure 3.3. Infection with N. brasiliensis does not alter the proportion of granulocytes, CD11c+ 
dendritic cells or F480+ macrophages expressing ChAT. Data are represented as proportion of the 
parent population (as indicated) expressing ChAT-eGFP in A) spleen, B) mesenteric lymph nodes 
(MLN), C) Lung tissue and D) airways (cells obtained from BAL) in animals infected at the time points 
indicated by the key. Data expressed as mean +/- S.E.M. n= 5 animals/group. eGFP gating was always 
set using the equivalent control cells from C57B6/J animals infected with Nb. 
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Cholinergic phenotype of type 2 innate lymphoid cells 

 

Type 2 innate lymphoid cells (ILC2) are recently described innate cells, which play critical roles during 

type 2 immune responses including (among others) the expulsion of N. brasiliensis as well as during 

allergic airway disease and atopic dermatitis (Lund et al., 2013; Salimi et al., 2013). They are potent 

producers of type 2 cytokines including IL-5, IL-13 and IL-9, and express receptors for epithelial cell-

derived alarmins including IL-25, IL-33 and TSLP. These are released from barrier surfaces upon cellular 

damage or stress such as that caused by parasite migration through tissues. These cells are also known 

to contribute to wound healing and barrier repair following injury through the release of factors such 

as amphiregulin – a ligand of the epithelial growth factor receptor, EGFR (Monticelli et al., 2011; 

Turner et al., 2014).  Unlike other lymphoid cells including B cells and CD4+ T cells, these cells have 

never previously been identified as cholinergic. However, given their important role in type 2 

immunity, it appeared prudent to investigate the potential cholinergic nature of this cell type using 

the ChAT reporter system.  

 

ILC2 were identified as lineage negative (Lin-), CD45+CD90+ICOS+ST2+ (IL-33R) CD127+ (IL7Ra) cells.  

In naïve animals, ILC2 displayed low-level ChAT expression of between 2-5% dependent upon the 

anatomical location investigated. Strikingly, during parasite infection, ILC2 displayed an impressive 

upregulation of ChAT expression that was most prominent in the lung and airway populations (Figure 

3.4A, Figure 3.4B, iii-iv). The proportion of ILC2 which exhibited ChAT expression increased 

significantly from D4 p.i. in these sites, and was most profound in the airways, where up to 60% of the 

cells were ChAT+ by D7 p.i. (Figure 3.4Biv). The proportion of ChAT+ cells did not rise as rapidly in 

secondary lymphoid sites such as the spleen, MDLN and MLN (Figure 3.4B, i,ii,v). However in all sites 

(other than spleen) a significant increase in total number of ChAT+ ILC2 was apparent by D4 p.i., and 

this peaked by D7 p.i. (Figure 3.4B,i-v).  
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Importantly, a significantly increased proportion of ILC2 and total number of ChAT+ cells was still 

apparent by D21 p.i., and this was most pronounced in the lung and airways as well as the MDLN 

(Figure 3.4A/B, ii-iv). At this point, the parasites have been cleared from the host and the lung is 

undergoing repair, during which time an emphysematous-like pathology is apparent (Turner et al.,   

2014). Given that ILC2 demonstrate a bimodal functionality in terms of effector activity versus wound 

healing, it is possible that ChAT expression and ACh release by these cells during and after parasite 

clearance from the host may impact differently on ILC2 function, or on that of other cells.  
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Figure 3.4. ILC2 express ChAT in the lungs, airways, spleen and mesenteric lymph nodes following 
primary infection with N. brasiliensis. A) Flow cytometry plots of eGFP expression in lung ILC2 (pre-
gate) in C57B6/J mice (WT eGFP gating control) and ChATBAC-eGFP mice under naïve and infection 
settings (Nb); statistic indicated is mean +/- S.E.M. of proportion of cells eGFP+ (for Nb infections, this 
is at day 7 post infection); Histogram overlay gives an indication of the level of eGFP expression 
between groups. B) Proportion of ILC2 that are eGFP+ in (i) spleen, (ii) mediastinal lymph nodes (iii) 
lung, (iv) airways (derived from bronchoalveolar lavage) and (v) mesenteric lymph nodes in Nb 
infected reporters at days 2,4,7 and 21 post infection (p.i.). C) As (B) but for total number of ILC2 eGFP+ 
at these time points. Data expressed as mean +/- S.E.M. *p=<0.05, ** p =<0.01, ***p=<0.001, n.s.= 
non-significant difference (p>0.05). n= 4 to 5 mice/ group. eGFP gating was always set using the 
equivalent control cells from C57B6/J animals infected with Nb.  
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ILC2 have not previously been described as cholinergic. Therefore, pulmonary ILC2 from ChAT reporter 

animals were sorted by FACS from naïve and  Nb infected animals, and cDNA prepared. Expression of 

transcription factors associated with ILC2 development, such as TCF-7, RORα and GATA3 rather than 

other ILC subsets such as ILC3 (associated with RORC expression) was assayed by PCR to provide 

further confidence that the isolated cells were indeed ILC2 (Figure 3.5A). Following this, analysis by 

PCR demonstrated qualitatively higher ChAT transcript expression in ILC2 from Nb-infected animals 

compared to naïve cells (Figure 3.5B) and isolation of ChAT+ and ChAT- ILC2 from Nb-infected animals 

demonstrated higher relative transcript abundance of ChAT mRNA in ChAT+ cells compared to ChAT- 

cells as well as cells from naïve animals (Figure 3.5C), demonstrating that eGFP+ cells from reporter 

animals were indeed ChAT+ cells. In order to carry out this SYBRgreen qPCR assay, primers for ChAT 

and the 18srRNA housekeeping control were designed, optimised and tested to formally verify equal 

efficiencies in target detection using cDNA reverse transcribed from brain mRNA as a known source 

of ChAT transcript, prior to use with ILC2 cDNA (Appendix 1). ILC2 sorted by FACS also demonstrated 

an approximately 15-fold higher release of IL-13 than ST2- ILC cells sorted in the same way did when 

stimulated with PMA/ionomycin (Figure 3.5D), supporting their identity as ILC2. Finally, analysis by 

HPLC-mass spectrometry of supernatants from equal numbers of ILC2 from naïve and Nb infected 

animals demonstrated a higher amount of ACh detected in samples of ILC2 from infected animals, 

verifying that ILC2 synthesise and release ACh and do so more following infection.  
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Figure 3.5. Pulmonary ILC2 express ChAT mRNA transcripts and release acetylcholine, and these 
characteristics are enhanced following infection with N. brasiliensis. A) PCR detection of RORα, RORc, 
Gata3 and TCF-7 transcript expression from FACS sorted pulmonary ILC2. Brain cDNA used for positive 
control (+ve). B) ChAT transcript expression in FACS sorted pulmonary ILC2 from ChATBAC-eGFP naïve 
animals, Nb-infected animals and Nb infected WT C57B6/J animals, with brain cDNA used as +ve 
control. B-actin expression is used as semi-quantitative measure for estimation of relative ChAT 
expression level. –RT; no reverse transcriptase control, indicating ChAT transcript amplification as a 
result of any residual DNA contamination. C) ChAT transcript fold induction of FACS-sorted ChAT+ and 
ChAT- pulmonary ILC2 from Nb infected ChATBAC-eGFP animals, normalised to 18s rRNA expression 
and relative to expression from ILC2 from naïve controls.  D) IL-13 production from 24h culture 
supernatants of FACS-sorted ST2- ILC and ILC2 stimulated with PMA/ionomycin, detected by ELISA E) 
Quantification of basal acetylcholine (ACh) release from FACS-sorted pulmonary ILC2 from naïve and 
Nb-infected hosts.  
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Cholinergic phenotype of alternative ILC subsets 

 

ILC2 belong to a larger family of ILC subtypes including ILC1 and ILC3, which are distinguished from 

ILC2 based on differences such as differential transcription factor expression, signature cytokine 

production and surface marker expression. The expression of ST2 (IL-33R) is considered to be a 

defining characteristic of ILC2 in combination with other phenotypic markers of ILC. Although ST2 

negative (ST2-) ILC2-like cells have been identified, the majority of these cells do acquire ST2 

expression following activation (Huang et al., 2015) indicating that the majority of ST2- ILC cells belong 

to alternative ILC subsets. In addition to analysing ChAT expression by ST2+ ILC2, the flow cytometry 

staining panel used also facilitated the option of analysing ChAT expression by ST2- ILC and so this was 

investigated.  ST2- ILC were identified in all the anatomical locations explored (Figure 3.6) and at these 

sites a small proportion of ST2- ILC were found to be ChAT+ (Figure 3.6A). Most notably, ST2- ILC from 

the BAL had the highest degree of ChAT expression compared with other sites, however there was no 

statistical difference in the proportion of ChAT+ cells at this site as a result of parasite infection (Figure 

3.6Aiv). Over the time course of infection, ST2- ILC in the lung and MLN did demonstrate a significant 

increase in the proportion of cells which were ChAT+ (Figure 3.6A, iii, v), and in all sites there was a 

significant increase in the total number of ChAT+ ST2- ILC present by D7 p.i. which was maintained up 

until D21 p.i. in the spleen, lung and BAL (Figure 3.6B, i-v). However, in comparison to ILC2, for which 

the proportion and total number of ChAT+ cells increased earlier during infection, the effect observed 

in the ST2- ILC population was more limited. Therefore, it appears that whilst ST2- ILC may also display 

a cholinergic phenotype, ILC2 are the predominant ILC cell type which acquire a cholinergic phenotype 

in response to helminth infection.  

 

 

 

 



Chapter 3: Results 

121 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6. ChAT expression by ST2- ILC in the lungs, airways, spleen and mesenteric lymph nodes 
following primary infection with N. brasiliensis. A) Proportion of ILC2 that are eGFP+ in (i) spleen, (ii) 
mediastinal lymph nodes, (iii) lung, (iv) airways (derived from bronchoalveolar lavage) and (v) 
mesenteric lymph nodes in Nb-infected reporters at days 2,4,7 and 21 p.i.. C) As (B) but for total 
number of ILC2 eGFP+ at these time points. Data expressed as mean +/- S.E.M. *p=<0.05, **p =<0.01, 
***p=<0.001, n.s.= non-significant difference (p>0.05). n= 4 to 5 mice/ group. eGFP gating was always 
set using the equivalent control cells from C57B6/J animals infected with Nb. 
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In addition to non-specific ILC populations and ILC2, additional innate/innate-like immune cells 

derived from the haematopoietic lymphoid lineage were investigated for their capacity to express 

ChAT during N. brasiliensis infection. This included analysis of natural killer cells (NK), and 

unconventional T cell subsets including NK-like T cells (NKT cells) as well as T cells expressing a 

gamma/delta TCR chain (γδ T cells) (Figure 3.7). Though not strictly innate immune cells due to the 

possession of antigen recognition receptors, γδ T cells do not require antigen recognition for their 

activation and thus represent an intermediary link between innate and adaptive immunity.  The results 

observed for these immune cell populations were dependent largely on their anatomical location.  

 

The first observation made was that all three populations appeared capable of acquiring a cholinergic 

phenotype. Of the three populations investigated, γδ T cells uniformly increased the proportion of 

their population which expressed ChAT in response to infection, in all sites investigated and usually 

only by D7 p.i. However, in the MDLN this increase was apparent by D4 p.i. (Figure 3.7A-D).  The 

greatest proportion of these cells observed to be ChAT+ were found in both the lymph node sites 

where peak ChAT expression appeared in approximately 20% of the overall population of the cells 

(Figure 3.7B, D). For NKT cells, only the lung population appeared to respond to infection by expressing 

ChAT from D4 to D7 p.i., but this was not maintained three weeks after infection (Figure 3.7C). The 

pattern for NKT cells was essentially the reverse of that for NK cells as only in the lung did these cells 

fail to respond to infection by increased ChAT expression; in secondary lymphoid sites the NK 

population increased ChAT expression by D7 p.i., and were unique in the populations discussed here 

in that an elevated proportion of the cells maintained ChAT expression up to D21 p.i. (Figure 3.7A,B,D). 

These data indicate that these populations express ChAT in response to infection and therefore likely 

contribute to the immune cell-derived ACh pool during type 2 immunity.  
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Figure 3.7. Infection with N. brasiliensis alters the proportion of natural killer cells, natural killer-like 
T cells and γδ T cells which express ChAT, dependent upon their anatomical site. Data are represented 
as proportion of the parent population (as indicated) expressing ChAT-eGFP in A) spleen, B) 
mesenteric lymph nodes (MLN), C) Lung tissue and D) airways (cells obtained from BAL) in infected 
animals at the time points indicated. Data expressed as mean +/- S.E.M. n=4-5 animals/group. eGFP 
gating was always set using the equivalent control cells from C57B6/J animals infected with Nb. 
*p=<0.05, **p =<0.01, ***p=<0.001. 
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Cholinergic phenotype of adaptive lymphocytes 

 
 
ChAT expression in adaptive immune cell lineages was also investigated during infection. ChAT 

expression by B cells as well as by CD4+ T cells has previously been reported in studies utilising the 

same reporter mouse (Rosas-Ballina et al., 2011; Reardon et al., 2013). However, these studies were 

not related to type 2 immunity, and cell populations in the lung were not investigated.  

 

As previously reported, B cells expressed ChAT (Figure 3.8A). The proportion of ChAT-expressing B 

cells (B220+CD19+) in naïve animals was among the highest of all the immune cell subsets analysed, 

and approximately 18-30% of the cells demonstrated eGFP reporter expression in all the sites 

investigated (Figure 3.8A-B). Despite this, in response to infection with N. brasiliensis, B cells increased 

the proportion of their population expressing ChAT (Figure 3.8A). However, this trend did not reach a 

statically significant difference compared to naïve animals until D7 p.i., and this was the case in all 

sites investigated, including lung, spleen and MLN (Figure 3.8B). Strikingly, compared to ILC2, this was 

not maintained at D21 p.i., at which point the proportion of ChAT-expressing B cells had returned to 

control levels. Although a trend towards an increased number of ChAT+ B cells was apparent in the 

lung and spleen which peaked at D21 p.i., this did not reach statistical significance in comparison to 

naïve animals (Figure 3.8Cii,iii). In MLNs, significantly more ChAT+ B cells were apparent at D7 p.i. 

only, which fell back to control numbers by D21 p.i.  

 
 
Conventional T lymphocytes were also highly responsive to N. brasiliensis infection with regards to 

their expression of a cholinergic phenotype. In naïve animals only a small proportion of cells appeared 

ChAT+ prior to infection (Figure 3.9). Following infection, the proportion of total CD3+ T cells 

expressing ChAT increased significantly by D7 p.i. in the spleen, lung and MLN, and as early as D4 p.i. 

in the MDLN (Figure 3.9Ai-iv). Of the major conventional T cell lineages, CD8+ T cells expressed very 

little ChAT (Figure 3.9B), however there were small but significant increases in the proportion of the 
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cells which became ChAT+ following infection, apparent in the spleen and lung by D7 p.i. and 

maintained in the lung up until D21 p.i. (Figure 3.9Ai, iii). However, the greatest effect was seen in the 

CD4+ T cell population, which demonstrated highly significant increases in the proportion of ChAT+ 

cells in the spleen, MDLN and lung in a pattern equivalent to that observed for total CD3+ T cells 

(Figure 3.9Ai – iii, Figure 3.9B). In the MLN, a trend for an increase in the proportion of CD4+ T cells 

that became ChAT+ during infection was apparent, but this did not reach statistical significance (Figure 

3.9Aiv). Significantly higher numbers of ChAT+ CD4+ T cells were observed in all sites by D7 p.i., which 

represented the peak in the time course investigated (Figure 3.9Ci-iv). Increased numbers in the 

MDLN (Figure 3.9ii), and lung (Figure 3.9iii) were seen by D4 p.i. (Figure 3.9Aiii). The lung was also the 

only site at which a higher number of ChAT+ CD4+ T cells was maintained by D21 p.i., although this 

was only slightly increased in comparison to naïve animals (Figure 3.9Ciii).  Of the total CD4+ T cells 

which expressed ChAT, there was also a pattern towards a significant increase in the proportion of 

these cells which expressed the IL-33 receptor subunit ST2. This likely represents an increased 

polarisation or expansion of the Th2 CD4+ effector T cell subset which would be anticipated during a 

helminth infection (Figure 3.9D). This was the case in the spleen, lung and MLN (Figure 3.9Di, iii, iv), 

but interestingly not in the MDLN, as despite an increased proportion of ChAT+ CD4+ T cells (Figure 

3.9Aii), this was not associated with increased ST2 expression (Figure 3.9Dii). The observation was 

particularly pronounced in the lung with between 30-35% of ChAT-eGFP+ cells demonstrating ST2 

expression at D7 p.i. The lung was also the only site in which eGFP+ CD4+ T cells maintained a 

significantly higher proportion of ST2+ cells compared to naïve animals at D21 p.i., indicating that Th2 

cells in the lung retained a cholinergic phenotype for a considerable time after parasite expulsion 

(Figure 3.9Diii). 
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Figure 3.8. B cells express ChAT in the lungs, spleen and mesenteric lymph nodes and increase 
expression over the course of primary infection with N. brasiliensis. A) Flow cytometry plots of eGFP 
expression in lung B220+CD19+ B cells (pre-gate) in C57B6/J mice (WT eGFP gating control) and 
ChATBAC-eGFP mice under naïve and infection settings (Nb); statistic indicated is mean +/- S.E.M. of 
proportion of cells eGFP+ (for Nb infections, this is at day 7 post infection). Histogram overlay gives an 
indication of the level of eGFP expression between groups. B) Proportion of B cells that are eGFP+ in 
lung, mesenteric lymph nodes (MLN) and spleen in Nb-infected reporters at days 2,4,7 and 21 post 
infection (p.i.). C) As (B) but for total number of B cells eGFP+ at these time points. Data expressed as 
mean +/- S.E.M. *p=<0.05, **p =<0.01, ***p=<0.001, n.s.= non-significant difference (p>0.05). n=3 to 
5 mice/group. eGFP gating was always set using the equivalent control cells from C57B6/J animals 
infected with Nb. 
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Figure 3.9. The CD4+ T cell population express ChAT in the lungs, spleen and mesenteric lymph 
nodes and increases expression over the course of primary infection with N. brasiliensis. A) 
Proportion of total CD3+ (DX5-CD3+) T cells, CD4+ T cells and CD8+ T cells which are ChAT-eGFP+ 
during infection with N. brasiliensis, sampled at the time points indicated post infection in (i) spleen, 
(ii) mediastinal lymph nodes (MDLN), (iii) Lung tissue or (iv) mesenteric lymph nodes (MLN). B) 
Representative flow cytometry plots of ChAT-eGFP expression in CD4+ or CD8+ T cells (CD3+DX5- pre-
gate), demonstrating representative plots for the indicated populations in C57B6/J (WT) control 
animals, naïve ChATBAC-eGFP reporter animals or ChATBAC-eGFP reporters infected with N. brasiliensis 
at D7 p.i. Plots are representative of staining in total lung tissue. C) Total numbers of ChAT-eGFP+ 
CD4+ T cells in naïve reporter animals and during infection with N. brasiliensis, sampled at the time 
points indicated post infection in (i) spleen, (ii) mediastinal lymph nodes (MDLN), (iii) Lung tissue or 
(iv) mesenteric lymph nodes (MLN). D) as (C) but for proportion of ChAT-eGFP+ CD4+T cells which 
express ST2 (IL-33R). Data expressed as mean +/- S.E.M. *p=<0.05, **p =<0.01, ***p=<0.001, n.s.= 
non-significant difference (p>0.05). n= 4-5 mice/ group.  
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Comparison of acetylcholine-synthesising immune cell populations present during a 

primary and secondary immune response to N. brasiliensis infection 

 

After establishing the major immune cell populations capable of ACh production following a primary 

infection with N. brasiliensis, it was of interest to investigate whether these same immune cell 

populations also responded in a similar way during a recall response to the parasite.  To investigate 

this, reporter animals (and the corresponding WT controls) were infected with N. brasiliensis followed 

by treatment with the anti-helminthic drug ivermectin and then subsequently re-infected with the 

parasites across the indicated time-frame (Figure 3.10A).  As the lungs are the major site of parasite 

killing during re-infection (Harvie et al., 2010; Bouchery et al., 2015), lung immune cells were 

harvested and analysed for ChAT reporter expression at D3 p.i. following secondary challenge. The 

proportion of ChAT+ cells for each immune cell population was then directly compared to lungs 

harvested from age matched animals which had received a similar treatment with ivermectin but had 

only been exposed to a primary infection 3 days prior to harvest.   

 

There was no significant difference between the proportions of B, CD4+ T and ILC2 cells expressing 

ChAT 3 days after secondary infection compared to primary infection (Figure 3.10B).  The proportion 

of cells expressing ChAT was also comparable to that seen in previous experiments at between D2-D4 

p.i. (Figures 3.4, 3.8, 3.9), suggesting that the dynamics of ChAT expression by these subsets is a 

central feature of the type 2 response which is not dependent on previous exposure to parasites. Cells 

in which ChAT expression was oberved to be low or absent during primary infection (such as CD8+ T 

cells, granulocytes, macrophages and DC) demonstrated similar low expression during recall immunity 

(Figure 3.10B). Additionally, the CD3+DX5+ NKT cell lung population demonstrated a small but 

significant increase in proportion of the cells expressing ChAT as a result of secondary infection.  
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In addition to the standard immune cell screen for ChAT+ cells used previously, the CD4+ T cell 

population was investigated further using a stain to differentiate between CD4+ T cells expressing a 

naïve phenotype compared to those expressing a memory phenotype. This is because it was of interest 

to see whether memory CD4+ T cells generated during primary infection persist and react differently 

with regards to ACh production during secondary infection.  In addition to the markers CD3 and CD4, 

CD44 and CD62L were used to differentiate between naïve CD4+ T cells (CD44loCD62L+) central 

memory CD4+ T cells (CD44+CD62L+) and effector/memory CD4+ T cells (CD44+CD62L-).  In both 

primary and secondary infection, naïve CD4+ T cells expressed little to no ChAT, whereas cells 

expressing an effector/memory phenotype had the highest proportion of ChAT+ cells (Figure 3.10C). 

This has been noted previously in the spleen during homeostatic conditions and sterile sepsis (Rosas-

Ballina et al., 2011). However, there were no significant differences between the proportions of these 

cells expressing ChAT during primary and recall immunity. However, compared to primary infection, a 

small but significant increase in the proportion of central memory CD4+ T cells expressing ChAT was 

apparent following secondary challenge (Figure 3.10C). This may suggest that central memory cells 

generated during initial infection with the parasite persist and reside within the tissues and are poised 

to respond with enhanced ACh production following repeat exposure to helminths. However, this 

does not apparently impact upon the response initiated by other populations such as ILC2, at least in 

terms of ChAT expression.  
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Figure 3.10. Recall immunity to N. brasiliensis does not greatly alter the proportion of immune cell 

populations which express ChAT in the lung, when compared to primary infection. A) Secondary and 

primary infection mode and ivermectin treatment regime used. B) Proportion of immune cell 

populations that are ChAT-eGFP+ in the lung at day 3 post infection (D3 p.i.) during primary and 

secondary infection. C) As (B) but for CD4+ T cells expressing a naïve (CD44loCD62L+), central memory 

(CD44+CD62L+) or effector/memory (CD44+CD62Llo) phenotype. N = 3 age matched animals per 

treatment group. *p=<0.05, n.s. non-significant difference (p>0.05). 
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Identification of acetylcholine-synthesising immune cell populations during airway 

inflammation induced by Alternaria alternata. 

 

Having established the major haematopoietic immune cell populations producing ACh during type 2 

immunity initiated through a parasitic helminth model of infection, as well as having identified ILC2 as 

novel producers of ACh during this response, I was interested as to whether induction of the 

cholinergic phenotype of ILC2 was a general aspect of type 2 immunity, or alternatively whether this 

phenotype was specifically enhanced during parasite infection.  

 

Alternaria alternata is a fungus which has been linked to onsets of moderate to severe asthma 

exacerbation (Denning et al., 2006). Its allergenic extracts have been used previously to model airway 

inflammation induced by underlying type 2 immune response mechanisms, in particular those 

involving ILC2 and during acute exposure (McSorley et al., 2014). In this model, serine proteases in the 

fungal extract have been shown to induce IL-33 release in the airways via PAR2 receptors and an 

increase in extracellular ATP (Snelgrove et al., 2014).  IL-33 then activates ILC2 to release IL-13 and IL-

5, which play a central role in eosinophilic influx to the lung and airways, in addition to goblet cell 

hyperplasia and airway hyperconstriction, among other mechanisms associated with type 2 immune 

responses in the pulmonary system. The model provides an opportunity to explore type 2 immune 

systems which are generated in a mechanistically different way to Nippostrongylus infection, as the 

response generated it is not induced by macroparasites causing structural damage to lung barrier 

defences.  

 

I used an acute Alternaria exposure model in which reporter animals and WT controls were dosed 

intranasally with Alternaria extract or PBS (vehicle control) and were culled 24 hours, later at which 

point ChAT expression by lung cells was analysed (Figure 3.11A). Significantly enhanced eosinophilia 
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in Alternaria extract-treated animals compared to PBS treated controls was apparent both in terms of 

proportion and number of eosinophils (Figure 3.11B), demonstrating initiation of an appropriate type 

2 immune response 24 hours post exposure. The same staining panels and gating strategies used for 

parasite infection demonstrated small but significant increases in the proportion of ChAT+ cells in the 

CD4+ T cell compartment, as well as cells displaying an NKT cell phenotype (Figure 3.11C). Of the CD4+ 

T cell population, cells with an effector/memory (CD44+CD62L-) phenotype were the relevant 

population in which a significant increase in ChAT expression was observed (Figure 3.11D). A trend 

towards an increase in ChAT+ B cells was also apparent, but did not reach statistical significance. 

However, the greatest increase in ChAT expression during the acute response to the extract was 

observed in the ILC2 population (Figure 3.12).  

 

The proportion of ILC2 in the lung was significantly increased following extract exposure compared to 

PBS treated controls (Figure 3.12A). This was similar to that observed at day 4 p.i. with 

Nippostrongylus (Figure 3.4). An increase in the proportion of ChAT+ ILC2 was not observed in the 

MDLN following exposure to Alternaria, however a striking increase was observed in airway ILC2 

isolated by BAL, which were completely ChAT negative in the PBS control group (Figure 3.12A). In the 

lung, total ILC2 cell numbers were not affected by extract exposure at 24 hours post administration, 

however in the MDLN a non-significant trend towards higher numbers of ILC2 was apparent, and in 

the airways there were significantly greater numbers of the cells in the group treated with extract 

(Figure 3.12B). When combined with the data regarding the proportion of ChAT+ ILC2, significantly 

higher numbers of ChAT+ ILC2 were generated following exposure to extract in both total lung tissues 

and in airway ILC2, with a non-significant trend towards higher numbers of ChAT+ ILC2 present also in 

MDLN (Figure 3.12C). 
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These data indicate that in this second model of type 2 immunity, ILC2 again respond by upregulating 

ChAT expression in the lung and airways, demonstrating that the cholinergic phenotype of the cells is 

not specifically induced by helminth infection. Therefore, ChAT expression and subsequent ACh 

release by these cells may be a central feature of their function during type 2 immune responses. 
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Figure 3.11 Intranasal administration of Alternaria alternata allergen extract generates pulmonary 
eosinophilia and among non-ILC2 immune cells, raises the proportion of ChAT+ CD4+ T cells and NKT 
cells 24 hours post exposure. A) Experimental design and treatment groups. B) Proportion of total 
lung cells that are eosinophils and total number of lung eosinophils per treatment group in ChATBAC-
eGFP mice. C) Proportion of ChAT-eGFP+ cells of each parent population as indicated per treatment 
group in ChATBAC-eGFP mice. D) As (C) but for CD4+ T cells expressing a naïve (CD44loCD62L+), central 
memory (CD44+CD62L+) or effector/memory (CD44+CD62Llo) phenotype n=5 mice per treatment 
group. *p=<0.05, **p =<0.01, n.s.= non-significant difference (p>0.05). 
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Figure 3.12. Intranasal administration of Alternaria alternata allergen extract significantly enhances 
the number of ChAT+ ILC2 present in lung tissue and airways, 24 hours post exposure. A) Proportion 
of ChAT-eGFP+ ILC2 in lung tissue, airways (cells collected from bronchoalveolar lavage fluid, BALF) 
and lung draining mediastinal lymph nodes (MDLN). B) Total number of ILC2 present in lung, airways 
and MDLN. C) Total number of ChAT-eGFP+ ILC2 present in lung, airways and MDLN. n =5 mice per 
treatment group. *p=<0.05, **.p =<0.01, n.s= non-significant difference (p>0.05). 
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3.4 Discussion 
 

The characterisation of immune cells capable of producing acetylcholine (ACh) during helminth 

infection has not previously been explored. Cholinergic signalling by immune cells has gained interest 

in recent years, but has focused on the role of ACh predominantly in anti-inflammatory responses and 

in type-1 infection settings (Rosas-Ballina et al., 2011; Reardon et al., 2013). In these scenarios, 

immune cell-derived ACh plays an important role in modulating pro-inflammatory cytokine production 

and the recruitment of innate immune cells to sites of inflammation. Understanding how immune cell-

derived ACh modulates and controls the immune response to nematode infection will uncover 

fundamental ways in which type 2 responses are orchestrated, and give a clearer indication of why 

these parasites secrete acetylcholinesterases (AChEs). In this chapter, the demonstration that a 

number of immune cell populations with central roles to play in the orchestration of effective type 2 

immune responses are capable of producing ACh is made. This lends a viable explanation as to why 

numerous parasitic nematodes evolved to secrete AChEs into the host environment: if immune cell-

derived ACh plays functional, important roles in the regulation of these responses, then inhibition of 

these effects will likely provide fitness benefits to these parasites.  

  

The most striking finding to come from the work outlined in this chapter is the discovery that ILC2 are 

capable of ACh production and release, upregulating an inducible cholinergic phenotype during type 

2 immune responses initiated both by nematode infection and allergen-induced airway inflammation. 

In addition to their lineage negative nature, and the expression of the cell surface markers CD45, CD90, 

ICOS (Figure 3.3), ST2 and IL-7Rα (CD127), the demonstration that the population referred to here as 

ILC2 express high levels of the cytokine IL-13 as well as transcription factors which have been 

previously associated with development and maintenance of this population (Hoyler et al., 2012; 

Wong et al., 2012; Yang et al., 2013) provides considerable evidence that these cells are bona fide ILC2 
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cells akin to those described as ILC2 by numerous other groups. This was important to demonstrate, 

as ILC2 and other ILC subsets such as ILC1 or ILC3 have not previously been shown to possess an 

inducible cholinergic phenotype. Some authors suggest that ChAT expression is induced after 

commitment to the T cell lineage in the thymus, or B cell lineage in the bone marrow (Reardon et al., 

2013). My data suggest that the capacity for ChAT expression developmentally precedes these 

haematopoietic lineage commitments. The innate lymphoid cell family is comprised of three subsets 

of ILC (ILC1, ILC2, ILC3), categorised based on cytokine expression profiles, as well as classical NK cells 

(which are distinct from the ILC1 subset; Bernink et al., 2013) and lymphoid tissue inducer cells (LTi) 

(Spits and Cupedo, 2012; Pishdadinan et al., 2012; Constantinides et al., 2014). Recently, a precursor 

to the ILC1 ILC2 and ILC3 subsets has been identified (ILCP) which highly expresses the transcription 

factor PLZF (Constantides et al., 2014) and arises from an IL-7Rα+α4β7HighI population which also 

precedes LTi, NK and classical T cell lineages (Walker et al., 2013). However, PLZF is not found in T 

cells, B cells or bone marrow derived common lymphoid progenitors (CLP) (Constantides et al., 2014), 

from which it is very clear that PLZFhigh ILCP arise (Pishdadinan et al., 2012; Constantides et al. 2013). 

Taken together, this information suggests that the expression of ChAT and the capacity to produce 

ACh is a trait of CLP descendents other than adaptive T and B lineages, and may be common to most 

lymphoid cells under the context of a relevant immune response involving that cell type.  

 

Expression of ChAT by ILC2 as a result of infection is striking, but for what purpose might these cells 

synthesise ACh? A role for ACh in cell proliferation has been described previously for non-neuronal 

cells (Wessler et al., 2008). It is possible that ILC2 use ACh as an autocrine factor to induce proliferation 

of their population after activation. Supporting this hypothesis is the observation that ILC2 in the lung 

do not substantially accumulate/increase in number until approximately 6-7 days after infection 

(Figure 3.1B, Price et al., 2010; Liang et al., 2012; Turner et al., 2013), and the increase in ChAT+ ILC2 

numbers precedes this. This observation was also noted in the Alternaria exposure model, in which 
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ILC2 increased the proportion and total number of ChAT+ cells prior to any expansion of the 

population within lung tissue. However, ILC2-derived ACh most likely plays other roles too, as elevated 

expression is maintained by day 21 p.i. despite a reduction in cell numbers.  

 

Another role that ACh released from ILC2 could potentially play concerns release of the EGFR ligand 

amphiregulin by the cells (Monticelli et al., 2011; Turner et al., 2013). It has been suggested that 

production of amphiregulin by ILC2 presents a dual role for ILC2 in addition to production of IL-13 and 

IL-5. This is via induction of epithelial barrier protection and repair of tissue damage, by driving 

proliferation of airway epithelial cells through EGFR activation (Wills-Karp and Finkleman, 2011). 

However, what has not been investigated is the mechanism or signal/s for release of amphiregulin by 

ILC2. The EGFR has at least 6 ligands including EGF, TNF-α and amphiregulin (Leserer et al., 2000) all 

of which are synthesised as type-1 transmembrane protein precursors expressed on the plasma 

membrane (Higashiyama et al., 2008). These pro-proteins are cleaved by matrix metalloproteases, 

resulting in ectodomain shedding of the mature EGFR ligand, leaving behind a C-terminal membrane 

anchored fragment (Tokumaru et al. 2000; Higashiyama et al., 2008). The metalloprotease ADAM17, 

(also known as tumor necrosis factor-α converting enzyme or TACE) is required for ectodomain 

shedding of mature amphiregulin, as well as other EGFR ligands including TNF- α (Sahin et al., 2004; 

Hinkle et al., 2004). Phosphorylation of metalloproteases (including ADAM17) by mitogen-activated 

protein kinases (MAPK) activates these enzymes (Bell and Gooz, 2010; Xu et al., 2012). Interestingly, 

signalling via mAChR M1 and M3 receptors can orchestrate this (Cisse et al., 2007) as well as up-

regulate expression of metalloproteases genes (Xie et al., 2009). This fits with the observation by 

numerous studies that ACh signalling via mAChRs can transactivate the EGFR, leading to downstream 

activation of cell cycle and proliferation pathways (McCole et al.,   2002; Xie et al., 2009; Fong et al., 

2013). Unpublished results from our group in addition to data presented in Chapter 5 of this thesis 

show that ILC2 cells express mAChRs. It is possible that ILC2 cells use autocrine ACh as a stimulatory 
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signal to activate metalloproteases and initiate ectodomain shedding of mature amphiregulin. The 

unrestrained activity of ILC2 cells has been implicated in the development of inflammatory airway 

diseases such as asthma (Barlow et al., 2012; Barnig et al., 2013), a feature of which is extensive tissue 

remodelling. Over time, this contributes to airway obstruction associated with disease (Bosse et al., 

2008). Amphiregulin production by ILC2 likely contributes to the remodelling of the airways by 

enhancing proliferation of airway cells via EGFR signalling. Understanding the regulation of 

amphiregulin release from ILC2 could aid in identification of pathways that could be targeted to treat 

this immunopathology. The impact of ACh release on this function of ILC2 therefore warrants future 

investigation.   

 

Across the models investigated, NKT cells were another cell type which consistently demonstrated 

enhanced expression of ChAT in their population following induction of type 2 immunity. NKT cells are 

a heterogeneous group of cells which express a conventional α/β TCR in addition to receptors and 

ligands more commonly associated with NK cells including DX5 (CD49b) and NK1.1 (CD161) (Godfrey 

et al., 2000; Taniguchi et al., 2000; Kronenberg et al., 2002). A major subset of these cells (Type 1 NKT) 

express a restricted Vα chain and highly skewed Vβ chains, generating a semi-invariant TCR, and for 

these reasons this population is also referred to as the iNKT or invariant-NKT (Porcelli et al., 1999; 

Matsuda et al., 2001). One important characteristic of this subset is the recognition of and response 

to lipid antigens through CD1d on the cell surface, providing a strong activation signal to these cells 

(Kawakami, 2004). Identification of this subset based on CD1d expression alongside expression of CD3 

and NK receptors is required to formally identify this population. In future work it would therefore be 

of interest to characterise ChAT+ NKT cells further and analyse their expression of CD1d, to ascertain 

whether iNKT cells are the major source of ACh within this population, or whether alternative NKT 

subsets are those which display the cholinergic phenotype. This may be of relevance as NKT cells, 

though only representing between 0.1-1% of all peripheral CD3+ cells (Juno et al., 2012; 

Bandyopadhyay et al., 2016), have been shown to play some important roles in initiating responses 
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associated with type 2 immunity, such as during asthma and airway inflammation induced by 

aeroallergens (Akbari et al., 2006; Umetsu et al., 2008; Wingender et al., 2011). Large numbers of iNKT 

cells are found in the lungs of patients with asthma, and these cells produce significant amounts of 

type 2 promoting cytokines IL-4 and IL-13, whilst producing very little IFN-γ, indicating that they may 

selectively potentiate type 2 responses augmented through STAT6 signalling (Akbari et al., 2006). The 

production of these cytokines by NKT evidently plays an essential role in airway hyper reactivity (AHR) 

associated with asthma pathology, as in NKT deficient mice (Jα18-/- and CD1d-/-), allergen-induced 

AHR was abolished and could only be restored in the model following adoptive transfer of WT NKT 

cells, but not those from IL-13/IL-4 dual knockout animals (Akbari et al., 2003). In subsequent work, 

the population of IL-13/IL-4 expressing NKT cells responsible for this response to airway allergens has 

been shown to be IL-25-responsive iNKT cells (Stock et al., 2009). However, in other models of asthma 

such as ozone-induced AHR a CD4-CD8-(double negative), IL-17A-producing NKT subset was 

responsible for the AHR observed, highlighting the need to address the future challenge of identifying 

which subset/s are responsible for synthesis and release of ACh in the models outlined in this thesis.  

 

ChAT expression and subsequent ACh release by NKT cells has not been extensively covered in the 

literature, and there is very little previously published surrounding this topic, other than that in the 

liver, NKT cells express little to no ChAT in the steady state (<0.1% of the total population were found 

to be ChAT+) (Reardon et al., 2013). Based on the information available, the description of ChAT 

expression by NKT cells reported in this thesis appears to be a novel finding, akin to the description of 

ChAT expression and ACh release by ILC2, although judging from the data presented here, the 

response by NKT cells is less striking than that of ILC2. Therefore, there is little indication of what role/s 

ACh released from NKT cells may play during type 2 immunity. Presumably during recall immunity to 

N. brasiliensis, whatever these roles are, they are redundant or non-essential, as NKT cells are not 

absolutely required to maintain host protection and parasite killing in the lung during secondary 

challenge (Harvie et al., 2010). It is possible that the cells utilise ACh in an autocrine manner to 
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facilitate some biological function of their own, as NKT cells are known to respond to other 

neurotransmitters such as noradrenaline, which modulates the trafficking and migrating behaviour of 

hepatic NKT populations (Wong et al., 2011), although this suggestion is purely speculative at this 

point. The release of ACh by iNKT populations (if that is indeed the ChAT+ population) might also act 

as some form of co-stimulator during the potentiation of ILC2 responses. These (iNKT) cells have been 

shown to act as a haematopoietic source of IL-33 during influenza infection, during which time ILC2 

produce large amounts of IL-5 leading to accumulation of eosinophils in the lung (Gorski et al., 2013). 

Following activation, ILC2 increase expression of IL-33R, resulting in type 2 cytokine production. Upon 

depletion of NKT cells in their viral infection model, the authors demonstrated up to 50% reduction of 

IL-5 from ILC2 with a concomitant decrease in eosinophilia, indicating that NKT cells are required for 

effective ILC2 responses (Gorski et al., 2013). In a similar model, amphiregulin released by ILC2 was 

shown to be essential for lung repair following viral injury (Monticelli et al., 2011). As discussed 

previously, a speculative role for ACh in the release of mature amphiregulin requires future 

experimentation to provide evidence for this hypothesis. It is possible therefore that given the 

evidence supporting a functional interaction between ILC2 and NKT cells, ACh release by NKT might 

augment these responses during at least some models of type 2 immunity. 

 

A notable absence with reference to immune cell subsets screened for ChAT expression in the work 

outlined in this chapter is the mast cell. Following initial failures to reliably identify this cell type 

utilising the methods described, this cell type was left out of subsequent analyses. However, to gain 

an even fuller appreciation of the immune cell types which demonstrate a cholinergic phenotype and 

which may modulate this at a population level during type 2 responses, I would suggest that future 

work take this cell type into account and aim to explore this further. Mast cells in humans have been 

reported to express ChAT and thus are likely to produce and release ACh (Wessler et al., 2008). 

However, mast cells are also known to respond to ACh via mAChR signalling resulting in the release of 

histamine (Fantozzi et al., 1978; Masini et al., 1985) and murine and human mast cells express AChE, 
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indicative that they directly modulate their interactions with this molecule (Nechushtan et al., 1996). 

In patients suffering from cholinergic urticaria (also known as hives), one theory regarding the etiology 

of the condition is that mast cells are hyper-stimulated to release histamine and de-granulate 

following excessive or inappropriate stimulation by ACh  (Tokura et al., 2016). It would therefore be 

of interest to ascertain whether mast cells themselves are likely to be major sources of ACh which 

might act on the cells in an autocrine fashion, or alternatively, whether it is more likely that during 

type 2 immunity, ACh is derived from a paracrine source: analysing the kinetics of ChAT expression by 

these cells would therefore be of relevance. Although mucosal mast cells are not an absolute 

requirement for resolution of N. brasiliensis infection and mast cell deficient mice do not have 

impaired recall immunity during secondary challenge infection, they do expel worms slower than WT 

counterparts, indicating a role for the cells in optimal responses (Crowle and Reed, 1981). Alternaria 

exposure, which is a major environmental cause of dangerous asthma exacerbations, also induces 

mast cell activation through induction of IgE release, leading to subsequent release of large quantities 

of histamine as well as cysteinyl leukotriene (cys-LT) from the cells (Bankova et al., 2015). Cys-LT are 

lipid mediators of inflammation which have a demonstrable role in controlling Th2 responses to 

allergens (Laidlaw and Boyce et al.,  2012), and therefore it would be pertinent to understand more 

about the role of ACh during mast cell activation and its contribution to the release of such mediators. 

Understanding which are the cellular sources of ACh likely to orchestrate these responses is therefore 

an intriguing matter for future work. 

 

Whereas ILC2 appeared to respond quickly with an increase in ChAT expression following induction of 

an immune response, adaptive immune cells including B cells and CD4+ T cells generally responded 

later than ILC2 did, and this was particularly evident during infection with N. brasilensis. As already 

mentioned, B cells have previously been identified as ChAT-expressing ACh producers (Reardon et al., 

2013). In particular, ChAT expression in B cells from mucosal-associated sites and lymphoid tissues 

appear more pronounced than in other B cell populations, related to the fact that B cell ChAT 
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expression is regulated through MyD88 and TLR signalling induced through interactions with microbial 

ligands. In this study, the authors demonstrated that B cell-derived ChAT plays an important role in 

homeostasis following exposure to stimuli which promote inflammation. ACh released from B cells 

inhibits the migration of neutrophils into sites of inflammation and does so by inhibiting the expression 

of endothelial cell adhesion molecules ICAM-1 and VCAM-1 (Reardon et al., 2013) which neutrophils 

use to traffic to inflammatory sites, including the lung (Moreland et al., 2002). Given that in the 

primary infection model with N. brasiliensis, the B cell pool does not significantly upregulate 

expression of ChAT until D7 p.i., it is possible that ACh released by B cells during this response may 

play a similar role in inhibiting continued influx of inflammatory cells such as neutrophils to sites of 

infection such as lung tissue, in order to prevent excessive or continued tissue damage as a result of 

inflammation.  An enhanced neutrophil population is observed following N. brasiliensis infection, and 

in the lung these cells can play an important role in priming alternatively activated macrophage 

populations which facilitate accelerated parasite killing (Chen et al., 2014). Additionally, neutrophils 

can aid in the phagocytosis and killing of bacteria introduced into the host on the cuticle of nematodes 

following dermatological invasion, protecting the host from potentially harmful microbial infection as 

well as ensuring that a suitable and robust Th2 response ensues rather than induction of Th1 immunity 

such that helminth parasites can be expelled with efficiency (Pesce et al., 2008). However, neutrophils 

also contribute to tissue injury and sustained lung haemorrhage during and following Nippostrongylus 

infection, and other type 2 immune responses (including suppression of early IL-17 production 

through IL-4Rα/STAT6 signalling) can aid in limiting neutrophil influx into already damaged tissue 

(Chen et al., 2012). ACh release from B cells may therefore represent an additional mechanism 

through which a similar outcome is achieved. Although a significant increase in B cell ChAT expression 

was not observed in the Alternaria allergen exposure model, the positive trend towards increased 

expression 24 hours post exposure might also support the notion of a homeostatic function for B cell 

derived ACh, as the majority of cellular influx into the lung following Alternaria exposure is primarily 

neutrophilic and this occurs rapidly, less than 24 hours post exposure (Snelgrove et al., 2014). Finally, 
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as for many other cell types, B cells can express AChRs including mAChR and nAChR subtypes (Henquin 

et al., 1988; Sato et al., 1999; Fujii and Kawashima, 2000; Fujii et al., 2003; Skok et al., 2006), and 

therefore the possibility exists that ACh derived from B cells may serve some autocrine function. 

Signalling through α7 nAChRs in hybridoma cell lines decreases antibody production but increases 

cellular proliferation (Skok et al., 2003) which is substantiated in vivo, as nicotine treatment 

significantly increases B cell numbers in bone marrow and the periphery (Skok et al., 2006). 

Additionally, signalling through the α7 or heterodimeric α4β2 receptor expressed by B cells influences 

the expression of and signalling capacity of the CD40 co-stimulatory molecule, suggesting that 

cholinergic signalling plays important roles in the regulation of B cell responses. With regards to its 

role in type 2 immunity, this requires further investigation.  

 

As for B cells, T lymphocytes have previously been recognised to be capable of expressing a cholinergic 

phenotype, synthesising ACh through the actions of ChAT and releasing the molecule as well as 

responding to it in order to optimally carry out their functions (Fujii et al., 1995; Fujii et al., 2003; 

Rosas-Ballina et al., 2011; Darby et al., 2015). Of these cells, it is primarily the CD4+ T cell population 

which exhibit cholinergic phenotype, and the CD8+ subset express little to no ChAT or ACh synthesis 

(Fujii et al., 2003; Rosas-Ballina et al., 2011).  This is also true of the data presented here.  CD8+ T cells 

expressed very little ChAT, although there were slight increases in the proportion of the overall 

population which were ChAT+ during infection with N. brasiliensis, but never higher than 2% of the 

total population. The cells were also not a significant source of ChAT expression during Alternaria-

induced airway inflammation, indicating that in the context of these different responses with 

underlying immunological similarities, the outcome for CD8+ T cells with regards to the absence of a 

cholinergic phenotype remained the same.  CD8+ T cells express mAChR subtypes, and targeted 

deletion of these subtypes –particularly of the M1 mAChR leads to sub-optimal responses of the cells 

when differentiating into cytolytic cells (Zimring et al., 2005; Vezys et al., 2007). Perhaps therefore the 
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small proportion of CD8+ ChAT cells observed provide a low grade cholinergic signal to other CD8+ T 

cells for this or some undefined function.   

 

In stark contrast to CD8+ T cells, the CD4+ T cell population is clearly a significant source of ACh during 

type 2 immunity, as has been previously demonstrated during Th1 conditions of sepsis and microbial 

inflammation (Rosas-Ballina et al., 2011; Reardon et al., 2013). Although this outcome was anticipated 

based on the literature, the work presented in this thesis is the first formal evidence derived from 

utilising the ChATBAC-eGFP mouse, which shows that CD4+ T cells display a cholinergic phenotype in 

response to type 2 immunity. Based on the analysis of ST2 expression by ChAT+ CD4+ T cells during 

infection, it is clear that at least a third of ChAT+ cells in the lung eventually become ST2+ indicating 

that these cells may be polarised Th2 effector cells. In support of this, naïve CD4+ T cells do not express 

ChAT or release ACh (Rosas-Ballina et al., 2011) and (with regards to T cells) ST2 is almost exclusively 

expressed by antigen-experienced Th2 cells, (Lohning et al., 1998). During exposure to Alternaria 

extract, the rise in CD4+ T cell ChAT expression is derived from the CD4+ effector/memory subset 

(CD44hiCD62L-) which would also incorporate effector Th2 cells expressing ST2, and this is likely to also 

be the case during Nippostrongylus infection (although this data is not presented here). Given this 

information and published work regarding expression of ChAT by CD4+ T cells under alternative 

immune settings, it is clear that the cholinergic phenotype of CD4+ T cells is an inducible characteristic 

of the cells, upregulated on demand and in context to the ongoing immune response. It may therefore 

be that ACh released by CD4+ T cells plays some fundamental role in the regulation of generalised 

aspects of immune function during challenge. What these are, or whether any of these are specifically 

related to induction or maintenance of type 2 responses remains to be addressed. However, there is 

the possibility that ACh released by T cells might play a role in orchestrating optimal effector functions 

in an autocrine manner. CD4+ T cells express AChRs and of these, the M3 mAChR subtype is 

upregulated during Nippostrongylus infection (Darby et al., 2015). Correspondingly, in IL-4Rα-deficient 

animals which cannot achieve a normal type 2 immune response, M3 mRNA expression is significantly 
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reduced in total tissue extracts from sites such as the intestine during Nippostrongylus infection. This 

may be representative of expression levels on T cells, as these are found within intestinal tissue 

(Horsnell et al., 2007). Work conducted using M3-/- mice indicates that M3 receptor signalling is 

essential for optimal effector cytokine responses by CD4+ T cells, both during type 2 immunity initiated 

by Nippostrongylus infection and Th1 responses induced by Salmonella typhimurium. In the former 

case, absence of the M3 receptor or a block of its function using mAChR or M3 receptor-specific 

antagonists resulted in sub-optimal production of IL-13, whereas in the latter case, production of IFN-

γ was attenuated, resulting in slower clearance of pathogens and worse disease outcomes in both 

models (Darby et al., 2015). Release of ACh by CD4+ Th2 cells might therefore act as a co-stimulatory 

signal to generate optimal cytokine responses. CD4+ T cell release of ACh has also been shown 

previously to play an anti-inflammatory role in the attenuation of type 1 cytokine production (such as 

production of TNF-α and IL-6) from macrophages in what has become known as the cholinergic anti-

inflammatory pathway (Pavlov et al., 2003; Wang et al., 2003 Rosas-Ballina et al., 2010; Rosas-Ballina 

et al., 2011). In the context of a type 2 immune setting this may be beneficial, not as a homeostatic 

mechanism to limit tissue damage, but instead to ensure efficient and appropriate generation of a 

type 2 response without skewing the immune system towards significant type 1 cytokine production.  

 

Further experimental work should aim to identify the exact roles that immune cell-derived ACh plays 

and how this aids the generation of type 2 immunity. This will also aid the identification of processes 

which might be regulated through cholinergic means, which might then induce unfavourable disease 

pathology in settings such as asthma. The work presented here identifies immune cell subsets 

responsible for ACh production during type 2 immunity and provides targets on which to focus this 

research. 
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4.1 Introduction 
 

Regulation of the neuronal cholinergic phenotype  

 

Choline acetyltransferase (ChAT) is the most specific cellular marker of acetylcholine (ACh)-producing 

cholinergic neurons within the central nervous system (CNS) (Ibanez et al., 1991). Expression levels of 

ChAT are developmentally regulated within the CNS and increase slowly during embryonic 

development, then rapidly following birth, and are at their highest levels in the adult spinal cord 

(Ibanez et al., 1991). The results from both in vitro and in vivo experimental studies have indicated 

that levels of ChAT protein and mRNA, as well as enzyme activity of ChAT within the CNS can be 

modulated by a number of extracellular effectors. These include cytokines such as IL-3 and GM-CSF 

(Kamegai et al., 1990a; Kamegai et al., 1990b), and hormones or growth factors such as nerve growth 

factor (NGF) (Hefti et al., 1986), basic fibroblast growth factor (FGF) (Vaca et al., 1989; McManaman 

et al., 1989), ChAT development factor (Mcmanaman et al., 1988), ciliary neurotrophic factor (CNTF) 

(Saadat et al., 1989), cholinergic differentiation factor (CDF, also known as leukaemia inhibitory factor, 

LIF) (Fukada et al., 1985; Yamamori et al., 1989; Martinou et al., 1992), and target-derived cholinergic 

differentiation factor (NCDF) – distinct from CDF/LIF and interesting for its apparent ability to induce 

a switch in sympathetic neuronal cells from noradrenergic to cholinergic phenotypes (Roa and Landis 

1990). This suggests that, at least in some neuronal cell types, expression of ChAT and ACh production 

may be transient or inducible with regards to incoming stimuli from the external environment. 

Additionally, pharmacological agents such as synthetic analogues of cAMP, including N6,02’-dibutyryl-

adenosine 3’,5’-cyclic mono- phosphate (dbcAMP), have been shown to increase ChAT expression and 

activity by neuronal, cholinergic cell lines (Daniels and Hamprecht 1974). Enhancement of cholinergic 

activity in this way appears to be distinct from any effect on the differentiation of the neuron-like 

morphology of such lines (Blusztajin et al., 1992). Other molecules such as glucocorticoids like 

dexamethasone, or vitamin metabolites such as retinoic acid are also able to modulate the level of 

transcription of ChAT mRNA in neuronal cell lines, though they do so either by upregulating or 
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inhibiting expression in a manner which appears cell line-specific (Berse and Blusztajin, 1997). 

Importantly, the amount of ACh present following glucocorticoid or retinoic acid treatment reflects 

mRNA levels of ChAT no matter what the cell line – once more supporting the notion that ChAT is a 

highly robust indicator of the extent of cellular ACh production.  

 

Clearly, studies into the regulation of ChAT expression and activity in neuronal cells have revealed a 

role for numerous extracellular players in the induction and maintenance of the cholinergic phenotype 

within the nervous system. Additionally, studies of neuronal cells have also made attempts to probe 

the downstream genetic players and transcriptional elements involved in ChAT expression and thus, 

subsequent ACh synthesis and release. A number of lines of research have implicated the proto-

oncogene c-fos as a component of the regulation of ChAT transcription. NGF-mediated increases in 

ChAT activity in rat basal forebrain neurons is blocked by up to 67% through the addition of anti c-fos 

antisense oligonucleotide treatment of the cells (Pongrac and Rylett, 1998), and expression of c-fos 

has been shown to be more extensive when studied by immunohistochemical staining of rat basal 

forebrain cholinergic neurons during periods of active wakefulness (McKenna et al., 2009). 

Interestingly, CDF/LIF, which can upregulate the cholinergic activity of neurons as mentioned, also 

increases the transcription and expression of c-fos in a STAT3-dependent manner (Quaglino et al., 

2009; Hunt et al., 2011). The relevance of c-fos becomes more apparent when it is appreciated that 

this protein forms a heterodimer with the Jun- transcription family member, c-jun to form the DNA 

binding complex AP-1 (activator protein 1). The transcription factor c-jun has itself also been 

implicated in increased ChAT expression by embryonic chick retina, in which insulin drives both c-jun 

expression levels and the subsequent expression and maintenance of high levels of ChAT 

(Holdengreber et al., 1998). Substantiating the claims that factors which can manipulate the levels of 

c-fos and c-jun are relevant with regards to the transcription of ChAT, it has been demonstrated that 

in both the human and rodent cholinergic gene locus there are numerous putative AP-1 consensus 
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sequence binding sites (5'-TGACCCA-3'), indicating a means by which this transcription factor may 

interact with and contribute to the regulation of ChAT expression (Ibanez and Persson, 1991; Schmitt 

et al., 1995). That is not to say the activity of AP-1 may exist in isolation with regards to transcription 

of the enzyme as binding sites for other well-known transcription factors such as nuclear factor kappa 

B (NFkB) and CCAAT enhancer-binding protein beta (C/EBPβ) have also been identified in the ChAT 

promoter region (Berse and Blusztajin, 1997).  

 

Regulation of the non-neuronal cholinergic phenotype 

 

The cholinergic system of epithelial cells has been studied extensively, particularly with regard to 

airway epithelia (Kummer et al., 2008), in which factors such as COPD-related inflammation or 

stimulation by cytokines such as transforming growth factor-β (TGF-β) can increase ChAT expression 

and ACh production (Profita et al., 2012). Numerous epithelial cells express cholinergic activity, 

including basal, ciliated and secretory epithelial cells, however the strongest expression of cholinergic 

activity is observed in neuroendocrine epithelial cells, and a rare chemosensory cell called the brush 

or ‘tuft’ cell (Kummer et al., 2008). Tuft cells express a characteristic structural marker called villin and 

display receptors and components of ‘bitter’ taste transduction signalling cascades, indicating that 

these cells may play a sentinel role at barrier surfaces where they are poised to detect potential 

harmful chemical compounds, which stimulate these signalling pathways (Deckmann et al., 2015).  

 

Information regarding how hematopoietic cells regulate ChAT expression and cholinergic activity has 

also been a point of focus, with the observation that many immune cell populations can express ChAT 

and release ACh. However, these cells appear to do so in a manner distinct from neurons or even 

epithelial cells, for which cholinergic activity may be constitutive or even a defining feature of the cell. 

Nevertheless, for many immune cells, their cholinergic phenotype may be transient or inducible. The 
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ChATBAC-eGFP reporter mouse (Tallini et al., 2006) aided the discovery that murine mucosa-associated 

lymph tissue (MALT) B cells express ChAT and release ACh in large quantities, however ChAT 

expression does not begin until after birth and is related to microbial colonisation of the gut, and can 

be reduced following antibiotic treatment (Reardon et al., 2013). Probing this phenomenon further, it 

was discovered that ChAT expression by B cells requires signalling following activation of the cells via 

agonists of Toll-Like Receptors (TLR) TLR-2, TLR-4, TLR-7 and TLR-9, as well as cellular activation via 

IgM antibody crosslinking alongside CD40L co-stimulation, albeit to a far lesser degree (Reardon et al., 

2013). The majority of TLR receptors signal via an intracellular pathway involving the myeloid 

differentiation primary response gene/protein 88 (MYD88) adaptor protein. Importantly, it was 

demonstrated that ChAT expression by B cells is related to MyD88 signalling, as ChAT expression by 

the cells was greatly depleted in MYD88-/- animals. This was substantiated in TLR agonist experiments, 

as the TLR-3 agonist poly I:C did not induce ChAT expression by B cells, and TLR-3 is unusual in that it 

utilises a signalling pathway independent of MyD88 signalling (Yamamoto et al., 2003). Interestingly, 

the TLR/MyD88 signalling pathway activates downstream AP-1 activity, in addition to NF-kB (Kawai 

and Akira, 2006; O’Neill et al., 2013), which, as explained previously, identifies a putative 

transcriptional mechanism for enhanced ChAT expression in B cells following TLR stimulation.  

 

Conventional α/β TCR T cells are another immune cell type in which ChAT expression can be induced 

and in which regulation of their cholinergic phenotype has been investigated. Using the same genetic 

reporter mouse as Reardon et al., ChAT+ splenic CD4+ T cells were identified and linked to the 

cholinergic anti-inflammatory pathway as described in earlier chapters (Rosas-Ballina et al., 2011). In 

that study, the researchers also demonstrated that CD62LloCD44hi effector/memory T cells released 

ACh in a noradrenaline-sensitive manner, whereas unactivated, naïve CD62LhiCD44lo T cells did not 

express ChAT at all. Further, it was demonstrated that crosslinking of the TCR following monoclonal 

anti-CD3 stimulation induced naïve, ChAT negative T cells to express ChAT, thereby linking the 
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cholinergic phenotype of these cells to their activation state. Interestingly, this was not the first study 

to describe this phenomenon. Using the MOLT-3 human leukaemic T cell line, it was shown that 

increased ChAT mRNA expression and ChAT activity (ACh production) could be achieved via 

stimulation and activation of cells with the well-known T cell activator, phytohaemagglutinin (PHA), 

and that this could be blocked with the immunosuppressant drug FK506, which inhibits the calcium 

and calmodulin-dependent serine/threonine protein phosphatase, calcineurin (Fujji et al., 2012). This 

indicates a role for calcineurin and potentially the transcription factor NFAT (nuclear factor of 

activated T cells) in expression of lymphocyte ChAT, as NFAT activity is characteristically regulated by 

calcineurin (Hogan et al., 2003). The protein kinase C activator PMA (phorbol myristate acetate) and 

dbcAMP (dibutyryl cAMP), a protein kinase A activator shown to increase ChAT activity in neuronal 

cells, were also found to activate T cells and increase ChAT expression and activity in the same study 

(Fujji et al., 2012). 

 

Taken together, these findings indicate that expression of ChAT by immune cells, or at least those 

derived from a lymphoid common precursor lineage, is a function of cellular activation and is 

achievable ‘on demand’ in response to a number of activating stimuli, supportive of the notion that 

ACh derived from immune cells plays some important role(s) in the specific immune response which 

follows cellular activation. 
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4.2 Chapter aims and results summary 

In the previous chapter it was shown that ILC2 are cholinergic cells which significantly upregulate the 

production and release of acetylcholine during type 2 immune responses associated with a) parasitic 

nematode infection in the lung and b) allergic airway inflammation induced by fungal allergen 

challenge. The work presented in this chapter follows on from this and seeks to investigate whether 

ACh production by ILC2 is a function of cellular activation and if so by what activating factors, drawing 

on literature related to induction of cholinergic phenotype in other immune cell types. Overall, it was 

demonstrated that the cholinergic phenotype of ILC2 can be induced by cellular activation, and that 

ChAT+ ILC2 displayed an increase in phenotypic markers of activation (ICOS and ST2) compared to 

ChAT- ILC2. Critically, ChAT production by ILC2 was induced following exposure to the ILC2-activating 

alarmin cytokines IL-33 and IL-25 both in vitro and in vivo, with a greater effect on ChAT production 

observed following exposure to IL-25 compared to IL-33. Finally, it was shown that IL-2 may also induce 

ChAT production by ILC2, and that this cytokine, one source of which is from activated CD4+ T helper 

cells, plays a synergistic role in conjunction with IL-33 and IL-25 in induction of the cholinergic 

phenotype of ILC2. This may provide a mechanistic basis for the observation of the continued 

activation of ILC2 and expression of ChAT observed by the cells up to 3 weeks post-infection with N. 

brasiliensis, as reported in the previous chapter. 

 

 

 

 

 



Chapter 4: Results 
 

154 
 

4.3 Results  
 

Choline acetyltransferase-expressing type 2 innate lymphoid cells and CD4+ T cells express 

higher levels of cellular markers of activation than ChAT- cells during Nippostrongylus 

brasiliensis infection.  

 

 

In the previous chapter, ILC2 and CD4+ T cells in the lung were shown to express an enhanced 

cholinergic phenotype during type 2 immune responses associated with primary and secondary 

parasitic nematode infection, and following exposure to Alternaria protein allergen extract. Given that 

I had shown that the expression of ChAT and release of ACh by immune cells was associated with 

events leading to activation of the cells, I analysed whether ChAT+ ILC2 and pulmonary CD4+ T cells 

demonstrated any evidence of an increased activation phenotype in comparison to ChAT- cells. 

 

ILC subsets are not currently characterised by any specific phenotypic markers, and therefore the use 

of a combination of markers is required to identify ILC populations. As well as being used to identify 

the cells, some of these markers are also useful in identifying the functional activation state of the 

cells as their expression is altered following activation. Among these, the inducible co-stimulator (ICOS 

or CD278) and ST2 (an essential component of the IL-33 receptor) have been reported to be 

upregulated on ILC2 from multiple biological sites, including the skin and the lung during a number of 

disease models and as a result of different signalling pathways. Overall, this is considered to be 

representative of cells with a higher activation phenotype (Roedinger et al., 2013; Salimi et al., 2013; 

Xue et al., 2014; Salimi and Ogg, 2014). Expression levels of ICOS and ST2 by ILC2 was therefore used 

to determine whether ChAT+ cells demonstrated an enhanced activation phenotype in the lung during 

type 2 immunity, using infection of ChATBAC-eGFP mice with Nb as a model. 

 

As expected, both ST2 and ICOS mean fluorescence intensity (MFI) increased overall on lung ILC2 up 

to 21 days post infection compared to cells from naïve control animals (Figure 4.1). ST2 expression 
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was most enhanced overall between days 4 and 7 post infection, at which points ChAT+ ILC2 had 

significantly higher MFI values than ChAT negative counterparts (Figure 4.1A-B). Although overall 

values were not significantly greater in ChAT+ cells at day 2 post infection (Figure 4.1A), when values 

from individual animals were considered, a trend towards an increase in ST2 MFI was apparent for 

ChAT+ cells (represented by positively sloping bars in Figure 4.1B). Interestingly, by day 21 a significant 

population of ILC2 still expressed a cholinergic phenotype as presented previously, however ST2 

expression between ChAT + and ChAT- populations was equal although still raised in comparison to 

levels observed on naïve animals. A similar pattern was also observed for ICOS expression on ChAT+ 

cells verses ChAT- cells (Figure 4.1C-D). A significant difference in ICOS expression was only apparent 

overall at day 7 post infection, concomitant with the highest overall expression of ChAT as 

demonstrated previously, at which point ChAT+ ILC2 had the highest MFI for ICOS expression (Figure 

4.1). However, observing trends for ILC2 negative and positive cells from the individuals, ChAT+ ILC2 

appeared to (in general) have higher ICOS expression values by day 2 post infection (Figure 4.1D). As 

for ST2, by day 21 p.i. higher expression of ICOS in ChAT+ ILC2 was no longer observed, and overall 

MFI for ICOS had decreased in comparison to values observed at day 7 p.i., but were still elevated in 

comparison to cells from naïve animals. 

 

Overall, these data indicate that ILC2 expressing a cholinergic phenotype do demonstrate evidence of 

an enhanced activation phenotype compared to ChAT negative cells, indicating that factors which 

regulate ILC2 activation therefore control ILC2 ACh synthesis and release.  
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Figure 4.1. ILC2 activation markers ICOS and ST2 are more highly expressed on lung ILC2 expressing 
choline acetyltransferase following N. brasiliensis infection. A) ST2 mean fluorescence intensity (MFI) 
on ChAT-eGFP+ and ChAT-eGFP- lung ILC2 from naïve animals and from animals infected with N. 
brasiliensis at day 2, 4, 7, 21 (D2-21) p.i.. B) As (A) but showing linked data points for eGFP+ and - cells 
from each animal. C). As (A) but for ICOS (CD278) geometric MFI. D) As (C) but showing linked data 
points for eGFP+ and - cells from each animal. Data for A) and B) are representative of a single time 
course dataset, whereas data for C) and D) are representative of 2 pooled time course data sets with 
similar gMFI values for ICOS. N=3 mice/group. *p=<0.05, ** p =<0.01, ***p=<0.001, n.s.= non-
significant difference (p>0.05). 
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ChAT expressing CD4+ T cells isolated from the lung as well as peripheral sites such as the spleen also 

demonstrated increased expression of activation markers and Th2 polarisation compared to ChAT 

negative cells during Nb infection. As observed in previous experiments (see Chapter 3) Nb infection 

resulted in significantly increased ChAT expression by CD4+ T cells in the lung and spleen by day 7 post 

infection (Figure 4.2A and 4.3A). Expression of the Th2 markers ICOS (CD278) and ST2 (IL-33R) was 

enhanced on both ChAT+ and ChAT- cells during Nb infection compared to cells from naïve animals as 

expected (Figure 4.2B-C). Interestingly, in both naïve and infected animals, a significantly greater 

proportion of ChAT+ CD4+ T cells expressed ICOS compared to ChAT- cells, though the degree of 

significance was greatest during Nb infection in which almost 100% of the ChAT+ cells were ICOS+ 

compared to around 50% on naïve cells (Figure 4.2B). This indicates that in the lung, during a naïve 

setting, ChAT+ CD4+ T cells may represent an already-activated and/or primed population capable of 

responding to Th2 polarising stimuli. There was no significant difference in % of ChAT+ or ChAT- cells 

expressing ST2 or co-expressing ST2  (Figure 4.2C) and there was no significant increase in double 

positive ICOS+ST2+ cells (likely representing a fully differentiated effector Th2 cell population). 

However, a small trend towards an increase was observed in both naïve and infection settings in the 

ChAT+ population(Figure 4.2D-E) again indicative of the fact that ChAT+ cells represent a small but 

resident population of cells with an enhanced activation phenotype at this site. Although the overall 

proportion of cells expressing ST2 was not enhanced in ChAT+ cells from infected animals, importantly, 

the level of ST2 expression was significantly increased compared to ChAT- cells. This was apparent 

only on cells from infected animals (Figure 4.2F), indicating that the ChAT+ population is more primed 

to respond to IL-33 signalling than ChAT- counterparts. As for ST2, ICOS expression level was also 

increased on ChAT+ cells and this was observed both during infection and in naïve animals (Figure 

4.2G). 

 

The finding that ChAT+ CD4+ T cells represent a population with an enhanced activation phenotype 

was further substantiated by analysing surface expression of CD44 (hyaluronic acid receptor) and 
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CD62L (L-selectin) (Figure 4.3). CD44 expression is associated with T cell activation and tissue homing 

and migration (Huet et al., 1989; Haynes et al., 1989) and is upregulated on effector/memory type 

cells, whereas naïve CD4+ T cells are typically characterised by low CD44 expression (Budd et al., 1987; 

Butterfield et al., 1989). Conversely, expression of CD62L is most pronounced on naïve T cells, which 

utilise the molecule to bind to adhesion molecules expressed by blood vessel endothelial cells to aid 

in the trafficking of the cells to sites of tissue damage and inflammation. There they may then 

differentiate into effector and/or memory cell subsets, at which point CD62L expression is 

predominantly decreased (Tedder et al., 1995). Previously, Tracey and colleagues demonstrated that 

in the spleen, CD4+ cells expressing a CD44hiCD62Llo  effector/memory phenotype significantly 

expressed ChAT and released ACh, whereas naïve cells (CD44loCD62Lhi) did not (Rosas-Ballina et al., 

2011). In this study, analysis of ChAT expression by CD44hiCD62Lhi cells (usually taken to represent 

central memory cells) was notably absent. My own studies showed that that the findings of Tracey 

and colleagues could be replicated; ChAT+ splenic CD4+ T cells did not display a naïve phenotype but 

instead predominantly displayed a CD44hiCD62Llo (from here written as CD44+CD62L-) 

effector/memory phenotype, indicative of an enhanced activation state in both naïve and Nb infected 

animals (Figure 4.3B). However, a significant proportion of ChAT+ cells also displayed a CD44+CD62L+ 

phenotype, representative of central memory cells, highlighting that the ChAT+ population are not a 

single population and that ACh release by the cells may play different cell-type specific roles. A similar 

pattern was also observed in CD4+ T cells from the lung, with ChAT+ effector/memory CD44+CD62L- 

cells particularly enhanced during Nb infection, corroborating observations regarding expression of 

ST2 and ICOS Th2 markers, and strengthening the argument that ChAT expression is linked to 

activation state and effector T cell function (Figure 4.3C). Although a clear increase in the level of CD44 

expression on the surface of lung ChAT+ CD4+ T cells was not observed at a group level compared to 

ChAT negative cells, given the limited sample size and high variation in CD44 MFI between individuals 

(Figure 4.3D), a trend was apparent for increased CD44 expression on ChAT+ cells compared to ChAT- 

cells from the same individual animals in both naïve and infection settings (Figure 4.3E). However, in 
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the spleen the results were clearer and demonstrated highly significant increases in CD44 expression 

on ChAT+ versus ChAT- cells (Figure 4.3F). This was not significantly different between naïve and 

infected groups, perhaps as a result of the very high level of CD44 expression on ChAT+ cells from each 

group, which may have been at the maximal limit of detection by the methods used. 

 

 

Taken together these results indicate that for both ILC2 and CD4+ T cells, ChAT expression is associated 

with increased expression of markers of activation and/or effector function, and suggest that 

expression of ChAT and release of ACh is a component of an enhanced cellular activation state for 

these cells in the lung as well as in secondary lymphoid sites such as the spleen during the type 2 

immune response.  
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Figure 4.2. Lung CD4+ T cells expressing ChAT during infection with N. brasiliensis express higher 
levels of Th2 markers ICOS and ST2 compared to ChAT negative cells. A) Percentage of ChAT-eGFP+ 
CD4+ T cells in the lung of naïve and Nb infected mice at day 7 post infection (D7 p.i.). B) Percentage 
of ChAT-eGFP+ or ChAT-eGFP- CD4+ T cells which are ICOS+ in naïve and infected mice. C) As (B) but 
for ST2+ cells. D) Flow cytometry plots for CD4+ T cell ChAT-eGFP expression in eGFP control (C57B6/J), 
naïve and Nb-infected experimental groups and ICOS/ST2 expression for ChAT-eGFP- and ChAT-eGFP+ 
cells. E) Quantification of CD4+ ChAT-eGFP- or + cells which are ICOS+ST2+. F) Mean fluorescence 
intensity (MFI) of ST2 expression on CD4+ ChAT-eGFP – or + cells. G) as (F) but for ICOS MFI. n = 3 mice 
per group. *p=<0.05, **p =<0.01, , n.s.= non-significant difference (p>0.05). 

 



Chapter 4: Results 
 

161 
 

 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Choline acetyltransferase positive CD4+ T cells in the lung and spleen display an 
effector/memory and central memory phenotype which is enhanced during N. brasiliensis infection. 
A) Percentage of ChAT-eGFP+ CD4+ T cells in the lung and spleen of naïve and Nb infected mice at day 
7 post infection (D7 p.i.). B) Representative flow cytometry plots for splenic CD4+ T cell ChAT-eGFP 
expression in eGFP control (C57B6/J), naïve and infected experimental groups and CD44/CD62L 
expression for ChAT-eGFP negative (neg) and ChAT-eGFP+ cells. C) Quantification of CD4+ ChAT-eGFP- 
or + cells displaying differential phenotypes based on CD44 and CD62L expression in the lung and 
spleen of naïve animals and during Nb infection. D) Mean fluorescence intensity (MFI) of CD44 
expression on CD4+ ChAT-eGFPneg or + lung CD4+ T cells from naïve animals and during Nb infection. 
E) As (D) but displaying paired ChATneg ChAT- and ChAT+ plots for individual animals. F) as (D) but for 
splenic CD4+ T cells. n.s. = non-significant, *p=<0.05, ** p =<0.01, ***p=<0.001. 
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Expression of choline acetyltransferase by resident pulmonary naïve CD4+ T cells can be 

induced by ex vivo activation of the cells.  

 

 

Given that pulmonary ChAT+ CD4+ T lymphocytes and ILC2 demonstrated higher expression of 

markers associated with activation of the cells, further validation that immune cell activation induces 

the cholinergic phenotype of these cells was investigated. Previously, it was shown that following 

stimulation in vitro with monoclonal αCD3, FACS-sorted splenic CD4+ T cells up-regulate their 

expression of ChAT and capacity for ACh production (Rosas-Ballina et al., 2011). Therefore, to probe 

whether this phenomenon held true for lung resident CD4+ T cells not previously exposed to a 

pathogenic stimulus, a similar experimental methodology was undertaken. Lungs were isolated from 

naive ChATBAC-eGFP reporters and WT controls (for eGFP gating), stained with αCD4 and sorted by 

FACS. Sorted cells were then stimulated and cultured with monoclonal αCD3 or medium alone 

(control) (Figure 4.4A). At 48 and 96 hours post culture, successful stimulation of the cells was 

apparent, as viable CD4+ T cells have a distinctively broader side scatter (SSC) profile compared to 

naive controls, indicating increased cell size and granularity associated with cellular activation (Figure 

4.4B). Coincident with this, gating on eGFP+ cells demonstrated that αCD3 stimulation and activation 

of naive pulmonary CD4+ T cells did result in increased expression of ChAT, with a significantly higher 

proportion of the cells displaying eGFP positivity compared to unstimulated controls; this observation 

being greatest at 96 hours post culture (Figure 4.4 B-C). These results indicate that as for other 

populations of CD4+ T cells, these lung resident lymphoid cells also respond to an activation stimulus 

by upregulating their cholinergic phenotype and capacity for ACh synthesis. 
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Figure 4.4. T cell stimulation via anti-CD3 leads to increased ChAT expression of pulmonary resident 
CD4+ T cells from naïve mice. A) Schematic of experimental model utilised. B) Representative flow 
cytometry plots of ChAT-eGFP expression by CD3+CD4+ T cells following aCD3 or media only (control) 
stimulation for 48 and 96 hours. C) Quantified data depicted in (B) showing mean + S.E.M of cells 
stimulated in triplicate. *p=<0.05, ** p =<0.01, ***p=<0.001, n.s.= non-significant difference (p>0.05). 
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Activation of pulmonary type 2 innate lymphoid cells by the alarmins IL-33 and IL-25 drives 

expression of choline acetyltransferase expression ex vivo and in vivo.  

 

Type 2 innate lymphoid cells are developmentally related to CD4+ T cells, and both may develop from 

a common lymphoid precursor cell during an early stage of lineage differentiation. The novel 

observation that ILC2 are cholinergic cells which express ChAT and release ACh following nematode 

infection or during allergic airway inflammation, and that ChAT+ ILC2 express higher levels of markers 

of their activation, indicates that as for CD4+ T cells, activation of ILC2 induces ChAT expression. These 

innate cells do not express any receptor for antigen specific stimulation, however they do express 

receptors for the epithelial derived cytokines IL-25, IL-33 and thymic stromal lymphopoietin (TSLP), 

which act as ‘alarmins’, released from epithelial barrier membranes following cellular damage. 

Understanding the outcomes of stimulation of ILC2 with these cytokines has been of great interest 

recently as it has been shown that the epithelial cell:ILC2 axis rapidly induces ILC2 to potently express 

characteristic type 2 cytokines including IL-5, IL-9 and IL-13, as well as the EGFR ligand amphiregulin 

(AREG), although there are believed to be differences in the exact role of each alarmin on the 

expression profile of the cells (Saenz et al., 2013; Huang et al., 2014; Koyasu, 2015). Therefore, it made 

sense to investigate the role of alarmins on the activation and inducible cholinergic phenotype of 

pulmonary ILC2.  

 

Of the alarmins mentioned, IL-33 was initially of greatest interest to study in the light of ChAT 

expression by ILC2, because of the differences in the downstream signalling pathways associated with 

ligation of its receptors as explained in the following: Recently, it was demonstrated that ChAT 

expression by B cells is dependent upon the adapter protein MyD88. Ligand stimulation of toll-like 

receptors which utilise MyD88 as a component of their intracellular signalling pathway resulted in 

enhanced ChAT expression which could be ablated in mice in which genetic expression of MYD88 had 
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been removed (Reardon et al., 2013). As for T cells, B cells also share the common lymphoid progenitor 

cell with ILC2 during their lineage differentiation and development, and as is the case for the ligands 

of the TLR family, IL-1 cytokine family members including IL-33 also signal through receptors which 

utilise MyD88 as a component of their signalling pathway (Figure 4.5A). However, IL-17 and IL-7 family 

members (IL-25 and TSLP respectively) do not utilise MyD88 as a component of their receptor 

signalling (Figure 4.5B-C). It was therefore of interest to investigate whether IL-33 had a role in 

regulating the expression of ChAT and ACh production by ILC2.  

 

In the first experiment, lungs from naive ChATBAC-eGFP and WT mice were harvested (n=2/group, 

pooled), processed to single cell suspension and stained for the hematopoietic lineage marker CD45. 

CD45+ cells were then isolated by fluorescence-activated cell sorting (FACS) (Figure 4.6A). This was 

done to remove CD45 negative cells, which include airway epithelial cells, from the experimental 

process and thus limit exposure of CD45+ cells to endogenous IL-33, as epithelial cells release IL-33 

upon mechanical damage sustained during single cell isolation and sorting (personal communication 

with H. McSorley, University of Edinburgh). Post sorting, CD45+ cells were cultured for 24 hours in the 

presence of recombinant IL-33 (stimulating a pathway known to utilise MyD88), or recombinant IL-7 

(a necessary growth factor for ILC2 which does not utilise MyD88 as a component of its signalling 

pathway (Kang and Coles, 2012; Vonarbourg and Diefenbach, 2012), or IL-33 in combination with IL-

7, or phorbol myristate acetate (PMA) + ionomycin, or medium only (negative control). After 

incubation, cells were recovered, stained for ILC2 (Lineage-, ICOS+CD45+CD90+ST2+), and ChAT 

expression was analysed by flow cytometry as before.  

 

The results (Figure 4.6B) indicated that compared to cells taken directly from naive lungs and analysed 

the same day – which generally show a ChAT-eGFP positivity of between 2-4% (see results Chapter 1), 



Chapter 4: Results 
 

166 
 

already the process of sorting and culturing the cells resulted in around 24% of ILC2 becoming ChAT+ 

following 24 hours of culture in medium alone. Despite this, addition of exogenous IL-33 to the culture 

medium gave rise to a significant increase in ChAT expression of around 10% compared to the media 

control. This response was not observed when exogenous IL-7 was added to the culture medium, and 

although ChAT expression was still elevated in the ILC2 population in the presence of IL-33 and IL-7 

combined, the two cytokines did not synergise to raise expression beyond the level of IL-33 alone. 

Interestingly, culturing the cells in PMA/ionomycin had no impact on ChAT expression beyond the 

baseline achieved through just culturing the cells in medium. These results indicate that activation of 

protein kinase C and calcium flux alone are not sufficient to induce a cholinergic phenotype in ILC2, 

and that the alarmin IL-33 plays a specific role in this expression.  
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Figure 4.5. Differential cell signalling pathways induced by alarmin cytokine ligation of IL-33, IL-25 
and TSLP receptors. A) IL-33/IL33R signalling pathway. B) IL-25/IL25R signalling pathway. C) Thymic 
stromal lymphopoietin (TSLP)/TSLPR signalling pathway. Figure from Bulek et al., 2010. 
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Figure 4.6. Ex vivo stimulation of CD45+ lung cells with recombinant IL-33, but not IL-7 or 
PMA/ionomycin increases expression of choline acetyltransferase by type 2 innate lymphoid cells. 
A) Experimental model used. B) Proportion (%) of ILC2 expressing ChAT-eGFP following 24-hour ex 
vivo stimulation with recombinant IL-33 or/and recombinant IL-7, PMA/ionomycin or medium only 
(control). Data are expressed as mean + SEM of cells stimulated in triplicate. *p=<0.05, ** p =<0.01. 
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Given that results gathered ex vivo indicated a specific role for IL-33 in the activation of ILC2 which led 

to a cholinergic phenotype for the cells, further experiments were carried out in vivo. ChATBAC-eGFP 

reporter mice were dosed intranasally with recombinant IL-33 in PBS or PBS alone (vehicle control) 

while WT mice (for eGFP gating) were dosed with IL-33, then mice were culled 24 hours later (Figure 

4.7A). Administration of IL-33 to the airways of mice has previously been shown to induce pulmonary 

eosinophilia (Kondo et al., 2008; Kurowska-Stolarska et al., 2009; Stolarski et al., 2010) and indeed, in 

both the lung tissue and airways (BAL), eosinophils were found at significantly higher numbers in IL-

33 treated mice compared to PBS treated controls, indicating that the cytokine administration model 

was working as anticipated (Figure 4.7B). Despite this, a screen of general immune cell lineages 

including lymphoid cells (conventional T cells, γδ T cells, NKT cells, B cells, NK cells) and myeloid cells 

(neutrophils, basophils, eosinophils and APCs) indicated no differences between IL-33 treated and 

control mice with regards to the proportion of cells expressing a cholinergic phenotype (Figure 4.7C). 

However, when ILC2 were analysed (lineage-CD45+CD90+ICOS+ST2+CD127+) from the lung, airways 

and mediastinal lymph nodes (MDLN) it was apparent that administration of IL-33 had acted in an 

ILC2-specific manner to induce increased expression of ChAT (Figure 4.8). The overall proportion of 

ILC2 cells which expressed ChAT was significantly increased in both the lung tissue and airways, but 

not in the MDLN (Figure 4.8A). Administration of IL-33 did not alter the total number of ILC2 present 

after 24 hours of exposure, although there were non-significant trends for higher cell numbers in the 

BAL and MDLN (Figure 4.8B). Overall, these factors resulted in significantly higher total number of 

ChAT+ ILC2 in all three anatomical locations (Figure 4.8C). This indicates that IL-33 plays a role in vivo 

in the specific and rapid upregulation of ChAT in ILC2, following exposure to this alarmin.  
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Figure 4.7. Intranasal administration of recombinant IL-33 does not alter choline acetyltransferase 
expression of multiple immune cell populations 24 hours after exposure. A) Experimental model and 
treatment groups used. B) Number of eosinophils in lung tissue and collected by bronchoalveolar 
lavage (BAL). C) Proportion of ChAT-eGFP+ cells from the indicated immune cell populations in total 
lung tissue, following intranasal (i.n.) treatment with PBS (vehicle control) or recombinant IL-33. Data 
are expressed as mean + S.E.M of n=4 mice / treatment group.  *p=<0.05, ** p =<0.01,  
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Figure 4.8. Intranasal administration of recombinant IL-33 increases choline acetyltransferase 
expression by type 2 innate lymphoid cell populations of the lung, airways and mediastinal lymph 
nodes, 24 hours post exposure. Results for total lung, bronchoalveolar lavage (BAL) and mediastinal 
lung draining lymph nodes (MDLN) indicating A) proportion (%) of ChAT-eGFP+ ILC2, B) total number 
of ILC2 and C) total number of ChAT-eGFP+ ILC2 following treatment with PBS (vehicle control) or 
recombinant IL-33 (rIL-33). Data are expressed as mean + SEM of n=4 mice / treatment group.  
*p=<0.05, ** p =<0.01, ***p=<0.001, n.s.= non-significant difference (p>0.05). 
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While the previous experiments supported the notion that IL-33, released from epithelial cells 

following cellular damage such as that caused by migrating nematode larvae, is responsible for the 

upregulation of ChAT by pulmonary ILC2, it has been shown previously that ILC2 may also be activated 

by other alarmins such as IL-25 and TSLP. Additionally, although MyD88 is not a component of the 

signalling pathways of these cytokines, other components of the respective pathways are shared, such 

as actions of similar transcription factors which eventually are responsible for genetic expression of 

cellular components following activation. Therefore, it was of interest to investigate whether IL-25 

and TSLP also instigated a cholinergic phenotype by the cells in a similar or differential manner to that 

observed following exposure to IL-33.  

 

As previously, ChATBAC-eGFP mice were dosed intranasally with either alarmins dissolved in PBS (IL-33 

(in this experiment, a positive control for induction of ChAT-eGFP expression by ILC2), IL-25 and TSLP), 

or PBS alone as a vehicle control, and WT mice were dosed with IL-33 for eGFP gating; following this, 

mice were culled 24 hours post dosing (Figure 4.9A). Eosinophilia was taken as a measure of alarmin 

activity following intranasal exposure and whilst IL-33 and IL-25 demonstrated enhanced numbers of 

eosinophils in the lung tissue and/or airways of treated mice compared to PBS treated controls, 

administration of TSLP did not instigate such a response (Figure 4.9B). As for IL-33 alone, a broad 

lineage screen of ChAT-eGFP expression in various immune cell populations indicated no significant 

differences in the proportion of cells expressing ChAT between alarmin treated mice and PBS controls 

(Figure 4.9C).  
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Figure 4.9. Intranasal administration of recombinant IL-25 and IL-33 and thymic stromal 
lymphopoietin does not alter choline acetyltransferase expression by the multiple immune cell 
populations of the lung, 24 hours following exposure. A) Experimental model and treatment groups 
used. B) Number of eosinophils in lung tissue and collected by bronchoalveolar lavage (BAL). C) 
Proportion of ChAT-eGFP+ cells from the indicated immune cell populations in total lung tissue, 
following intranasal (i.n.) treatment with PBS (vehicle control) or recombinant IL-33, IL-25 or thymic 
stromal lymphopoietin (TSLP). Data are expressed as mean + SEM of n=4 mice / treatment group. 
*p=<0.05, n.s.= non-significant difference (p>0.05). 
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However, when ILC2 were analysed, significant differences in ChAT-eGFP expression were observed 

in alarmin treated mice compared to naïve controls, although the pattern and extent of these 

differences varied depending on the cytokine administered (Figure 4.10). IL-33 induced ChAT-eGFP 

expression in ILC2 from the lungs and airways, as demonstrated previously (Figure 4.8), indicating that 

the effect of this cytokine on the cholinergic phenotype of ILC2 is robust, although notably a lower 

proportion of the cells were ChAT-eGFP+ in this experiment despite administration of the same dose 

of cytokine (Figure 4.10A). Interestingly, while TSLP appeared to have no impact on the proportion of 

lung, airway or lymph node ILC2 cells expressing ChAT-eGP, the activity of IL-25 appeared to outweigh 

that observed for IL-33. This resulted in a significantly higher proportion of cells expressing ChAT-eGFP 

in the lung tissue and also significantly increasing the proportion of positive cells in the lymph nodes, 

an effect not achieved by IL-33 (Figure 4.10A). Although TSLP did not result in increased ChAT-eGFP 

expression, it did increase the total number of ILC2 present in the three anatomical locations studied. 

This effect was also seen following administration of IL-33, a result contrary to the previous 

experiment in which IL-33 did not significantly increase the number of cells present in the lung (Figure 

4.10B). In comparison, although IL-25 had the greatest effect on increased proportion of ChAT+ ILC2, 

it did not affect total numbers of cells in the lung tissue or lymph nodes, although it did raise the 

number present in the airways (BAL).  

 

Overall, these parameters resulted in an equally significant increase in total number of ChAT+ ILC2 

induced by IL-25 and IL-33 in the lung and airways, while TSLP did not induce a significant response 

but a trend towards increased numbers of ChAT+ cells (Figure 4.10C). In the lymph nodes, IL-25 and 

to a lesser extent TSLP gave rise to more ChAT+ ILC2, whereas IL-33 administration resulted in a non-

significant trend towards increased numbers of ChAT+ cells. Interestingly, when the geometric mean 

fluorescence intensity (gMFI) of eGFP was analysed, despite both cytokines initiating an equal number 

of ChAT+ ILC2 overall, cells from IL-25-treated animals demonstrated a significantly higher MFI for 
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eGFP in the lung population compared to cells from IL-33 treated mice, and there was a non-significant 

trend towards this also in the BAL (Figure 4.10D). 

 

Concerning expression of ILC2 markers of activation following in vivo cytokine administration, IL-25 

appeared to increase expression of both ICOS and ST2 on total lung ILC2 while IL-33 enhanced ST2 

expression, 24 hours post administration (Figure 4.11A,C). Treatment with TSLP did not enhance 

expression of either marker by the cells, indicating that IL-25 and IL-33 are more relevant for ILC2 

activation in the lung in copmparison to TSLP. When activation marker expression of ChAT+ cells was 

analysed in comparison to ChAT- cells, there was an overall trend towards an increased level of 

expression observed on ChAT+ cells, both for ICOS and ST2 expression and this was demonstrated best 

by observing paired results for ChAT+ and ChAT- cells from individual animals (Figure 4.11B,D). 

However, only for ST2 expression by ILC2 from IL-33 treated mice was this difference statistically 

significant (likely a result of highly variable expression levels on cells between individuals and 

insufficient treatment group size). None the less, the data suggest that ChAT expression by ILC2 is 

related to (or a function of) the activation status of the cells.  

 

Taken together, this suggests that compared to IL-33, IL-25 is a stronger driver of the ILC2 cholinergic 

phenotype, both in terms of overall proportion of the cells activated to express ChAT and the amount 

of the enzyme expressed. Both cytokines however are more potent than TSLP in driving ChAT 

expression in ILC2 of the lungs and airways. It also indicates that although signalling pathways 

involving MyD88 may be important for ILC2 ChAT expression, they are not exclusive to its expression 

in these cells.  
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Figure 4.10. Intranasal administration of recombinant IL-25 increases choline acetylcholinesterase 
expression by type 2 innate lymph cell populations to a greater extent than IL-33, whilst TSLP does 
not alter expression. Results for total lung, bronchoalveolar lavage (BAL) and mediastinal lung draining 
lymph nodes indicating A) proportion (%) of ChAT-eGFP+ ILC2, B) total number of ILC2 and C) total 
number of ChAT-eGFP+ ILC2 and D) geometric mean fluorescence intensity (geo.MFI) of eGFP 
expressed by ILC2 following treatment with PBS ((vehicle control), black bars) recombinant IL-33 (clear 
bars), recombinant IL-25 (chequered bars) or recombinant TSLP (striped bars). Data are expressed as 
mean + SEM of n=4 mice / treatment group.  *p=<0.05, ** p =<0.01, ***p=<0.001, n.s.= non-significant 
difference (p>0.05). 
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Figure 4.11. Following activation with IL-33 and IL-25, type 2 innate lymphoid cells in the lung 
increase ICOS and ST2 expression and expression of these markers appears higher on ChAT+ cells.  
A) ICOS expression by total lung ILC2 expressed as total geometric mean fluorescence intensity 
(geo.MFI) and proportionally in relation to PBS control. B) ICOS expression by ChAT-eGFP- and ChAT-
eGFP+ (eGFP-/+) ILC2, depicting values in experimental groups and as paired values for individuals 
(joined lines). C). ST2 expression for total ILC2, depicted as for (A). D) ST2 expression depicted as for 
(B). In (A) and (C) PBS (vehicle control) is presented as black bars and treatment with: recombinant IL-
33 as clear bars, recombinant IL-25 as chequered bars and recombinant TSLP striped bars. Data are 
expressed as mean + SEM of n=4 mice / treatment group.  *p=<0.05, ** p =<0.01, n.s.= non-significant 
difference (p>0.05). 
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IL-2 synergises with alarmins IL-33 and IL-25 to augment choline acetyltransferase 

expression and cytokine production by pulmonary type 2 innate lymphoid cells.  

 

Lung cells were isolated as previously described and CD45+ cells were sorted by FACS. Cells were 

cultured with cytokines as indicated for 24 hours prior to ILC2 cell staining for flow cytometric analysis 

of ChAT and activation marker expression, and collection of culture supernatants for cytokine ELISA 

analysis (Figure 4.12-4.13). Given that TSLP did not elicit a significant response for ChAT expression 

from the lung ILC2 population, TSLP stimulation of cell cultures was not included as part of this 

experiment. Stimulation of cultures with exogenous IL-25 or IL-33 resulted in a significantly increased 

proportion of ChAT+ ILC2, increased expression of ChAT as measured by eGFP MFI, and increased 

expression of the activation marker ICOS, confirming previous experiments (Figure 4.12A-C). 

Interestingly, stimulation with IL-2 alone also resulted in a trend towards an increased proportion of 

ChAT+ ILC2 (Figure 4.12A), as well as a significant increase in ChAT expression levels by ILC2 (Figure 

4.12B), and a large increase in expression of ICOS compared to stimulation with either IL-25 or IL-33 

alone (Figure 4.12C). Of note, IL-7Ra (CD127) staining had to be left out of the ILC2 gating panel in this 

experiment, as stimulation with IL-2 greatly reduced the detectable expression level of this receptor 

(Appendix 2). This observation has been reported previously for CD4+ T cells, indicating an inverse 

relationship between IL-2 stimulation and expression of CD127 (Xue et al., 2002). Therefore, ILC2 in 

this analysis are in reference to lineage-, CD45+CD90+ICOS+ST2+ cells.  

 

Following dual stimulation with alarmins (IL-25 + IL-33) in addition to IL-2, the proportion of ChAT+ 

ILC2 significantly increased in comparison to cells stimulated with alarmins alone, although IL-25 and 

IL-33 did not synergise with IL-2 and thus did not induce a cumulative effect (Figure 4.12A). This 

pattern was also true for ChAT expression level (eGFP MFI), although in this instance addition of all 

three cytokines simultaneously did significantly increase ChAT expression level compared to IL-33+IL-

2 in the absence of IL-25 (Figure 4.12B). This supports the previous observation that for lung ILC2, IL-
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25 possesses a more potent capacity to induce ChAT expression by the cells compared to IL-33. 

Interestingly, ICOS expression was not significantly increased by the addition of IL-33 to IL-2, although 

expression was increased when IL-25 was combined with IL-2, suggesting that IL-25 acts in synergy 

with IL-2 (Figure 4.12C). Interestingly, the combination of all three cytokines appeared to limit 

expression level of ICOS, indicating that IL-33 may work in opposition to IL-25 with regards to aspects 

of ILC2 biology, when placed into the wider context of the extracellular cytokine milieu.  

 

Further evidence that increased ChAT expression levels were a product of an increased activation state 

of ILC2 in response to combined stimulation by alarmins and IL-2 was provided by analysing signature 

ILC2-associated cytokine levels (IL-5, IL-13, amphiregulin) in the supernatants of CD45+ lung cultures 

(Figure 4.13). Stimulation with alarmins alone, or IL-2 alone facilitated an increase in the total level of 

IL-5 compared to unstimulated controls (Figure 4.13A) although this was not observed for IL-13 or the 

EGFR ligand amphiregulin (Figure 4.13B-C). However, for all three ILC2-associated cytokines, levels in 

cell culture supernatants were significantly increased following co-stimulation of alarmins + IL-2, the 

highest levels being observed when cells were stimulated with IL-25, IL-33 and IL-2 in combination 

(Figure 4.13A-C).  

Taken together, these results suggest a putative model (Figure 4.14) in which epithelial cell damage 

caused by migrating parasites or airway allergens leads to release of alarmins IL-25 and IL-33 in the 

lung tissues and airways, resulting in rapid activation of ILC2 and induction of expression of ChAT and 

the subsequent release of ACh, alongside canonical ILC2 effector cytokines. Following this, enhanced 

ILC2 activation and a further increase in ChAT expression and ACh release may be achieved via the 

activation of CD4+ T cells through antigen recognition and TCR engagement with airway dendritic cells, 

resulting in a significant source of IL-2. This is in addition to an increase in ACh release from CD4+ T 

cells themselves, resulting in a combined mechanism for an enhancement in total non-neuronal ACh 

available to exert signalling functions within the lung extracellular environment. 
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Figure 4.12. IL-2 synergises with IL-33 and IL-25 to induce ChAT expression in pulmonary type 2 

innate lymphoid cell populations. A) Proportion of ILC2 expressing ChAT following 24-hour 

stimulation of CD45+ lung cells with cytokines as indicated. B) Geometric mean fluorescence intensity 

(geo.MFI) of eGFP expressed by ILC2. C) Geo. MFI for ICOS expressed by ILC2. Data are expressed as 

mean + SEM of cells stimulated in triplicate. *p=<0.05, ** p =<0.001, ***p=<0.01, n.s.= non-significant 

difference (p>0.05). 
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Figure 4.13. Stimulation of CD45+ lung cells with IL-25, IL-33 and IL-2 leads to release of signature 

cytokines associated with type 2 innate lymphoid cells, indicating an increased cellular activation 

state. Cytokine levels detected in cell culture supernatants after 24 hours of stimulation as indicated 

for A) IL-5, B) IL-13, C) Amphiregulin. N.D = Not detectable. Data are expressed as mean + SEM of cells 

stimulated in triplicate. *p=<0.05, ** p =<0001, ***p=<0.001, n.s.= non-significant difference (p>0.05). 
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Figure 4.14. A proposed model for the synergistic mechanism of action of alarmins IL-33 and IL25 

and CD4 T cell-derived IL-2 on acetylcholine synthesis and release by lung ILC2 in response to parasite 

infection and during allergic airway inflammation.  DC: dendritic cell. EC: airway epithelial cell. ACh: 

acetylcholine. AREG: Amphiregulin.  
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4.4 Discussion   
 

It has become clear that ACh signalling by immune cells during immune responses can have critically 

important roles in mediating a number of immunological and physiological responses (Tracey et al., 

2002; Luyer et al., 2005; Reardon et al., 2013; Darby et al., 2015). Understanding when and why 

specific immune cells produce ACh therefore has relevance to our understanding of and (potentially) 

our ability to manipulate molecular pathways implicated in disease or healing. Key to this is furthering 

an understanding of the factors that govern and regulate expression of the critical components of the 

cholinergic system in specific immune cell populations so that the response of immune cells may be 

understood with regards to the immune environment as a whole.  

 

In this chapter it was shown that exposure of pulmonary CD4+ T cells to TCR engagement, and ILC2 to 

alarmins IL-33 and IL-25 as well as IL-2 mediated signalling, drives expression of ChAT by these cells 

and thus their capacity to synthesise ACh. This indicates that expression of a cholinergic phenotype by 

these cells is a product of cellular activation, in line with previous observations made for lymphoid 

cells (Fujii et al., 2012; Reardon et al., 2013). Indeed, ligation of CD3 in CD4+ T cells from sites other 

than the lung has previously been demonstrated to enhance ChAT expression (Rosas-Ballina et al., 

2011). Therefore, resident CD4+ T cells derived from homeostatically stable lungs responded as 

anticipated in the experiments detailed here. This demonstrates that not only do T cells from 

peripheral sites other than secondary lymphoid tissues (such as spleen) respond in a similar manner 

to those sequestered in these tissues, but also that in my hands, activation of these cells led to 

enhanced ChAT expression providing confidence in established literature and the workings of the 

ChAT reporter system that was used.  
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These data suggest that expression of a cholinergic phenotype is associated with an enhanced cellular 

activation state during type 2 immunity, as increased ChAT expression was linked to increased 

expression of a number of cellular markers of activation. For pulmonary CD4+ T cells, it was observed 

that expression of CD44 was coincident with ChAT expression and that during infection with 

Nippostrongylus, greatest expression of ChAT was observed from CD4+ T cells expressing a 

CD44+CD62L- phenotype and, to a lesser extent cells with a CD44+CD62L+ phenotype. This is indicative 

of cells with effector/memory and central memory functions respectively (Sallusto et al., 2004). 

Importantly, lung CD4+ T cells expressing a CD44-CD62L+ phenotype, typically indicative of naïve T 

cells, expressed little to negligible amounts of ChAT, supportive of the notion that ChAT expression by 

lymphocytes is linked with activation. These observations are reminiscent of previous observations 

regarding a ChAT+ CD4+ T cell population of the spleen that play a central role in regulating the 

cholinergic anti-inflammatory pathway thought to limit tissue damage induced by inflammatory 

cytokine production during sepsis (Rosas-Ballina et al., 2011).  

 

CD44 is a cell surface glycoprotein which serves as a receptor for hyaluronic acid (HA, also known as 

hyaluronan) – a glycosaminoglycan which forms a central component of the extracellular tissue matrix 

where it plays important roles in maintenance of tissue integrity (Ponta et al., 2003). The expression 

of CD44 and its affinity for ligand may be induced and increased by T cells through a number of stimuli 

including TCR engagement (Degrendele et al., 1997), direct T cell responses to cytokines (Ariel et al., 

2000), as well as binding to HA itself (Lesley et al., 1994). Following its expression by activated cells, 

CD44 is best known for its role as an adhesion receptor utilised by lymphocytes migrating from 

circulating blood into tissues and sites of inflammation via interaction with HA expressed by blood 

vessel endothelium (DeGrendele et al., 1997). For this reason, CD44 is also referred to as homing cell 

adhesion molecule, HCAM (Deguchi and Komeda, 2000). The observation that cells expressing CD44, 

and in particular those with an effector/memory phenotype are most highly ChAT positive during the 
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immune responses detailed, supports the suggestion that ChAT expression occurs downstream of 

lymphocyte activation. It also indicates that ACh released by activated lymphocytes entering sites of 

inflammation is likely to play an important role in the effector functions orchestrated by these cells. 

Interestingly, one of these functions may be to sustain proper activation of the effector CD44+ 

population themselves, as well as optimal effector cytokine production, orchestrated via upregulation 

of M3 mAChR on cells following infection with both Th2 polarising pathogens such as Nippostrongylus 

as well as Th1 polarising pathogens such as Salmonella. In the absence of M3R expression, T cell 

effector functions are attenuated (Darby et al., 2015). Expression of ChAT almost exclusively by 

migrating, activated T cells also likely explains why an increase in the proportion of ChAT+ CD4+ T cells 

is not observed until later in infection (day 7 p.i.) during Nippostrongylus infection as outlined in the 

first results chapter. Migration of activated, CD44+ effector T cells expressing ChAT will not have 

occurred until the adaptive arm of the response comes in to play, which requires a longer period than 

the initial innate arm of the response.  

 

The finding that the ChAT+ CD4+ CD44+CD62Llo T cell population discussed above consists of highly 

activated cells with effector Th2 function is also supported by the demonstration that expression of 

ST2 (a component of the IL-33 receptor and a marker of the Th2 CD4+ T cell subset and essential to 

the activation and function of the cells (Lohning et al., 1998; Meisel et al., 2001) is higher on ChAT+ 

cells during the later, adaptive phase of Nippostrongylus infection compared to expression on ChAT 

negative cells. This hypothesis could be tested further by isolating ChAT+ and ChAT- effector T cell 

populations from the lungs e.g. Nippostrongylus-infected animals and then restimulating the cells in 

vitro to test for Th2 cytokine release, or by carrying out intracellular cytokine staining of isolated 

ChAT+ or - populations and analysing these by flow cytometry. Quantitative qPCR analysis and 

quantification of relative transcript abundance of type 2 effector cytokines such as IL-4 and IL-13 may 

also serve to test this hypothesis.  
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As for CD4+ T cells, expression of a cholinergic phenotype by ILC2 was associated with an enhanced 

activation phenotype as determined by generally enhanced expression of ST2 and ICOS on ChAT+ cells 

However, a criticism of the work presented here is that in the intranasal cytokine challenge 

experiments, the number of animals in each group was not always large enough to overcome 

individual variation in activation marker expression, and thus data to substantiate this hypothesis is 

not clearly statistically significant. Interestingly, ST2 and ICOS expression was not different between 

ChAT+ and ChAT- ILC2 at day 21 p.i. with N. brasiliensis, despite upregulation of expression of ST2 and 

ICOS by ILC2 believed to represent cells with an increased activation phenotype (Salim and Ogg, 2014). 

Upregulation of ICOS and ST2 are not the only markers of increased ILC activation, and other cell 

surface markers including IL-17RB (IL-25R), TSLPR and CD69, may also be indicative of this (Roedinger 

et al., 2013; Salimi et al., 2013.) Therefore, analysis of a greater number of markers of activation may 

have revealed that at 21 days p.i., cells which remain ChAT+ are more highly activated. Another marker 

that may have been useful for this purpose is CD25, the alpha chain of the heterotrimeric IL-2 receptor. 

As will be discussed in more detail below, ILC2 are critically regulated by IL-2 during pulmonary 

inflammation (Roedinger et al., 2013) and in particular interact with IL-2 derived from activated CD4+ 

T cells (Mirchandani et al., 2014; Oliphant et al., 2014). Later in the immune response against 

Nippostrongylus, the activity of CD4+ T cells and IL-2 derived from the cells may play a more important 

role than initial alarmin signalling, leading to IL-2-driven upregulation of CD25 (Sereti et al., 2000), 

which has previously been shown to become enhanced on activated ILC2 (Roedinger et al., 2013). 

Exploring the differential expression of CD25 on ChAT+ and ChAT- ILC2 may have therefore been useful 

in substantiating the claims made.  

 

Furthermore, increase in effector cytokine production and release is also associated with an increase 

in activation state of ILC2 cells (Roedinger et al., 2013; Salimi et al., 2013). Therefore, as suggested 

previously for T cells, analysis of whether ChAT+ ILC2 are a greater source of ILC2 derived cytokines 
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such as IL-13, IL-5 IL-9 as well as amphiregulin would be interesting and may help to substantiate the 

claim that ILC2 expressing a cholinergic phenotype are representative of cells currently in a higher 

state of activation compared to ChAT negative cells. In this study, flow cytometric analysis could not 

be used to ascertain this as fixation and intracellular staining of reporter cells ablated eGFP signal, 

which is a common problem when using such systems (personal communications with many 

researchers). For future focus, it would be advisable to sort eGFP+ and - ILC2 by FACS from enough 

animals to gain sufficient cell numbers to either culture and analyse supernatants for cytokine release, 

or to derive sufficient mRNA from to undertake qPCR analysis of cytokine transcript expression. 

 

An important finding of the work presented in this chapter was the discovery that ILC2-activating 

alarmin cytokines are capable of regulating ChAT expression by the cells and additionally, there are 

differences in the capacity of different alarmins to achieve this. Three major alarmin cytokines - IL-25, 

IL-33 and TSLP, have recently been of central interest to researchers regarding ILC2 activation at a 

number of biological sites, including the lung. All three have been shown to induce ILC2 activation and 

function in a variety of models of inflammation and disease (Vissinga et al., 2013; Lee et al., 2015; 

Martinez-Gonzalez et al., 2015; von Moltke et al., 2015). Initially, I hypothesised that the IL-1 cytokine 

family member IL-33 may be a regulator of the ILC2 cholinergic phenotype, given that B lymphocytes 

utilise TLR signalling pathways dependent on MyD88 to express ChAT and release ACh (Reardon et al., 

2013). Members of the IL-1 family, including IL-33 also utilise this adapter protein as a component of 

their downstream signalling cascade following ligation of their corresponding receptors (Hultmark, 

1994). However, the observation that IL-25 was also a major regulator of ChAT expression by 

pulmonary ILC2, and to a greater extent than IL-33 in lung tissue, airway ILC2 and ILC2 in mediastinal 

lymph nodes, demonstrated that, at least for ILC2, MyD88 is not the central factor of importance 

and/or that ChAT expression by the cells depends on other factors downstream of both pathways.  
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Interestingly, TSLP did not elicit as robust a ChAT phenotype by ILC2 as did IL-25 and IL-33. ILC2 in the 

total lung tissue appeared unaffected with regards to alterations in ChAT expression, although ILC2 in 

the BAL and lung-associated mediastinal draining lymph nodes did appear to enhance their cholinergic 

phenotype. This suggests that the role of TSLP may not be completely redundant with regards to ILC2 

cholinergic phenotype in sites other than the lung (Figure 4.10). TSLP appears to have a role in ILC2 

biology (Halim et al., 2012; Mjosberg et al., 2012; Vissinga et al., 2013; Stier et al., 2016), and in some 

anatomical sites, such as skin during models of atopic dermatitis, may possibly activate ILC2 without 

additional signalling from IL-33 or IL-25 (Kim et al., 2013). However other reports have indicated that 

especially in the lung and gut, ILC2 are predominantly regulated during inflammation by IL-25 and IL-

33 (Price et al., 2010; Kim et al., 2012; Salimi et al., 2013), with TSLP playing a supportive role to these 

cytokines during ILC2 activation and maximal effector function of the cells (Vissinga et al., 2013; Toki 

et al., 2016). It would therefore be very interesting to investigate whether TSLP enhances the 

cholinergic phenotype of lung ILC2 when administered alongside IL-33 or IL-25 to gain further insights 

into the role TSLP may play during ACh release by the cells.  

 

Although both cytokines demonstrated a significant capacity to upregulate the cholinergic phenotype 

of pulmonary ILC2, the IL-17 family member cytokine IL-25 was more potent than IL-33. Interestingly, 

there are also reported differences in the outcome of activation of cells by each cytokine, and this is 

likely of relevance with regards to the differences in ChAT expression observed. Immunologically, the 

roles of IL-25 and IL-33 are believed to closely overlap (Barlow et al., 2013), however, IL-33 plays a 

central role in diseases mediated by type 2 immune responses. These include airway inflammation 

induced by OVA-peptide challenge or protease allergen exposure (Oboki et al., 2010; Louten et al., 

2011), as well as in human asthma for which the genes encoding IL-33 and the IL-33 receptor have 

been identified as major susceptibility loci across multiple genome-wide association studies 

(Gudbjartsson et al., 2009; Moffatt et al., 2010; Torgerson et al., 2011; Ramasamay et al., 2012; 
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Bonnelykke et al., 2014). Previously, it has been reported that in general, IL-33 has a more central role 

in activation of ILC2 in comparison to IL-25 during both allergic asthma (Barlow et al., 2013) and in 

resolution of parasitic nematode infection (Hung et al., 2013). These arguments have been supported 

by observations that specific transcription factors which are essential for the regulation of ILC2 

differentiation and also control their effector activity, may exert these actions in part via direct 

regulation of IL-33R expression by ILC2, thus highlighting the central role of this cytokine in ILC2 

activity (Spooner et al., 2013). However, the role of IL-25 in ILC2 activation and biology has recently 

attracted attention, as it has been shown that epithelial tuft cells are a potent source of IL-25 

specifically. Tuft cells produce IL-25 constitutively in order to maintain homeostasis of intestinal ILC2 

populations expressing the IL-25 receptor, as well as on demand during helminth infection in order to 

enhance activation and IL-13 production by ILC2, which is essential for resolution of infection (von 

Moltke et al., 2016). As previously discussed, tuft cells (or brush cells) are themselves cholinergic 

(Kummer et al., 2008), and are present in both the gastrointestinal tract (Schutz et al., 2015) and the 

respiratory system, in which the ACh they release is believed to play a role in regulation of breathing 

(Krasteva et al., 2011). The observation that IL-25 had the greatest effect on ILC2 cholinergic 

phenotype expression, and that tuft-cell derived IL-25 evidently plays a role in ILC2 homeostasis, 

suggests firstly that the small number of ChAT+ ILC2 observed in naïve animals likely express ChAT in 

response to constitutively produced IL-25, and secondly, raises the question of whether ILC2-derived 

ACh plays a synergistic role alongside tuft cell-derived ACh and if so, how?  

 

The actions of IL-33 and IL-25 on ILC2 have also uncovered a subtle but important paradigm shift in 

the understanding of the complexities of ILC2 biology, in which an appreciation of cellular plasticity 

and identification of specific IL-33 responsive and IL-25 responsive ILC2 subsets has been made (Huang 

et al., 2015; Koyoasu, 2015). IL-33-responsive ILC2 express ST2 and are present in barrier tissues during 

homeostasis, which has earned them the moniker of ‘natural’ or ‘homeostatic’ ILC2 (nILC2), although 
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they also play central roles during type 2 immune responses to parasites and during allergic 

inflammation (Huang et al., 2015). On the other hand, IL-25-responsive ILC2 are ST2- cells with an 

otherwise conventional ILC2-like phenotype (lineage negative cells expressing IL-7Rα which cannot be 

maintained in culture with IL-3 and SCF), distinguishing them from Th2 cytokine-producing, IL-25-

responsive type-2 myeloid derived innate cell populations such as T2M, F-NH and MMPtype 2 (Saenz et 

al., 2010; Peterson et al., 2012). These cells are not present in barrier tissues during the steady state, 

but rapidly expand following IL-25 administration and during type 2 immunological responses, and 

have therefore been referred to as ‘inflammatory’ ILC2 (iILC2) (Huang et al. 2015). The iILC2 also 

demonstrate phenotypic plasticity compared with nILC2, as they express low level RORyt which is 

characteristic of ILC3 populations and not of conventional ILC2, and indeed iILC2 can express IL-17A 

when stimulated with PMA/ionomycin. They do this alongside IL-13 and IL-5, providing these cells with 

the capacity to induce partial protection against fungal pathogens such as Candida albicans, as well as 

fighting helminth infection (Huang et al., 2015; Huang et al., 2016). With regards to the observation 

that IL-25 more potently induces ChAT expression and ACh production by ILC2 compared to IL-33, one 

attractive interpretation of this is that the induced ILC2 cholinergic phenotype is linked with iILC2 

activity, and suggests that ACh release plays some important role in the effector capacities of these 

cells in vivo during inflammation. Although I identified ILC2 as ST2+ cells and iILC2 are by definition 

ST2- cells, following IL-25 administration and expansion, iILC2 have been shown both in vitro and in 

vivo to possess the potential to convert into nILC2-like cells. They may also upregulate ST2 and gain 

IL-33 responsiveness (Huang et al., 2015), making this interpretation not overtly confounded by the 

way in which ILC2 were phenotypically identified in my study. Therefore, following IL-25 

administration, ChAT+ ST2+ ILC2 may represent a homeostatically derived population of nILC2 which, 

as a result of iILC2 activation by IL-25, become more activated themselves and upregulate ChAT 

expression. This may be possible, as iILC2 were shown to enhance and complement nILC2 activity 

(Huang et al., 2015). Alternatively, ChAT+ST2+ILC2 may represent iILC2 which as a result of IL-25 

activation have developed an nILC2-like phenotype. The subtleties of this cannot be conclusively 
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derived from the experiments presented here, however the first proposal may hold more weight 

based on the observation that the total number of ILC2 in lung tissue did not increase in response to 

IL-25 administration, despite an increase in the number of ChAT+ ILC2 (Figure 4.10B). This is possible, 

as Huang and colleagues demonstrated that iILC2 are all but absent from the lung in the steady state, 

and that 3 days of intra-peritoneal IL-25 administration does not increase the total cell number of 

nILC2 (Huang et al., 2015). However, following this treatment regime, iILC2 are eventually significantly 

upregulated in lung tissue, and thus differences in the treatment regimen between our studies 

(intraperitoneal administration for 3 days versus intranasal administration for 24 hours) may account 

for the lack of increase in lung ILC2 total cell number at a 24-hour time point, whilst upholding the 

possibility that iILC2 activity may result in enhanced ChAT expression by native nILC2.  

 

IL-2 was shown to induce ChAT expression by itself, and synergise with the alarmins IL-25 and IL-33 to 

augment ChAT expression. Strikingly, expression of ICOS by ILC2 was greatly enhanced following IL-2 

stimulation. IL-2 enhances ICOS expression by activated T cells (Yagi et al., 2003) that require IL-2 in 

order for ICOS co-stimulation pathways to work effectively (Riley et al., 2001). This indicates that a 

biological feedback pathway exists between IL-2 and ICOS, which is likely to persist In ILC2. Combining 

IL-2 with IL-33 and IL-25 signalling induced the highest levels of ICOS expression as well as the highest 

amounts of IL-13, IL-5 and amphiregulin, supporting the hypothesis that activation of ILC2 by these 

stimuli leads to ChAT expression, and that the degree of this expression is in proportion to activation 

state. IL-2 has been demonstrated to be a critical regulator of lung ILC2 (Roedinger et al., 2015) as well 

as ILC2 of the dermis (Roedinger et al., 2013) and in both instances IL-2 drives population expansion 

and promotes cell survival, whilst also augmenting the production of IL-5, IL-13, IL-4 and IL-9. This is 

in accordance with the results presented here. An IL-2-induced increase in IL-9 expression is likely 

responsible for enhanced ILC2 survival and proliferation, as autocrine signalling by IL-9 upregulates 

the anti-apoptotic protein BCL-3 in ILC2 in vivo. Furthermore, in the absence of IL-9 signalling, ILC2 



Chapter 4: Results 
 

192 
 

numbers are decreased during Nippostrongylus infection, leading to inefficient restoration of lung 

function and tissue integrity (Turner et al., 2013). However, it is possible that autocrine actions of ACh 

may potentiate IL-9 in inducing ILC2 proliferation. In other non-neuronal cells, ACh has been shown to 

play roles in cell proliferation and survival (Landgraf et al., 2010). Similarly, cholinergic signalling 

augments cytokine expression and release from lymphocytes such as T cells (Darby et al., 2015), so it 

is possible that ACh released from ILC2, driven by IL-2 and alarmin activation, also plays a role in 

optimal cytokine production either by ILC2 or by other cells in interaction with ILC2. Based on cytokine 

secretion and cell surface expression of ligands and receptors, a non-exhaustive list of these 

interactions may include: ILC2 and B cells which express ICOSL (Neil et al., 2010; Moro et al., 2010), 

mast cells (Roedinger et al., 2013) which produce prostaglandin PGD2 and bind to ILC2 expressing 

CRTH2 (Xue et al., 2014; Wojno et al., 2015), dendritic cells (Halim et al., 2015) as well as alveolar type 

2 epithelial cells and goblet cells which may respond to ILC2 release of IL-13, and other ILC2 cytokines 

leading to tissue defence and repair during inflammation (Mohaptra et al., 2016) and goblet cell 

hyperplasia and mucus production (Wong et al., 2012). Additionally, ILC2-derived ACh may play a role 

in mediating the outcomes of the interactions of ILC2 with T cells.  

 

T cells and ILC2 directly interact and are required in order to sustain one another’s functions during 

pulmonary inflammation, tissue damage and repair. In co-culture experiments, it has been 

demonstrated that MHC class 2 (MHCII)-expressing ILC2 can process and present antigen to CD4+ T 

cells and that this results in enhanced CD4+ T cell proliferation, activation and cytokine production, in 

addition to cell proliferation and a reciprocal increase in cytokine production from ILC2 (Mirchandani 

et al., 2014; Oliphant et al., 2014). Though not considered to be true antigen presenting cells (APC) 

with a capacity for cross presentation strong enough to elicit T helper cell subset skewing, antigen 

presentation by ILC2 via MHCII to CD4+ T cells was necessary to induce the effects outlined, as both 

MHCII antibody blockade and MHCII knockout abrogated these responses (Oliphant et al., 2014). This 
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direct cell-to-cell interaction paradigm between CD4+ T cells and ILC2, combined with the labile nature 

of ACh and the likelihood that its actions are exerted locally from the site of release over small 

distances, such as those which may occur between cells at an immunological synapses which span tiny 

nanometre distances (Grakoui et al., 1999), give grounds to predict that ACh released from activated 

ILC2 may impact upon CD4+ T cell activation and function during ILC2 antigen presentation to T cells. 

In addition, it is possible that ACh released from activated CD4+ T cells, which upregulate ChAT 

expression following TCR stimulation as demonstrated in this chapter, may also impact upon ILC2 

function. As will be demonstrated in the following chapter, ILC2 express mRNA transcripts for AChRs 

which would facilitate ILC2 responsiveness to cholinergic signalling. 

 

In the experiments presented here, exogenous IL-2 was used to stimulate lung cultures containing 

ILC2 in vitro, however the biological source of IL-2 that may exert the effects demonstrated for ChAT 

expression was not directly investigated and thus currently can only be speculated upon. The model 

presented places activated CD4+ T cells as likely candidates for provision of IL-2 to ILC2 cells in the 

lung during inflammation. However, this must be determined experimentally, as other sources of IL-2 

are present during lung inflammation, such as a type 3 ILC (ILC3) population which is reported to 

release IL-2 during a murine model of eosinophilic crystalline pneumonia (Roediger et al., 2013). None 

the less, CD4+ T cells are known to potently produce IL-2 upon activation, and do this in part to 

maintain their own proliferation and subset polarisation in a positive feedback loop (Sojka et al., 2004). 

Importantly, CD4+ T cell-derived IL-2 has also been shown to directly support ILC2 proliferation and 

type 2 cytokine production during lung inflammation as well as ex vivo, and blockade of this IL-2 source 

abrogates these ILC2 responses (Mirchandani et al., 2014; Oliphant et al., 2014). Additionally, the 

prospect that IL-2 derived from activated CD4+ T cells supports the cholinergic phenotype of ILC2 is 

attractive, based on the observation that ILC2 from Nippostrongylus-infected mice maintain their 

cholinergic phenotype up to 3 weeks post infection (21 days p.i.), at which point the adaptive phase 
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of immunity will be fully initiated and IL-2 expression by activated CD4+ T cells will be ongoing. This is 

supportive of the model presented, in which early ILC2 activation and expression of their cholinergic 

phenotype is initiated by the alarmins IL-25 and IL-33, which are released upon epithelial cell damage 

caused by migrating nematode larvae or by inflammatory airway allergens. During the ensuing 

immune response, cholinergic phenotype and continued activation is maintained in ILC2 through 

interaction with activated CD4+ T cells and the IL-2 they release. What roles ACh released from ILC2 

has remains to be addressed. However, given that ILC2 appear to have bimodal activities of both 

effector cell function as well as essential roles in wound healing and tissue repair (Monticelli et al, 

2011; Walker and McKenzie, 2013), it is likely that ACh released from the cells at different stages of 

the immune response may impact upon and influence these roles. The observation that amphiregulin 

release was highest following alarmin stimulation in combination with IL-2, reflective of ChAT 

expression by ILC2 directly, supports this idea. Amphiregulin released by the cells has been shown to 

be critical for restoration of tissue homeostasis and epithelial cell barrier repair following lung injury 

(Monticelli et al., 2011), though it must be noted that ILC2 are not the sole source of amphiregulin in 

the lung (Zaiss et al., 2015) and due to the nature of the non ILC2-specific cultures used in these 

experiments, these conclusions must be drawn with caution.  

 

With an understanding of the factors which regulate ChAT expression following activation of ILC2, it 

may also be pertinent to ask which factors drive ACh release by the cells, and additionally which 

transporter system(s) do ILC2 use to facilitate ACh release. When describing the splenic ChAT+ CD4+ 

T effector/memory population involved in suppression of pro-inflammatory cytokine production 

during sepsis, Tracey and colleagues demonstrated that these cells were located in close proximity to 

noradrenaline-producing adrenergic nerve fibres, and that expression of B2 receptors by the 

lymphocytes facilitated their responsiveness to this neurotransmitter, which was able to drive active 

ACh release (Rosas-Ballina et al., 2011). However, in a different study, the same group demonstrated 
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that ChAT+ B cell populations release ACh through a noradrenaline–independent mechanism involving 

B-cell responsiveness to systemic levels of cholecystokinin (Reardon et al., 2013). Following alarmin 

activation of ILC2 and subsequent maintenance of the cholinergic phenotype via IL-2 signalling, it 

remains to be addressed which stimuli, if any, direct ACh release from ILC2. As shown in the previous 

chapter, ACh can be detected from FACS-purified ILC2 under basal culture conditions, with greater 

levels detected from ILC2 derived from Nippostrongylus-infected animals. This suggests either that 

ACh release from the cells is (at least partly) passive, or perhaps that once a signal for ACh release is 

received in vivo from an as yet unidentified mediator, this release can then still be maintained ex vivo. 

ACh may be released in vesicles associated with the vesicular ACh transporter (vAChT), the mechanism 

for neuronal pre-synaptic ACh release as well as has been reported for some types of epithelial cells 

(Lips et al., 2005). Alternatively, it may be released directly from the cytoplasm to the extracellular 

compartment through transporter proteins such as organic cation transporters (OCTS), choline 

transporter-like proteins (CTLs), or even utilising mediatophore, as has been reported for other non-

neuronal cell types (Falk-Vairant et al., 1996; O’Regan et al., 2000; Wessler et al., 2001; Lips et al., 

2005; Song et al., 2013).  

 

Regarding ACh released by T cells, different studies have reported contradicting results regarding 

vAChT expression, with some reports claiming T cells express vAChT following activation and 

subsequent ChAT expression (Kawashima and Fujii, 2004), while others fail to observe vAChT 

expression (Ogawa et al., 2003). Therefore, although ILC2 share the common lymphoid progenitor cell 

(CLP) with T cells, it is difficult to speculate whether ILC2 may release ACh in a quantal fashion 

facilitated through vAChT-associated vesicles, and this would require experimental verification. 

Further characterisation of ILC2 which release ACh should be carried out with particular attention 

given to understanding the molecular components and pathways for ACh release by the cells. This is 

a natural progression from dissecting the factors which regulate the inducible cholinergic phenotype 
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of the cells and will facilitate an understanding of ways in which ACh release by the cells may be 

manipulated or blocked, leading the way towards designing experiments which will shed light on the 

function/s that ILC2 derived ACh has in vivo.  
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5.1 Introduction  
 

Acetylcholine – from neuronal and non-neuronal cellular sources, is known to play important roles in 

the physiology of the respiratory system (Racke and Matthiesen, 2004; Kolahian and Gosens 2012; 

Kistemaker and Gosens 2015). The major sources of ACh derived from neurons in the lung are 

cholinergic parasympathetic nerves with preganglionic neurons originating in the medulla oblongata 

(McAllen and Spyer, 1978; Kalia, 1981). Their axons travel along the neurons of the vagus nerve and 

synapse with postganglionic fibres which innervate the smooth muscle, mucosal and sub-mucosal 

glands and blood vessel endothelia. These line the entire network of the airways including the trachea 

and all bronchioles (Basbaum, 1984; Canning and Fischer, 1997; Haberberger et al., 1997; Cavallotti et 

al., 2005).  

 

Concerning ACh derived from non-neuronal cell types, the potential sources of this are more diverse. 

As demonstrated in this thesis, lymphocyte populations including B cells, CD4+ T cells and ILC2 are 

significant sources of ACh in the lungs and the dynamics of ACh production by these cells may be 

altered during exposure to pathogens or during allergen-induced inflammation. Arterial endothelial 

cells are also a source of ACh in the lung and demonstrate a ‘mosaic’ pattern of ChAT expression in 

human, pig and guinea pig samples (Haberberger et al., 2000); indicating that ACh release by the cells 

may be in relation to local mechanical forces of blood flow (Buels and Fryer, 2012). Additionally, 

pulmonary surface epithelial cell types synthesize and release ACh in the lungs (Reinheimer et al., 

1998; Proskocil et al., 2004; Tallini et al., 2006). Acetylcholine derived from these cells is believed to 

act in an autocrine manner to enhance proliferation of or repair of the airway epithelium (Metzen et 

al., 2003), but may also contribute to pathogenesis of diseases such as cancer or COPD (Song et al., 

2003; Barnes et al., 2004; Song et al., 2007). Of the ACh-producing epithelial cell types, 

neuroendocrine cells and brush or ‘tuft’ cells appear the most immunoreactive for ChAT, but other 

subtypes including basal, secretory and ciliated epithelial cells also produce ACh (Kummer et al., 2008). 
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Production of ACh by neuroendocrine cells has previously been of research interest, as these cells are 

clinically important because they can develop into the malignant tumour known as the small lung cell 

carcinoma which utilizes ACh as an autocrine growth factor (Linnolia, 2006; Song et al., 2003; Song et 

al., 2007).  With regards to type 2 immune responses, the biology of the brush/tuft cell has recently 

been shown to be of importance, as these cells are a major source of the alarmin cytokine IL-25 which 

regulates type 2 immune responses and helps promote ILC2 proliferation and activity leading to 

resolution of Nippostrongylus brasiliensis infection (von Moltke et al., 2015; Howitt et al., 2016). 

Although it has been shown that tuft cell-derived ACh plays a role in regulating breathing via nAChRs 

expressed by sensory vagal afferent fibres which address the cells (Krastava et al., 2011), it has also 

been suggested that ACh released from tuft cells in the intestinal epithelium may contribute to 

contraction of smooth muscle as an additional means to aid the removal of nematode parasites from 

the host (Gronke and Diefenbach, 2016). A possibility which has not yet been experimentally explored 

is that ACh released from these cells might stimulate AChRs expressed by immune cells – both in the 

lungs and/or the intestine, potentially co-regulating type 2 immune responses in this way. As ACh 

signalling via the M3 mAChR is required for optimal adaptive immune responses by CD4+ T cells 

against N. brasiliensis – as well as Th1-inducing pathogens such as Salmonella (Darby et al., 2015), and 

because the lung is an essential site of T cell immune priming and parasite killing during recall 

immunity to nematode infections (Harvie et al., 2010; Bouchery et al., 2015) this possibility warrants 

future investigation.  

 

With regards to the various physiological responses affected by ACh signalling in the lungs, mAChRs 

(particularly the M3 mAChR subtype) are central to these processes (Buels and Fryer., 2012). 

Contraction of airway smooth muscle is an essential component of the function of the lung, however 

deregulated contraction induced by factors such as airway inflammation, exposure to respiratory 

allergens and diseases causing airway obstruction such as COPD, causes airway hyper responsiveness 
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and bronchoconstriction. Acetylcholine is instrumental in generating bronchoconstriction of smooth 

muscle, orchestrated primarily via the M3 receptor (Roffel et al., 1988; Roffel et al., 1990; Haddad et 

al. 1991; Struckmann et al., 2003). In addition to M3 receptor activity, the M2 receptor, which is the 

predominant mAChR subtype in healthy lung (Fryer and el-Fakahany, 1990), also has effects on 

bronchoconstriction. These receptors are inhibitory and upon ACh binding, limit further release of ACh 

in a negative feedback loop which provides a homeostatic mechanism of control of smooth muscle 

contraction (Fryer and Maclagan, 1984; Blaber et al., 1985; Minette et al., 1989). The importance of 

this activity is exemplified by the observation that in some patients with asthma, M2 receptors can 

exhibit a loss of function (Ayala and Ahmed, 1989; Minette et al., 1989; Okayama et al., 1994), leading 

to an increase in smooth muscle contraction and airway hyper-reactivity generated through M3 

signalling (Costello et al., 1998). This loss of function is likely to be orchestrated by eosinophilic influx 

to the lung - a common feature of asthma and other type 2 immune responses. Major basic protein 

(MBP) is a strongly positively charged molecule released by eosinophils, and this can act as an allosteric 

antagonist for the negatively charged M2 receptor (Frigas et al., 1981; Jacoby et al., 1993). Depletion 

of eosinophils through antibody blockade of IL-5 prevents loss of M2 receptor function following 

antigen challenge (Elbon et al., 1995), as does administration of anti-MBP antibodies (Evans et al., 

1997) or heparin, which displaces MBP from M2 receptors with great efficiency (Fryer and Jacoby, 

1992). Upon restoration of or preservation of M2 function, hyper-reactivity is inhibited. Therefore, 

through 2 different mAChR subtypes, ACh clearly plays an essential role in the regulation of smooth 

muscle contraction in the lung.  

 

In addition to actions on smooth muscle, ACh signalling can directly stimulate the release of mucus 

from goblet cells and submucosal glands (Gallagher et al., 1975; Borson et al., 1984) as well as 

increasing intracellular calcium levels of ciliated epithelial cells, enhancing their beat frequency and 

aiding the removal of mucus and particles trapped in the mucus from the airways (Salathe et al., 1997; 
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Klein et al., 2009). This response is also mediated through M3 receptors, demonstrated by using M3 

receptor antagonists such as high concentrations of 4-DAMP (Ramnarine et al., 1996) or tiotropium 

bromide and aclidium bromide, which significantly block mucus release (Cortijo et al., 2011; Alagha et 

al., 2014).  Goblet cell hyperplasia and increased release of mucus - both in the lung and intestine, are 

predominant features of the global type 2 immune response initiated during nematode infection, 

generated through IL-4Rα signalling (utilizing canonical type 2 cytokines IL-13 and/or IL-4) with a 

downstream reliance on STAT6 signalling pathways (Khan et al., 2005; Marillier et al., 2008). 

Interestingly, the mucin MUC5AC has been shown to be a critical player, with a direct role in resistance 

against/rejection of enteric nematode parasites from the host (Hasnain et al., 2011). As the 

predominant mucin expressed in the airways of healthy lungs, with expression levels which are 

significantly enhanced in asthmatic patients, smokers and those suffering from COPD (Morcillo et al., 

2006), M3 antagonism or siRNA-mediated M3 protein knockdown has a significant effect on reduction 

of MUC5AC mRNA transcripts as well as protein levels from pulmonary goblet cells (Cortijo et al., 

2011).  Therefore, ACh may contribute to type 2 immunity through combined activity of IL4Rα/STAT6 

signalling and M3 signalling, acting through goblet cells to induce enhanced expression of this mucin. 

This may be important for resistance to nematodes that migrate through the lung as for the gut – 

although this remains to be experimentally verified. Additionally, an indication that the functions of 

ACh signalling and IL-13/IL-4 mediated type 2 responses are biologically linked is apparent from mice 

in which IL-4Rα is deficient on smooth muscle cells. These mice have reduced goblet cell hyperplasia, 

reduced mucus production and a reduction in M3 receptor expression and have a delayed expulsion 

of N. brasiliensis in addition to an increased parasite burden (Horsnell et al., 2007).  

 

In addition to physiological responses, ACh is known to regulate some immune responses in the lung. 

As well as being sources of alarmins which underlie mechanisms of type 2 immunity, epithelial cells 

are also potent producers of cytokines and chemokines which attract neutrophils, eosinophils and 
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monocytes to the lung and airways (Buels and Fryer, 2012). Acting via mAChRs, ACh can enhance the 

release of IL-8 as well as leukotriene B4 from the epithelium, augmenting inflammatory responses, 

and this effect can be blocked by administration of the pan-muscarinic antagonist atropine (Koyama 

et al., 1992; Koyama et al., 1998). Another source of leukotriene B4 is alveolar macrophages, which 

can also release this inflammatory cell chemoattractant in response to ACh signalling (Reinheimer et 

al., 1998; Koarai et al., 2012). Pulmonary macrophage populations express nAChR subtypes as well as 

mAChRs (Galvis et al. 2006; Mikulski et al. 2010), and while ACh-mediated leukotriene B4 release is 

controlled through M3 signalling, nAChR signalling through α4β2 receptors (but not the α7 nAChR) 

can downregulate inflammatory mediators released by pulmonary macrophages, including IL-6, IL-12 

and TNF-α (Matsunaga et al., 2001). Phagocytosis of bacteria by macrophages in the intestine is also 

controlled to some degree through nAChR signalling  (van der Zanden et al., 2009) and therefore the 

possibility exists that this might also be of relevance in the lung. Another cell through which ACh can 

direct immunological effects is the mast cell. Histamine release by these cells is orchestrated by IgE 

binding as well as calcium ionophre activity and in humans, ACh can block these effects and decrease 

histamine release in lung tissue and the bronchi through mAChR signalling (Reinheimer et al., 2000; 

Wessler et al., 2007).  However in rodents this effect is reversed as ACh enhances mast cell histamine 

release (Reinheimer et al., 2000) highlghting the need to draw conclusions regarding human biology 

from rodent-based systems with relative caution.  
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5.2 Chapter aims and results summary 

 

The aim of the work presented in this chapter is to investigate what role/s locally produced ACh 

induced during type 2 immune settings may play in the normal function of the immune response, and 

seeks to investigate the biological effects of perturbing ACh signalling during type 2 immune scenarios. 

This is an outcome presumed to be beneficial to parasitic nematodes that release active ACh-

hydrolyzing AChE enzymes into the host extracellular environment. To do this, recombinant active and 

inactive mutant (control) forms of AChE-B from N. brasiliensis (referred to herein as NbAChE-Ba and 

NbAChE-Bi respectively) were expressed and purified using a yeast expression system and were 

administered intranasally to female BALB/c mice during Nippostrongylus infection and during 

Alternaria allergen extract (ALT)-induced airway inflammation. Among the results observed, intranasal 

administration of active NbAChE-Ba significantly increased gut worm burden by day 6 p.i., indicating 

that local ACh depletion provided a fitness advantage to the parasites. A possible mechanism for this 

may have been through a putative reduction in the killing capacity of eosinophils and neutrophils in 

the lung as a result of down-regulation of CD11b, in addition to a decrease in the M2 polarisation of 

alveolar macrophages. A common response initiated by administration of NbAChE-Ba during both 

Nippostrongylus infection and ALT exposure was a strikingly enhanced neutrophilia, although 

interestingly, effects on eosinophil influx were opposed in the two immune response models. Effects 

on ILC2 also differed in the two models with regards to NbAChE-B activity: during nematode infection, 

ILC2 function was largely unperturbed by enzyme administration, however during Alternaria-induced 

inflammation, ILC2 activation was restricted and type 2 cytokine production was reduced compared 

to non-Alternaria-treated controls. This suggests that ILC2 respond to ACh either directly or indirectly, 

at least during some forms of type 2 immune responses.  
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5.3 Results 

Administration of recombinant acetylcholinesterase from Nippostrongylus brasiliensis 

alters cellular infiltration and cytokine production in the lung and airways during parasite 

infection. 

 

Initially, I attempted to generate a model to study the effects of ACh during type 2 immunity in the 

lung, in which host ACh signalling during Nippostrongylus infection could be sustained and/or 

enhanced through inhibiting the action of parasite secreted AChEs. To do this, I investigated whether 

recently published RNA interference (RNAi) methodology, which makes use of heterogeneous short 

interfering RNA (hsiRNA) to successfully induce knockdown of genetic targets in the parasitic 

nematode species Brugia malayi (Landmann et al., 2012) could be adapted for use in Nippostrongylus 

(Appendices 3-5). This was trialled for AChE-B transcripts as well as transcripts for VAL8 and b-tubulin, 

both with and without integrating hsiRNA sequences into cationic liposomes. Unfortunately, the 

conclusions drawn from this work were that, in my hands knockdown of AChE transcripts from 

Nippostrongylus in this manner was not possible and therefore an alternative tactic for modulation of 

host ACh signalling was undertaken.  

 

Using a previously established in vitro system, expression and purification of enzymatically active, 

recombinant Nippostrongylus NbAChE-B (NbAChE-Ba) and enzymatically inactive (but structurally 

unchanged) mutant recombinant NbAChE-B (NbAChE-Bi) from the yeast Pichia pastoris (Hussein et al. 

1999; Hussein et al., 2000) was conducted (Figure 5.1A). Following endotoxin removal (and testing by 

LAL-assay to confirm this), esterase activity of active and inactive NbAChE-B respectively was 

confirmed using Ellman’s assay (Figure 5.1B). Mice were infected subcutaneously with 

Nippostrongylus, then intranasally dosed daily with recombinant enzymes or PBS as control (Figure 

5.2).  
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Figure 5.1. Generation and isolation of recombinant NbAChE-B from Pichia pastoris. A) 

Representative Coomasie-stained SDS-PAGE gel demonstrating negative expression of NbAChE-B 

(69kDa) in wild type (WT) Pichia supernatant (S/N), S/N from Pichia expressing NbAChE-B and NbAChE-

B following purification from Pichia S/N. B) Ellman assay to confirm acetylcholinesterase activity post-

purification of active NbAChE-B and absence of activity in mutant inactive NbAChE-B post-purification 

of the enzyme. BW: acetylcholinesterase inhibitor BW284C51. Nb: Nippostrongylus brasiliensis. E/S: 

excretory/secretory product.  
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Worm burden, cell counts, eosinophils and neutrophils 

 

Mice were culled at day 6 post infection (D6 p.i.) and worm burden in the small intestine was 

enumerated. There were approximately double the number of parasites found in animals treated with 

NbAChE-Ba compared with NbAChE-Bi and PBS control animals, between which there was no 

significant difference in burden (Figure 5.3A). The same pattern was observed for faecal egg count 

(Figure 5.3B). Alongside these findings, total cell count of the lungs and BAL samples, but not of 

mediastinal draining lymph nodes (MDLNs) from NbAChE-Ba treated animals were significantly 

greater than for PBS or NbAChE-Bi treated controls (Figure 5.3C-E). When the composition of the 

samples was cytometrically analysed, it was apparent that NbAChE-Ba treatment had resulted in a 

significantly enhanced eosinophilia (SiglecF+CD11b+GR-1-/loCD11c-) in both the lung tissue and 

airways compared with controls (Figure 5.4A-B). Of note, eosinophils from NbAChE-Ba treated animals 

demonstrated significantly lower geometric mean fluorescence intensity (geo.MFI) for CD11b staining 

(integrin alpha-M) in both the lung and BAL eosinophil populations – indicating lower expression 

(Figure 5.4C). Conversely, SIGLEC-F staining gave significantly higher geo.MFI  values for eosinophils 

from BAL, but not the lungs of  NbAChE-Ba treated animals (Figure 5.4D).  A similar result was obtained 

for neutrophils (CD11b+SiglecF-CD11c-GR-1+), which demonstrated a striking increase in overall 

proportion of sample composition and total cell numbers in the lung and BAL following daily NbAChE-

Ba treatment (Figure 5.5A-B). As for eosinophils, CD11b geo.MFI values were lower for lung and 

airway neutrophils from NbAChE-Ba treated animals compared to controls (Figure 5.5C) as were 

values for GR-1 (Ly-6C/Ly-6G) on lung neutrophils (Figure 5.5D). 
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Figure 5.2. Experimental design for infection of mice with N. brasiliensis and dosing of mice with 

recombinant, enzymatically active NbAChE-B, enzymatically inactive NbAChE-B, or vehicle control 

(PBS). Days p.i.; days post infection with Nippostrongylus.  
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Figure 5.3. Daily administration of active NbAChE-B to mice infected with N. brasiliensis results in 

higher parasite burden and fecundity in the gut at day 6 post infection and increases total cell count 

in the lung tissue and airways. A) Worm burden in the small intestine (S.I.). B) Faecal egg counts (FEC). 

C) Total cell count of lung tissue after BAL and PBS perfusion via the heart. D) Total cell count obtained 

by BAL. E) Total cell count of mediastinal lung draining lymph nodes (MDLN). Data expressed as mean 

+/- S.E.M. *p=<0.05, ** p =<0.01, n.s.= non-significant difference (p>0.05). n= 5 mice/treatment group. 
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Figure 5.4. Active NbAChE-B administration increases eosinophilia in the airways and lung tissue at 

day 6 following infection with N. brasiliensis and alters eosinophilic expression of CD11b and SIGLEC-

F. A) % Eosinophils of total lung and BAL. B) Total number of eosinophils in lung and BAL. C) Geometric 

mean fluorescence intensity (geo. MFI) of eosinophil CD11b. D) geo.MFI of eosinophil SIGLEC-F. Data 

expressed as mean +/- S.E.M. *p=<0.05, ** p =<0.01, ***p=<0.001, n.s.= non-significant difference 

(p>0.05). n= 5 mice/treatment group. 
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Figure 5.5. Active NbAChE-B administration increases neutrophilia in the airways and lung tissue at 

day 6-post infection with N. brasiliensis and alters neutrophil expression of CD11b and GR-1. A) % 

Neutrophils of total lung and BAL. B) total number of neutrophils in lung and BAL. C) Geometric mean 

fluorescence intensity (geo. MFI) of neutrophil CD11b. D) geo.MFI of neutrophil GR-1. Data expressed 

as mean +/- S.E.M. *p=<0.05, ** p =<0.01, ***p=<0.001, n.s.= non-significant difference (p>0.05). n= 

5 mice/treatment group. 
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Alternative activation of macrophages 

 

Polarisation of macrophages to an ‘alternatively activated’ M2 phenotype is characteristic of type 2 

immune responses against helminth infection and is a major effector mechanism for host protection 

against parasite-induced tissue damage (Martinez et al., 2009; Bouchery et al., 2015).  Macrophages 

displaying an M2 instead of an M1 or ‘classically activated’ phenotype display features such as 

increased expression of mannose receptor 1 (CD206), decreased MHCII expression, and expression of 

effector molecules such as the chitinase-like protein YM1. In the lung and airways, there are two 

distinct macrophage populations: Alveolar macrophages (Alv.MΦ: F480+CD11C+SiglecF+CD11b-) and 

interstitial macrophages (Int.MΦ: F480+CD11c-SigleCF-CD11b+). Alveolar macrophages should only 

be found in the airways and should be removed following BAL. However, these cells are notoriously 

difficult to fully remove in this manner, despite extensive BAL procedures (Crowell et al., 1992). 

Therefore, this population was analysed both in BAL and total lung samples.  

 

At D6 p.i., animals dosed daily with NbAChE-Ba demonstrated a significantly lower proportion of the 

Alv.MΦ population expressing a CD206+MHC2lo, M2 phenotype and a corresponding significant 

decrease in CD206 expression level compared to PBS or NbAChE-Bi treated controls (Figure 5.6A –B). 

However, the proportion of YM1-expressing Alv.MΦ and the expression level of YM1 by the cells was 

not significantly different between treatment groups (Figure 5.6A). Conversely, the Int.MΦ population 

of the lung demonstrated a significantly greater proportion of cells expressing an M2, CD206+MHC2lo 

phenotype compared to control groups, and this was paired with higher CD206 expression, and the 

same pattern was observed for expression of YM1 (Figure 5.6C). Therefore, the effect of ACh depletion 

on these two populations appeared to be the inverse of one another, indicating perhaps that Int.MΦ 

up-regulated their expression of an M2 phenotype as a regulatory mechanism to compensate for the 

changes observed by the Alv. MΦ population.  
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Figure 5.6. Administration of active NbAChE-B during infection with N. brasiliensis decreases the 

number of alternatively activated (M2) alveolar macrophages and their expression of mannose 

receptor-1 (CD206). A) Total % of M2 alveolar macrophages (Alv.MΦ), geometric mean fluorescence 

intensity (geo.MFI) of CD206, % of M2 Alv.MΦ expressing YM1 and geo.MFI of YM1 in lung tissue. B) 

Total % of M2 alveolar macrophages (Alv.MΦ) and geo.MFI of CD206 in the airways. C) Total % of M2 

interstitial macrophages (Int.MΦ), geo.MFI of CD206, % of M2 Int.MΦ expressing YM1 and geoMFI of 

YM1 in lung tissue. Data expressed as mean +/- S.E.M. *p=<0.05, ** p =<0.01, ***p=<0.001, n.s.= non-

significant difference (p>0.05). n= 5 mice/treatment group. 
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Type 2 innate lymphoid cells and CD4+ T cell cytokine release 

 

Damage to the lung caused as parasite larvae migrate through the tissue to the airways results in 

release of alarmins such as IL-33 and IL-25 from the epithelium. These cytokines initially activate type 

2 innate lymphoid cells (ILC2), which release type 2 cytokines including IL-13, important for IL-4Rα-

mediated M2 macrophage polarisation and maintenance (Bouchery et al., 2015), and increased levels 

of IL-5, important for eosinophil migration to the lung tissue and prolonged eosinophil survival (Segal 

et al., 2007; Maret et al., 2009).  Later in infection, CD4+ Th2 cells (ST2+CD4+ T cells), which are the 

adaptive immune cell counterparts of ILC2, differentiate from naive T cells and become activated as a 

result of antigen presentation by professional APC such as dendritic cells, at which point these cells 

also contribute to type 2 cytokine production. It has been previously demonstrated that optimal 

cytokine production by CD4+ T cells in both Th1 and Th2 infection settings is reliant upon ACh and 

signalling via the M3 mAChR, the expression of which is increased on activated T cells (Darby et al., 

2015). The possibility exists therefore that ILC2 cell function may also be influenced by locally derived 

ACh.  

 

If ACh signalling can exert effects directly on ILC2, then it should be possible to demonstrate that the 

cells express AChRs. Using FACS, pulmonary ILC2 were sorted from naïve or Nippostrongylus-infected 

ChATBAC-eGFP reporter mice, and from Nippostrongylus-infected animals, ILC2 were further sorted 

into ChAT- and ChAT+ populations and cDNA prepared from these cells (Figure 5.7). Utilizing endpoint 

PCR, it was demonstrated that ILC2 constitutively express M4 and M5 mAChR transcripts. Following 

infection with Nippostrongylus, ILC2 then also express transcripts for M1 and M3 mAChRs as well as 

M2 receptors to a lesser degree (Figure 5.7A). Of note, ChAT+ ILC2 obtained from Nippostrongylus-

infected animals appeared to express a stronger signal for both M1 and M3 subtypes compared to 

ChAT- counterparts, indicating that ILC2 with the capacity for ACh synthesis may also be most primed 

to respond to ACh signalling, at least via mAChRs. ILC2 did not express extensive transcripts for 
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functional nAChR subunits. However, a notable observation was that α7 nAChR transcripts were 

detected from ChAT- ILC2 whereas they were absent from ChAT+ cells. This suggests the cells may 

express the functional homopentameric α7 receptor, identified as the central receptor of importance 

in regulating inflammation levels via the cholinergic anti-inflammatory pathway (Tracey et al., 2002; 

Wang et al., 2003). Therefore, ACh may negatively regulate ILC2 activity in steady state, and its loss 

following infection may therefore be relevant to ILC2 effector function. Overall these observations 

indicated that (at least at the genetic level) there is evidence that ILC2 can respond to ACh signalling, 

and may do so differentially in naïve animals compared to those from infected animals. In light of this 

information, the responses of ILC2 as well as CD4+ T cells were analysed at D6 p.i with Nippostrongylus, 

following treatment with NbAChE-B.  

 

At D6 p.i, the proportion of total ILC2 in the lungs of NbAChE-Ba treated animals was significantly 

lower than for PBS and NbAChE-Bi treated controls and this corresponded to a small but significant 

decrease in the total number of ILC2 in the lungs of these animals (Figure 5.8A). However, intracellular 

cytokine staining revealed that the proportion of ILC2 producing IL-13 and IL-5, and the expression 

levels of these cytokines were not significantly different between treatment groups (Figure 5.8B). A 

non-significant difference in the expression level of ST2 (IL-33R) indicted that the activation state of 

ILC2 between groups was comparable, providing an explanation for the similarities in ILC2 effector 

cytokine production (Figure 5.8C).  

 

The proportion of total CD4+ T cells and ST2+ Th2 cells in the lungs of active NbAChE-B treated mice 

and the total number of Th2 cells was not significantly different compared to controls, however the 

level of ST2 expression on Th2 cells of these animals was significantly enhanced (Figure 5.8C) 

suggesting a modified capacity of the cells to respond to alarmin cytokine stimulation. Unlike for ILC2, 
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active NbAChE-B dosing led to a significantly lower proportion of Th2 cells which expressed IL-13 and 

IL-5 and the levels of expression of these Th2 cytokines were similarly, also decreased (Figure 5.8D). 

This was most striking for production of IL-5; although the proportion of Th2 cells from control group 

animals expressing this cytokine was low (<6% of Th2 cells) and highly variable between individuals, 

expression by Th2 cells from all active NbAChE-Ba treated animals could barely be detected at all, with 

little variation in this observation between individuals. 

 

Despite a decrease in IL-5 production specifically by Th2 cells of NbAChE-Ba treated animals, total 

levels of IL-5 appeared greater overall in samples from this group when supernatants made from 

cultures of total lung cells were analysed by ELISA (Figure 5.9A). This was in contrast to IL-13, which 

was significantly decreased compared to controls (Figure 5.9B), reflecting the small decrease in ILC2 

total cell numbers observed as well as the decrease in Th2 CD4+ T cell IL-13 production (Figure 5.8A).  
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Figure 5.7. Pulmonary ILC2 express mRNA transcripts for muscarinic and nicotinic receptor subunits 

and do so differentially between steady state and during infection with N. brasiliensis. A) Detection 

of muscarinic receptor subtype transcripts in total ILC2 from naïve ChATBAC-eGFP reporter animals and 

ChAT+ and ChAT- (negative) ILC2 from N. brasiliensis (Nb)-infected ChATBAC-eGFP reporters. B) 

Detection of nicotinic receptor subtype transcripts in ChAT+ and ChAT- (negative) ILC2 from Nb-

infected ChATBAC-eGFP reporters. cDNA from brain tissue was used as a positive control (+ve) for 

receptor transcript expression and dH20 was used in place of any genetic material as a negative (-ve) 

control for the assays.  
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Figure 5.8. Type 2 effector cytokine production is altered in Th2 CD4+ T cells but not ILC2 following 

active NbAChE-B administration during Nippostrongylus infection. A) Proportion (%) and number of 

ILC in the lung and geometric mean fluorescence intensity (gMFI) of ILC2 ST2 staining. B) Proportion 

of ILC2 expressing IL-13 and IL-5 and gMFI of staining. C) total proportion (%) and number of Th2 CD4+ 

T cells in the lung, proportion of CD4+ cells expressing ST2 (Th2 cells and geometric mean fluorescence 

intensity (gMFI) of Th2 ST2 expression. B) Proportion of Th2 CD4+T cells expressing IL-13 and IL-5 and 

gMFI of staining. Data expressed as mean +/- S.E.M. *p=<0.05, ** p =<0.01, ***p=<0.001, n.s.= non-

significant difference (p>0.05). 
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Figure 5.9. Active NbAChE-B administration differentially alters IL-5 and IL-13 release by lung cells 

at day 6 post infection with N. brasiliensis. Total lung culture supernatants (Lung) stimulated with 

PMA/ionomycin for 24 hours, and cell free bronchoalveolar lavage fluid samples (BALF) were tested 

for A) IL-5 and B) IL-13 by indirect sandwich ELISA. Data expressed as mean +/- S.E.M. of triplicate 

values per sample where n=5 samples / group. *p=<0.05, ** p =<0.01, n.s.= non-significant difference 

(p>0.05). NbAChE-Ba; active NbAChE-B. NbAChE-Bi; inactive NbAChE-B  
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Immunological responses in the lung following NbAChE-B administration at day 2 post 

infection with Nippostrongylus brasiliensis 

 

Administration of NbAChE-Ba enhanced worm burden and faecal egg count in the gut day 6 p.i., 

supportive of a role for ACh in the normal immune response against Nippostrongylus in the lung. 

However, other than an apparent decrease in overall IL-13 production (likely as a result of fewer ILC2 

cells and a decrease in Th2-derived IL-13) and M2 polarisation of the alveolar macrophage population, 

explanation of the mechanism/s which contributed to enhanced parasite viability was not immediately 

obvious based on the parameters which had been investigated at this time point. In particular, 

increased eosinophilia in the lungs and airways of NbAChE-Ba treated animals was indicative of an 

enhanced type 2 immune response rather than a restricted one, which might have been anticipated 

based on a greater parasite burden in the intestines. Given that eosinophils in the airways 

demonstrated enhanced SIGLEC-F expression – which has been associated with a more highly 

regulated eosinophil response and eosinophilic apoptosis (McMillan et al., 2014) and a decrease in 

CD11b expression, I postulated that by D6 p.i. the major immunological factors affected by depletion 

of ACh may no longer be detectable or may have been masked. This may have been via regulatory 

mechanisms compensating for a previous limitation of the responses that facilitated enhanced 

parasite survival and movement through the lung tissue, generating the increased gut parasite burden 

observed. Therefore, I decided to explore immunological responses at D2 p.i. instead of D6 following 

daily administration of PBS, NbAChE-Bi or NbAChE-Ba as previously, with the hope of detecting early 

changes in the type 2 response at this time point which may explain the enhanced parasite burden by 

D6 p.i.  

 

However, this tactic did not yield any further information with regards to the overall observations 

made at D6 p.i. Depletion of ACh generated enhanced eosinophilia in the lung and airways as 

previously shown, and enhanced SIGLEC-F expression while limiting CD11b expression particularly in 
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the eosinophils present in BAL samples (Appendix 6). Similarly, neutrophilia was significantly 

enhanced in both the lung tissue and airways and in the airways, although CD11b expression again 

appeared restricted compared to controls (Appendix 7). One notable difference was that expression 

of neutrophil GR-1, though decreased at D6 p.i., appeared elevated at this earlier time point, 

suggesting that this may be linked to the enhanced neutrophilia observed, raising the possibility that 

its subsequent decrease in expression detected later in infection/treatment may be as the result of 

as-yet unidentified regulatory mechanisms.  

 

On the available evidence it therefore seemed that a likely candidate that resulted in an enhanced 

parasite burden was a modulation of the alternative activation of M2 pulmonary macrophages upon 

administration of NbAChE-Ba, suggestive of a mechanistic role for ACh in this pathway. This possibility 

was explored further.  
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Cholinergic signalling and alternative activation of murine alveolar macrophages. 

 

Bone marrow derived macrophage in vitro model 

 

As already discussed, alternatively activated, or ‘M2’ MΦs are effector cells of considerable 

importance during nematode infection, and a major route by which polarisation of macrophages 

towards an M2 phenotype occurs is via signalling pathways which involve IL-4Rα, a subunit of both IL-

4 and IL-13 receptors. Additionally, with regards to M2 activation via this pathway, it has previously 

been shown that co-stimulatory factors such as ATP may augment M2 polarisation when administered 

to MΦs alongside suboptimal levels of IL-4 or IL-13 (Csoka et al., 2012). This indicates that although 

IL-4Rα signalling may be sufficient to induce M2 polarisation, signalling via additional receptors may 

work alongside these canonical type 2 cytokines under certain conditions. In the experiment detailed 

previously in this chapter, in which recombinant parasite secreted AChE was used as a tool to deplete 

locally available ACh from the pulmonary system during Nippostrongylus infection, it was apparent 

that polarisation of pulmonary MΦ populations had been influenced. However, whether this was as a 

direct result of inhibiting cholinergic signalling through AChRs expressed by MΦs, or indirectly as a 

consequence of downstream effects of inhibiting ACh signalling on another cell type could not be 

determined. Therefore, further investigation into whether cholinergic signalling may play a direct role 

in augmenting IL-4Rα mediated M2 polarisation was carried out.   

 

To provide a sufficient number of MΦs for in vitro assays, a murine bone marrow-derived macrophage 

model (BMDMΦ) of M0 (unstimulated) cells and subsequent M1 vs M2 polarisation was set up and 

verified (see Materials and Methods).  Following this, experiments were carried out in which BMDMΦ 

were cultured with a low dose of M2-polarising cytokines (1 ng/ml) in the presence or absence of 

agonists of cholinergic receptors. Unstimulated (M0) control BMDMΦ were utilized, as were cells 

optimally stimulated with high dose (20 ng/ml) IL-4 or IL-13, which were used as positive controls for 

the expression of M2 markers CD206 and YM1. Cells polarised to an M1 phenotype through 
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stimulation with IFN-γ and bacterial lipopolysaccharide (LPS) were used as negative controls for M2 

marker expression.  

 

Initially, the action of IL-4 alongside cholinergic receptor stimulation was investigated in this way. 

Carbachol (a stable, non-specific agonist of both mAChRs and nAChRs) was utilised to screen for 

cholinergic augmentation of IL-4 signalling (Figure 5.10). Following 48 hours stimulation, M2 

polarisation with high dose IL-4 induced the highest proportion (% of F480+ cells) of BMDMΦ with the 

highest expression level (MFI) of M2 markers CD206 (Figure 5.10A) and YM1 (Figure 5.10B) while M1 

polarisation with IFN-γ and LPS induced low M2 marker expression and high iNOS expression (Figure 

5.10C), indicating that polarisation had worked appropriately. However, while stimulation with low 

dose IL-4 did generate intermediate M2 marker expression which was to a lesser degree than optimal 

M2 but higher than M0 or M1 polarised cells, stimulation with carbachol (100 µM) did not appear to 

alter or augment this response by bringing it closer to the levels observed for M2 polarisation with 

high dose IL-4 alone. Similarly, stimulation of M0 cells with carbachol also did not appear to have any 

appreciable effect on marker expression, and the same was true of M1 polarised cells.  

 

Similar results were obtained when BMDMΦ were stimulated with IL-13 alongside carbachol, or 

bethanechol (a stable, mAChR-specific agonist) or nicotine (a nAChR-specific agonist). In this instance, 

cells were incubated as indicated for 48 hours and then whole cell protein lysate was collected and 

analysed by western blot, probing iNOS as a marker for M1 marker expression, YM1 for M2 marker 

expression, and cofilin as a sample loading control (Figure 5.11). Preliminary experiments verified that 

BMDMΦ stimulated with high dose IL-13 to give M2 cells, or IFN-γ/LPS to give M1 cells, resulted in 

blots with the expected patterns for each cell type (iNOS- YM1+ for M2 and iNOS+ YM1lo for M1), and 

verified that the antibodies and staining protocols used were effective for this type of analysis (Figure 



Chapter 5: Results 
 

223 
 

5.11A). However, when stimulated with low dose IL-13, neither bethanechol nor nicotine appeared to 

have any augmentative effect on M2 polarisation as assessed by expression of YM1 (Figure 5.11B). 

Stimulation of cells with IL-13 and carbachol did appear to raise the overall relative protein density of 

YM1 closer to that of optimally stimulated M2 cells, however this seemed contradictory to the 

observation that neither mAChR- or nAChR-specific agonists had any appreciable effect in isolation. 

None of the samples other than the M1 cells expressed iNOS, suggesting that AChR stimulation under 

these conditions does not drive M1 polarisation in the absence of a suitable inflammatory stimulus.   

 

Overall, these experiments do not provide strong evidence in favour of a role for ACh signalling as a 

likely co-stimulatory factor working alongside signalling via IL-4Rα to augment the polarisation process 

of macrophages to an M2 phenotype. However, the in vitro model used may be criticised for its 

assumption that all macrophage populations are homogenous in vivo which, as the multiple 

populations present in a single tissue such as the lung attest, is not accurate. Additionally, cell marker 

expression of F4/80 is higher on BMDMΦ and CD11c expression is lower – indicating that data derived 

from the BMDMΦ model may not be wholly representative of all in vivo tissue macrophage 

populations. Therefore, the impact of cholinergic signalling in conjunction with IL-4Rα signalling on ex 

vivo alveolar macrophage populations was investigated further in the following experiments. 
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Figure 5.10. Co-stimulation with the non-specific acetylcholine receptor agonist carbachol does not 

augment IL-4 mediated polarisation of alternatively activated M2 bone marrow derived 

macrophages. Proportion of, and MFI for F480+ bone marrow derived macrophages (BMDMΦ) 

expressing A) mannose receptor-1 (CD206) B). YM1 C) inducible nitric oxide synthase (iNOS) in 

response to stimulation as indicated. LPS: bacterial lipopolysaccharide. 
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Figure 5.11. Co-stimulation with acetylcholine receptor agonists does not augment IL-13-mediated 

polarisation of alternatively activated M2 bone marrow derived macrophages. A) Western blot 

demonstrating the specificity of inducible nitric oxide synthase (iNOS) and YM1 expression by M1 and 

M2 bone marrow derived macrophages respectively and analysis of relative band density of YM1 

staining with respect to loading control protein Cofilin expression, with M0 (unstimulated) and M1 cell 

YM1 expression normalized to M2 expression level. B) Blot of protein lysates from bone marrow 

derived macrophages stimulated with interferon gamma (IFN)+ LPS (M1 control cells), IL-13 at high 

(20 ng/ml) or low dose concentrations (1 ng/ml) and/or cholinergic agonists as indicated with analysis 

of YM1 expression as in (A) with results normalized to cells optimally stimulated with IL-13.  
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Alveolar macrophage ex vivo model 

 

In order to easily collect a large number of alveolar macrophages (Alv.MΦs), mouse lungs were 

harvested, processed to single cell suspension, pooled and plated in plastic dishes and incubated as 

described in Materials and methods. Adherent cells were then collected and re-plated for further 

stimulations.  

 

As in the BMDMΦ model, experiments were carried out with both IL-4 and IL-13, in addition to 

carbachol, bethanechol and nicotine. Alv.MΦs (F480+ CD11c+SiglecF+Autofluorescenthi) were 

analysed by flow cytometry and markers of M2 activation (CD206 and YM1) and M1 activation (iNOS) 

were measured. Following stimulation with high dose IL-4 (20 ng/ml) Alv.MΦs upregulated M2 marker 

expression compared to unstimulated cells as expected; low dose IL-4 (ng/ml) also achieved this but 

to a lesser degree (Figure 5.12). However, neither cholinergic stimulation alone, nor in conjunction 

with low dose IL-4 increased the proportion of cells expressing an M2 extracellular phenotype 

(CD206+MHC2-) (Figure 5.12A) or the level of expression of CD206 (Figure 5.12B). As the proportion 

of cells expressing YM1 was similar between high and low dose-stimulated IL-4-treated cells, it was 

difficult to assess whether cholinergic stimulation altered this parameter or not (Figure 5.12C). 

However, the expression level of YM1 did appear to rise slightly following treatment of cells with 

carbachol in addition to IL-4. Nonetheless, cells treated with high dose IL-4 still expressed the largest 

amount of this effector molecule (Figure 5.12D). Overall, only a very small proportion of M2 cells 

expressed iNOS in any of the treatment groups (Figure 5.13A) and any changes in the expression level 

of iNOS were very small, with no obvious pattern to the results (Figure 5.13B). Measurement of free 

nitrite in cell culture supernatants (as an indicator of iNOS activity) indicated that for all treatment 

groups, nitrite levels were very low, below the detection limit of the assay (10 µM), whereas 

supernatant from classically activated cells, taken as a positive control for iNOS activity displayed very 

high levels of nitrite, indicating that the assay was working correctly (Figure 5.13C).  
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In contrast to IL-4, cholinergic agonists administered alongside a low dose of IL-13 did appear to 

augment the expression of M2 markers (Figure 5.14). As for IL-4, high dose IL-13 treatment generated 

the greatest proportion of cells with an M2 phenotype compared to unstimulated cells, while low dose 

IL-13 treatment clearly upregulated an alternatively activated M2 phenotype though to a lesser 

degree, indicating that the experimental controls worked sufficiently. When cells were treated with 

cholinergic receptor agonists alongside low dose IL-13, the proportion of cells expressing an M2 

extracellular phenotype (CD206+MHCII-) increased past the level of the low dose IL-13 standard alone 

and either reached the same level as for the high dose IL-13 standard (as in the case of bethanechol) 

or extended the result beyond this point - as was the case for nicotine (Figure 5.14A). Treatment with 

receptor agonists alone did not bring this parameter in line with either of the IL-13-treated cells. The 

same pattern of results was observed when the expression level of CD206 was analysed by MFI; again, 

nicotine appeared to most potently augment the effect of low dose IL-13 (Figure 5.14B). As the 

majority of cells expressed YM1 and there was only a small difference between high and low IL-13 

doses in terms of the proportion of YM1 expressing cells, it was not clear whether cholinergic agonists 

had any effect on this in addition to IL-13 treatment (Figure 5.14C). However, when assessing 

expression level of YM1, carbachol and bethanechol both increased MFI for YM1 when administered 

with low dose IL-13, whereas nicotine decreased YM1 MFI compared to IL-13 alone (Figure 5.14D). As 

for IL-4, iNOS expression was very low among all samples: changes in the proportion of iNOS-

expressing M2 cells and MFI were very small (Figure 5.15A-B), and there were no measurable changes 

in nitrite across treatment groups (Figure 5.15C), indicating that receptor agonist treatment had not 

polarized the cells along a classically activated M1 pathway.  
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Taken together, these results suggest that while IL-4 in combination with cholinergic receptor agonists 

had little appreciable effect on M2 polarisation of the cells beyond that of the activity of IL-4, 

cholinergic stimulation did not act to inhibit M2 polarisation or to drive activation down a M1, 

classically activated route either. Effects of IL-13 in conjunction with ACh receptor agonists gave an 

indication of some observable capacity towards augmentation of M2 polarisation in Alv.MΦs, 

particularly with regards to expression of the mannose receptor (CD206). The data suggest that 

putative effects may be mediated via both mAChRs and nAChRs, albeit in a differential manner 

depending on the marker in question.  
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Figure 5.12. Co-stimulation of murine alveolar macrophages from naïve animals, with IL-4 and 

cholinergic receptor agonists ex vivo does not profoundly augment alternative activation. A) 

Proportion (%) of total F480+CD11c+SiglecF+ cells (alveolar macrophages) expressing an alternatively 

activated (M2) extracellular phenotype (CD206+MHC2-). B) Mean fluorescence intensity (MFI) of 

mannose receptor-1(CD206) expressed by alveolar macrophages. C) Proportion of M2 alveolar 

macrophages expressing YM1. D). MFI of YM1 expressed by M2 alveolar macrophages. Each plot 

shows guidelines indicating the level for each parameter met by unstimulated, optimally M2 

stimulated (high dose IL-4) and sub-optimally  (low dose IL-4) M2 stimulated cells.  
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Figure 5.13. Co-stimulation of murine alveolar macrophages with IL-4 and cholinergic receptor 

agonists for 48 hours ex vivo does not direct the cells away from alternative M2 activation towards 

a classically activated M1 phenotype. A) Proportion (%) of total F480+CD11c+SiglecF+ cells (alveolar 

macrophages) expressing an alternatively activated (M2) extracellular phenotype (CD206+MHC2-) and 

co-expressing the M1 marker inducible nitric oxide synthase (iNOS). B) Mean fluorescence intensity 

(MFI) of iNOS expressed by M2 alveolar macrophages. C) iNOS activity measured by Griess assay for 

detection of free nitrite in cell culture supernatants from adherent murine lung cells stimulated as 

indicated. IL-4+: sub-optimal IL-4 in addition to: C: carbachol. B: bethanechol. N: nicotine. LPS: 

Bacterial lipopolysaccharide.  
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Figure 5.14. Co-stimulation of murine alveolar macrophages with IL-13 and cholinergic receptor 

agonists augments the expression of markers associated with alternative activation. A) Proportion 

(%) of total F480+CD11c+SiglecF+ cells (alveolar macrophages) expressing an alternatively activated 

(M2) extracellular phenotype (CD206+MHC2-). B) Mean fluorescence intensity (MFI) of mannose 

receptor-1(CD206) expressed by alveolar macrophages. C) Proportion of M2 alveolar macrophages 

expressing YM1. D) MFI of YM1 expressed by M2 alveolar macrophages. Each plot shows guidelines 

indicating the level for each parameter met by unstimulated, optimally (high dose IL-13) M2 

stimulated and sub-optimally (low-dose IL-13) M2-stimulated cells. 
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Figure 5.15. Co-stimulation of murine alveolar macrophages with IL-13 and cholinergic receptor 

agonists ex vivo does not direct cells away from alternative activation towards a classically activated 

phenotype. A) Proportion (%) of total F480+CD11c+SiglecF+ cells (alveolar macrophages) expressing 

an alternatively activated (M2) extracellular phenotype (CD206+MHC2-) and co-expressing the M1 

marker inducible nitric oxide synthase (iNOS). B) Mean fluorescence intensity (MFI) of iNOS expressed 

by M2 alveolar macrophages. C) iNOS activity measured by Griess assay for detection of free nitrite in 

cell culture supernatants from adherent murine lung cells stimulated as indicated. IL-13+: sub-optimal 

(low dose) IL-13 in addition to: C: carbachol. B: bethanechol. N: nicotine. LPS: Bacterial 

lipopolysaccharide. 
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Administration of recombinant acetylcholinesterase from Nippostrongylus brasiliensis 

alters cellular infiltration, ILC2 activation and cytokine production in the lung and airways 

during Alternaria-induced airway disease 

 

Administration of active NbAChE-B to mice infected with Nippostrongylus (augmenting the level of 

active AChEs normally secreted by the parasites as they migrate through the lung tissue and airways), 

revealed a role for ACh in the regulation of a number of cellular and cytokine responses associated 

with this model of type 2 immunity. It was therefore of interest to investigate and compare the context 

of these responses during a different model of type 2 immunity. Particularly, one in which depletion 

of ACh by secreted AChEs is not a component of the normal pathophysiology observed. Therefore, I 

utilized Alternaria alternata extract (ALT) and an acute allergic airway inflammation model in order to 

induce a non-parasite related type 2 immune response, as described previously (Chapter 3). 

Inflammation was induced over 48 hours via a single intranasal administration of ALT to mice, 

alongside daily dosing of NbAChE-Ba as the experimental treatment group, or PBS or NbAChE-Bi as 

controls. Additionally, the action of locally derived ACh in the lungs and airways during homeostasis 

was addressed by administering these same substances to mice which were not exposed to ALT 

(Figure 5.16A). Because there are some reports of detectable inhibitors of esterases present within 

total homogenates made from the fungal bodies of some Alternaria spp. (Singh et al., 2012) ALT was 

tested for AChE inhibitory activity using Ellman’s assay and was also mixed together with NbAChE-Ba 

and NbAChE-Bi (at the same final concentrations as which they were co-administered) and tested in 

the same way. However, ALT did not intrinsically possess any AChE activity and no component/s of 

ALT appeared to inhibit the esterase activity of NbAChE-Ba (Figure 5.16B). Therefore, neither of these 

potential confounding factors were concerns in this experiment.  
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Figure 5.16. Details of the Alternaria extract induced acute airway inflammation model and NbAChE-

B administration. A) Experimental group design and timeline for intranasal (i.n.) administration of 

Alternaria alternata protein extract (ALT) alongside enzymatically active recombinant NbAChE-B 

(NbAChE-Ba), enzymatically inactive recombinant NbAChE-B (NbAChE-Bi), or vehicle control (PBS). B) 

Ellman assay with optical density (O.D.) values given at 450 nm for samples of NbAChE-Ba/i alone or 

in combination with ALT at the same concentrations as given to mice i.n. PBS was used as a negative 

assay control. Nippostrongylus (Nb) excretory/secretory product (E/S) used as a positive control for 

cholinesterase activity. n.s.; non-significant difference where p >0.05. Data expressed as mean +/- 

S.E.M. of triplicate values.  
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Cell counts and sample composition 

 

Exposure to Alternaria extract resulted in an increased total cell count in the lungs and BAL samples 

compared to PBS treated control mice, indicating that the airway inflammation model was working 

effectively (Figure 5.17A-B). There were no significant differences between PBS treated mice 

(PBS:PBS) or mice treated only with inactive AChE (PBS:NbAChE-Bi), or between ALT:PBS and ALT: 

NbAChE-Bi controls for total cell count in either lung or BAL. Of note, animals treated with NbAChE-

Ba but not Alternaria extract (PBS:NbAChE-Ba) demonstrated a greatly increased cell count in the BAL 

compared to other ALT free controls, and this was comparable to the cell counts generated for ALT-

treated mice (Figure 5.17B). Treatment of ALT-exposed animals with active NbAChE-B (ALT:NbAChE-

Ba) did not alter the total cell count of the BAL compared to other ALT treated controls, although there 

was a small decrease in the total lung cell count observed (Figure 5.17A-B). Importantly, NbAChE-Ba 

treatment appeared to perturb the composition of samples - judged by flow cytometry 

forward/sideways scatter profiles - during inflammation caused by exposure to ALT as well as in steady 

state (Figure 5.17C).  
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Figure 5.17. Intranasal administration of active NbAChE-B alters the cellular composition of the lung 

during exposure to Alternaria extract as well as in the steady state. A) Total cell count of lungs. B) 

Total cell count of BAL. C) Representative plots of forward/sideways scatter of live, single cells (from 

BAL) from treatment groups as indicated. Data expressed as mean +/- S.EM.  *p=<0.05, ** p =<0.01, 

***p=<0.001, n.s. = non-significant difference (p>0.05). 
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Eosinophils and neutrophils 

 

Eosinophilia is anticipated during the normal allergic airway response to ALT exposure (McSorly et al., 

2014). Control animals treated with PBS only or PBS:NbAChE-Bi displayed minimal numbers of 

eosinophils in the lung tissue and almost undetectable numbers of the cells in the airways, whereas 

ALT:PBS animals displayed significantly enhanced eosinophilia, demonstrating that the allergic airway 

model was working as anticipated (Figure 5.18A-B).  When animals were treated with NbAChE-Ba in 

the absence of ALT, a small but significant increase in eosinophilia was observed in the lung and BAL 

compared to non-ALT treated controls, suggesting that during the steady state, locally produced ACh 

plays a role in limiting eosinophil influx into the respiratory tissues. However, during ALT-induced 

inflammation, a striking decrease in eosinophilia compared to ALT-treated controls was observed in 

animals treated with NbAChE-Ba. This resulted in eosinophil numbers comparable to those seen in 

PBS: NbAChE-Ba-treated animals (Figure 5.18 A-B), and reflects the observations made for overall 

scatter of the samples, which demonstrates a depletion of cells with low FSC-A and high SSC-A 

(indicative of eosinophils) from this treatment group (Figure 5.17C). Treatment with NbAChE-Ba 

resulted in decreased expression of CD11b on lung eosinophils both in the presence and absence of 

ALT-induced allergic inflammation (Figure 5.18C). Cholinesterase activity mediated decreased 

expression of CD11b on eosinophils in the BAL, but only in non-ALT treated animals. ALT treatment 

resulted in a trend for reduced CD11b expression on the surface of eosinophils in the airways, 

regardless of NbAChE-B activity.  Increased expression of SIGLEC-F on eosinophils is a feature of some 

models of allergic airway inflammation (McMillian et al., 2014) and this was also observed following 

ALT treatment in the lung and BAL (Figure 5.18D).  However, NbAChE-Ba also contributed to a 

significantly increased expression of SIGLEC-F on lung eosinophils, following exposure to ALT as well 

as during the steady state. In contrast, NbAChE-Ba only resulted in increased SIGLEC-F expression on 

eosinophils in BAL in the absence of ALT. 
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Figure 5.18. Active NbAChE-B decreases eosinophilia in the lung and BAL when administered 

alongside Alternaria allergen extract. Expression of CD11b (Integrin alpha M) and SIGLEC-F on 

eosinophils is altered by NbAChE-B exposure. A) % eosinophils of total lung and BAL. B) total number 

of eosinophils in lung and BAL. C) Geometric mean fluorescence intensity (geo. MFI) of eosinophil 

CD11b. D) Geo.MFI of eosinophil SIGLEC-F.  Data expressed as mean +/- S.E.M. *p=<0.05, ** p =<0.01, 

***p=<0.001, n.s. = non-significant difference (p>0.05). ALT; Alternaria allergen extract. 
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In contrast to the effect of active NbAChE-B on eosinophilia during ALT induced inflammation, 

neutrophilia was greatly enhanced in ALT:NbAChE-Ba treated animals, both in the lung and BAL 

neutrophil populations (Figure 5.19A-B). Neutrophilia was absent in PBS:PBS and PBS:NbAChE-Bi 

treated controls, and significantly increased in ALT control groups, in line with expectations for the 

experimental model.  Unexpectedly, NbAChE-Ba treatment in the absence of ALT exposure gave rise 

to neutrophilia of a comparable level to ALT treated animals in the lung, and to a level comparable to 

ALT:NbAChE-Ba treated animals in the BAL (Figure 5.19B), indicating a likely role for ACh in limiting 

neutrophil influx into peripheral tissues during homeostasis. As observed for eosinophils, NbAChE-Ba 

resulted in a decreased expression of the integrin CD11b compared to relevant controls on neutrophils 

from lung tissue of ALT treated animals and from BAL cells during the steady state (Figure 5.19C). Of 

note, CD11b expression of BAL neutrophils was similarly low, for all groups in which significant 

neutrophilia was observed (PBS:NbAChE-Ba and all ALT treated groups). Expression of GR-1 

demonstrated a slightly different pattern to CD11b; expression was decreased in the lung compared 

to relevant controls following ALT and NbAChE-Ba co-exposure, but increased on cells from  BAL 

(Figure 5.19D). A trend for increased GR-1 expression on neutrophils from PBS: NbAChE-Ba treated 

animals compared to controls was also noted. 
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Figure 5.19. Active NbAChE-B Increases neutrophilia in the lung and BAL when administered 

alongside Alternaria allergen extract. Expression of CD11b (Integrin alpha M) and GR-1) by 

neutrophils is altered by NbAChE-B exposure. A) % neutrophils of total lung and BAL. B) total number 

of neutrophils in lung and BAL. C) Geometric mean fluorescence intensity (geo. MFI) of neutrophil 

CD11b. D) Geo.MFI of neutrophil; GR-1. Data expressed as mean +/- S.E.M. *p=<0.05, ** p =<0.01, 

***p=<0.001, n.s.= non-significant difference (p>0.05). ALT; Alternaria allergen extract 
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Type 2 innate lymphoid cells 

 

During acute Alternaria-induced allergic inflammation, serine proteases are responsible for increased 

extracellular ATP levels, which act via PAR2 receptors to induce release of the alarmin cytokine IL-33 

from airway epithelial cells (Snelgrove et al., 2014). ILC2 have been shown to be central mediators of 

responses observed in this model of airway inflammation, including driving eosinophilia through 

increased expression of IL-5 and IL-13 (Bartemes et al., 2012; McSorly et al., 2014), and their critical 

roles in other allergic-type diseases and the type 2 immune response is becoming well established 

(Salimi et al., 2013; Barlow et al., 2014). Given their importance in these immune settings, and the 

observation that NbAChE-Ba affected dynamics of eosinophil migration, the effect of NbAChE-B on 

ILC2 activation and function was investigated.  

 

Intracellular cytokine staining for IL-5 and IL-13 revealed a striking decrease in the proportion of ILC2 

from ALT:NbAChE-Ba-treated animals producing IL-5 and/or IL-13 following ex vivo re-stimulation with 

PMA/ionomycin, and this coincided with a significantly decreased level of expression of both cytokines 

by ILC2, as measured by geo.MFI (Figure 5.20A-D).  Of note, in the absence of inflammation, ILC2 

derived from animals treated with NbAChE-Ba demonstrated an increase in the level of expression of 

both IL-13 and IL-5 (Figure 5.20C-D) compared to the other non-ALT treated controls. However, this 

increase did not reach the same degree as the proportion of cytokine expressing cells and expression 

levels of cytokines detected during ALT-induced inflammation.  

 

Importantly, cytokine production by ILC2 among experimental and controls groups reflected the 

activation status of the cells. Increased expression of ICOS and IL-33 receptor subunit ST2, which are 

upregulated following ILC2 activation (Salimi et al., 2013) was observed following ALT treatment, but 

this upregulation was severely limited following NbAChE-Ba co-treatment (Figure 5.20E-F). This was 
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particularly pronounced for expression of ST2, indicating that NbAChE-Ba treatment inhibited the 

capacity for IL-33-mediated activation of the pulmonary ILC2 population. In contrast, based on ICOS 

and ST2 expression, NbAChE-Ba exposure appeared to enhance the activation of ILC2 under non-

inflammatory conditions, which likely reflected the increased capacity for IL-13 production by the cells 

from this treatment group. 

 

When culture supernatants from total lung suspensions stimulated in the presence of PMA/ionomycin 

were analysed by ELISA, absolute levels of IL-13 (Figure 5.21A) and IL-5 (Figure 5.21B) reflected the 

pattern observed specifically for ILC2 as determined by intracellular staining.  In combination, these 

cytokines play an important role in directing the eosinophilia observed characteristically during type 

2 immune responses through effector mechanisms such as enhancing the expression level of the 

eosinophilic chemokine eotaxin (CCL11), in addition to providing maturation and survival signals to 

eosinophils themselves (Pope et al., 2001; Kouro and Takatsu, 2009). Critically, when the level of 

eotaxin was measured in cell culture supernatants from all treatment and control groups, a trend 

towards an increase in this chemokine was observed in ALT-treated control animals compared to non-

ALT-treated groups (Figure 5.21C), in line with the increased levels of IL-5, IL-13 and total eosinophilia 

observed. However, upon co-treatment with NbAChE-Ba, eotaxin levels were significantly depleted, 

providing a viable explanation for the decrease in numbers of eosinophils observed. Overall, these 

data indicate that ACh plays a role in the pathway leading to activation of ILC2 and subsequent 

cytokine production by these cells, that in the context of IL-5 and IL-13 production has knock-on effects 

for tissue eosinophilia. However, the data also demonstrate that the role of ACh in ILC2 activation 

differs between the steady state, in which ACh seemingly plays a role in inhibiting or limiting undue 

activation of the cells, and during activation of ILC2 during allergic inflammation in which ACh may 

have a role in the optimal induction of this phenotype. 
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Figure 5.20 Intranasal administration of active NbAChE-B alters ILC2 activation state and cytokine 

production. % ILC2 expressing IL-5. B) % ILC2 expressing IL-13. C) ILC2 geometric mean fluorescence 

intensity (geo.MFI) of intracellular staining for IL-5. D) ILC2 geo.MFI of intracellular staining for IL-13. 

E) ILC2 geo.MFI of extracellular staining for ICOS (CD278). E) ILC2 geo.MFI of extracellular staining for 

ST2 (IL-33R).  Data expressed as mean +/- S.E.M. *p=<0.05, ** p =<0.01, ***p=<0.001, n.s.= non-

significant difference (p>0.05). 
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Figure 5.21 IL-5 and IL-13 in total lung cells are severely altered following treatment of mice with 

active NbAChE-B during Alternaria-induced lung inflammation. A) IL-13, B) IL-5, C) Eotaxin (CXCL11), 

all detected by indirect sandwich ELISA. Data expressed as mean +/- S.E.M where n=5 samples / group. 

*p=<0.05, ** p =<0.01, ***p=<0.001, n.s.= non-significant difference (p>0.05). 
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5.4 Discussion  
 

In the previous chapters I presented data demonstrating that a number of immune cell populations in 

the lung produce ACh during type 2 responses. It was also shown that ILC2, important innate cells with 

pivotal roles in type 2 responses, enhance the production of ACh in response to alarmin cytokine 

signalling. This information supports the view that ACh signalling plays an active role in the proper 

function of type 2 effector mechanisms, but does not identify which responses may be regulated. 

Through enzymatic depletion of ACh in the airways and lung tissue during two models of type 2 

immunity in the pulmonary system, this chapter aimed to uncover which elements of the response 

may be influenced by cholinergic signalling.  

 

Because many parasitic nematode species have evolved the capacity to express secreted forms of 

active AChEs (Bremner et al., 1973; Lawrence et al., 1993; McKeand et al., 1994; Pritchard et al., 1994; 

Grigg et al., 1997) and because these enzymes can form a major component of the total secreted 

proteins (Hewittson et al., 2011), an assumption has been made that this trait is adaptive and provides 

some fitness advantage to these organisms within the host environment. However direct evidence 

that this is the case has been lacking. A number of putative roles that parasite secreted AChE may play 

which might theoretically benefit the parasite have been suggested. These include altering cell 

membrane permeability to allow nutrients to more easily pass into areas of feeding within the host 

environment (Lee, 1970) and inhibition of the role of ACh in glycogen synthase activity, resulting in a 

block in the generation of glycogen from glucose and stimulating the breakdown of glycogen to 

glucose, potentially increasing the levels of free glucose available to the parasites (Yeates and Ogilvie, 

1976). However, the consensus appears to be that if secreted AChEs do contribute to these effects, 

they may only be of minor benefit to the overall fitness of the parasite. Another function for secreted 

AChEs was the suggestion that secreted AChEs may play a role in modulating the motility of the host 

gastrointestinal system. This would be to prevent, or delay the expulsion of adult parasites that reside 
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within the alimentary tract. Signalling via M3 mAChRS controls a large proportion of the contractility 

of the smooth muscle in the gut (Matsui et al., 2002) and by hydrolyzing ACh, it was proposed that 

secreted AChEs may generate a ‘biochemical holdfast’ for the parasites, stabilizing their preferred 

position within the gut (Edwards et al., 1971; Ogilvie and Jones, 1971). However, for Nippostrongylus 

this is not clear: although E/S preparations as well as whole worm homogenates demonstrate an 

inhibitory activity on host gut contraction, AChE from electric eel does not recapitulate this effect, 

making it unlikely that parasite AChE is the causative agent of this effect (Foster et al., 1994). 

Furthermore, identification of a 30-50kDa protein with immunoreactivity to vasoactive intestinal 

peptide (VIP) which could inhibit gut contractility, suggests that this molecule is responsible for this 

effect in N. brasiliensis (Lee and Foster, 1995; Foster and Lee, 1996).  Finally, as appreciation of the 

role of both neuronal and non-neuronal ACh in the regulation of immune system function has grown 

(see Chapter 1), it has been suggested that the most likely role of parasite secreted AChEs is one which 

is immunomodulatory/anti-inflammatory so as to generate a more hospitable environment for the 

parasite (Lee, 1996).  Recent work has indirectly supported this proposal by demonstrating that 

signalling through the M3 mAChR plays an essential role in generating optimal CD4+ T cell activation 

and cytokine responses which aid parasite clearance from the host, and in mice in which the M3 

mAChR is deficient, parasite burden is increased and expulsion delayed (Darby et al., 2015). It is my 

proposal that the work presented in this thesis now contributes direct support to the hypothesis that 

parasite secreted AChEs increase parasite fitness and survival through modulation of host immune 

responses. This is because administration of exogenous NbAChE-Ba into the airways and lungs of 

Nippostrongylus-infected mice resulted in altered immunological responses and higher numbers of 

adult parasites in the gut, suggesting that fewer worms were trapped or killed during the parasite’s 

migratory lung phase. This is in addition to a higher FEC following NbAChE-Ba administration, which is 

reflective either of the higher number of worms or maybe an enhanced parasite fecundity or viability.  

If this is indeed the case, this also supports the notion that the lung is an important site of parasite 

killing during primary infection, as has been demonstrated for secondary infection in which the lung 
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has been shown to be the essential site of larval entrapment and killing (Harvie et al., 2010; Bouchery 

et al., 2015).  

 

Although administration of exogenous NbAChE-Ba supported parasite survival and migration through 

the lungs, some aspects of the altered immune response make this challenging to understand. 

Eosinophils are known to attack helminths and mediate their killing through release of damaging 

mediators released following cellular attachment to the parasite cuticle (Hamann et al., 1990; Shin et 

al., 2001). However, the role of eosinophils in parasite killing differs between larval stages, species 

and primary versus secondary challenge infections (Cadman and Lawrence, 2010; Cadman et al., 

2014).  For example, during primary infection, the cells are required for killing of the filarial nematode 

Brugia spp., however killing is eosinophil-independent during secondary infection (Simons et al., 2005; 

Ramalingam et al., 2005).  In contrast, another filarial species such as Litmosomoides sigmondontis or 

Onchocerca volvulus is reliant upon eosinophils during secondary infection only (Martin et al., 2000; 

Abraham et al., 2004). Eosinophils are also required to mediate killing of Strongyloides stercoralis 

during primary infection (Herbert et al., 2000; Galioto et al., 2006), but not during primary infection 

with Trichinella spiralis where it seems they only play a role in killing during the intestinal stage of 

secondary challenge (Vallance et al., 2000). During a Nippostrongylus infection, some aspects of 

eosinophil activity, such as production of IL-4, are redundant in terms of the overall contribution to 

immunity (Voehringer et al., 2006). However, the cells are required for optimal immune protection 

during secondary challenge (Knott et al., 2007), and they also appear to play a role in killing during the 

skin and lung migratory phases of primary infection. Transgenic mice overexpressing IL-5 have 

elevated numbers of eosinophils and significantly reduced intestinal as well as lung stage parasite 

burdens compared to WT controls. Adoptively transferring eosinophils from transgenic IL-5 mice into 

WT controls also results in a significantly reduced lung parasite burden following primary infection 

(Shin et al., 1997). Therefore, as it seems that eosinophils do have a role to play in killing of 
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Nippostrongylus during both primary and secondary challenge, why is a higher worm burden apparent 

following NbAChE-Ba enhanced eosinophilia?  

 

The answer to this question may be to offset the increase in overall eosinophil numbers with an 

alteration to their killing capacity following ACh depletion. Eosinophils from NbAChE-Ba treated mice 

demonstrated significantly reduced expression of CD11b on both lung tissue and airway populations. 

As well as being a receptor involved in cell-to-cell interaction and leukocyte trafficking, CD11b is also 

a component of the CR3 complement receptor, in combination with CD18 (integrin β2), together 

referred to as the MAC-1 antigen. It is known that eosinophils mediate killing of helminth larvae 

through complement dependent pathways (Rainbird et al., 1998) and that complement factor C3b, in 

addition to fibronectin, is deposited on the cuticle of Nippostrongylus larvae following exposure to 

mouse immune serum. Following this, eosinophils mediate their larvicidal activity (Shin et al., 2001). 

Critically, when eosinophils are pre-treated with blocking antibodies for CD11b and VLA-4 (fibronectin 

receptor), larvicidal activity is abrogated, indicating that interactions between these receptors and the 

deposited ligands on the parasite surface are essential for killing. This is reminiscent of the function of 

CD11b receptors expressed by other cell types such as macrophages, which also utilize complement 

molecules bound to the nematode cuticle in order to adhere to tissue migrating parasites and mediate 

trapping and larval killing (Esser von-Bieren et al., 2014). It is possible therefore that a similar situation 

occurred with neutrophils as for eosinophils in my study. These cells also demonstrated a decrease in 

CD11b expression following ACh depletion, and despite their known roles in parasite killing, worm 

burden was higher even though the number of cells was significantly enhanced following NbAChE-Ba 

administration.  
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Neutrophils can augment type 2 responses and mediate helminth killing in a number of ways. A 

specialized type 2 associated neutrophil population in the lung is capable of production of high levels 

of IL-13 and prime a long-lived potent effector M2 macrophage population, effective at mediating 

accelerated expulsion of Nippostrongylus and protective during secondary challenge (Chen et al., 

2014). Another indirect way in which neutrophils augment type 2 immunity is through the clearance 

of bacteria brought into the host on the surface of tissue invasive helminths, reducing levels of IFN-γ 

production, inhibiting type 1 immunity and promoting development of type 2 responses (Pesce et al., 

2008). The cells can also collaborate with alternatively activated macrophages (M2) from the 

peritoneum, mediating killing of S. stercoralis in a pathway reliant upon complement activation, 

suggesting that CD11b is also involved in this mechanism (Bonne-Annee et al., 2013). In fact, 

neutrophil mediated killing of helminths in association with a reliance on complement has been noted 

by several authors and for several parasite species (Shaio et al., 1990; Venturiello et al., 1993; Johnson 

et al., 1994; Shuhua et al., 2001), indicating that the CD11b/CD18 C3R receptor plays a role in 

cytotoxicity. Interestingly, during killing of the bacterium Streptococcus pyogenes, the CD11b/CD18 

receptor is essential in mediating binding of the cells to bacteria coated with C3b from immune sera. 

When this is blocked or inhibited, neutrophils are unable to mediate killing (Nilsson et al., 2005), 

suggesting that as for macrophages and eosinophils, this is a mechanism through which neutrophils 

exert their effector activity.  Importantly, nematodes invest resources into synthesizing and releasing 

molecules that inhibit neutrophil function. For example, the E/S of Nippostrongylus contains a factor 

that inhibits neutrophil recruitment (Keir et al., 2004), although this is unlikely to be AChE-B given that 

neutrophil recruitment was enhanced following exogenous NbAChE-Ba administration. It is more 

likely that this factor is a homologous molecule to one expressed by Ancyclostoma canium that directly 

inhibits the C3b-binding activity of CD11b. This parasite secretes a 47kDa molecule termed ‘neutrophil 

inhibitory factor (NIF) which specifically binds to the alpha-domain of CD11b, one of the outcomes 

being that this prevents binding of C3b. This has the effect that neutrophils can no longer ingest serum 

opsonized/C3b coated particles, reduces neutrophil trafficking through inhibition of CD11b/CD18 
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interactions with endothelial cell adhesins and disrupts the release of H2O2 from the cells (Rieu et al., 

1994; Moyle et al., 1994). As well as directly affecting the ability of neutrophils to bind to nematodes 

this could also impact on nematode killing, as H2O2 aids neutrophil myeloperoxidase in killing parasite 

larvae (Buys et al., 1984). Evidently, the CD11b molecule is a pivotal component in the innate response 

against helminth parasites.  

 

Therefore, one function of parasite secreted AChEs might be to modulate the expression of the CD11b 

receptor on the surface of effector cells like eosinophils and neutrophils, in order to inhibit their killing 

capacity in vivo. There is little in the literature regarding ACh-mediated expression of CD11b by 

leukocytes, however signalling via the α7nAChR on neutrophils reduced LPS mediated up-regulation 

of CD11b and subsequent neutrophil trafficking to the spleen (Huston et al., 2009), and this effect was 

dependent upon suppression of F-actin polymerization, which is the rate limiting step for CD11b 

expression at the cell surface (Hughes et al., 1992; Anderson et al., 2000).  At peripheral sites outside 

of the spleen, polymerization of F-actin and expression of CD11b by leukocytes may be regulated 

through different receptors than the anti-inflammatory α7 receptor and this should be explored 

further. Eosinophils and neutrophils express mAChR subtypes (Profita et al., 2005; Wallon et al., 2011), 

and F-actin polymerization is enhanced in other cell types following exposure to mAChR agonists such 

as bethanechol. It is subsequently blocked by 4-DAMP, suggesting that this effect is mediated 

predominantly through the M3 subtype (Cameron and Perdue, 2007). In vitro assays where cells 

sorted from both uninfected and Nippostrongylus-infected animals and treated with a range of doses 

of ACh may also be useful in assessing the impact of ACh on CD11b expression. This could be assessed 

by flow cytometry or qPCR, and co-treatment of the cells with NbAChE-Ba and NbAChE-Bi might also 

recapitulate the findings observed in vivo, which would help support the conclusions made. A final 

step would be to carry out larval killing assays using ACh or NbAChE-Ba pre-treated cells to assess 
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whether these effects do have an impact upon larval killing as would be expected if CD11b were 

downregulated.  

 

Another response affected by administration of exogenous NbAChE-Ba during Nippostrongylus 

infection was the M2 polarisation of pulmonary macrophage population. In particular, the expression 

of CD206 (Mannose receptor-1) on the cell surface of alveolar macrophages appeared to be affected 

directly by ACh signalling, so it is possible that this contributed to the enhanced worm burden 

observed in mice treated with exogenous NbACHE-Ba. In contrast to ‘classically activated’ pro-

inflammatory M1 macrophages, ‘alternatively activated’ M2 macrophage populations are 

immunomodulatory, anti-inflammatory cells which play extensive roles in wound healing and airway 

remodeling following lung injury caused by parasitic helminths (Gorden, 2003; van Grinderachter et 

al., 2006; Martinez et al., 2009). These cells also play important roles in worm killing through 

entrapment and immobilization of larvae (Esser von Bieren et al., 2013; Bouchery et al., 2015), and a 

particular role for arginase (expressed highly by M2 cells) has been linked to this larvicidal activity 

(Anthony et al., 2006; Esser von Bieren et al., 2013; Jenkins and Allen, 2010; Bouchery et al., 2015). 

Alternative activation of these cells is primarily orchestrated through IL-4Rα/STAT6 signalling directed 

by IL-4 and IL-13. In the lung IL-13 derived from ILC2 and CD4+ T cells plays a particularly important 

role in the development and maintenance of long lived M2 cells which provide protective immunity 

against hookworm re-infection (Bouchery et al., 2015). M2 polarisation can also be directed to some 

extent by antibodies raised against helminth antigens in a non-IL4Ra-dependent manner (Eisser von 

Bieren et al., 2013) and some mediators of cellular ‘stress’ such as adenosine acting through A2A and 

A2B receptors are able to augment low levels of IL-4 or IL-13 to generate optimally polarized M2 cells 

(Csoka et al., 2012).  As macrophage populations can express nAChR and mAChR subtypes (Mikulski 

et al., 2010; Koarai et al., 2012; Pavlov et al., 2003) it is not unreasonable to consider whether ACh 

may also play a role in augmenting IL-4Rα signalling.  
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Signalling via the α7 nAChR on splenic macrophages is known to be central to Tracey’s ‘cholinergic 

anti-inflammatory pathway’, during which the cells downregulate expression of pro-inflammatory 

mediators such as TNF-α and IL-6, akin to the activities of M2 macrophages (Tracey et al., 2002; Wang 

et al., 2003). Interestingly, α7 signalling also provides a pro-survival function specifically to M2 

polarised macrophages (but not M1 cells) through activation of an anti-apoptosis pathway involving 

STAT3 (Lee et al., 2013). Nicotine also enhances M2 marker expression by alveolar macrophages in 

neonatal mice following exposure to nicotine in utero and this effect is augmented through the α7 

nAChR (Wongtrakool et al., 2012). Although whether this is a direct effect of nAChR signalling on the 

cells or as a result of increased levels of IL-13 and TGF-β in the lung following nicotine exposure is not 

clear. Additionally, using a heterologous expression system, our group recently demonstrated that in 

vivo expression of NbAChE-Ba resulted in faster clearance of Trypanosoma musculi compared to a 

luciferase expressing control strain in mice (Vaux et al., submitted for publication). This was related to 

decreased expression of the M2 macrophage marker Chi3l3 (YM1) and enhanced expression of the 

M1 marker Nos2 (iNOS) - indicating that hydrolysis of ACh resulted in the cells becoming more 

classically activated. This tentatively indicates that in the presence of ACh, M2 polarisation is favoured, 

although in this study alterations in the cytokine milieu were suggested as the underlying cause of the 

polarization bias as IL-4 was suppressed but TNF-α and IFN-γ production from splenocytes was 

enhanced. Combining the in vivo and in vitro data presented in this thesis, there is some evidence to 

suggest that M2 polarisation of pulmonary macrophage populations was influenced directly through 

ACh signalling (or the reduction of ACh signalling). Although a reduction in the overall level of IL-13 

produced by total lung cells was apparent, which could be argued to have contributed to the reduction 

in the proportion of alveolar macrophages expressing the M2 marker CD206, a concomitant rise in the 

proportion of M2 interstitial macrophages would probably not be expected (as was observed) were 

alterations in IL-4Rα signalling the sole cause of these changes. However, the level of IL-4 was not 

established in these experiments, and it remains a possibility that this may lead to the increased M2 

polarisation of interstitial macrophages. Arguing against this however is the fact that in vitro, optimal 



Chapter 5: Results 
 

253 
 

M2 polarisation of alveolar macrophages in the presence of a low dose of IL-13 (but not IL-4) was 

augmented by agonists of cholinergic receptors, most notably by nicotine, with the most striking effect 

being that CD206 expression was increased. Following ACh hydrolysis in vivo, alveolar macrophages 

decreased CD206 expression, providing evidence that at least for this cell type, representing the most 

abundant macrophage population in the lung (Crowell et al., 1992), ACh plays a role in the regulation 

of the capacity for these cells to recognize and bind to terminal glycoproteins and/or collagen ligands. 

Although there is no available literature regarding the contribution of ACh signalling to CD206 

expression by M2 macrophages, there is evidence demonstrating that nicotine enhances expression 

of the receptor in dendritic cells through the α7 nAChR, enhancing the capacity of the cells for cross-

presentation (Wang et al., 2016). Although the immune functions of CD206 expression by 

macrophages is not yet fully understood (Roszer et al., 2015), if parasite secreted AChEs have indeed 

evolved as a means to down-regulate expression of this receptor by M2 alveolar macrophages, this 

could potentially be of benefit to the parasites through enhancing a pro-inflammatory immune 

response and suppressing type 2 immunity. For example, loss of CD206 expression by macrophages 

results in an increase in pro-inflammatory cytokine production in the lung during sterile endotoxaemia 

(Kambara et al., 2015) and enhances inflammatory Th1/Th17 markers in blood sera (Lee et al., 2002). 

Therefore, it would be of interest to investigate this possibility further; additionally, this may prove 

useful in identifying a previously un-appreciated role for ACh in the regulation of macrophage 

expression of this receptor.  

 

Despite differences in some of the responses to local ACh hydrolysis observed between the two 

models of type 2 immunity used, a common outcome generated through depletion of ACh in the lungs 

and airways was a greatly enhanced influx of neutrophils to these sites. In the lungs, the presence of 

endotoxin has been shown to generate neutrophilic influx (Sheridan et al., 1998). However, as the 

batches of NbAChE-Ba and NbAChE-Bi generated were treated for removal of bacterial endotoxin and 
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tested to confirm this, it is highly unlikely that endotoxin contamination was the reason for the 

neutrophilia observed. Additionally, although carbohydrate moieties of fungal cell walls can be 

recognized and bound by molecules such as the surfactant proteins SP-A and SP-D, enhancing 

neutrophil chemotaxis and phagocytic activity (Madan et al., 1997), NbAChE-Bi did not induce 

enhanced neutrophilic influx. Because both NbAChE-Ba and NbAChE-Bi were generated in exactly the 

same way using the Pichia yeast expression system (Hussein et al 1999; Hussein et al., 2000), it is 

therefore unlikely that contaminants in the purified preparations of the administered recombinant 

proteins were responsible for the effect observed only in the NbAChE-Ba preparations. Subsequently, 

a conclusion can be made that enhanced neutrophilia was observed in both model systems as a result 

of local ACh depletion, supportive of a role for ACh in neutrophil migration. Whilst there is some 

evidence which suggests that ACh signalling via M1 mAChRs on epithelial cells stimulates the 

production and release of leukotriene B4 from these cells which facilitates downstream neutrophil 

chemotactic activity (Koyama et al., 1992), supported by the observation that pretreatment of 

epithelial cells with the mAChR antagonist tiotropium bromide inhibits leukotriene B4 by up to 70% 

following ACh stimulation (Buhling et al., 2007), there is also evidence to substantiate this putative 

conclusion. Signalling through the α7 nAChR is known to induce an anti-inflammatory effect in the 

lung through reduction of TNF-α and CXCL2 (MIP-2) in addition to decreasing levels of IL-8 released by 

endothelial cells (Saaed et al., 2005). This is illustrated by the observation that activation of the α7 

nAChR through nicotine administration or a selective α7 agonist (PNU-282987) can reduce pulmonary 

inflammation caused by acid-induced lung injury, through reducing CXCL2 and TNF-α concentrations 

and preventing neutrophil accumulation in the lung tissue and airways (Su et al., 2007). This suggests 

that in the absence of this signalling pathway during lung inflammation (i.e. through ACh depletion), 

this anti-inflammatory mechanism may not be able to restrict influx of these cells. Additionally, ACh 

released from B cells has previously been demonstrated to reduce neutrophil recruitment to the 

peritoneum in an LPS-induced model of sterile sepsis; indicating that ACh released from hematopoietic 

immune cells can regulate this aspect of the innate immune response (Reardon et al., 2013). In that 
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study, the effect was not mediated by alterations in levels of neutrophil chemotactic cytokines 

detectable in peripheral blood serum, inclusive of CXCL1, MIP-1α and MIP-1B. Instead, the authors 

showed that decreased transmigration of neutrophils across the vascular endothelium occurred as a 

result of ACh-induced downregulation of intracellular adhesion molecule-1 (ICAM-1) and vascular cell 

adhesion molecule (VCAM), and this conclusion is supported by others (Saeed et al., 2005). Increasing 

doses of ACh decreased adhesion molecule expression both during TNF-α-induced inflammatory 

conditions as well as in a basal, steady state environment, and this effect was mediated through 

mAChRs, not the α7 nAChR. Atropine completely abrogated the effect, whereas an α7 selective 

antagonist (PHA543613) did not alter this response (Reardon et al., 2013). Therefore, ACh may limit 

neutrophil influx constitutively during the steady state via mAChR signalling; its depletion facilitating 

the upregulation of adhesion molecules that allow neutrophils to migrate from the bloodstream into 

tissues. This might explain why in the absence of ALT exposure, neutrophil influx was enhanced when 

NbAChE-Ba was administered in isolation. This effect may be greater when ALT is administered 

alongside NbAChE-Ba, because ALT alone already induces a significant degree of neutrophil influx, as 

noted previously by other authors (McSorly et al., 2014).  

 

To test this hypothesis, it would be essential to study adhesion molecule expression in the lungs of 

animals treated with NbAChE-Ba and infected with Nippostrongylus or exposed to ALT; quantifying 

the changes in expression of these molecules between treatment and control groups by qPCR and/or 

antibody based detection methodologies for alterations in protein expression. A putative indication 

that interruption of ACh signalling generated neutrophila through alterations in endothelial cell 

adhesion molecule expression is the observation that expression of CD11b and GR-1 on the surface of 

neutrophils was altered in response to ACh depletion by NbAChE-Ba. Although the role of CD11b as a 

component of the complement receptor CR3 (and what this might mean for parasite killing) was 

discussed previously, CD11b is also a component of the CD11b/CD18 receptor for endothelial adhesins 
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(primarily ICAM-1 dimers), which aid the transendothelial migration and trafficking capacity of 

leukocytes (Miller et al., 1995; Reilly et al., 1995; Muller, 2013) and there is some evidence that the 

Ly6G component of the GR-1 complex of neutrophils plays a role in augmenting the capacity for CD11b 

to facilitate its interactions with adhesion molecules (Wang et al., 2012; Lee et al., 2013). Although 

the overriding observation was that ACh depletion decreased the level of these molecules detected 

on the cell surface of neutrophils in the lung and airways at D6 p.i. with Nippostrongylus and in the 

ALT exposure models, it may be possible that this down-regulation reflects some form of negative 

feedback homeostatic mechanism rather than a direct modulation by ACh as already suggested. This 

may be to compensate for the enhanced influx of the cells and perhaps limit this in order to avoid 

sustained tissue damage. An example of this sort of regulation is exemplified by work demonstrating 

that in the spleen, α7 nAChR signalling reduced LPS induced CD11b expression by these cells (Huston 

et al., 2009). Supporting this possibility is the observation that early on during treatment with NbAChE-

Ba and Nippostrongylus infection (Day 2 p.i.) CD11b expression remains unchanged whilst GR-1 

expression appears increased on neutrophils from NbAChE-Ba-treated animals, perhaps indicating 

that cellular interaction with endothelial adhesion molecules initially controls the observed excess 

neutrophilia, which is then controlled and regulated through local downregulation of the cell surface 

molecules facilitating these interactions.  

 

While enhanced neutrophilia following ACh depletion was common to both models of type 2 

immunity, enhanced eosinophilia following NbAChE-Ba administration during Nippostrongylus 

infection was a striking difference in comparison to the severe depletion of eosinophils following 

administration to ALT exposed mice. In the Nippostrongylus infection model, although IL-13 in lung 

cell supernatants was decreased, IL-5 was increased following NbAChE-Ba administration, and this 

may explain the enhanced eosinophilia observed (unfortunately, eotaxin could not be measured in 

any of the lung culture supernatants from this experiment).  In contrast, in the ALT exposure model, 
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the absence of eosinophilia can be explained through the observation that ILC2 activation is 

significantly restricted, limiting the release of IL-13 and IL-5. These cytokines not only work in concert 

to recruit eosinophils to the lung through eotaxin-dependent mechanisms (Pope et al., 2001), but are 

also required for eosinophil entry into the lung tissue from the blood (Castilow et al., 2008) as well as 

supporting eosinophil function including growth, maintenance, activation and survival through anti-

apoptotic mechanisms (Yamaguchi et al., 1988; Sur et al., 1995; Foster et al., 1996; Rothenberg and 

Hogan, 2006; Segal et al., 2007).  This role in maintaining survival of eosinophils is exemplified by the 

observation that in NbAChE-Ba treated animals exposed to ALT, SIGLEC-F expression is significantly 

elevated.  Expression of a sialic acid-binding Ig superfamily receptor, SIGLEC-F, is increased on the cell 

surface of eosinophils following lung inflammation (Zhang et al., 2007) and is believed to be a negative 

regulator of allergen-induced airway eosinophilia, limiting numbers of eosinophils in peripheral sites 

through apoptotic pathways (McMillan et al., 2014). This hypothesis is substantiated by the 

observation that SIGLEC-F knockout mice have higher tissue eosinophilia following airway allergen 

challenge, and require longer to resolve lung eosinophilia than WT controls (Zhang et al., 2007). IL-5 

in particular has been shown to promote eosinophil survival through blocking eosinophil apoptotic 

signalling pathways. This is likely to be at least partially through inactivation of BID (BH3 interacting 

domain death agonist) which regulates eosinophil apoptosis. BID knockout mice have elevated 

numbers of eosinophils which are strongly resistant to death via FAS-induced apoptotic mechanisms 

(Segal et al., 2007; Maret et al., 2009).  Therefore, in addition to reduction of signals promoting the 

recruitment of eosinophils to the lung and airways, ACh depletion may also have contributed indirectly 

to enhanced apoptosis of cells that were present, contributing to the overall deficiency of the cells in 

ALT: NbAChE-Ba treated animals. Additionally, although direct or indirect effects of ACh depletion on 

ILC2 cytokine production are likely to underlie the severe eosinophil depletion in the acute ALT 

exposure model, there is some evidence suggesting that ACh can also directly affect eosinophil 

recruitment as well as activation in the lung and airways. As for neutrophils (Koyama et al., 1992), in 

concert with substance P (a neuropeptide) ACh has been shown to induce pulmonary eosinophilic 
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chemotaxis through the stimulation of bronchial epithelium and release of leukotriene B4 (Koyama et 

al., 1998). Supportive of this, blockade of mAChR signalling through administration of titropium 

bromide to guinea pigs prevents allergen induced airway eosinophilia (Bos et al., 2007). Taken 

together, this information suggests that ACh depletion most likely impacted upon both epithelial cell 

biology and ILC2 biology in this model, resulting in the deficient eosinophil phenotype observed.  

 

It is currently not clear why production of IL-13 and IL-5 by ILC2 was maintained in the Nippostrongylus 

model despite administration of NbAChE-Ba when clearly, in the ALT exposure model, ILC2 activation 

was inhibited following ACh depletion. Given that alarmin signalling is a critical regulator of ILC2 

activation and that there were differences between ILC2 ST2 (IL-33R) expression following NbAChE-

Ba administration in the two models (ST2 expression was not significantly different at day 6 p.i. 

between Nippostrongylus infected groups whereas ST2 expression was suppressed following ACh 

depletion and ALT exposure), it is possible that ACh depletion contributed to suppression of ILC2 

activity in the ALT model through some pathway involving alterations in epithelial alarmin release.  As 

ST2 expression is increased following ILC2 activation (Salimi et al., 2013; Xue et al., 2014) and because 

IL-33 has been shown to be particularly critical in the lung for activation of ILC2 and potent release of 

IL-13 from the cells during Nippostrongylus infection (Hung et al., 2013) and exposure to Alternaria 

alternata (Bartemes et al., 2012; McSorly et al., 2014), it is possible that depletion of ACh interfered 

either with IL-33 release or ILC2 responsiveness to IL-33 via the IL-33R.  

 

IL-33 is constitutively expressed in mouse and human tissues in vivo, and under normal conditions this 

cytokine is localized to the nucleus of the cells that make it (Moussion et al., 2008; Pichery et al., 2012). 

However, upon necrotic cell death brought about by cell damage or mechanical injury, biologically 

active IL-33 is released (Cayrol and Girard, 2009; Luthi et al., 2009). This is the situation following 
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parasitic nematode migration through tissues including the lung, where movement of larvae from the 

blood vessels into the lung tissue generates a large amount of physical damage to the epithelial barrier 

lining the airways. The constitutively produced nature of IL-33 means that this cytokine functions as a 

very effective alarmin. Upon injury related cell death, large amounts of IL-33 are available and instantly 

ready to signal via ILC2 which express ST2 and are poised to respond (Martin and Martin, 2016). 

Importantly however, this is not the only means of release for this cytokine. Environmental allergens 

including Alternaria, are able to trigger non-mechanical stress related release of this alarmin from lung 

epithelial cells, leading to airway inflammation. This is associated with a reduction in nuclear 

localization, indicating that active release of stored IL-33 occurs under these conditions (Kouzaki et al., 

2011; Snelgrove et al., 2014).  The reason why these allergens are capable of this is related to their 

intrinsic protease activity (Kamijo et al., 2013; Hara et al., 2014; Snelgrove et al., 2014). In some 

instances, these proteases can contribute to physical damage to the epithelial barrier surface, but for 

the most part their activity leads to the release and accumulation of ATP, uric acid and other danger 

signals in the extracellular space through receptors such as PAR2 (Kouzaki et al., 2011; Hara et al., 

2014; Snelgrove et al., 2014). These signals then induce IL-33 release from epithelial cells in the 

absence of cell death through pathways such as increasing intracellular calcium concentrations, which 

ATP does through signalling via purinergic P2Y receptors (Kouzaki et al., 2011; Snelgrove et al., 2014). 

Considering the different mechanisms by which IL-33 is released during nematode infection and ALT 

exposure therefore, it is possible that ACh plays a role in non-cell-death mediated IL-33 release, 

whereas during nematode induced tissue damage, the role of ACh in release is redundant. This is a 

possibility as ACh, oxotremorine and carbachol – acting through M2 receptors, are able to mediate 

ATP release from urothelium (epithelial cells lining the bladder) in both guinea pigs and humans, and 

this action can be blocked through the M2 antagonist methoctramine (Sui et al., 2014). In feline 

urothelium, ACh acting through muscarinic receptor signalling also results in significant ATP release 

through the IP3–linked signalling pathway, evoking increases in intracellular calcium, and this 

mechanism can be blocked by the IP3 inhibitor 2-APB (Birder et al., 2003). Carbachol can also induce 
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the release of moderate levels of ATP from astrocytes in the brain, although its effect on release from 

these glial cells was minor compared with the effects of thrombin (a serine protease) acting through 

PAR1 receptors (Blum et al., 2008). Further work should be carried out to elucidate whether this is 

indeed the mechanism through which ILC2 activation was suppressed, as this may reveal a novel 

pathway for alarmin-mediated release in the lung. This may be of relevance to clinical disorders such 

as asthma, as well as allergen-induced inflammation during which (as has been demonstrated in this 

thesis) populations of immune cells which synthesize and release ACh are increased in the lung. 
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6.1 Conclusions 
 

The major conclusions that can be drawn from the work presented in this thesis are summarised as 

follows: 

 A number of haematopoietic immune cells in the lung, airways and secondary lymphoid 

organs display a cholinergic phenotype, which is altered during type 2 immune responses. 

 

 Of the cell types studied in the lung during type 2 immunity, B cells and CD4+ T cells are major 

producers of ACh, in addition to ILC2, which rapidly upregulate their cholinergic phenotype 

following induction of these responses. 

 

 The cholinergic phenotype of pulmonary ILC2 is related to their activation state, which is 

regulated in response to the alarmin cytokines IL-33 and IL-25, and may be augmented 

through IL-2 signalling. Of the two, IL-25 has a greater effect on the cholinergic phenotype of 

ILC2.  

 

 During type 2 immunity, ACh plays a number of roles in regulating immunological responses 

in the lungs and airways. When ACh is depleted this enhances survival of N. brasiliensis.  

 

 Expression of CD11b on eosinophils and neutrophils appears to be regulated through 

cholinergic signalling and in its absence, expression is decreased. This may result in reduced 

parasite killing, elevating worm burden.   
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 During parasitic nematode infection, ACh appears to augment the role of IL-13 in polarization 

of the alveolar macrophage population towards an enhanced M2 phenotype and affects 

expression levels of the mannose receptor CD206. 

 

 The activation and effector function of ILC2 appear to be regulated through cholinergic 

signalling during some type 2 immune responses. However, although ILC2 express mRNA for 

AChRs, it is not clear whether ACh operates directly on ILC2 or indirectly via signalling through 

a different cell type.  However, when cholinergic signalling is suppressed in the lung, ILC2 

effector cytokine release is inhibited, with subsequent effects on ILC2-induced eosinophilia. It 

can therefore be concluded that ACh plays an important role in orchestration of the global 

type 2 response via effects on ILC2. 

 

Drawing these conclusions together, this thesis provides a model which identifies 

haematopoietically derived, non-neuronal ACh as a likely co-regulator of type 2 immunity. This 

argument provides a putative explanation as to why numerous parasitic nematode lineages have 

evolved to secrete active AChEs into the host environment and why these enzymes can form such a 

major component of the total composition of parasite excretory/secretory products.  

 

6.2 Future work 
 

The majority of the work in this thesis is focused on the biology of cells and immune responses of the 

lungs and airways. The observation that ILC2 are cholinergic, and upregulate their capacity to 

synthesize and release ACh following alarmin activation during type 2 immunity expands our 

knowledge and understanding of the biology of these relatively recently described cells. It also 
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increases the appreciation of the plasticity and breadth of their functions. However, these cells are 

not only found in the lungs but also at numerous other sites including the skin (Salimi et al., 2013; 

Salimi and Ogg, 2014) and gastrointestinal tract, including the small intestinal lamina propria 

(Nussbaum et al., 2013; Von Moltke et al., 2015). In this thesis, ChATBAC-eGFP reporter mice were not 

utilized for the exploration of ChAT-expressing populations of immune cells present in the skin or in 

the gastrointestinal system (initial attempts were made at exploring this during Nippostrongylus 

infection, but these efforts were largely unsuccessful due to the reasons highlighted in Chapter 3).  

Therefore, it would be pertinent to develop protocols that will facilitate the investigation of these sites 

using these reporter animals. Special attention should be given to targeting the resident ILC2 

populations present at these sites, aiming to understand the dynamics of expression of the ILC2 

cholinergic phenotype both in steady state and in type 2 immunity.  This will determine if this 

phenotype is a common feature of ILC2 cells, or whether production of ACh by pulmonary ILC2 is 

unique and/or plays a role specific to the biology of the immune responses of the lung.  Work should 

also be carried out which further characterizes the cholinergic phenotype of ILC2. Are there essential 

signals which stimulate release of ACh, as has been demonstrated for splenic T cells and peritoneal B 

cells (Rosas-Ballinas et al., 2011; Reardon et al., 2013)? How do the cells physically release ACh? Is this 

via vesicles as for neurons or through cationic ion channels as for a number of other non-neuronal cell 

types (Lips et al., 2007; Wessler et al. 2008)? If stimulated by ligation of receptors, which receptor 

families and/or subtypes are involved? Can the release of ACh by ILC2 be blocked through antagonism 

or genetic deletion of these receptors, and if so, can we use this information to study the physiological 

effects of ACh released by ILC2 in vivo? These are important questions to ask with regard to gaining 

insights into why these cells invest resources and energy into production of ACh during immune 

responses. In the models of type 2 immunity used in this study, responses such as neutrophilia, 

eosinophilia, ILC2 activation and effector function were identified as being targeted in some way/s by 

cholinergic signalling in the lung and airways. Yet the direct mechanisms through which these 

responses were generated were not investigated in detail. In order to gain a fuller appreciation of how 
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cholinergic signalling impacts upon these parameters, further investigation is required with particular 

aims to address these outstanding questions. For instance, confirmation of whether ACh altered 

adhesin molecule expression and or/interaction of these molecules with neutrophils, and whether this 

is a mechanism which explains the overt neutrophilia in NbAChE-Ba treated mice, or whether this 

effect is generated by way of alterations in neutrophil chemotactic cytokine expression following ACh 

depletion, should be addressed. The putative ACh-mediated regulation of CD11b expression on the 

surface of granulocytes including eosinophils and neutrophils should also be investigated in greater 

depth to elucidate whether this is indeed a mechanism through which the molecule is regulated. If so, 

it is highly likely that parasite AChEs evolved and persisted in order to regulate the expression of this 

molecule as it plays a central role in mediating killing of the organisms by these effector cells (Shin et 

al., 2001; Esser von-Bieren et al., 2014). Additionally, how the striking decrease in ILC2 activation 

which results in substantial restriction of ILC2 effector cytokine production and ultimately, inhibition 

of eosinophilia in the Alternaria extract exposure model, should be investigated. ACh can stimulate 

epithelial cell types of the airways to release cytokines such as IL-8 and TGF-B1 via mAChR signalling 

pathways (Profita et al., 2008; Lu et al., 2016). However, whether ACh plays any role in alarmin release 

from epithelial cell types is currently unknown. It is my prediction that this effect is mitigated through 

effects of cholinergic signalling on the expression and/or release of epithelial cell-derived alarmins, 

known to be potent activators of ILC2. Of particular interest would be the effect of ACh on IL-33 release 

from epithelial cells, with a view to understanding whether cholinergic signalling can mediate non cell 

death-related IL-33 release as danger signals, such as ATP can (Kouzaki et al., 2011; Snelgrove et al., 

2014). Additionally, exploring whether ACh plays a role in the release of IL-25 from lung tuft/brush 

cells would also be relevant. Tuft cells express ChAT and are significant producers of ACh (Krasteva et 

al., 2011). Therefore, ACh released from the cells may regulate the activity of the cells, including IL-25 

release, in an autocrine manner. This work would also be of relevance with regards to the regulation 

of the cholinergic phenotype of ILC2, as IL-25 was the most potent of the alarmins I tested at driving 

ILC2 to express ChAT. 



Chapter 6: Conclusions and Future Work 
 

266 
 

The work presented here goes some way to demonstrating that ACh regulates type 2 immune effector 

responses in the lung. Yet given the methods used, it does not directly demonstrate what the 

contribution of haematopoetically-derived ACh is to these observations.  Therefore, I suggest the 

development of methodologies to probe further these topics of interest. Methods of siRNA or shRNA 

knockdown through transduction of suitable viral vectors might be used to target ChAT and ablate 

ACh synthesis in sorted immune cell populations in vitro. This may prove useful for investigating more 

numerous cell populations in terms of total cell numbers such as CD4+ T cells and B cells, however for 

ILC2, the scarcity of these cells may make this tactic more challenging. A preferable approach would 

be the development of in vivo transgenic mouse models that facilitate the study of an immune system 

with a defect in ACh production, comparing this to WT animals in which the immune cell cholinergic 

phenotype is intact.  A suggested method could be to utilize LOXP/Cre based systems that allow for 

specific targeting of ChAT in haematopoietic cells.  Mice with LOXP sites flanking the 3rd and 4th exons 

of the ChAT gene locus (ChATFlox/Flox) are commercially available and have been utilized previously for 

genetic ablation of ChAT in neuronal cell types (Patel et al., 2012; Frahm et al., 2015; Jeong et al., 

2015).  To specifically target LOXP flanked targets in cells arising from haematopoietic stem cells (HSCs) 

and their progenitors a number of transgenic Cre-recombinase expressing strains have been 

developed which have varying degrees of specificity as well as off target effects (Joseph et al., 2013). 

However, a popular choice has been to utilize mice expressing constitutively active VAV-Cre. Vav is a 

guanine nucleotide exchange factor for regulating G proteins of the Rho/RAC/CDC42 family involved 

in cytoskeletal arrangement (Adams et al., 1992; Lazer and Kataz, 2011). Almost all HSC derived cells 

express Vav transcript and protein regardless of maturation or activation state, from the foetus to the 

adult animal (Katzav et al., 1989; Adams et al., 1992; Bustello and Barbacid, 1992). This contrasts to 

the majority of non-HSC derived cell lineages which for the most part do not express VAV; exceptions 

being the embryonic stem cell, testicular germ cells, developing tooth and vascular endothelial cells 

(Bustello et al., 1993; Keller et al., 1993; Okomura et al., 1997; Hunter et al., 2006).  This makes the 

expression of Cre under the control of Vav regulatory elements uniquely useful in that for the most 
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part, LOXP targeted gene deletion can be achieved in a largely HSC-lineage specific manner. Two 

commercially available Vav-cre strains have been developed and both have been utilized for HSC flox-

mediated gene deletion with similar specificity. These are the Vav-Cre mouse (Georgiades et al., 2002; 

de Boer et al., 2003) and the ‘improved Cre’  Vav-iCre mouse which has a modified codon-improved 

Cre for reducing epigenetic silencing of the iCre vector construct (Shimshek et al., 2002).  Therefore, 

a breeding program which aims to generate a ChATflox/flox-Vav-Cre/iCre mouse strain (for which there 

is currently no report of in the available reported literature) would provide a means for assessing the 

contribution of total haematopoietic cell-derived ACh to immune system responses during type 2 

immunity models or otherwise. Developing this further, immune cell populations of interest, such as 

CD4+ T cells and ILC2, may then be isolated from these animals (along with cells from WT, ChAT+ 

controls) and used in adoptive transfer models to relevant specific immune cell population-deficient 

mice. For instance, RAG-/- mice that lack the adaptive immune cell compartment or models in which 

ILC2 are absent (Halim et al., 2014; Oliphant et al., 2014). This would provide a means to assess the 

contribution of ACh released from these specific populations cells to effector mechanisms of the 

immune response during whatever desired model of type 2 immunity utilized, building significantly 

upon the work outlined in the current thesis. 
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Appendix 1. Design and testing of qPCR primers for choline acetyltransferase and 18s rRNA 

endogenous control for use with SYBR green reagents. To examine relative expression of ChAT mRNA 

transcripts in immune cells, primers for ChAT and 18s rRNA (endogenous control) were designed and 

tested for equality in the efficiency with which they amplified their products. Total cDNA from murine 

brain tissue was used as a source of template as well as a positive control for ChAT. A) dilution series 

of input template verses CT value at which ChAT transcripts were amplified. B) dilution series of input 

template verses CT value at which 18s rRNA transcripts were amplified. Melting curves (ChAT= green, 

18s rRNA = orange) demonstrate no detection of dimer products. Flat lines indicate negative controls 

of non-reverse transcribed RNA or no-template samples. C) When calculating the difference between 

CT values for each target at each dilution for input template, the results demonstrate a non-significant 

deviation from zero for the curve generated, indicating that the primers used have suitably equal 

efficiencies in target amplification and thus, can reliably be used in subsequent assays for relative 

quantification of ChAT expression, normalised to 18s rRNA expression.   
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Appendix 2. in vitro treatment of murine pulmonary ILC2 with recombinant murine IL-2 results in a 

reduction in the expression of the IL-7 receptor subunit IL-7Rα (CD127). Gates represent 

conventional ILC2 gating (middle gate, ST2+CD127+) as well as total ST2+ cells (horizontal gate) and 

total CD127+ cells (vertical gate). Individual results of triplicate cultures are shown to demonstrate the 

robust nature of the response.  
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Appendix 3. Heterogeneous  short interfering RNA (hsiRNA) does not induce RNA interference 
mediated knockdown of mRNA transcripts  for Nippostrongylus brasiliensis (Nb) secreted 
acetylcholinesterase B (AChEB), venom allergen-like protien-8 (Val8)  or β -tubulin (β -tub)  when 
administered to adult worms in vitro at a concentration of 2µM in the absence of liposomes for 2 days 
or 5 days. Presence of transcripts was determined by RT-PCR using 10 fold serially diluted cDNA (neat, 
1:10, 1:100, 1:1000). Exposure time was 1 second for each gel image  
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Appendix 4. Heterogeneous  short interfering RNA (hsiRNA) does not induce RNA interference 
mediated knockdown of mRNA transcripts  for Nippostrongylus brasiliensis (Nb) secreted 
acetylcholinesterase B (AChEB), venom allergen-like protien-8 (Val8)  or β -tubulin (β -tub)  when 
administered to adult worms in vitro at a concentration of 2µM in the presence of liposomes for 2 
days or 5 days. Presence of transcripts was determined by RT-PCR using 10 fold serially diluted cDNA 
(neat, 1:10, 1:100, 1:1000). LF2000: lipofectamine 2000 (liposome generation agent). Exposure time 
was 1 second for each gel image. 
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Appendix 5. Heterogeneous short interfering RNA (hsiRNA) targeting mRNA transcripts for N. 

brasiliensis AChE-B and delivered in liposomes to adult parasites does not result in a reduction of total 

excretory/secretory (ES) product acetylcholinesterase activity, as measured by Ellman assay 5 days 

after hsiRNA administration. 
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Appendix 6. Intranasal active NbACHE-B administration increases eosinophilia in the BAL and lung 

tissue at day 2 following infection with N. brasiliensis and alters eosinophilic expression of CD11b 

and SIGLEC-F. A) % eosinophils of total lung and BAL. B) total number of eosinophils in lung and BAL. 

C) Geometric mean fluorescence intensity (geo. MFI) of eosinophil CD11b. D. Geo.MFI of eosinophil 

SIGLEC-F). Data expressed as mean +/- S.E.M. *p=<0.05, ** p =<0.01, n.s= non-significant difference 

(p>0.05) 
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Appendix 7. Intranasal active NbBACHE-B administration increases neutrophilia in the BAL and lung 

tissue at day 2 following infection with N. brasiliensis and alters neutrophil expression of CD11b and 

Ly-6C/Ly-6G (GR-1). A) % neutrophils of total lung and BAL. B) total number of neutrophils in lung and 

BAL. C) Geometric mean fluorescence intensity (geo. MFI) of neutrophil CD11b. D). Geo.MFI of 

neutrophil GR-1. Data expressed as mean +/- S.E.M. *p=<0.05, ** p =<0.01, n.s= non-significant 

difference (p>0.05). 

 


