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Abstract 

High incidences of allergic and inflammatory diseases can be attributed to a myriad of factors 

involving western lifestyle and host genetics. In particular, consumption of a western diet, low in 

dietary fibre and micronutrients while high in fat and sugar has been correlated with the development 

of obesity and non-communicable inflammatory diseases. Dietary fibre is fermented in the colon by 

the gut microbiota to short-chain fatty acids (SCFAs), metabolites that have been demonstrated to 

reduce inflammation and prevent disease in murine models of colitis and arthritis. SCFAs activate a 

number of G protein-coupled receptors (GPCRs) on immune or epithelial cells, which broadly 

regulate immune responses. The link between acidic metabolites, GPCRs and inflammation suggests 

that acid- or metabolite-sensing GPCRs may play an important role in preventing inflammatory 

diseases. However, our understanding of these GPCRs remains in its infancy. In particular, GPR43, 

GPR65 and GPR84 are three receptors whose function is not well understood. GPR43 is activated by 

acetate, the most abundant SCFA in the gut produced by bacterial fermentation. GPR65 is a proton-

sensing receptor activated by low pH, a condition established under acidic extracellular conditions. 

GPR84 is activated by medium-chain fatty acids (MCFAs), the predominant component of coconut 

oil. Together, these three receptors and their agonists have a poorly understood role in immunology. 

To investigate their immunological function, we assessed the pathogenesis of allergic or inflammatory 

diseases in mice lacking GPR43, GPR65 or GPR84. All three displayed a regulatory function by 

preventing the pathogenesis of asthma, bacterial gut infection or colitis. Furthermore, we identified 

regulatory responses to ligands for GPR43 and GPR65 that were either dependent or independent of 

these receptors depending on the disease models and the immune cells involved. GPR43 agonist 

acetate enhanced regulatory T cell function in an epigenetic manner that prevented asthma 

independently of GPR43. However, dietary supplementation with high acetate-yielding diet enhanced 

protection against Citrobacter rodentium infection with partial dependence on GPR43. Furthermore, 

GPR65 regulated neutrophil chemotaxis and metabolism, reducing the severity of C. rodentium 

infection and colitis. In contrast, GPR84 exhibited both protective and detrimental functions by 

exacerbating asthma despite preventing colitis. Taken together, these studies have characterised a 
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novel role for GPR43, GPR65, GPR84 and their agonists, highlighting the potential for acid and 

acidic metabolites to modulate allergy and inflammatory disease.     
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Chapter 1 – Introduction 

As the incidence of allergic and inflammatory diseases increases in the western world, the need to 

understand the underlying mechanisms of such diseases becomes paramount. Although excessive 

hygiene has been commonly attributed to rising disease incidence, some hygienic countries such as 

Japan have low disease incidence. Western diet that is high in energy and low in fibre has proven to 

be a predominant factor in predisposing to disease and may alter allergic and inflammatory disease 

incidence independently of hygiene. Differing diets yield a myriad of specific metabolites that can 

significantly influence the immune response. Understanding the immunological impact of these 

metabolites is crucial to establish healthy dietary guidelines to prevent disease. Furthermore, 

understanding the role of metabolite-receptors in immunity will also validate potential therapeutic 

agonists to these receptors.  

A number of dietary acidic metabolites have been found to influence inflammation via G protein-

coupled receptors (GPCRs) expressed on various immune cells. In particular, a host of GPCRs are 

activated by fatty acid metabolites. Fatty acid agonists of GPCRs vary in carbon chain length, ranging 

from short-chain (C2-5), medium-chain (C6-12) and long-chain (C13+) fatty acids. Furthermore, a 

number of GPCRs are activated independent of chain-length, and are instead activated by protons 

yielded from acids of any description. The immunological role of these receptors and acidic agonists 

is poorly understood.  

Allergies and inflammatory diseases associated with western lifestyle are commonly located at 

mucosal sites, suggesting that mucosal immune responses are being altered by western diet1, 2, 3. The 

two predominant mucosal immune compartments encompass the respiratory and gastrointestinal 

tracts. Allergies and inflammatory diseases at these mucosal sites are typified by asthma, food allergy 

and inflammatory bowel disease (IBD), all of which have been associated in humans with the 

consumption a western diet low in fibre1, 4, 5. Asthma is characterised by pulmonary inflammation in 

response to the inhalation of a normally innocuous antigen that leads to airway remodelling and 

subsequent bronchoconstriction. Contrastingly, food allergy involves allergic inflammation in the gut, 
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triggered by the consumption of a normally innocuous dietary antigen that induces a multitude of 

different symptoms including nausea, abdominal pain and diarrhoea. Both asthma and food allergy 

involve chronic Th2 cell responses that drive allergic inflammation. Furthermore, both diseases can be 

fatal when allergic responses lead to anaphylaxis. Like food allergy, IBD is a severe inflammatory 

disease of the gut. However, IBD involves chronic Th1 and innate-driven inflammation that leads to a 

breakdown in epithelial integrity. Loss of epithelial integrity predisposes to bacterial translocation and 

exacerbated inflammation that ultimately manifests in clinical symptomology. Symptoms of IBD 

include abdominal pain, diarrhoea, fecal blood and weight loss.  

This thesis investigates the immunological role of GPCRs activated by protons, short-chain fatty acids 

(SCFAs) or medium-chain fatty acids (MCFAs) in asthma, food allergy and colitis. It characterises 

their influence on the immune system of the respiratory and gastrointestinal tracts using a number of 

murine disease models of allergy and inflammation. In particular, SCFA receptor GPR43, proton-

sensor GPR65 and MCFA receptor GPR84 have formed the predominant focus of this work, whereby 

knockout mice lacking these genes have been immunologically phenotyped. Taken together, these 

data provide a comprehensive analysis of how acids and acidic metabolites can influence allergic and 

inflammatory disease progression, yielding distinct implications for the prevention of human disease.   

1. Diet, Hygiene and Disease 

The incidence of allergies and inflammatory disease is rapidly increasing in the western world and is 

commonly attributed to the hygiene hypothesis6. The hygiene hypothesis proposes that excess 

sanitation, antibiotic use and vaccinations has led to an under-developed and over-reactive immune 

system leading to an increase in allergies and inflammatory diseases7. Excessive hygiene causes our 

immune system to over-react to normally harmless substances (such as pollen) which induces allergic 

responses (such as hay fever). However, this does not explain rising incidences in non-allergic 

inflammatory diseases and does not always correlate with increased incidences in allergies. For 

example, the incidence of asthma in remarkably hygienic Japan is relatively low compared with 

Australia or the US, whereas poorer and less hygienic parts of America maintain higher incidences of 
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asthma8. As such, other environmental factors of western lifestyle may be involved in disease 

pathogenesis. Indeed, distinctions in diet amongst these countries correlate more closely with 

incidences of allergic and inflammatory diseases than other factors of western lifestyle such as 

hygiene, stress and pollution8. This suggests recent changes in western diet may be contributing to the 

increase in prevalence of such diseases. 

Over the last two decades, global changes in diet have driven obesity to pandemic proportions, 

stemming from the consumption of foods high in energy and low in fibre9. The incidence of obesity-

associated metabolic diseases is rapidly rising as a result10. Two broad clusters of inflammatory 

metabolic diseases have been induced by obesity: those associated with the direct impact of lipids on 

the immune system, and those that appear as indirect effects that are poorly understood11. Allergic and 

inflammatory diseases such as asthma, food allergy and IBD fall into this second category. 

Furthermore, protection from allergic and inflammatory diseases has been associated with diets high 

in non-digestible fibre in both human and murine studies12, 13, 14, 15, 16. This suggests that the lack of 

fibre in western diet might be contributing to the rising incidence of such diseases. Indeed, fibre 

intake has been associated with protection against mortality from cardiovascular disease, cancer, 

infectious and respiratory diseases17. Furthermore, fibre can alleviate symptoms of IBS18. As such, 

diet and its associated metabolites have the potential to play a major role in preventing or 

exacerbating allergic and inflammatory diseases. Moreover, the immunomodulatory mechanisms of 

these diets are becoming ever more relevant to global health as the diet of the developing world 

begins to mimic its western counterpart. 

2. Dietary intake and metabolites 

Energy is harvested from our diet either by the direct metabolism of consumed foods or by the 

absorption of secondary metabolites produced from gut bacteria. Lipids, proteins and various 

carbohydrates can be metabolised directly. All aforementioned macromolecules are subject to 

enzymatic digestion and acidic pH to help expose them for absorption. In particular, medium chain 

fatty triglycerides (MCTs) are degraded by pancreatic lipases into medium-chain fatty acids (MCFAs; 
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6 – 12 carbons long) and subsequently absorbed directly across the gut epithelium19. In contrast, 

dietary fibre is not directly used as an energy source and is instead fermented by gut bacteria into 

rapidly absorbed SCFA metabolites. Dietary fibre consists of non-digestible carbohydrates sourced 

from plant polysaccharides and oligosaccharides that are resistant to enzymatic and chemical 

digestion until they reach the large intestine where they are fermented by gut bacteria20.  

2.1 Short-chain fatty acids (SCFAs) 

Anaerobic bacteria ferment non-digestible carbohydrates (dietary fibre) to produce SCFAs that act as 

primary metabolites for the human host21. Dietary fibre is contained in grains, vegetables, fruit skins 

and nuts. Although SCFAs can also be formed from the metabolism of proteins and glycoproteins, the 

carbohydrate-sources of these metabolites are the most significant contributors22. Gut bacteria produce 

variable amounts and types of SCFAs depending on their access to carbon, accentuating the role that 

both microbial composition and diet can have on SCFA production in the human GIT22. The most 

abundant SCFAs are acetate (2 carbons), propionate (3 carbons) and butyrate (4 carbons) 

respectively23, 24. They are found at the highest concentrations in the proximal large intestine due to its 

large microbial population22. 

SCFAs can pass across the gut epithelium and interact directly with cells in the gut-associated 

lymphoid tissue25. Immunohistochemical staining and mRNA quantification have identified the 

location of differing monocarboxylate transporter isoforms on the apical side and basolateral side of 

the colon that transport SCFAs through the gut epithelium. Whilst inside colonic epithelial cells, 

butyrate undergoes beta oxidation to acetyl-CoA and constitutes their primary energy source, 

highlighting the importance of SCFAs as a source of energy for the host24, 26, 27. From the gut, SCFAs 

are transported through the hepatic portal vein to the liver28 – the primary site of SCFA metabolism23, 

29. Acetate and propionate are the most common SCFAs to undergo this process and escape the gut 

into the periphery. Acetate can also be metabolised by muscle and brain tissue but is a minor energy 

source compared to blood glucose23, 29. 
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2.2 Medium-chain fatty acids (MCFAs) 

Medium-chain triglycerides (MCTs) are fatty acids of 6 - 12 carbons esterified to glycerol and are 

found predominantly in kernel and coconut oil as capric acid, a 10 carbon fatty acid30. MCTs are 

broken down to medium-chain fatty acids (MCFAs) by pancreatic lipases in the small intestine31. 

MCFAs can be absorbed either directly across the gut epithelium into the portal vein or via uptake 

alongside LCFAs via chylomicrons32. As such, MCFAs are metabolised rapidly in comparison to 

long-chain fatty acids that can only be absorbed via chylomicrons33. Indeed, this is supported by a 

study demonstrating that fat deposition in infants fed MCFAs increased compared to long-chain fatty 

acids34. Authors hypothesised that digestion of MCTs by pancreatic lipases is responsible for quicker 

breakdown and absorption of MCFAs. 

3. Immunomodulatory mechanisms of acids, SCFAs and MCFAs via GPCRs 

A number of GPCRs have acid or acidic metabolite agonists that are increasingly being linked with 

the immune system. In particular, protons, SCFAs and MCFAs can act as agonists to a number of 

GPCRs on immune cells including GPR65, GPR43 and GPR84. However, our understanding of their 

immunological role is largely unknown.  

3.1 G protein-coupled receptors (GPCRs) 

GPCRs are the largest family of membrane proteins and are integral to signal transduction pathways 

in vertebrates35. They are highly evolutionarily conserved due to extremely important control of 

cellular function, and can found in plants and even in protozoa36. Ligand binding on the extracellular 

surface of GPCRs induces conformational changes through 7 transmembrane segments which result 

in further changes to the intracellular surface37. Upon agonist binding, the intracellular surface of the 

GPCR interacts with a GDP-bound G-protein heterotrimer made of the subunits αβγ, inducing the 

exchange of GDP for GTP and releasing Gα subunits38. These Gα subunits include Gs, Gi/o, Gq/11 and 

G12/13
39. Signalling cascades triggered by different Gα protein subunits can induce intracellular release 
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of Ca2+, the production or reduction of cAMP, PIP3 production and the activation of β-arrestin, all of 

which induce transcriptional changes in gene expression38. Specificity of transcriptional change 

induced by different GPCRs includes: different G protein subunits, recruitment of signalling 

molecules by adaptor proteins anchored nearby GPCRs within the cell membrane, and cross-talk with 

other activated receptor signalling cascades39. 

3.2 Proton-sensing receptor GPR65 

GPR65 is activated by protons in extracellular acidic conditions40. This suggests that it may act as a 

surrogate receptor for concentrated acidic metabolites such as lactate from anaerobic glycolysis. This 

mechanism of GPR65 activation has been hypothesised to occur in the tumour microenvironment, as 

it is typically acidic from glycolysis and poor perfusion41. Northern blot analysis of human tissue 

revealed substantial GPR65 expression in blood leukocytes and spleen, alongside moderate 

expression in lymph nodes, thymus, lung and small intestine42. In particular, GPR65 is expressed on a 

variety of immune cells, including T and B lymphocytes, neutrophils, eosinophils and mast cells43, 44. 

Glucocorticoid treatment of T cells induces GPR65 expression, whereby GPR65 enhances 

glucocorticoid-induced T cell apoptosis45, 46. Activation of GPR65 under acidic conditions has been 

associated with increased viability of eosinophils and lymphomas43, 47. Indeed, the expression of 

GPR65 in chronic lymphocytic leukemia cells highly correlates with the expression of anti-apoptotic 

protein BCL-248.  Furthermore, multiple genome-wide association studies have associated single 

nucleotide polymorphisms (SNPs) in Gpr65 with increased susceptibility to IBD49, 50, 51. This suggests 

GPR65 may play an important role in preventing IBD pathogenesis. 

3.3 SCFA receptors: GPR43, GPR109a 

The two most abundant SCFAs in the gut, acetate and propionate, have an equal affinity for GPR4352, 

53. GPR43 signals with a dual-coupling mechanism through Gi/o and Gq subunits54. Activation of 

GPR43 induces intracellular Ca2+ release and reduces cAMP, but can increase ATP production (the 

substrate for cAMP) in colonic epithelium in vitro53, 55, 56. GPR43 is found on neutrophils, 
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macrophages, dendritic cells (DCs), mast cells, and epithelial cells in rat intestine and human colon52, 

53, 57, 58. Murine studies suggest signalling via GPR43 induces down-regulation of inflammatory 

responses8, 15. Indeed, GPR43 knockout (KO) mice have been demonstrated to exhibit exacerbated 

allergic airway disease, suggesting SCFA signalling plays a role in the prevention of asthma15. 

Furthermore, observations of impaired proliferation and increased susceptibility to apoptosis in colon 

cancer cells via GPR43 signalling suggest that SCFAs can regulate inflammatory responses via 

decreased survivability59. Indeed, direct contact with SCFAs also decreased production of a broad 

range of pro-inflammatory cytokines from monocytes and macrophages in a receptor-mediated 

manner60, 61, further suggesting an important role for GPR43 in regulating immune responses. 

Recently, we have shown that GPR43 activation from high fibre diet has been demonstrated to induce 

oral tolerance to peanut antigens in mice by enhancing tolerogenic CD103+ DC function via retinoic 

acid metabolism62. This mechanism protects against peanut allergy, highlighting the importance of 

metabolite GPCR signalling in the prevention of western lifestyle diseases. Furthermore, GPR43 

function can have downstream effects on metabolism. A number of murine studies have demonstrated 

conflicting effects of GPR43 activation on insulin resistance and obesity63. However, these 

discrepancies may be accounted for by the activation of different G protein subunits. Downstream of 

GPR43 activation, Gq/11 increases glucose-stimulated insulin secretion in murine islets whereas Gi/o 

decreases it64. This reveals the potential dichotomous role GPR43 may play in metabolism, though the 

details of such a role remain poorly understood.  

Although niacin is the most investigated agonist of GPR109a, the SCFA butyrate also demonstrates 

agonistic activity when in millimolar concentrations65. Activation of GPR109a induces intracellular 

Ca2+ release, reduces cAMP, and activates kinases and β-arrestin 3 to internalise the receptor66. 

GPR109a is expressed on human adipocytes and immune cells including macrophages and 

neutrophils but not lymphocytes or eosinophils67, 68. Reporter mice reveal that GPR109a is broadly 

expressed in spleen and bone marrow69. In addition, transfected human cell lines also reveal GPR109a 

expression in the small intestine and colon65. GPR109a on adipose tissue is required for the inhibition 

of lipolysis by niacin which subsequently increases HDL in the blood70. Indeed, the increase in HDL 
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from niacin is not observed in mice lacking GPR109a, whilst subsequent increases in GPR109a in the 

liver can restore these effects71. This suggests an important role for the expression of GPR109a on 

adipocytes and hepatocytes for the control of blood cholesterol by niacin. However, immune cells are 

also altered by GPR109a. Activation of GPR109a on macrophages by niacin inhibited MCP-1- 

induced chemotaxis of macrophages to the peritoneum in mice and also increased lipid transporter 

expression associated with preventing the generation of atherosclerotic plaques67. This demonstrates 

that GPR109a activation on macrophages may protect against atherosclerosis. Secretion of pro-

inflammatory cytokines by human monocytes was reduced by in vitro niacin treatment, an effect 

abrogated by knockdown of GPR109a by siRNA. This suggests activation of GPR109a provides an 

anti-inflammatory signal to macrophages72. Furthermore, pro-inflammatory cytokine release from 

retinal pigment epithelium (cells crucial for maintenance of retinal health) was also abrogated by 

GPR109a activation, accentuating another anti-inflammatory role for GPR109a73. In addition, niacin 

enhances human neutrophil apoptosis which may be induced by GPR109a due to the abrogation of 

this effect by pertussis toxin, a potent GPCR antagonist68. Neutrophil apoptosis is important in 

limiting excessive immune responses by depleting neutrophil numbers, again suggesting GPR109a 

can abrogate inflammation. However, niacin can induce regulatory responses independent of 

GPR109a. Migration of DCs to draining lymph nodes in response to contact sensitisation was 

impaired in mice fed niacin-supplemented diets, an effect unchanged in GPR109a KO mice74. Niacin 

may therefore alter DC migration independently of GPR109a to regulate inflammatory responses. 

The study that identified butyrate as a novel GPR109a agonist investigated the role of GPR109a in 

colon cancer. It demonstrates GPR109a expression in both human and mouse colon cancer is 

reduced65. Furthermore, this study demonstrated that in vitro activation of GPR109a by butyrate 

induced apoptosis of colon cancer cells and also reduced NF-κB expression in a normal colon cell 

line65. Butyrate has also been demonstrated to induce colonic Treg differentiation via IL-10 release 

from macrophages and DCs or IL-18 from colonic epithelium, a mechanism dependent on 

GPR109a75. As a result, GPR109a KO mice develop severe inflammation in a model of dextran 

sulphate sodium (DSS) colitis, an effect dependent on hematopoietic cells demonstrated by bone 
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marrow chimeras75. This highlights another regulatory effect of GPR109a activation and identifies a 

significant role that immune cells can play in regulating inflammation in the gut when exposed to 

dietary metabolites. Therefore, metabolites from both dietary fibre and tryptophan can regulate 

immune responses by GPR109a agonists niacin and butyrate. Interestingly, GPR109a expression is 

reduced in the gut of germ free mice76, accentuating the role the gut microbiota may play in regulating 

immune responses not just from the activation of GPCR agonists, but also from the up-regulation of 

GPCR expression.  

3.4 MCFA receptor: GPR84 

GPR84 is activated by MCFAs of 9-14 carbons long which induces the Gi/o signalling pathway, 

stimulating Ca2+ release whilst reducing cAMP production77. It is expressed in bone marrow, spleen 

and lymph nodes of both humans and mice77. More specifically, GPR84 is expressed on 

polymorphonuclear leukocytes, macrophages, DCs and lymphocytes78, 79, 80. Murine T cells lacking 

GPR84 produced more IL-4, IL-5 and IL-13, suggesting GPR84 regulates canonical Th2 cell cytokine 

production79. Contrastingly, another study found no difference in T cell cytokine production between 

GPR84 KOs and WT controls78. In addition, this study demonstrated that LPS increases GPR84 

expression on macrophages78. Furthermore, a potent agonist of GPR84, 6-n-octylaminouracil, 

increased LPS-induced release of IL-8 and TNF-α from a human macrophage cell line whereas 

knockdown of GPR84 decreased TNF-α release78. This suggests GPR84 enhances pro-inflammatory 

cytokine release from macrophages and may therefore exacerbate inflammation. Regardless, reports 

surrounding the role of GPR84 in immune responses are confounding. 

Consumption of medium chain triglycerides can promote antigen intake from the gut and 

subsequently enhance Th2 responses in a murine model food allergy81. Therefore, absorption of 

MCFAs across the gut may promote allergen sensitisation, however the possible role of GPR84 in 

allergy remains unknown. 
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4. Immunomodulatory mechanisms of SCFAs via epigenetics 

SCFAs appear to modulate cellular function by altering the acetylation pattern of gene promoters, an 

epigenetic mechanism independent of GPCR activation. SCFAs inhibit histone deactylases 

(HDACs)82, enzymes that remove  acetyl groups from histones83. Inhibition of HDACs enhances the 

acetylation the lysine residues in histones. Acetylation of lysine residues induces gene activation by 

facilitating the access of transcription factors to promoter regions84. As such, inhibition of HDAC 

activity can increase gene transcription by increasing histone acetylation.  

HeLa cells treated with sodium butyrate underwent dramatic increases in global histone acetylation 

correlating with reduced global HDAC activity85. Treatment of HeLa cells with propionate also 

reduced HDAC activity but to a lesser extent than butyrate, whereas acetate had no effect82. Hepatoma 

tissue culture cells exposed to butyrate, propionate or acetate exhibited increased global histone 

acetylation, whereby butyrate increased acetylation greater than propionate, and propionate greater 

than acetate86. Furthermore, numerous observations of colon cancer cells in vitro have demonstrated 

that propionate and butyrate increased histone acetylation by inhibiting global HDAC activity, 

whereas acetate had little to no effect82, 87, 88. Contrastingly, orally-administered acetate can 

specifically inhibit HDAC 2 activity and expression in the rodent brain in vivo, as determined by 

Western blot89. Taken together, these studies demonstrate a propensity for SCFAs to inhibit HDAC 

activity in a wide variety of cell types. 

4.1 SCFA-mediated HDAC inhibition 

Where SCFA-mediated HDAC inhibition can be established or associated, the overwhelming result is 

an anti-inflammatory immune phenotype. Treatment of human macrophages with 1mM acetate in 

vitro significantly reduced global HDAC activity and increased global histone acetylation correlating 

with decreased production of inflammatory cytokines IL-6, IL-8 and TNF-α90. HDAC inhibition, in 

particular inhibition of HDAC9, increases expression of the forkhead box P3 (Foxp3) transcription 

factor in vivo, which subsequently increased proliferative and functional capabilities of Tregs91, 92. 
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Administration of butyrate moderately diminished human Treg proliferation but increased Treg 

CTLA-4-mediated suppression of T cell proliferation in vitro despite no change in Foxp3 

expression93. Butyrate, propionate and acetate decreased LPS-induced TNF-α production in vitro from 

peripheral blood mononuclear cells (PMBCs) in a similar manner to the HDAC inhibitor trichostatin 

A (TSA)94. Furthermore, NFκB activity in PBMCs was also reduced in vitro by butyrate and 

propionate (but not acetate) in a similar manner to TSA94. Similar effects between SCFAs and TSA 

suggest HDAC inhibition as the mechanism responsible, though a direct effect of these SCFAs on 

histone acetylation in PMBCs is poorly understood. Global HDAC activity in rodent neutrophils was 

decreased in vitro by acetate, propionate and butyrate with increasing strength, respectively95. 

Correspondingly, butyrate and propionate but not acetate decreased LPS-induced TNF-α expression 

and NOS expression in rodent neutrophils95. Similarly, butyrate decreased LPS-induced release of 

pro-inflammatory mediators nitric oxide, IL-6 and IL-12 from bone marrow-derived macrophages in a 

manner dependent on HDAC inhibition96. In these instances where HDAC inhibition reduces pro-

inflammatory gene expression independently of Tregs, it is likely inducing pro-apoptotic pathways or 

increasing expression of interferon regulatory factor that subsequently regulates pro-inflammatory 

pathways by inhibiting NFκB97. HDAC inhibition from SCFAs therefore regulates pro-inflammatory 

cytokine release from neutrophils and macrophages.  

In addition to reducing pro-inflammatory mechanisms, SCFA-mediated HDAC inhibition can 

promote immune responses. HDAC inhibition by SCFAs enhances the acetylation of genes required 

for differentiation and IgA class-switching of B cells98. IgA production from B cells is required to 

protect the body from microbial gut infection99. Therefore, the inhibition of HDACs by SCFAs can 

promote humoral immunity to infection and maintain intestinal homeostasis despite anti-inflammatory 

effects on neutrophils and macrophages. 

4.2 Mechanism of HDAC inhibition 

Butyrate has been found to inhibit HDACs noncompetitively100, suggesting that it may not interfere 

with the associated binding between HDAC and substrate. However, it is hypothesised that 2 butyrate 
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molecules may occupy the hydrophobic cleft of the active site in a similar manner to the well-

characterised HDAC inhibitor TSA101. The exact mechanism of how butyrate and other SCFAs can 

directly inhibit HDACs remains unknown. 

SCFA transporters may be required for HDAC inhibition. The monocarboxylate transporter Slc5a8 

transports SCFAs into DCs, and was required for butyrate- and propionate-induced blockade of 

murine DC development102. Global HDAC activity was reduced and global acetylation was increased 

in murine bone marrow cells (DC precursors) exposed to butyrate and propionate in vitro, 

accentuating the importance of Slc5a8 in HDAC-mediated effects of SCFAs in DCs102. Therefore, 

SCFAs do not necessarily require GPCRs to induce cellular signalling. 

Having summarised the immunological role of specific acidic metabolite GPCRs, the following 

paragraphs will detail major diseases associated with deficiencies in these receptors or western diets 

deficient in their metabolite agonists. As described above, these are diseases of mucosal sites 

including asthma, food allergy and IBD.  

5. Asthma 

Asthma is one of the most significant inflammatory diseases in the Western world, and has had a 

dramatic increase in incidence over the past 40 years25. Approximately 300 million people have 

asthma worldwide, with Australia having  the highest incidence103. Asthma is an extremely diverse 

disease that encompasses a range of disease phenotypes. Common to almost all asthmatics is one or 

more exacerbation events that involve bronchoconstriction and difficulty breathing104. Allergic asthma 

is the most common phenotype104 and is characterised by airway inflammation that leads to 

bronchoconstriction, whereby the smooth muscle of the airways contracts and makes breathing 

difficult, including breathlessness, cough and wheeze105. These symptoms correspond with airways 

hyperresponsiveness (AHR), a canonical diagnostic sign of asthma, whereby airways constrict in 

response to allergen or various chemical stimuli106. Ultimately, chronic inflammation leads to airway 

remodelling and irreversible changes in lung function105. Typically, asthma involves the inhalation of 
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a normally innocuous antigen such as pollen, which is recognised as an allergen and triggers an 

allergic response107. It remains unknown why some individuals develop asthma from exposure to 

usually non-innocuous substances, however, it is believed allergen sensitisation occurs at an early 

age108. Indeed, normal individuals do not elicit immune responses to inhaled antigens, termed 

respiratory tolerance, whereby Tregs and DCs can produce IL-10 to inhibit inflammation109, 110.  Lung 

DCs expressing CD103 (an integrin that binds epithelium) can induce respiratory tolerance by 

increasing Treg differentiation111. Authors suggest this is mediated by retinoic acid (RA) production 

from CD103+ DCs due to observed increases in aldh1a2 expression, an enzyme responsible for RA 

production. Furthermore, TIM-4-expressing macrophages in the mediastinal LN also maintain 

respiratory tolerance by phagocytosing allergen-specific T cells that express PtdSer, the ligand for 

TIM-4112. Ultimately, deficiencies in respiratory tolerance may lead to complex immunological 

mechanisms that drive asthma pathogenesis, involving a multitude of immune cell responses 

discussed below. 

5.1 Antigen presentation and T cell activation 

DCs coordinate allergic responses in asthma by migrating from the airways to mediastinal lymph 

nodes and subsequently activate Th2 and to some extent Th1 effector cells113. A murine model of 

AAD revealed that IL-33 is released from the lung epithelium upon exposure to allergen which up-

regulates OX40L on DCs and subsequently stimulates Th2 activation114. Activation of Th2 cells 

induces IL-4, IL-5 and IL-13 production which stimulate IgE production from B cells and pro-

inflammatory mediator release from eosinophils and mast cell which cause airway constriction and 

the symptoms of asthma (Figure 1.1). Furthermore, IL-4 can promote Th2 differentiation and 

proliferation115. IL-13 is critical for inducing AHR as blockade of IL-13 signalling with an anti-IL-13 

antibody protects from OVA-induced AHR in mice116. DCs from asthmatics can promote the 

polarisation of Th2-inducing DCs via the release of PGE2 which subsequently increases CCL17 and 

CCL22 production from DCs, promoting Th2 cell differentiation and recruitment117. Antigen 

presentation therefore initiates the allergic response. 
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5.2 Role of regulatory T cells (Treg) in asthma 

Tregs inhibit inflammation as indicated by the release of the immunosuppressive cytokines IL-10 and 

TGF-β118, 119. Tregs may also express immunosuppressive molecules such as CTLA-4, which can bind 

B7 on DCs and down-regulate co-stimulation120,  subsequently inhibiting differentiation and growth 

of CD4+ T cells121. Subsequent deficiency in Treg function therefore exacerbates inflammation and 

can predispose to asthma. A study of Treg migration in a murine model of OVA-induced AAD 

revealed that Tregs accumulate in the lungs of allergic mice upon OVA challenge and fail to produce 

IL-10 or TGFβ and do not inhibit Th2 responses122. Indeed, pulmonary Tregs isolated from asthmatic 

children were lower in number, and exhibited reduced capability to suppress T cell proliferation and 

Th2 cytokine release123. Furthermore, Tregs isolated from asthmatics are more susceptible to 

cytotoxic effects of NKT cells than compared with healthy individuals, demonstrating how asthma 

could be linked to Treg deficiencies124. A study on Treg differentiation in the periphery via expression 

of the intronic Foxp3 enhancer CNS1 demonstrated how inducible Tregs (iTregs) can regulate Th2 

mediated inflammation, as the lack of iTregs in CNS1-deficient mice induced dramatic Th2 

responses125. These mice exhibited asthma-like symptoms including increased AHR, cellular 

infiltration of the lung, goblet cell numbers and mucus production. In addition, two studies of murine 

AAD demonstrate how Treg function appears crucial in preventing asthmatic responses. Firstly, in a 

murine OVA-induced model of AAD, transfer of OVA-specific CD4+ CD25+ Foxp3+ cells to mice 

reduced AHR, eosinophillic infiltration and IL-5 and IL-13 in the lung in an IL-10-dependent 

mechanism (although IL-10 was not produced by Tregs directly)126. Secondly, depletion of Tregs via 

anti-CD25 administration in mice before HDM-induced AAD was established exacerbated features of 

AAD including  increased cellular infiltration of the BALF, increased IgE, IL-4 and IL-5 in the 

blood127. Taken together, these studies demonstrate that asthma is strongly associated with Treg 

deficiency. As such, establishment of functional Treg responses in asthmatics may prove to be a 

strategy to alleviate disease. 
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Figure 1.1. Basic cellular mechanisms underlying asthma. Allergen presentation by APCs 

activates Th2 cells inducing release of IL-4, 5 and 1398, 105, 106. IL-5 induces eosinophil recruitment, 

activation and development128. IL-4 and 13 induce IgE production from plasma cells, which when 

bound to allergen, induce activation of mast cells, basophils and eosinophils from IgE-bound 

FcεRI107. Subsequent release of pro-inflammatory mediators (histamine, leukotrienes, prostaglandins, 

cytokines and basic proteins) induce inflammation and airway remodelling that characterise asthma. 

Adapted from Holgate, S.T., 2008107. 
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5.3 Eosinophillic infiltration of the lung 

Amongst IL-4 and IL-5 production and increased responsiveness to IgE, the infiltration of eosinophils 

is a hallmark of both allergic and non-allergic asthma129. Eosinophils infiltrate the lung in asthmatic 

patients and subsequently degranulate, releasing a wide range of pro-inflammatory mediators 

including leukotrienes, metalloproteinases and growth factors that decrease epithelial integrity, induce 

tissue damage and promote mast cell-mediated responses130, 131. 

Reports on the requirement of eosinophils in asthma are confounding. One study found that 

eosinophil-depleted C57BL/6 mice were protected from airway remodelling, but the depletion of 

eosinophils did not impact upon the asthma-associated loss of lung function described as airway 

hyper-responsiveness (AHR)132. Contrastingly, depletion of eosinophils in BALB/c mice can prevent 

the development of AHR in response to allergen challenge, despite no change in airway mucus 

production133. The discrepancies between these studies surrounding eosinophils and the development 

of AHR may be attributed to the use of different mouse strains. Indeed, eosinophils have been 

strongly associated with AHR in humans134. Eosinophils likely induce AHR by releasing eosinophil 

major basic protein which subsequently inhibits the function of neuronal M2 muscarinic receptors, 

reducing the capacity for parasympathetic nerves of the lung to maintain breathing135. 

Recruitment of eosinophils in asthma is induced by the chemokines IL-5 and eotaxin that are released 

by airway epithelium and Th2 cells136, 137. IL-4 can up-regulate integrins required for eosinophil 

migration138, and through the actions of VCAM-1 expression on endothelial cells, can enhance 

eosinophil and macrophage migration to the lung139. Eotaxin, an eosinophil-specific chemoattractant, 

is produced in the lung of asthmatic individuals and is also increased by IL-4140, though not as 

potently as IL-13141. Furthermore, numbers of eosinophils in the lung are also significantly increased 

by the production of chemokines from mast cells in an IFN-γ-dependent manner142. In particular, 

MIP-1α is a chemokine crucial for eosinophil migration to the lung, as shown by the abrogation of 

eosinophil infiltration in allergic MIP-1α-depleted mice143. 
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Ultimately, asthma is generated by an excessive allergic response in an environment that does not 

usually harbour excessive populations of such immune cells. Indeed, only a small number of 

eosinophils are present in normal lung tissue144. Contrastingly, food allergies to dietary antigens are 

characterised by excessive immune responses in the gut, a predominant location of basal 

inflammation.  

6. Food Allergy 

Food allergy is defined as involving IgE-mediated responses and/or cell mediated mechanisms that 

develop skin, gastrointestinal, respiratory or circulatory symptoms145. Common symptoms of food 

allergy can be varied and include nausea, abdominal pain, diarrhoea, and in the most severe cases 

anaphylaxis146. The prevalence of food allergies in western countries is approximately 4% in adults 

and 5% in children147 although it has been reported as high as 17% in both European children and 

adults145. Epidemiological evidence provides a number of risk factors, including obesity and dietary 

constituents148. Food allergy is diagnosed based upon a constellation of clinical and serological factors 

that consider medical history and possible serology or oral food challenge to identify an immune-

mediated adverse reaction145.  

6.1 Th2 responses 

Food allergy is generated from deficiencies in oral tolerance to dietary antigens that induce Th2-

biased immune responses to normally innocuous antigens. Indeed, the most common presentation of 

food allergy involves IgE specific to a dietary allergen, although non-IgE mediated food allergy may 

still occur145. A murine model of food allergy revealed that the release of IL-33 by the gut epithelium 

induces OX40L expression on DCs in the mesenteric lymph node which subsequently activates Th2 

cells, similar to sensitisation in AAD114. IL-4, IL-5 and IL-13 production from Th2 cells stimulates 

IgE production from B cells which activates eosinophils and mast cells that subsequently degranulate 

and release histamine149. However, in some cases IgE is not crucial for the development of allergy, as 
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is the case with enterocolitis and proctocolitis which are categorised more broadly with colonic 

cellular inflammation146.  

6.2 Oral tolerance to antigens 

The breakdown in oral tolerance that induces food allergy is poorly understood. Although murine 

studies have extensively investigated oral tolerance, the particular disruption of these mechanisms that 

leads to food allergy in humans remains unclear. A study comparing two cohorts of Jewish children 

demonstrated that early exposure to peanuts during childhood may protect against development of 

peanut allergy independent of genetic factors150. This has been corroborated by the LEAP study, a 

large scale randomised trial that demonstrated that early peanut consumption in the first 11 months of 

life significantly protected against the onset of food allergy151. Changes in diet have also been linked 

to the increasing prevalence of food allergies, including a reduction in consumed vitamin A, ω-3 fatty 

acids and antioxidants152. However, research into the mechanisms behind dietary causes of food 

allergy remains in its infancy. 

Oral tolerance is the local and systemic unresponsiveness of the immune system to consumed 

antigens, inhibiting immune responses to commonly encountered antigens from our food. Enzymatic 

digestion of consumed foods and extremes in pH in the gut can render possible allergens 

unrecognisable to the immune system147. Furthermore, high doses of antigen can induce anergy 

(unresponsiveness to antigen) in T cells via DCs, whereas low doses can stimulate Treg responses to 

inhibit inflammation in the GIT to maintain tolerance153.  

In a similar mechanism to tolerance in the lung, migration of CD103+ DCs from the lamina propria to 

the mesenteric LN by via expression of CCR7 can induce Treg differentiation to maintain tolerance in 

the gut154, 155. CD103+ DCs are common within the GIT of mice and are potent stimulators of Treg 

differentiation via the release of the cytokine TGF-β and retinoic acid156. Indeed, retinoic acid 

production appears to be an imprinted phenotype of APCs in the GIT157. These CD103+ DCs are 
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crucial in establishing oral tolerance by stimulating Treg responses and supressing adaptive immune 

responses to innocuous antigens.  

The mesenteric LN is the primary site for induction of oral tolerance to both dietary antigens and 

commensal bacteria158. Indeed, mice lacking mesenteric LNs do not generate oral tolerance to 

OVA159. Egg and peanut allergic infants display reduced circulating Treg numbers, suggesting that 

Treg impairment may lead to a break down in tolerance that leads to food allergy160. In addition, the 

microbiota appears crucial in maintaining oral tolerance as germ-free mice are more susceptible to 

developing allergies161. TLR-4 KO mice also develop severe allergies to dietary antigen, suggesting 

microbiota-induced stimulation of TLR-4 by bacterial LPS is important in maintaining oral tolerance 

and providing possible evidence of innate cell involvement162.  

7. Inflammatory Bowel Disease 

IBD severely impacts upon the lifestyle and health of approximately 4 million people world-wide163, 

164, 165. It broadly describes a group of disorders involving inflammation of the GIT that are typically 

diagnosed as either Crohn’s disease or ulcerative colitis. Although Crohn’s disease may affect any 

region of the GIT whereas ulcerative colitis is restricted to the colon166, 167. Symptoms of IBD include 

diarrhoea, fecal blood, abdominal pain and unintended weight loss. It involves a heterogeneous list of 

diagnostic factors that characterise the location and penetrance of inflammation throughout the gut. 

Like asthma and food allergy, the pathogenesis of IBD involves the interplay between genetics, the 

microbiome and a myriad of immunological processes168, 169, 170. This complex multifactorial network 

remains poorly understood.  

7.1 Epithelial integrity 

The first predominant primary event in IBD is the onset of epithelial permeability known as 

“leakiness”171. Permeability is derived from a breakdown in epithelial integrity, whereby bacteria and 

luminal antigens can cross the epithelium and establish inflammation characteristic of the disease. The 

cause of epithelial permeability is poorly understood given the complex aetiology of IBD. However, a 
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number of distinct mechanisms that determine epithelial integrity have been associated with IBD 

pathogenesis.  

TLRs expressed on the epithelium are important in maintaining integrity. Mice deficient in TLR4 or 

TLR5 display enhanced susceptibility to experimental colitis and in the case of TLR5 can develop 

spontaneous colitis172. Indeed, a polymorphism in the Tlr4 gene has associated impaired TLR4 

function with IBD in humans173. This suggests TLR activation by the gut microbiota is required for 

maintaining gut integrity and preventing IBD. Furthermore, polymorphisms in CARD15/NOD2, a 

epithelial sensor of bacterial wall component MDP, have been associated with Crohn’s disease and 

suggest bacterial sensing remains important in preventing IBD174. Tight junction proteins such as 

claudins and occludins maintain epithelial integrity by keeping epithelial cells connected. IBD has 

been associated with reduced expression and altered distribution of tight junction proteins, 

highlighting enhanced epithelial permeability as a hallmark of IBD175. Although the mechanisms that 

establish epithelial permeability are largely unknown and undoubtedly multifactorial, subsequent 

infiltration of the gut by immune cells constitutes the next stage in IBD pathogenesis. 

7.2 Neutrophils in IBD pathogenesis 

A canonical indicator of inflammation in IBD is the accumulation and transepithelial migration of 

neutrophils in the gut176. Neutrophil chemotaxis to the gut is mediated by the release of canonical 

CXC chemokines from the epithelium, such as MIP-2 and IL-8177, 178. These chemokines are increased 

in the colon of IBD patients, facilitating subsequent neutrophil infiltration179, 180. The release of pro-

inflammatory mediators from neutrophils in the gut can drive IBD pathogenesis by degrading 

epithelial junctions and reducing epithelial integrity181. Weakened integrity promotes bacterial 

translocation from the lumen to the mucosa, eliciting further inflammatory responses that exacerbate 

neutrophil migration and inflammation. Contrastingly, neutrophils also play an anti-inflammatory role 

in IBD by healing damaged epithelium and promoting epithelial integrity. Indeed, depleting 

neutrophils in rats exacerbated colitis, suggesting neutrophils are required for preventing disease182.  
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Figure 1.2. The interplay of neutrophils, epithelium and microbiota in IBD. Involvement of 

neutrophils in disease indicated in green boxes. Factors affecting neutrophil contribution indicated in 

blue boxes. Infiltrating neutrophils demonstrate pro-inflammatory responses by eliminating bacteria 

that cross the epithelial layer when epithelial permeability is increased. Furthermore, neutrophils 

demonstrate anti-inflammatory function by helping to resolve inflammation. PMN, 

polymorphonuclear leuckocytes (neutrophils); MMP, matrix metalloproteinase, PRM; pattern 

recognition molecule. Adapted from Fournier et al. 2012181.   
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As such, neutrophils play a complex role in the pathogenesis of IBD as a consequence of epithelial 

permeability and microbial translocation (Figure 1.2). 

7.3 Murine models of colitis 

In contrast to murine models of asthma or food allergy, murine models of colitis are extremely varied. 

Symptoms of the disease can be generated chemically, by cellular transfer or by bacterial infection. 

This thesis presents data using two different models of colitis – dextran sulphate sodium (DSS) 

administration and Citrobacter rodentium infection. The most common model of colitis involves the 

administration of DSS in the drinking water183. DSS chemically damages the colonic epithelium via 

an unknown mechanism that drives innate inflammation. Inflammation subsequently induces clinical 

symptoms of colitis including weight loss, diarrhoea and fecal blood. Adaptive immune responses are 

not required to induce disease in DSS colitis, as demonstrated by severe clinical symptoms in mice 

lacking T and B lymphocytes184. DSS colitis is therefore a robust model to interrogate innate immune 

responses in IBD. In contrast, bacterial-induced colitis by C. rodentium infection involves both innate 

and adaptive immune responses to resolve infection and prevent clinical symptomology185. Infection 

induces colitis-like symptoms such as weight loss and diarrhoea alongside pathological similarities 

involving inflammation of the colonic tissue186. Furthermore, C. rodentium is an attaching/effacing 

bacteria that causes epithelial lesions similar to enterohaemorrhagic and enteropathogenic E. coli 

infections in humans187. As such, assessing C. rodentium infection in mice provides insights into the 

pathogenesis of both IBD and bacterial gut infection. 

8. Rationale 

Rising incidences in inflammatory and allergic diseases demands the characterisation of their causes. 

Given the propensity for diet to associate with disease outcome, understanding the role of diet and 

dietary metabolites is becoming paramount in our pursuit to cure these diseases. Acidic metabolite-

sensing GPCRs have been demonstrated to alter immune responses, suggesting that they may prove to 
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be valuable targets for dietary and pharmacological intervention. However, despite a flurry of recent 

publications on their function they remain immunologically dark.  

This doctorate has focussed on the immunological role of three GPCRs and their agonists: GPR43, 

GPR65 and GPR84. Although three other major GPCRs with dietary fatty acid agonists GPR41, 

GPR109a and GPR120 have been associated with immunomodulatory function188, the investigation of 

these receptors was ongoing by other doctoral candidates of the Mackay laboratory. As such, my 

project focussing on GPR43, GPR65, GPR84 and their agonists fits within a broader scope of 

immunological GPCR research. Each of these receptors and their agonists have been separated into 

three main projects of my doctorate. The aim of my first project was to determine role of high fibre 

diet, SCFAs and GPR43 in the pathogenesis of asthma and C. rodentium infection. Secondly, I aimed 

to characterise GPR65 and its role in IBD and infection as a possible surrogate receptor for SCFAs. 

The aim of the third project was to determine the role of MCFAs and GPR84 in IBD, asthma and food 

allergy. 

To achieve these aims, I have phenotyped Gpr43-/-, Gpr65-/- and Gpr84-/- mice using a number of 

inflammatory and allergic disease models to determine the immunological role of these receptors. 

Although some disease models have already been investigated in these knockout mice, a number have 

remained uncharacterised which form the core rationale of this thesis (Table 1.1). Mice deficient in 

GPR43, GPR65 and GPR84 were subject to murine disease models of asthma, food allergy and colitis 

to investigate the role of these GPCRs in disease pathogenesis. Moreover, cellular expression and 

function was assessed to determine specific immunological mechanisms controlled by GPR43, 

GPR65, GPR84 and their agonists. Furthermore, I administered dietary agonists to investigate the 

impact of GPCR activation through food, establishing novel links between diet and disease 

prevention. 

This thesis presents these data in full. The following chapters combine a traditional thesis structure 

with that of a thesis by publication. As such, chapters 1, 2 and 3 present data from published and 

submitted  papers, whilst chapter  4  is  structured  traditionally. Taken  together, these  three chapters  
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Table 1.1. Summary of pre-doctorate murine studies of allergy (asthma and food allergy) and 

inflammatory disease (colitis, Citrobacter rodentium infection and arthritis) implicated with 

GPR43, 65, 84 and their agonists. (✔) Green boxes indicate known data already published. 

(X) Red boxes indicate unknown involvement of receptor/agonist with disease. (?) Yellow 

boxes indicate partial knowledge or possible implication. 

 Mouse Models of Disease 

Receptor/Agonists: Asthma Food Allergy Colitis 
Citrobacter 

Infection 

GPR43/SCFAs 
? Implicated 

by Maslowski 
et al. 2009 

✔ published 
Tan et al. 2016 

✔ published 
Macia et al. 

2015 
X 

GPR65/H+ ions 
✔ published 

Kotyann et al. 
2009 

X X X 

GPR84/MCFAs X 
? Agonist 

implicated by 
Li et al. 2013 

X X 
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communicate the experiments, data and scientific reasoning that constitute this doctorate of 

philosophy and present a novel role for GPR43, GPR65, GPR84 and their agonists in immunology 

and mouse models of human disease.  
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Chapter 2 – The Role of Dietary Fibre, SCFAs and GPR43 in Asthma and 

Infection 

1. Introduction 

The following chapter contains data included in two separate papers that investigate the preventative 

effects of SCFAs on asthma and gut infection, respectively. The first of these papers was published in 

Nature Communications in 2015, titled “Evidence that asthma is a developmental origin disease 

influenced by maternal diet and bacterial metabolites” (Appendix 1). The data from this doctorate 

included in this article is presented here as the first section of Chapter 2. All methods are included in 

the Appendix. The second paper is titled “High acetate yielding diets protect mice from Citrobacter 

rodentium infection through enhanced mucosal immunity and control of bacterial growth” and has 

been submitted to Gastroenterology.  This manuscript is predominantly comprised of data from this 

PhD and has therefore been included in its entirety as the second half of this chapter. Taken together, 

these papers identify a new role for SCFA acetate in preventing asthma and gut infection via distinct 

mechanisms dependent or independent of GPR43. This establishes a novel link between fibre, 

allergies and infection by interrogating the immunomodulatory impact of SCFAs.  

2. High fibre diet and acetate prevents allergic airways disease (AAD) 

Low intake of vegetables and therefore dietary fibre was associated with an increased incidence of 

asthma by a paediatric study of US children4. To investigate the immunomodulatory role of SCFAs on 

peripheral allergic responses such as asthma, we administered high fibre diet, zero fibre diet or acetate 

in the drinking water (200mM) to mice ad libitum for 3 weeks prior to and during the induction of 

AAD (Figure 2.1A). Briefly, AAD was established by intranasal injection of 50 µg/ml of house dust 

mite (HDM) that elicits allergic inflammation in the lung. Infiltration of eosinophils, macrophages and 

lymphocytes into the bronchiolar lavage fluid (BALF) was reduced in  mice  administered a high fibre 
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Figure 2.1. The effect of high-fibre diet and acetate on the development of AAD in adult mice. 

(a) Mice (female C57Bl/6J) were weaned onto control, high-fibre diet, no-fibre diet, or acetate for 3 

weeks and at 6 weeks old sensitized and challenged with HDM. The effect of high-fibre or no-fibre 

diet on (b) differential cell number in BALF, (c) eosinophils in blood, (d) IL-4, IL-5, IL-13, IL-10 and 

IFNγ release from MLN T cells, (e) serum IgE, (f) lung histology (scale bar 200 μm), (g) eosinophils 

in lung tissue, (h) mucous-secreting cells (MSCs) and (i) airway hyper-responsiveness in terms of 

airway resistance (RL) and dynamic compliance (Cdyn). Data represent mean+SEM, n=8. 

Significance is represented by *P<0.05, **P<0.01, ***P<0.001, Student’s t-test. One representative 

experiment of three is shown. ND, not detected. 
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diet or acetate (Figure 2.1B). Both high fibre diet and acetate in the drinking water also reduced the 

quantity of eosinophils in the blood (Figure 2.1C).  This suggests that high fibre feeding can prevent 

inflammation in the lung through fermentation to SCFAs that regulate cellular infiltration. Release of 

canonical Th2 cytokines IL-4, IL-5 and IL-13 from T lymphocytes was reduced by high fibre and 

acetate treatment (Figure 2.1D). In addition, total serum IgE was reduced by acetate (Figure 2.1E). 

These data demonstrate that adaptive responses to HDM are regulated by high fibre and acetate. 

Histological assessment of lungs in allergic mice revealed treatment with high fibre and acetate 

decreased eosinophil infiltration into the tissue and reduced the number of mucous-secreting cells 

(Figure 2.1F – H). Furthermore, high fibre and acetate improved lung function by preventing AAD-

induced reduction in resistance and increase in dynamic compliance (Figure 2.1I). This suggests 

dietary fibre and SCFAs can prevent allergic airway inflammation and protect against clinical 

symptoms of asthma. 

3. Treatment with high fibre diet and acetate prevents AAD in offspring 

There are two predominant mechanisms by which SCFAs can alter cellular function: GPCR activation 

and epigenetic alteration of histone acetylation. To investigate the role of GPR43 in acetate-induced 

prevention of AAD, we treated wild type (WT) or Gpr43-/- mice with acetate 3 weeks prior to and 

during AAD. Airway inflammation and lung function were unchanged between WT and Gpr43-/- mice 

(DNS). This suggests GPR43 is not involved in preventing AAD with dietary acetate.  

Nutrition state of mothers alters the epigenetic profile of offspring189 which prompted us to investigate 

the involvement of epigenetics in the prevention of AAD with SCFAs. To determine the role of 

epigenetics in the prevention of AAD we assessed the severity of AAD in pups of mothers treated 

with high fibre or acetate. Briefly, pregnant mice were administered high fibre diet or acetate from 13 

days post fertilisation until pups were weaned at 3 weeks of age (Figure 2.2A). As such, pups never 

received diet or acetate directly as they were only exposed to either treatment through the mother’s 

bloodstream during pregnancy or through milk after birth. As before, high fibre and acetate reduced  
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Figure 2.2. The effect of maternal intake of high-fibre diet and acetate on the development of 

AAD in the offspring. (a) Pregnant mice (E13, C57Bl/6J) were provided with control, high-fibre 

diet, no-fibre diet or acetate. Offspring (female C57Bl/6J) were weaned onto control diet and water at 

3 weeks of age and at 6 weeks, sensitized and challenged with HDM. The effect of high-fibre diet or 

acetate on (b) differential cell number in BALF, (c) eosinophils in blood, (d) IL-4, IL-5, IL-13, IL-10 

and IFNγ release from MLN T cells, (e) serum IgE, (f) lung histology (scale bar, 200 μm), (g) 

eosinophils in lung tissue, (h) mucous-secreting cells (MSCs), and (i) airway hyperresponsiveness in 

terms of airway resistance (RL) and dynamic compliance (Cdyn). Data represent mean+SEM, n=8. 

Significance is represented by *P<0.05, **P<0.01, ***P<0.001, Student’s t-test. One representative 

experiment of three is shown. ND, not detected. 
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the eosinophil infiltration in the BALF and circulation in the blood (Figure 2.2B, C). Furthermore, 

high fibre and acetate reduced Th2 cytokine release and total serum IgE (Figure 2.2D, E). Presence of 

eosinophils and mucous-secreting cells in the lung were also reduced (Figure 2.2F – H). In addition, 

high fibre and acetate improved lung function in asthmatic mice (Figure 2.2I). Taken together, these 

data demonstrate that the offspring of mothers administered high fibre diet or acetate are protected 

from developing asthma. 

4. High fibre and acetate protect against AAD independent of microbiota transfer at birth 

Effects of high fibre and acetate in the offspring were mediated either in utero (E13 to birth) or 

throughout lactation (birth to weaning). To determine which phase required high fibre or acetate 

treatment to prevent AAD, we provided high fibre or acetate to mothers either during in utero or 

lactation only and assessed AAD in the offspring. When administered during the lactation phase 

between birth and weaning, high fibre and acetate had no effect on AAD in the offspring (DNS). 

However, high fibre and acetate administered only when pups were in utero reduced cellular 

infiltration of the BALF, Th2 cytokine release and serum IgE (Figure 2.3A – C). Furthermore, in 

utero administration protected against AAD-induced reduction of lung function (Figure 2.3D). This 

demonstrates that only maternal administration of SCFAs is required to maintain protection from 

asthma in offspring, whereas administration during lactation is too late to provide protection. 

During birth, the gut microbiota of the mother is passed on to the offspring. However, caesarean 

section removes the exposure of the offspring to their mother’s microbiota and prevents microbial 

transfer.190. Given the propensity for the gut microbiota to alter immune responses, we hypothesised 

that high fibre or acetate may establish a unique microbiota that can protect against AAD and be 

passed from mother to offspring. To investigate the involvement of the microbiota transfer at birth, we 

treated mothers from E13 to E18 before performing a caesarean section and transferring pups to a 

different mother on control diet and normal water. AAD was subsequently assessed in adult offspring. 

High fibre and acetate maintained protection against AAD even when offspring were raised by   
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Figure 2.3. Effects of maternal diet or acetate on AAD are mediated in utero independently of 

microbial transfer. (a) Pregnant mice (E13, C57Bl/6J) were provided with control, high-fibre diet or 

acetate. At birth, the control diet or water was provided. Female offspring were also weaned onto 

control diet and water at 3 weeks of age and at 6 weeks, sensitized and challenged with HDM. The 

effect of high-fibre diet or acetate during pregnancy on (b) eosinophil cell number in BALF, (c) IL-5 

and IL-13 release from MLN T cells, (d) serum IgE and (e) airway hyperresponsiveness in terms of 

airway resistance (RL). (f) Pregnant mice (E13) were provided with control, high-fibre diet or acetate. 

At E18, offspring were caesarean transferred to a foster mother (Balb/c) fed the control diet and 

water. Female offspring were weaned onto control diet and water at 3 weeks of age and at 6 weeks, 

sensitized and challenged with HDM. The effect of high-fibre diet or acetate during pregnancy after 

caesarean transfer on (g) eosinophil cell number in BALF, (h) IL-5 and IL-13 release from MLN T 

cells, (i) serum IgE and (j) airway hyper-responsiveness in terms of airway resistance (RL). Data 

represent mean+SEM, n=8. Significance is represented by *P<0.05, **P<0.01, ***P<0.001, Student’s 

t-test. One representative experiment of three is shown. ND= not detected. (k) Serum was collected 

from offspring (n=35–40 per group) at E18 and acetate levels measured by 1H-NMR spectroscopy. 

Each measurement represents ∼35–40 pooled individual blood collections.  
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mothers that were had not been exposed to either. Offspring exhibited reduced cellular infiltration of 

the BALF, Th2 cytokine release and serum IgE (Figure 2.3G – I). Furthermore, high fibre and 

particularly acetate reduced AHR and maintained lung function (Figure 2.3J). This demonstrates that 

altered microbiota in the mother and subsequent transfer of this microbiota to offspring is not 

involved in the prevention of AAD by high fibre and acetate. In addition, serum acetate in pups at E18 

was slightly increased by high fibre and acetate (Figure 2.3J). However, significance could not be 

determined due to low sample numbers. This suggests that high fibre and acetate administered to 

pregnant mothers may enhance SCFA concentrations within the offspring in utero and subsequently 

alter immunological development to prevent AAD.    

5. Acetate protects against AAD via Tregs and epigenetic modification of the Foxp3 promoter 

Tregs are crucial in maintaining tolerance to antigens and preventing the pathogenesis of allergies 

such as asthma191. Histone acetylation of the Foxp3 promoter has been demonstrated to enhance Treg 

differentiation and function93. To investigate the role of Tregs and epigenetics in the prevention of 

AAD, we assessed histone modification of Foxp3 in T cells from the asthmatic offspring of mothers 

treated with acetate. H4 acetylation of the Foxp3 promoter in T cells was increased by acetate, 

correlating with increased expression of Foxp3 in Tregs (Figure 2.4A, B). This suggests that SCFAs 

enhance Foxp3 expression by epigenetically priming the promoter with increased acetylation of H4 

histones. Indeed, Treg number and function was increased by acetate (Figure 2.4C, D), suggesting that 

dietary SCFAs can regulate allergic responses by enhancing the involvement of Tregs.   

To determine whether Tregs were required for prevention of AAD by acetate, we administered a 

Treg-depleting antibody specific for CD25 (α-CD25) to mice treated with acetate prior to induction of 

AAD.  Asthmatic mice treated with α-CD25 exhibited increased cellular infiltration of the BALF, Th2 

cytokine release, serum IgE and worsened lung function (Figure 2.4E – H). Furthermore, the 

protective effect of acetate was completely abrogated by α-CD25 treatment. This demonstrates that 

dietary acetate enhances the involvement of Tregs in the prevention of AAD. Furthermore, Tregs 

were similarly required for the prevention of AAD in offspring of mothers receiving acetate as α-  
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Figure 2.4. Priming of Foxp3 expression and Tregs in acetate-mediated suppression of AAD.  

(a) Acetylation of histones at the Foxp3 promoter (adult=acetate from day -21 to end of model, 

offspring=acetate by mother D12-weaning). (b) Foxp3 expression in the lung. (c) Percentage and 

number of Treg cells in the lung. (d) Effect of acetate on Treg suppressive capacity (Tregs isolated 

from the spleen of mice receiving water or acetate). The effect of anti-CD25 mediated Treg depletion 

on acetate mediated suppression of AAD in terms of (e) eosinophil cell number in BALF, (f) IL-5 and 

IL-13 release from MLN T cells, (g) serum IgE and (h) airway hyperresponsiveness in terms of 

airway resistance (RL). (i) AAD and the effect of anti-CD25 mediated Treg depletion in 3-week-old 

female offspring from mothers (C57Bl/6J) fed acetate, in terms of eosinophil cell number in BALF. 

Data represent mean+SEM, n=8. Significance is represented by *P<0.05, **P<0.01, ***P<0.001, 

Student’s t-test. One representative experiment of three is shown. 
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CD25 treatment abrogated acetate-induced prevention of eosinophil infiltration of the BALF 

(Figure2.4I). These data reveal that exposure to dietary acetate prevents asthma by potentially 

enhancing Treg function epigenetically. Furthermore, it demonstrates that enhancement of Treg 

function by acetate is inheritable by epigenetic means as it is transferred to offspring who are not 

exposed to acetate directly.    

6. The role of high fibre and SCFAs in asthma pathogenesis 

We demonstrate that fermentation of fibre to acetate by gut bacteria can enhance Treg function and 

prevent Th2-driven inflammation in asthma (Figure 2.5). This is driven by inheritable epigenetic 

modification of the Foxp3 promoter, whereby acetate enhances histone acetylation. Acetate inhibits 

HDAC function89 and likely prevents deacetylation of histones at the Foxp3 promoter which 

subsequently maintains histone acetylation. Furthermore, when mothers eat a fibrous diet they likely 

enhance foetal exposure to SCFAs in utero and similarly increase Treg function that can prevent 

asthma pathogenesis in their children. Taken together, these data establish a novel role for fibre diet 

and SCFAs to prevent allergies, highlighting the importance of diet in the prevention of Western 

lifestyle diseases.  

7. Dietary fibre and SCFAs protect against C. rodentium infection 

The regulatory role of dietary fibre in preventing allergies suggests SCFAs have an anti-inflammatory 

role. However, in the setting of infection, anti-inflammatory responses may potentially hinder 

resolution of disease. We aimed to investigate the role of dietary fibre and SCFAs in C. rodentium 

infection to determine their impact on infectious diseases. The following section contains a submitted 

manuscript investigating the role of acetate in altering C. rodentium pathogenicity and infection.  
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Figure 2.5. Schematic representation of mechanism underlying the effect of maternal fibre 

intake on the development of asthma, both in the adult, and in offspring. Fibre consumption leads 

to changes in the microbiota which results in increased SCFA production in the gut. Acetate enters the 

bloodstream and inhibits HDACs, leading to transcription of Foxp3. Foxp3 promotes Treg numbers 

and function, which suppress airway inflammation. During pregnancy, SCFAs such as acetate are 

capable of crossing the placenta and influencing gene expression in the fetal lung. It is also likely that 

maternally transferred acetate affects Treg biology in the fetus. 
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ABSTRACT 

Background and Aims: Many inflammatory diseases are associated with microbial dysbiosis, which 

may considerably alter the production of short chain fatty acids (SCFAs). SCFAs are produced in the 

large bowel through bacterial fermentation of dietary fibre and play an important role in maintaining 

gut homeostasis. SCFAs, particularly acetate and butyrate, show beneficial immunomodulatory 

effects contributing to the prevention of inflammatory and allergic reactions. Thus, reduced 

production of SCFAs may impact on the mucosal immune responses critical to fight against 

pathogens. This study aims to determine the influence of SCFAs on a murine model of colonic 

bacterial infection. 

Methods: We feed high acetate- or butyrate-yielding diets to mice prior to and during C. rodentium 

infection and assessed severity of disease in correlation with changes in fecal microbiota and the 

immunological profile. 

Results: Here we show in vitro that acetate and butyrate directly inhibited growth of the attaching and 

effacing (A/E) pathogen C. rodentium in a bacteriostatic manner. This correlated with reduced 

expression of Tir by C. rodentium, a gene responsible for bacterial adherence and pathogenicity. 

Interestingly, only acetate reduced clinical scores during C. rodentium infection of mice when 

administered through a high acetate-yielding diet. This protection involved increased expression of 

IL-17, IL-18 and IL-22 in the colon and increased numbers of CD8αα+ TCRγδ T cells in the colonic 

epithelium. These effects were dependent on GPR43, a metabolite-sensing GPCR that binds acetate.  

Conclusions: Our findings unveil new mechanisms by which the dietary metabolite acetate impacts 

on colonic C. rodentium infection, demonstrating a novel role for acetate in reducing the severity of 

bacterial infection in the gut. 
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INTRODUCTION 

Bacterial infections of the gut are common and potentially lethal. In the US, the top 5 gut bacterial 

pathogens of children less than 5 years old are responsible for almost 300,000 illnesses a year192. This 

includes pathogenic strains of E. coli such as Enteropathogenic (EPEC) or Enterohaemorrhagic 

(EHEC) E. coli193.  

Diet and its effects on the composition of the gut microbiota may underlie the increased incidence of 

many inflammatory and infectious diseases in western societies194, 195. High fat and high sugar diets 

have been associated with increased adherent-invasive E. coli infection in mice196. Furthermore, 

Western diet has been associated with dysbiosis and changes to the composition of the gut microbiota, 

with an increasing proportion of E. coli196. 

A rapidly expanding body of knowledge has begun to highlight the potential role for diet in 

modulating gut infections. The health benefits of dietary fibre can in part be attributed to the 

production of short-chain fatty acids (SCFAs) and the alteration of the gut microbiota197, 198. SCFAs, 

mainly acetate, propionate and butyrate, are produced by bacterial fermentation of dietary 

carbohydrates in the large bowel. In particular, diet high in resistant starch enhances SCFA production 

in the human gut compared to a starch-free diet199. Furthermore, dietary fibre is also associated with 

changes to the gut microbiota. Indeed, Western diets low in fibre are associated with increased 

Bacteroidetes and reduced Firmicutes in American adults compared to African adults or South 

American Indians consuming a higher fibre diet200, 201.  

SCFAs can alter immune responses by signalling through ‘metabolite-sensing’ G protein-coupled 

receptors (GPCRs). GPR43 is predominantly activated by acetate whereas GPR109a is activated by 

butyrate and niacin53, 75. Both GPR43 and GPR109a are expressed on the gut epithelium and a myriad 

of immune cell subsets198. Murine studies suggest signalling via GPR43 regulates inflammatory 

responses8, 15. GPR43 knockout (KO) mice show exacerbated colitis, arthritis and food allergy, 

demonstrating that SCFA signalling plays a role in the suppression of inflammation15, 62, 202. Butyrate  

induces colonic Treg differentiation via IL-10 release from macrophages and dendritic cells and IL-18 
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from colonic epithelium, a mechanism dependent on GPR109a75. As a result, GPR109a KO mice 

develop severe inflammation in the DSS-induced colitis model75, 202. These studies suggest that 

GPR43 and GPR109a play an important regulatory role in dampening inflammation and maintaining 

intestinal homeostasis.  

Increasing prevalence of multiple antibiotic resistant strains of EHEC highlight the need for novel 

treatments to prevent the spread of these infections and reduce their severity203. Citrobacter rodentium 

is a mouse pathogen similar to EPEC, sharing approximately 67% of its genome including the 

pathogenicity islands necessary for causing A/E lesions204. It establishes an infection in the large 

intestine of rodents205. Infection of mice with C. rodentium provides a robust model for investigating 

the pathogenesis of EHEC and EPEC206. Both innate and adaptive arms of the immune response are 

required to resolve C. rodentium infection. Mice lacking T and B lymphocytes or impaired Myd88 

signalling in innate immune cells suffer fatal C. rodentium infection207, 208 and lethal translocation of 

gut bacteria during colonic damage209. Neutrophils are an important innate defence against C. 

rodentium, demonstrated by exacerbated infection in mice depleted of neutrophils210. In addition, a 

number of cytokines required for intestinal homoeostasis including IL-1β, IL-17, IL-18 and IL-22 are 

important in clearing infection and preventing mortality211, 212, 213.  Furthermore, C. rodentium is lethal 

to mice deficient in Muc-2214, a gene required for mucus production crucial in maintaining 

gastrointestinal barrier function.  

Acetate delivered to the large bowel of mice fed acetylated high amylose maize starch (HAMSA) 

improved survival against EHEC O157:H7 infection215, but the mechanism is unknown. High amylose 

acetylated and butyrylated starches (HAMSA and HAMSB) deliver acetate and butyrate respectively 

to the large bowel of rodents216 and humans 217, 218, which is the main compartment of the gut infected 

by EHEC206. High-amylose maize starch (HAMS) is a resistant starch  that passes largely undigested 

through the small intestine to the large bowel where it is fermented by the gut microbiota to SCFAs. 

When added to oral rehydration solution  HAMS decreased diarrhea duration in both adults and 

children hospitalized for acute infectious diarrhea219.  In an animal model of cholera-toxin induced 

diarrhoea, HAMSA promoted fluid and electrolyte uptake more effectively than HAMS or 
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HAMSB220. This suggests that SCFAs can reduce the clinical severity of gut bacterial infections. 

However, the role of individual SCFAs and their sensing GPCRs in preventing and containing 

bacterial infections remains poorly understood.  

In the present study, we used diets containing HAMSA and HAMSB to deliver acetate and butyrate to 

the large bowel of mice infected with C. rodentium to assess the effects of these SCFAs on clinical 

burden and gut pathogenicity during this large bowel bacterial infection. We also investigated the role 

of the metabolite-sensing receptor GPR43 in the immune response to infection by assessing the 

severity of C. rodentium infection in Gpr43-/- mice.  We demonstrate that acetate acting through 

GPR43 increases the number of CD8αα+ TCRγδ T cells and the expression of anti-microbial 

cytokines in the colonic epithelium of infected mice. We establish a promising new approach to 

moderate bacterial gut infections by manipulating the gut microbiota and mucosal immune tolerance 

through the SCFA acetate. 
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RESULTS 

Acetate and butyrate directly influence C. rodentium growth and virulence gene expression 

We first investigated whether acetate and butyrate could directly impact C. rodentium growth by 

performing proliferation and viability assays in vitro. We found that both acetate and butyrate in 

culture medium significantly reduced C. rodentium growth up to 7 hrs in culture in a dose dependent 

manner (Figure 1A-C). At higher physiological doses in the feces of mice (60mM), both acetate and 

butyrate also showed a similarly potent effect (Figure 1D), which is likely to reflect what occurs in 

vivo.  To understand if acetate and/or butyrate may have a bactericidal effect, we exposed 

C. rodentium to acetate or butyrate before growing the culture in a SCFA-free medium. C. rodentium, 

pre-cultured with 500mM acetate or butyrate for 2 hours was able to grow normally when returned to 

SCFA-free media (Figure 1E). As such, SCFAs acetate and butyrate exhibit a bacteriostatic rather 

than bacteriocidal effect on C. rodentium growth.  

Acetate-yielding diet protects from C. rodentium infection 

We next evaluated whether acetate and butyrate delivered to the large bowel by HAMSA and 

HAMSB respectively could prevent or ameliorate disease in mice when fed prior to and during 

infection with C. rodentium. These diets contained 15% high-amylose maize starch (HAMS), 15% 

acetylated high amylose (HAMSA), or 15% butyrylated high amylose (HAMSB) (Supplementary 

Table 1).  Acetylated and butyrylated starches are largely resistant to small intestinal amylolysis and 

pass to the colon where bacteria release their specific incorporated SCFAs216. Control HAMS diet was 

used to assess the individual role of acetylated high amylose (HAMSA) and butyrylated high amylose 

HAMSB diets, which have proven to be powerful tools for assessing the effects of specific SCFAs 

(i.e. acetate versus butyrate) on intestinal biology221, 222 215. The component of HAMS that passes into 

the large bowel is fermented to produce the normal range of SCFAs including acetate, propionate and 

butyrate. There were no differences in food intake between groups of mice fed the experimental diets 

(Supplementary Figure 1A).  
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Figure 1. Increased levels of SCFAs inhibit C. rodentium growth. 

Growth curve of C. rodentium in broth supplemented with acetate or butyrate. Concentrations of 

acetate and butyrate at A, 500mM, B, 250mM, C, 125mM and D, 60mM. p values calculated by two-

way ANOVA with Bonferoni’s correction (n = 3) Comparisons between acetate and untreated groups 

represented via *, comparisons between butyrate and untreated groups represented by #. E, Growth 

curve of C. rodentium cultured for 2 hours in 500mM acetate or butyrate, washed, and cultured in 

untreated media. P values calculated by two-way ANOVA with Bonferoni’s correction (n = 3) 

Comparisons between acetate and untreated groups represented via #, comparisons between butyrate 

and untreated groups represented by *. # or * p=<0.05, ## or ** p=<0.01, ### or *** p=<0.001, #### 

or **** p=<0.0001. All values are mean ± S.E.M. 

  



69 
 

Feeding HAMSA to healthy uninfected mice increased fecal acetate from approximately 20 to 50mM 

and HAMSB increased fecal butyrate from 10mM to 30mM, when compared to HAMS diet (Figure 

2A). We measured the concentration of acetate post C. rodentium infection and found a similar trend. 

In contrast, butyrate concentrations did not change significantly in infected HAMSB fed mice 

compared to infected HAMS-fed mice. Thus indicating C. rodentium infection did not affect the 

release of acetate but may affect butyrate release from modified starch substrates.  

We assessed the clinical severity of C. rodentium infection by examining the severity of diarrhea in 

mice fed HAMS, HAMSA or HAMSB. Ingestion of HAMSA significantly reduced the clinical score 

over 10 to 14 days, compared to control HAMS-fed infected mice (Figure 2B). For HAMSB-fed 

mice, results were similar to those observed in control HAMS-fed mice on days 10-14 (P<0.0001) 

(Figure 2B). Although severe clinical score in infected HAMSB-fed mice correlated with a subtle 

trend in bacterial load  in the colon, no significant differences were found in the C. rodentium 

numbers in the colon for any of the diets 14 days post-infection (Figure 2C). Similar to HAMSA 

supplement, non- or semi-purified diets containing 4.7% or 9.4% fibre provided resistance to 

C. rodentium infection compared to those receiving a diet containing no dietary fibre (Supplementary 

Figure 1B, C). This latter result suggests the level of dietary fibre plays a role  in preventing 

C. rodentium infection. 

To examine the effect of the diets on infection resolution, we monitored infected mice fed HAMS, 

HAMSA and HAMSB diets up until day 22. As expected, clinical symptoms of C. rodentium 

infection were resolved by day 22 regardless of diet (Figure 2D). Interestingly, both HAMSA and 

HAMSB diets completely depleted C. rodentium in the distal colon by day 22 (Figure 2E). As toxins 

and effector proteins produced by the pathogenic bacteria correlate with chronic infection223, 224, 225, we 

quantified the expression of the Tir gene, an intimin receptor responsible for C. rodentium Tir 

pathogenicity226. HAMSA- and HAMSB-fed mice exhibited decreased expression of Tir in their colon 

(Figure 2F). This suggests that acetate and butyrate can affect bacterial adhesion to the epithelium and 

directly reduce pathogenicity. 
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Figure 2. Effects of experimental diets on clinical score, bacterial load and pathogenicity gene 

expression in mice infected with C. rodentium. 

A, Acetate and butyrate concentrations in the feces of C57Bl/6J mice fed high amylose starch 

(HAMS), acetylated HAMS (HAMSA) or a butyrylated HAMS (HAMSB) supplement ad libitum for 

3 weeks, pre- and post-infection with C. rodentium.  Pre-infection faecal SCFA concentrations 

determined at day 0 of C. rodentium infection model, and 14 days post-infection. B, Clinical burden 

of C. rodentium infection over 14 day on C57Bl/6J mice fed HAMS, HAMSA or HAMSB 

supplement ad libitum for 3 weeks prior to inoculation and for the length of the experiment. C, 

Bacterial load of C. rodentium in the colon and feces from mice in B. D, Clinical burden of C. 

rodentium infection for 21 days from C57Bl/6J mice fed HAMS, HAMSA or HAMSB  ad libitum for 

3 weeks prior to inoculation and for the length of the experiment. E, Bacterial load of C. rodentium in 

the colon and feces from mice in D. Expression of C. rodentium pathogenicity gene Tir relative to 16s 

in the colon of infected mice fed HAMS, HAMSA or HAMSB (n = 5) collected 14 days post 

infection. p values for B, and D calculated by two-way ANOVA with Bonferoni’s correction.* p = 

<0.05, ** p = <0.01. p values for A, C, E and F calculated by one-way ANOVA with Bonferoni’s 

correction. * p=<0.05, ** p=<0.01, *** p=<0.001, **** p=<0.0001. All values are mean ± S.E.M. 
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Acetylated starch supplement promotes the abundance of protective gut microbial communities 

that correlate with inhibition of C. rodentium growth 

Next we asked whether protection observed in mice fed with HAMSA supplement correlated with an 

altered gut microbiota that subsequently alters production of SCFAs. Indeed, only HAMSA 

supplement resulted in a significant change of the microbiota present in feces, as shown by principal 

component analysis (PCA) plot (Figure 3A). In contrast, the gut microbiota of HAMSB-fed mice was 

similar to control HAMS-fed mice, and did not show a strong separation from the non-purified (NP) 

diet. Further characterization of the fecal microbiota profile demonstrated that HAMSA supplement 

decreased the prevalence of the Bacteroides genus (P=0.0002) and increased the population of an 

unknown genus of Alphaproteobacteria (P=0.0187) compared to control HAMS supplement and the 

conventional NP diet (Figure 3B). Similarly, high concentrations of acetate in pigs fed resistant-starch 

diet have been positively correlated with increased Alphaproteobacteria227. This suggests acetate can 

selectively promote Alphaproteobacteria, however the physiological impact of this bacteria remains 

unknown.   

Fecal acetate concentrations negatively correlated with the abundance of bacteria from the genera 

Lactococcus, Anaeroplasma, Akkermansia, Allobaculum, Lactobacillus and Clostridium (Figure 3C). 

Moreover, correlation between OTU and SCFA concentrations were different (Figure 3D), especially 

between acetate and butyrate where there was little overlap in highly correlated OTUs. Overall, high 

acetate-yielding diet shaped the makeup of the microbiota, which is integral for regulating acute 

antibacterial responses. 

 

Acetylated starch supplement activates metabolite-sensor GPR43 which plays a crucial role in 

gut homeostasis and clearance of C. rodentium infection    

SCFAs can modulate gut homeostasis via GPCRs195, 197. We therefore examined the role of acetate 

and butyrate sensing receptors GPR43 and GPR109a in C. rodentium infection. We fed C57.Gpr43-/- 

and C57.Gpr109-/- mice with HAMS, HAMSA and HAMSB prior to and during infection. Similar to  
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Figure 3. Acetylated and butyrylated supplements alter gut microbiota.   

A, PCA plot showing variation between the faecal microbiota of mice fed NP diet, HAMS, HAMSA 

or HAMSB supplements.  Vectors indicate influence of acetic and butyric acid, with length and 

direction of the arrows correlating with increased influence of the SCFA on the data points. PC1 axes 

accounted for 66% of total variation and strongly separated HAMSA supplement. B, Bar chart 

showing distribution of different genera detected in feces from C57Bl/6J wild type mice after being 

fed different supplements. Each genus, picked at 97% sequence identity (QIIME), is represented by a 

different colour and is proportional to the relative abundance in each sample. The key text provides 

QIIME blast taxonomy classification of the different genera in the samples. C, Pearson correlation-

based network showing relationships between SCFAs acetate, butyrate and propionate and bacterial 

genera in C57Bl/6J wild type mice fed NP, HAMS, HAMSA or HAMSB supplements. Genera-

depicting nodes are colored by phylum that genus belongs to.  Size of each genus node is proportional 

to relative abundance of that genus; green lines connect positively and blue lines negatively correlated 

nodes. D, Heatmap showing Pearson correlations between OTUs (columns) and SCFA (rows).  

  



75 
 

what we found in our previous experiment (see Figure 2D), C57.Gpr43+/+ littermates fed with 

HAMSA diet showed reduced clinical severity of infection as demonstrated by increased body 

weight, despite no changes in diarrhoea (Figure 4A). In contrast, C57.Gpr43-/- mice fed either HAMS 

or HAMSA supplements exhibited similar clinical severity compared to HAMS-fed C57.Gpr43+/+ 

mice. We found that mice deficient in GPR43 displayed an enhanced severity of weight loss during C. 

rodentium infection. Thus, these data indicate that acetate plays an important role in limiting the 

clinical impact of infection through its primary receptor GPR43228. No significant changes were 

observed in the course of infection in C57.Gpr109-/- mice (Supplementary Figure 2), implying that 

GPR109A is unlikely to contribute to C. rodentium protection, also in accordance with the HAMSB 

results shown above. Neither HAMSA supplement nor a lack of GPR43 changed the bacterial load in 

colon and feces at 14 days post-infection (Figure 4B).  

Enteropathogenic infections as well as many inflammatory diseases including colitis and celiac 

disease are associated with impaired gastrointestinal homeostasis in humans and mice. We found 

expression of IL-22, a gut homeostasis-related cytokine that maintains gut mucosal integrity and host-

microbial balance229, was significantly elevated in HAMSA-fed infected C57.Gpr43+/+ mice when 

compared to control HAMS-fed C57.Gpr43+/+ mice (Figure 4C). In concordance with augmented IL-

22, dietary acetate significantly increased the expression of IL-18 and IL-17 and in the colon, 

cytokines important for clearing bacterial infection230. Meanwhile, HAMSA supplement had no 

impact on the expression of any of these genes in the colon of infected C57.Gpr43-/- mice. Infected 

and non-infected C57.Gpr109-/- mice exhibited no differences in gene expression of colonic IL-17, IL-

18 and IL-22 compared to WT mice (data not shown). HAMSA feeding increased Muc-2 expression 

independently of GPR43, a gene essential for the production of mucus for the protection against 

colonic infection231,215, 232, 233 (Figure 4D). We found infected HAMSA-fed C57.Gpr43+/+ mice 

presented increased colon length compared to infected HAMS-fed C57.Gpr43+/+ mice, similar to non-

infected HAMS-fed C57.Gpr43+/+ mice (Figure 4E, F). However, colon length, a measure of colitis 

severity202, was not reduced in C57.Gpr43-/- mice. Overall, these results suggest that GPR43 is  
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Figure 4. Protection from C. rodentium infection by HAMSA displays dependence on GPR43.  

A, Clinical burden and percentage weight change  in C. rodentium infected C57.Gpr43+/+ or 

C57.Gpr43-/- mice fed HAMS or HAMSA supplement ad libitum 3 weeks prior to inoculation and for 

the length of the experiment. B, Bacterial load of C. rodentium in the colon and feces at the peak of 

disease, 14 days post-inoculation. C, Expression of Il-22, Il-17 and Il-18 in the colon of infected mice 

14 days post infection determined by qPCR. D, Expression of Muc-2 in the colon of infected mice 14 

days post infection determined by qPCR. E, Colon length comparing infected and non-infected 

C57.Gpr43+/+ or C57.Gpr43-/- mice fed HAMS or HAMSA supplement 14 days post infection. F, 

Photos representative of colons from each group. p values for A calculated by two-way ANOVAs 

with Bonferoni’s correction. p values for C, D and E calculated by one-way ANOVAs with 

Bonferoni’s correction. * p=<0.05, ** p=<0.01, *** p=<0.001.  All values are shown as mean ± 

S.E.M. (n = 5). 
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essential for an effective barrier against C. rodentium infection by enhancing immune responses 

downstream of IL-22, IL-18 and IL-17 signalling. 

Increased colonic CD8αα+ TCRγδ T cells correlates with reduced C. rodentium infection   

As IL-22 mediates early resistance to C. rodentium colonization210, 234, 235, we asked whether acetate 

can alter the mucosal immune response to infection. We investigated the role of the intraepithelial 

lymphocyte (IEL) compartment in the protection against pathogenic infection, as IELs are the first 

line of immunological defence to encounter bacteria and are equipped with fast responding effector T 

cells that can mount a strong immunity to a wide range of pathogens236. Furthermore, we investigated 

whether this response involved acetate-sensing receptor GPR43. We characterised colonic CD8αα+ 

IELs in infected C57.Gpr43+/+ and C57.Gpr43-/- mice by flow cytometry. The IEL compartment is 

90% CD8+ T cells237 and of those we found HAMSA diet significantly increased frequency and 

number of CD8αα+ T cells in infected mice (Figure 5A and Supplementary Figure 3A, B). This effect 

was not observed in infected C57.Gpr43-/- mice. Similarly, HAMSA supplement increased the 

frequency and number of CD103-expressing CD8αα+ TCRγδ T cells in infected C57.Gpr43+/+ mice, 

but not C57.Gpr43-/- mice (Figure 5B, C). To examine the capacity for CD8αα+ TCRγδ T cells to be 

directly affected by acetate, we measured the expression of GPR43 on isolated CD8αα+ TCRγδ T cells 

from non-infected mice fed NP, HAMSA or HAMSB diet. We found that Gpr43 was expressed on 

CD8αα+ TCRγδ T cells, though with no change induced by diet (Supplementary figure 3C).  CD8αα+ 

T cells are an unconventional or ‘natural’ subset of IELs, which have immune-regulatory properties 

thought to help maintain tolerance to bacteria and food antigens alongside anti-microbial responses to 

pathogenic bacteria238, 239. Mobilization of intraepithelial lymphocytes into or through the gut requires 

induction of CD103195, suggesting HAMSA supplement may increase IEL recruitment to the gut 

alongside enhanced CD103 expression. GPR43 activation from acetylated starch therefore enhanced 

the population of CD8αα+ TCRγδ T cells in the colonic epithelium which was associated with 

increased expression of CD103 and protection against C. rodentium infection. Taken together, these 

data identify a novel mechanism of GPR43-dependent immunomodulation in the gut from HAMSA 

supplement.  
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Figure 5. CD8αα+ TCRγδ colonic intraepithelial T lymphocytes are increased by HAMSA 

supplement in a GPR43-dependent manner. 

A, Number of CD8αα+ intraepithelial lymphocytes from the colonic epithelium from C57.Gpr43+/+ or 

C57.Gpr43-/- mice fed HAMS or HAMSA supplement. B, Number of TCRγδ+ CD8αα+ CD103+ 

intraepithelial lymphocytes from C57.Gpr43+/+ or C57.Gpr43-/- mice fed HAMS or HAMSA 

supplement. C, Representative plots of TCRγδ+ and CD103+ IELs from C57.Gpr43+/+ 

or  C57.Gpr43-/- mice fed HAMS or HAMSA supplement shown in Figure 5B. D, Number of 

neutrophils (Ly6g+ cells) in the colonic lamina propria from C57.Gpr43+/+ or C57.Gpr43-/- mice fed 

HAMS or HAMSA supplement. E, Expression of Ccl3 and Ccl4 in colon tissue from C57.Gpr43+/+ or 

C57.Gpr43-/- mice fed HAMS or HAMSA supplement, determined by qPCR. All cellular proportions 

determined by flow cytometry 14 days post infection. p values calculated by one-way ANOVAs with 

Bonferoni’s correction. * p=<0.05, ** p=<0.01, *** p=<0.001, **** p=<0.0001. All data is shown as 

mean ± S.E.M (n = 5). 
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HAMSA feeding reduced colonic neutrophils in the lamina propria of C57.Gpr43+/+ mice infected 

with C. rodentium (Figure 5D, Supplementary Figure 3D). This correlated with a reduction in 

neutrophil chemokines CCL3 and CCL4 (Figure 5E). These results were similar to what was observed 

by others in C57.Gpr43-/- mice, consistent with no leukocyte infiltration in the colonic lamina 

propria228. HAMSA or GPR43 deficiency did not change quantities of Th17 or Treg cells in the MLN 

of infected mice (Supplementary Figure 4). This suggests that acetate supplement can moderate the 

severity of C. rodentium infection without inducing an acute inflammatory response or by promoting 

the resolution of inflammation in a faster manner.  



 

82 
 

DISCUSSION 

In the current study we have identified a new mechanism by which colonic derived acetate modulates 

intestinal infection with the pathogen C. rodentium (Figure 6). We showed that acetate reduces 

bacterial growth and reduces expression of Tir, a gene responsible for C. rodentium pathogenicity. 

Acetate delivered to the large bowel by acetylated starch ameliorated the severity of infection. These 

effects were associated with increased production of anti-inflammatory cytokines in the 

gastrointestinal tract and increased numbers of immunoregulatory CD8αα+ TCRγδ T cells. Thus, 

increasing concentrations of colonic SCFA acetate is likely to provide protection from intestinal 

bacterial pathogens by positively affecting the immune, mucosal and microbial responses.  

SCFAs have an important role in immune and gut homeostasis by acting directly and indirectly on the 

immune system, epithelial gut barrier, gut microbiota and physiological responses195, 215, 240, 241. A 

healthy interaction between these elements in the gut is critical for combating intestinal infections. We 

found that butyrate and acetate have bacteriostatic effects by limiting bacterial growth in vitro and 

decreasing pathogenicity by reducing expression of protein effector genes such as Tir in vivo. 

However, we found that increased colonic concentrations of acetate, but not butyrate, delivered by 

acetylated starch ameliorated the severity of C. rodentium infection. In addition to being effective 

vehicles for increasing acetate in the human gut217, 218 , acetylated starches promote fluid and 

electrolyte uptake to promote oral rehydration therapy in a rat model of cholera242. Given that 

HAMSA feeding reduced diarrhoeal severity in mice infected with C. rodentium, this suggests acetate 

from HAMSA promotes water retention in the large bowel which ameliorates diarrhoea induced by 

bacterial infections of the gut such as EHEC and EPEC. Furthermore, the composition of these 

acetylated starches can may also promote the adhesion of bacteria to starch in the gastrointestinal 

tract, as evidenced by other studies using similar corn-starches243. Indeed, V. cholerae has been shown 

to adhere to granular starch in vitro243. Thus the encapsulation of the pathogenic bacteria might 

explain the total clearance of the bacteria at 22 days post inoculation in the colon but not in the feces.  
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Figure 6. Summary of study: increased acetate concentration in the large bowel promotes gut 

homeostasis and prevent C. rodentium infection. 

HAMSA increases  acetate concentration in the large bowel which acts directly on C. rodentium to 

reduce growth and pathogenic Tir expression. Acetate acts indirectly to clear C. rodentium infection 

by activating GPR43 (and possibly other receptors such as GPR41) on epithelial cells and IELs 

promoting the migration of IELs to the large bowel.  Increased acetate concentration is associated 

with increases in CD103 expression, an integrin that promotes immune cell residency in the gut. 

Acetate increases Muc2 expression in epithelial cells, promoting mucus production to reduce severity 

of C. rodentium infection. 
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The profile of bacteria from the gut microbiota have been linked to increased severity of various 

infections244, suggesting that the microbiota promoted by a NP diet may exacerbate C. rodentium 

infection. In contrast, HAMSA feeding altered the fecal microbiota by decreasing proportions of the 

Bacteroides genus. Fibre supplements of inulin and pectin have been associated with increases in 

Bacteroides in vitro, with dependence on pH245. Increased acidity correlated with reduced Bacteroides 

abundance. Increased fecal acetate from HAMSA supplement may reduce pH to a level that 

suppresses Bacteroides growth. Furthermore, HAMSA feeding increased proportions of an unknown 

Alphaproteobacteria genus in the fecal microbiota. corresponding with similar increases observed in 

pigs fed resistant-starch diet227. However, little is known about the role of Alphaproteobacteria in 

immunity. Increased proportions of Alphaproteobacteria from colonic acetate may alter the microbial 

environment and subsequently prevent C. rodentium growth upon infection.   

We found increased colonic CD8αα+ TCRγδ T cells in infected mice fed HAMSA, suggesting 

CD8αα+ TCRγδ T cells have an anti-bacterial response239, 246. This mechanism is also consistent with a 

decreased number of neutrophils and reduced expression of neutrophil chemokines CCL3 and CCL4, 

suggesting that IELs may be sufficient to mount an adequate immune response to clear infection. 

Indeed, IELs have been linked with a protective memory response against mycobacterial infection247, 

and TCRδ-deficient mice are fatally compromised in their resistance to lung infection by the 

bacterium Nocardia asteroids248. These studies suggest CD8αα+ TCRγδ T cells are important in 

clearing infections at mucosal sites which may be a mechanism promoted by acetate to fight A/E 

lesion-forming pathogens like C. rodentium in mice or EHEC and EPEC in humans.  

 

In addition to directly acting on the pathogenic bacteria, these studies demonstrate high concentrations 

of large bowel acetate has an important role in maintaining gut integrity during infection. HAMSA 

supplement prevented a reduction in colon length caused by infection, an important marker for 

damage caused by colitis249. Furthermore, dietary HAMSA also increased levels of Muc-2 expression, 

a gene required for the production of mucus. Mice deficient in MUC-2 were lethally susceptible to C. 

rodentium, highlighting its essential role in gut health250. Increases in Muc-2 expression from 
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HAMSA supplement suggests that acetate delivered by HAMSA can act directly on the epithelium to 

promote gut integrity and reduce C. rodentium infection. However, this mechanism was demonstrated 

to be independent of GPR43. 

 

Our findings highlight how HAMSA supplement can protect against C. rodentium infection by 

inducing CD8αα+ TCRγδ IELs that may control pathogenic bacteria or by altering the gut microbiota 

to reduce C. rodentium pathogenicity. Given acetate reduced pathogenic Tir gene expression in vivo 

and reduced C. rodentium growth in a dose dependent response in vitro, we also demonstrate how 

SCFAs such as acetate can act directly on pathogenic bacteria to reduce their pathogenicity. 
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METHODS 

Mice 

C57BL/6 mice were obtained from the Monash Animal Research Platform, Melbourne Australia. 

GPR43-/- and GPR109-/- mice were obtained from our own specific pathogen free breeding colony at 

Monash Animal Services. Mice were aged 6-10 weeks at the start point of experiments.  Control mice 

for KO mice were conventional C57BL/6 mice, co-housed with the KO mice prior to the experiments 

beginning. See Supplementary table 1 for complete description of the diets. All experimental 

procedures involving mice were carried out according to protocols approved by the relevant Animal 

Ethics Committee of Monash University, Melbourne, Australia and complied with the NHMRC 

Australian code of practice for the care and use of animals for scientific purposes, as well as the 

ARRIVE guidelines for animal usage in research.  

Administration of diets and infection with C. rodentium 

Mice were fed on their respective diets for 3 weeks prior to C. rodentium infection, and continued 

until the endpoint of the experiment. Mice were orally gavaged with nalidixic acid resistant C. 

rodentium strain ICC169 with an infective dose of approximately 3x108. Over the 14 or 21 day 

monitoring periods mice were monitored daily for diarrhea and were weighed. Upon sacrifice, 

bacterial CFU levels in the feces and colon were determined by serial dilution and plating on LB agar 

plates supplemented with nalidixic acid. 

SCFA analysis 

SCFAs in feces, blood and caecal content were analysed as previously described251. 

Bacterial growth curve 

LB broth was supplemented with either Sodium Acetate or Sodium Butyrate (Sigma), and the pH 

adjusted to 7.4. C. rodentium was inoculated in 20ml of broth culture for a starting OD of 0.1, and 

incubated at 37⁰C with shaking. The sample’s OD was checked every hour, and the growth recorded. 



 

88 
 

Sequencing and Bioinformatics 

Bacterial genomic DNA from feces was extracted using QIAamp DNA stool mini kit (QIAGEN). 

DNA samples were amplified targeting the V1-V3 region of bacterial 16S rRNA gene using forward 

primer 5’ AGAGTTTGATCCTGG 3’; and a reverse primer, 5’TTACCGCGGCTGCT 3’ and 

sequenced using Roche 454 GS FLX+ sequencer. Bioinformatics analysis was performed with 

Quantitative Insights into Microbial Ecology (QIIME) software. Chimeric sequences were detected 

andremoved using the Pintail algorithm (Ashelford et al., 2005) and de-noised and error-corrected 

with Acacia (Bragg et al., 2012). OTUs were picked at 97% sequence identity using the uclust 

algorithm in QIIME. Taxonomies were assigned in QIIME using BLAST against the Greengenes 

database (DeSantis et al., 2006). The EzTaxon database was used to additionally compare 

representative OTU sequences with a database of culturable strains (Chun et al., 2007). Pearson 

correlation-based network showing relationships between SCFA acetate, butyrate and propionate and 

bacterial genera was visualized in Calypso (http://cgenome.net/calypso/). 

Real time quantitative PCR analysis 

RNA from the colon was extracted and converted to cDNA using Bioline’s Tetro cDNA synthesis kit, 

using oligo (dT)18 primers to amplify mRNA. qPCR was performed using Bioneer’s Accupower 2x 

Greenstar qPCR master mix on Biorad’s Cfx384 real time system. All expression was standardized to 

the housekeeping gene β-actin. Primers used in the experiment are shown in Supplementary Table 2. 

FACS analysis 

Immunophenotypic analysis of mononuclear cells used the mAbs listed in Supplementary Table 3. 

Intracellular staining of IL-17A and Foxp3 was performed using the Foxp3-staining kit (eBioscience). 

All Abs from BD Bioscience, eBioscience or Biolegend. Stained samples were analysed using BD 

LSRII flow cytometers with FACSDiva software (BD Biosciences) and FlowJo software version 9.3.2 

(Tomy Digital Biology). 

  



 

89 
 

SUPPLEMENTARY FIGURES 
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Supplementary Figure 1. Non-HAMS fibre diet and C. rodentium infection, resistant 

starch supplement food intake and bacterial growth. 

A, Comparison of food intake and energy intake between C57Bl6/J mice fed standard mouse 

chow, HAMS, HAMSA or HAMSB supplements (n = 16). B, Clinical burden of C. 

rodentium infection over 14 day on C57Bl/6J mice fed high fibre (HF), standard fibre (SF) or 

zero fibre (ZF) diet for 3 weeks ad libitum prior to inoculation and for the length of the 

experiment (n = 5). C, Bacterial load of C. rodentium in the colon and feces from mice in B. 

p values for B calculated by two-way ANOVAs with Bonferoni’s correction. p values for C 

calculated by one-way ANOVAs with Bonferoni’s correction. * p=<0.05, ** p=<0.01. All 

data is shown as mean ± S.E.M. 
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Supplementary Figure 2. Protection from C. rodentium infection is not affected 

by GPR109 deficiency. 

A, Clinical burden and percentage weight change  in C. rodentium infected 

C57.Gpr109+/+ or C57.Gpr109-/- mice fed HAMS or HAMSB supplement ad libitum 

3 weeks prior to inoculation and for the length of the experiment. B, Bacterial load of 

C. rodentium in the colon and feces at the peak of disease, 14 days post-inoculation. 

All data are shown as mean ± S.E.M. (n = 5).  
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Supplementary Figure 3. IEL and neutrophil gating strategy. 

A, Number of CD8+ T cells, and representative FACS plot demonstrating gating strategy for 

CD8+ and CD4+ IELs. B, Representative plots of CD8αα and CD8αβ T cells from 

C57.Gpr43+/+ or C57.Gpr43-/- mice 14 days post infection fed HAMS or HAMSA 

supplement shown in Figure 4A.C, expression of Gpr43 in isolated TCRγδ+ T cells from the 

spleens of non-infected C57Bl/6J mice fed NP, HAMS or HAMSA supplement.  D, 

Representative plots of lamina propria neutrophils (Ly6g+) in the colon of C57.Gpr43+/+ or 

C57.Gpr43-/- mice 14 days post infection fed HAMS or HAMSA supplement from 4A. All 

values are shown as mean ± S.E.M. (n = 5). 
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Supplementary Figure 4. T cell populations in the colonic epithelium and MLNs 

of infected C57.Gpr43+/+ or C57.Gpr43-/- mice. 

A, Percentage and number of regulatory T cells (CD4+ CD25+ Foxp3+) in the 

colonic epithelium of mice from 4A. B, Percentage and  number of Th17 cells (CD4+ 

IL-17+) in the MLN of mice from Figure 4A. All cellular proportions determined by 

flow cytometry. All data are shown as mean ± S.E.M. (n = 5).  
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Supplementary Table 2. Primers used in the study 

Primer name Forward primer Reverse primer 

Actb 5’ ACC AGA GGC ATA CAG GGA CA 

3’ 

5’ CTA AGG CCA ACC GTG AAA AG 3’ 

Muc2 5’ TCC TGA CCA AGA GCG AAC AC 3’ 5’ ACA GCA CGA CAG TCT TCA GG 3’ 

Il-22 5’ GAT GGC TGT CCT GCA GAA AT 3’ 5’ GAA CAG TTT CTC CCC GAT GA 3’ 

Il-17 5’ CAG GAC GCG CAA ACA TGA 3’ 5’ GCA ACA GCA TCA GAG ACA CAG AT 3’ 

Il-18 5’ GAC AGC CTG TGT TCG AGG AT 3’  5’ TGG ATC CAT TTC CTC AAA GG 3’ 

Ccl3 5’ TCA TCG TTG ACT ATT TTG AAA 

3’,  

5’ GCC GGT TTC TCT TAG CAG GAA 3’ 

Ccl4 5’ AGG GTT CTC AGC ACC AAT GG 3’ 5’ GCT GCC GGG AGG TGT AAG A 3’ 

Gpr43 5’ CAG ACC AGC TGC AAA CTC G 3’ 5’ TTC TCC TCT GGT CCA GTG CT 3’ 
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Supplementary Table 3. Antibodies used in the study 

Antibody target Clone 

CD3 145-2C11 

CD4 RM4-5 

CD8a 53-6.7 

CD8b.2 53-5.8 

TCRgd eBioGL3 

CD103 M290 

CD69 H1.2F3 

CD25 PC61 

IL-17A TC11-18H10 

FoxP3 FJK-16s 
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Chapter 3 – The Role of GPR65 in Infection and Colitis 

1. Introduction 

The following chapter is comprised of data from 2 papers on the immunological role of GPR65. The 

first section presents data included in “Genetic Coding Variant in GPR65 Alters Lysosomal pH and 

Links Lysosomal Dysfunction with Colitis Risk” published in Immunity (Appendix 2). All methods 

for this data are included in the Appendix. The second section includes a paper titled “Proton-sensing 

receptor GPR65 regulates colonic inflammation through effects on leukocyte migration and 

intracellular metabolic pathways” soon to be submitted to Gut, comprised entirely of data from 

experiments completed in this PhD. Special mention must go to Jot Hui Ooi, Kara Lassen, Jaeyun 

Sung and Isabel Latorre for running fluidigm and mass spectrometry experiments on neutrophil 

samples that I prepared for analysis. These data demonstrate the regulatory role of GPR65 in 

lysosome formation and neutrophil chemotaxis that alter the outcome of bacterial gut infection and 

IBD. Furthermore, they demonstrate a novel impact of extracellular acidity on neutrophil chemotaxis 

and inflammation. Together, these papers display the discoveries made in this PhD that establish a 

novel role for GPR65 in inflammation and mucosal immunology. 

2. GPR65 protects against C. rodentium infection 

IBD has been associated with SNPs in a wide variety of genes responsible for bacterial sensing, 

metabolite sensing and autophagy252, 253. Specifically, polymorphisms in the Gpr65 gene have been 

associated with ulcerative colitis and Crohn’s disease in three genome-wide association studies49, 50, 51. 

To investigate the role of GPR65 in bacterial infection and colitis, we assessed disease progression in 

Gpr65-/- mice infected with Citrobacter rodentium, a mouse-restricted pathogen that causes colitis-

like symptoms205. C. rodentium is an attaching/effacing pathogen that predominantly infects the 

colon, causing diarrhoea and weight loss254. Disease progression was assessed at the peak of disease, 

14 days post-infection. Infected Gpr65-/- mice exhibited increased epithelial damage and leukocyte  
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Figure 3.1. Gpr65−/− Mice Are More Susceptible to Bacterial-Induced Colitis. (A) Representative 

H&E-stained sections of distal colon tissue are shown from untreated WT and Gpr65−/− mice (20× 

magnification) (n = 4 mice per genotype). (B) Representative H&E-stained sections of distal colon 

tissue are shown from infected WT and Gpr65−/− mice (20× magnification) (n = 8 mice per genotype). 

(C) Histological score for inflammation in colon tissues 14 days after C. rodentium infection. Data 

shown as mean ± SD; n = 5/group. ∗∗p < 0.01 (Mann-Whitney U test). (D) WT and Gpr65−/− mice 

were orally infected with C. rodentiumand bacterial numbers (CFU) were measured in the cecum, 

colon, and feces 14 days after infection. Data are means + SEM (n = 10 [WT], 10 [Gpr65−/−]; 2 

experiments). ∗∗p < 0.01 (Mann-Whitney U test). (E) Immunohistochemistry image of CD3 staining 

on WT andGpr65−/− colon tissue 14 days after infection with C. rodentium. 
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infiltration of the colon (Figure 3.1A – C). The bacterial load in the cecum, colon and feces was also 

increased in the colons of Gpr65-/- mice (Figure 3.1D). To confirm leukocyte migration, 

immunohistochemistry for CD3 also demonstrated enhanced Gpr65-/- leukocyte migration (Figure 

3.1E). Taken together, these data demonstrate that GPR65 is required to protect mice from 

C. rodentium infection. Furthermore, enhanced leukocyte migration to the colon of Gpr65-/- mice 

suggests increased bacterial burden exacerbated the inflammatory response to infection.  

3. Gpr65 expression in haematopoietic and non-haematopoietic compartments limits C. 

rodentium infection 

Cells of the immune and epithelial compartments are required to clear C. rodentium infection. The 

haematopoietic lineage gives rise to the immune compartment, whilst the epithelium arises from non-

haematopoietic progenitors. Although other non-haematopoietic cells may be involved in the response 

to infection, epithelial cells are the predominant non-immune cell type involved in clearing C. 

rodentium infection208, 255.  To determine the role of GPR65 in either compartment during infection, 

we assessed disease progression in infected WT and Gpr65-/- bone marrow (BM) chimeras. Briefly, 

WT or Gpr65-/- recipient mice are irradiated and reconstituted with WT or GPR65-/- bone marrow. 

Chimeras develop a haematopoietic compartment of the opposite strain. As before, disease 

progression was assessed at the peak of disease, 14 days post-infection. The absence of GPR65 in 

both haematopoietic and non-haematopoietic compartments increased bacterial burden in the colon 

(Figure 3.2A). This demonstrates that expression of Gpr65 in immune and epithelial cells is required 

to prevent infection. Colon length, a marker of colitic severity, was reduced in mice lacking GPR65 in 

the non-haematopoietic compartment (Figure 3.2B). Gpr65-/- bone marrow did not significantly alter 

colon length. This suggests that colitic dehydration and colon shortening caused by infection is 

reduced by Gpr65 expression on epithelial cells. Significant differences in histopathology were not 

observed at this time point of infection (Figure 3.2C).  
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Figure 3.2. Gpr65 Expression in Non-hematopoietic and Hematopoietic Cells Limits 

C. rodentium Infection. (A) Bone marrow chimeric mice were orally infected with C. rodentium and 

bacterial numbers (CFU) were measured in the colon at 11 days after infection. Data are means + 

SEM (n = 11 [WT→WT], n = 6 [WT→Gpr65−/−], n = 10 [Gpr65−/−→WT], n = 4 

[Gpr65−/−→Gpr65−/−]). ∗p < 0.05, ∗∗p < 0.01, ∗∗∗∗p < 0.0001 (unpaired t test). (B) Colon length from 

bone marrow chimeric mice infected with C. rodentium for 11 days. Data are means + SEM. ∗∗p < 

0.01 (unpaired t test). (C) Representative H&E-stained sections of distal colon tissue are shown from 

infected bone marrow chimeric mice at 11 days after infection (20× magnification). (D) Cytokine 

expression in C. rodentium-infected mice, as quantified by qRT-PCR. Relative mRNA levels of the 

indicated cytokine are shown. ∗p < 0.05; ∗∗p < 0.01 (unpaired t test). Data are means + SEM. (E) 

Secretion of cytokines from colon tissues 11 days after infection with C. rodentium. Data are means + 

SEM. ∗p < 0.05 (unpaired t test). 
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To further characterise the inflammatory response to infection in bone marrow chimeras, we 

quantified the expression and protein of pro-inflammatory cytokines in the colon important for 

clearing C. rodentium, including IL-1β, TNF-α, IL-17 and IFNγ. Levels of TNF-α, IL-17 and IFNγ 

mRNA or protein were reduced in mice with Gpr65-/- haematopoietic and non-haematopoietic 

compartments (Figure 3.2D, E). In particular, mice with a combination of both Gpr65-/- compartments 

exhibited the lowest quantities of TNF-α, IL-17 and IFNγ (Figure 3.2E). These data demonstrate that 

GPR65 signalling in immune and non-immune cells promotes pro-inflammatory cytokine production 

in response to C. rodentium infection in the colon. This pro-inflammatory response mediated by 

GPR65 was found to require efficient phagocytosis of bacteria to induce cytokine release, a process 

impaired in HeLa cells with a polymorphism in GPR65 (Appendix 2). As such, these data 

demonstrate that GPR65 signalling mediates efficient clearance of gut bacterial pathogens by 

enhancing the innate immune response to infection. 

4. GPR65 regulates neutrophil chemotaxis and metabolism 

Given that GPR65 enhances innate immunity to infection and that Gpr65 polymorphisms are 

associated with IBD, we investigated the role of GPR65 in a murine model of DSS colitis. The 

following section includes a submitted manuscript demonstrating how GPR65 can regulate neutrophil 

chemotaxis in response to extracellular acidity. Furthermore, these alterations in neutrophil biology 

are associated with exacerbated ulcerative colitis, providing a novel explanation for the association 

between Gpr65 SNPs and IBD.  
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ABSTRACT 

GPR65 is a proton-sensing receptor expressed by immune cells and certain epithelia. This receptor is 

activated under acidic extracellular conditions, which suggests a role in locations such as the 

gastrointestinal tract, or in situations of acidosis. Interestingly, acidosis has long been known to 

regulate immune responses, including neutrophil chemotaxis. Single nucleotide polymorphisms 

(SNPs) in Gpr65 in humans predispose to inflammatory bowel disease (IBD). In the present study, we 

assessed the severity of dextran sulphate sodium (DSS) colitis in Gpr65-/- mice, and found that they 

displayed exacerbated colitis, including enhanced infiltration of leukocytes into the mucosa of the 

colon. Bone marrow chimeras established that deficiency of GPR65 in bone marrow derived cells 

contributed to this phenotype. Gpr65-/- neutrophils migrated more readily to CXCL8 and were 

resistant to acid-induced inhibition of chemotaxis. To understand molecular changes in cells exposed 

to extracellular pH and GPR65 signalling, we assessed WT and Gpr65-/- neutrophils for their 

metabolic profiles under control and acidic conditions following stimulation with CXCL8. GPR65 

signalling altered various lipid metabolites important for cell migration. We establish a novel role for 

GPR65 on neutrophils in the regulation of cell migration in response to acidic conditions. 
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INTRODUCTION 

Human IBD involves the interplay between genetics and environmental influences168, 169, 170. Among 

the environmental factors associating with IBD, poor gut homeostasis, and an altered microbiome 

composition are consistent features256. The mechanisms that drive tissue damage involve a myriad of 

immunological processes, involving various leukocyte cell types. These include effector T cells, 

dysregulated Treg cells, innate lymphoid cells, and neutrophils181, 257. Indeed a consistent feature of 

inflammation in IBD is the transepithelial migration of neutrophils to the gut and exacerbation of 

inflammation from the release of neutrophil products such as ROS and elastase176, 181. Neutrophil 

migration to the gut is initiated upon release of inflammatory chemokines such as CXCL2 (MIP-2) 

and CXCL8 by the epithelium177, 178. These chemokines are increased in the colon of IBD patients, 

facilitating subsequent neutrophil infiltration179, 180. The subsequent release of pro-inflammatory 

mediators from neutrophils in the gut can drive IBD pathogenesis by degrading epithelial junctions 

and reducing epithelial integrity181. Weakened integrity promotes bacterial translocation from the 

lumen to the mucosa, exposing neutrophils to LPS and other TLR ligands which elicit additional 

inflammatory responses that further exacerbate inflammation.  

Interestingly, severe inflammation in IBD is associated with low luminal pH in the colon258. Indeed, 

localised acidification is a hallmark of inflammation. Acidosis is established in inflamed tissue by 

infiltrating neutrophils that induce hypoxia and produce lactate from glycolysis259.  These pH changes 

may be integral to the regulation of responses, since extracellular acidity can be sensed by proton-

sensing G protein-coupled receptors (GPCRs).  Such receptors include GPR4, GPR68 and GPR65. 

GPR65 is activated by protons in low pH conditions40. The relevance of such receptors is highlighted 

by single nucleotide polymorphisms (SNPs) in Gpr65 that associate with susceptibility to IBD, 

including both ulcerative colitis and Crohn’s disease49, 50, 51. Recently, we demonstrated that SNPs in 

human GPR65 impair lysosomal function in epithelial cells, and that Gpr65-/- mice were more 

susceptible to Citrobacter rodentium infection260.  
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GPR65-GFP reporter mice show that GPR65 is highly expressed on many immune cells, including T 

and B lymphocytes, eosinophils and neutrophils43. While a clear role for GPR65 has been established 

in epithelial cell autophagy260, knowledge of the receptor’s function in other potentially pathogenic 

cell types remains unclear. GPR65 is upregulated in eosinophils under acidic conditions43, suggesting 

GPR65 gene expression is controlled by extracellular pH. Signalling through Gpr65 increased 

eosinophil viability and exacerbated allergic airway inflammation in mice43. This would suggest that 

Gpr65 can be activated under certain environmental conditions and affect disease development. A 

functional role for GPR65 is also suggested by enhanced survival of cancer cells in vitro due to 

GPR65-induced protection from localised acidosis261. Localised acidosis from excessive glycolysis 

can activate GPR65 and maintain cancer cell proliferation via up-regulation of anti-apoptotic 

proteins261. In addition, GPR65 regulates cell activation by decreasing the release of cytokines in 

dexamethasome-treated LPS-stimulated macrophages under acidic conditions262. Thus the acidic 

environment established during inflammation may activate GPR65 and alter immunological functions 

by modulating cell activity and survival, particularly in immune cells.  

The neutrophil is an immune cell type that expresses high levels of GPR65 protein263 and plays a 

pathogenic role in numerous inflammatory diseases, including IBD181. Neutrophil chemotaxis requires 

numerous alterations to intracellular metabolic pathways. These are required for many cellular 

processes such as cytoskeletal stabilisation, shape change and cell membrane synthesis. For instance, 

conversion of sphingomyelin to ceramide by the enzyme sphingomyelinase is required to maintain 

direction in chemotactic neutrophils264. Indeed, exogenous treatment of neutrophils with 

sphingomyelin decreases their chemotaxis to the chemoattractant FMLP264. Furthermore, dietary 

administration of long-chain fatty acid transporter carnitine, a molecule required for energy 

production from beta oxidation, restored neutrophil chemotaxis in aged rats to levels equivalent to 

their younger counterparts265. In contrast, oral gavage of phosphatidycholine (PC), a class of lipids 

that constitute a major component of cell membranes, has been demonstrated to reduce neutrophil 

infiltration of the joint in a rat model of arthritis266. Indeed, i.p. injections with PC reduces neutrophil 

infiltration of the lung, liver and kidney in an LPS-induced rat model of multiple organ injury267. 
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Phosphotidylethanolamine (PE) is another class of lipid present in the cell membrane, involved in 

neutrophil chemotaxis. PE is important in membrane remodelling during cytokinesis and maintaining 

mitochondrial morphology268. The conversion of arachidonic acid to PE is increased in human 

neutrophils stimulated with TNF-α269. Furthermore, neutrophil chemotaxis requires GPCR-activated 

phospholipase C activity and events downstream of diacyglycerol (DAG) signalling270. Indeed, DAG 

is increased in human neutrophils activated by the chemoattractant FMLP271. The above findings 

aside, the myriad of changes to intracellular metabolism during neutrophil chemotaxis remains poorly 

understood.  

Here we show that immune cell expression of GPR65 is important for the pathogenesis of dextran 

sulphate sodium (DSS) colitis in mice. Absence of GPR65 lead to exacerbated colitis and enhanced 

neutrophil infiltration to the colon. Altered cell migration was one consequence of low pH, and this 

was dependent on proton sensing by GPR65. Proton sensing by GPR65 also affected intracellular 

lipid metabolic pathways important for the directed migration of leukocytes. The genetic association 

of Gpr65 with human inflammatory disease (particularly IBD) may thus relate in part to GPR65 

functions in immune cells, and the regulation of important intracellular lipid metabolites that control 

leukocyte function.    
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RESULTS 

Severity of DSS-induced colitis is increased in Gpr65-/- mice  

Because of the association between SNPs in Gpr65 and IBD, and the high expression of GPR65 

protein on inflammatory type immune cells, we investigated the role of GPR65 in colitis. In a DSS-

induced model of colitis, mice deficient in GPR65 developed exacerbated disease with increased 

weight loss and diarrhoeal severity (Figure 1A, B). Gpr65-/- mice treated with DSS showed 

significantly shorter colons than WT mice (Figure 1C). Damage to the epithelial barrier in colitis has 

been associated with translocation of gut bacteria from the gut lumen to tissues, particularly in the 

liver and mesenteric lymph nodes272, 273. Gpr65-/- mice contained significantly more anaerobic bacteria 

in both organs (Figure 1D). In addition to reduced epithelial integrity, neutrophil infiltration is a 

hallmark of DSS colitis. We quantified neutrophils (Ly6g+ cells) by flow cytometry, which revealed a 

significant increase in neutrophils in the colonic lamina propria in Gpr65-/- mice at day 4 (Figure1E). 

Histological scoring of the colon of mice treated with DSS confirmed that immune cell infiltration is 

higher in Gpr65-/- mice compared to WT mice (Figure 1F, G).  Taken together, these data suggest that 

GPR65 expression prevents exacerbation of symptoms in IBD by regulating leukocyte migration to 

the colon and enhancing epithelial integrity. 

 

Lack of GPR65 in both the hematopoietic and non-hematopoietic compartments exacerbate 

DSS colitis 

We have previously shown that GPR65 expression in both haematopoietic and non-haematopoietic 

compartments is important in reducing the severity of C. rodentium infection in the gut 260. To 

investigate the role of the haematopoietic and non-haematopoietic compartments in the exacerbation 

of colitis in Gpr65-/- mice, we conducted DSS colitis experiments on bone marrow chimeras. Briefly, 

irradiated WT or Gpr65-/- mice were reconstituted with bone marrow of the 
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Figure 1.  Gpr65-/- mice are more susceptible to DSS colitis.  

WT and Gpr65-/- mice were administered either normal drinking water (Control; n = 4/group) or 2% 

DSS in the drinking water (DSS; n = 8/group) for 7 days before being humanely culled. (A) 

Percentage weight change was measured daily. (B) Diarrhoel severity scored from 0 – 8 

representative of fecal consistency and blood as described in methods.  (C) Colon length measured in 

millimetres. (D) Anaerobic growth of bacteria isolated from mesenteric LN and liver represented as 

log10 colony forming units (cfu) per gram of organ. (E) Percentage and number of colonic neutrophils 

at day 0, 4 and 7 following DSS.  (F) Histology score of H&E stained colon sections from 0 – 6 

representing cellular infiltration and epithelial damage as described in methods. (G) Representative 

colon sections for scoring. Neutrophils identfied as Ly6g+ cells by flow cytometry. * p < 0.05, ** p < 

0.005, *** p < 0.0005, **** p < 0.00005 (independent t test). All data represented as mean ± SEM.     
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opposing strain and subject to DSS colitis. The haematopoietic and non-haematopoietic compartments 

can be distinguished by comparing the strain of the donor with that of the recipient. WT recipients of 

Gpr65-/- bone marrow develop immune cells that are Gpr65-/- but maintain a Gpr65+/+ non-

haematopoietic compartment. Alternatively, Gpr65-/- recipients of WT bone marrow develop Gpr65+/+ 

immune cells but maintain a Gpr65-/- non-haematopoietic compartment. The predominant non-

haematopoietic cell-type involved in colitis is epithelial cells. 

Gpr65-/- mice exhibited increased severity of diarrhoea and fecal blood at day 3, independent of the 

strain used for bone marrow reconstitution (Figure 2A, B). However, lack of GPR65 in the 

haematopoietic compartment had no impact on the severity of diarrhoea or fecal blood. Lack of 

GPR65 in the haematopoietic compartment led to increased leukocyte infiltration and epithelial 

damage in the colon after DSS treatment in both irradiated WT and Gpr65-/- mice (Figure 2D, E). 

Gpr65-/- mice showed increased leukocyte infiltration and epithelial damage of the colon when 

reconstituted with a WT or Gpr65-/- haematopoietic compartment (Figure 2D, E). These data suggest 

that GPR65 expression by epithelium and signalling in response to its agonists (i.e. protons) prevents 

clinical symptoms of diarrhoea and fecal blood. Furthermore, it demonstrates GPR65 expression in 

both immune and epithelial compartments can regulate inflammation in murine colitis.  

 

SNPs in Gpr65 are associated with IBD, asthma and eczema 

To understand the broad biological and disease impact of GPR65, we performed a phenome-wide 

association (PheWAS) for the Gpr65 intronic SNP rs8005161. Rs8005161 has been reported as the 

top variant associated with IBD in multiple studies49, 50, 51 and is in perfect linkage disequilibrium of 

the GPR65 missense variant I231L (rs3742704) based on the 1000 Genome Project European 

population data. The PheWAS was conducted on 1229 phenotypes collected from 647,776 genotyped 

subjects within 23andMe’s data set. Rs8005161 showed significant association with inflammatory 

bowel disease (p=3.4×10-5) and asthma (p=3.6×10-5) after Bonferroni multiple test correction (Figure  
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Figure 2. Both haematopoietic and non-haematopoietic compartments of Gpr65-/- mice 

contribute to DSS susceptibility.  

Irradiated WT or Gpr65-/- mice were reconstituted with bone marrow of the opposing strain and 

subject to DSS colitis (DSS; n = 8/group). (A) Percentage weight change was measured daily. (B) 

Diarrhoel severity scored from 0 – 8 representative of fecal consistency and blood as described in 

methods.  (C) Histology score of H&E stained colon sections from 0 – 6 representing cellular 

infiltration and epithelial damage as described in methods. (D) Representative colon sections for 

scoring. (E) Table summarising significant associated phenotypes for rs8005161 from PheWAS in 

23andMe. *** p < 0.0005, **** p < 0.00005 (independent t test). All data represented as mean ± 

SEM.   
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2F). At the false discovery rate of 0.1, rs8005161 is also associated with eczema (p=9.2×10-5).  This 

result confirms the predominant role of GPR65 in IBD. Furthermore, the association of asthma and 

eczema also suggests a broader biological impact of GPR65 on Th2-based allergic responses outside 

the gut, presumably not relating to epithelial cell autophagy. This is in accordance with exacerbated 

infiltration of eosinophils into the bronchioles of asthmatic mice deficient in GPR65263. To further 

investigate the role of GPR65 in allergy, we subject WT and Gpr65-/- mice to a murine model of 

peanut allergy.  Despite no change in anaphylaxis or serum IgE, GPR65 reduced the number of cells 

in the mesenteric LN and decreased the production of Th2 cytokines IL-4, IL-5 and IL-13 from T 

cells stimulated with peanut allergen (Supplementary Figure 1). This demonstrates that GPR65 may 

regulate Th2 responses. However, this regulatory response was not sufficient to reduce the clinical 

outcome of anaphylaxis in food allergy, suggesting that allergic responses in the gut may not involve 

GPR65 signalling as much as those in the asthmatic lung. Indeed, polymorphisms in Gpr65 assessed 

in our PheWas study were not significantly associated with food allergy (Supplementary Table 1).  

 

Gpr65-/- neutrophil chemotaxis in vitro is enhanced under basal and acidic extracellular pH 

Neutrophil chemotaxis is inhibited at low extracellular and intracellular pH274, 275. We hypothesised 

that enhanced colonic infiltration of neutrophils in Gpr65-/- mice undergoing DSS colitis may involve 

alterations to cell migration, and ultimately their recruitment to pathological sites. Indeed, Gpr65-/- 

neutrophils exhibited a strong GFP signal (Figure 3A), confirming maintain a highly activated Gpr65 

promoter. To determine whether GPR65 is involved in chemotaxis, we assessed the migratory 

properties of Gpr65-/- neutrophils towards CXCL8 using an in vitro chemotaxis assay. Furthermore, as 

GPR65 is a proton sensor we studied WT and Gpr65-/- neutrophil chemotaxis at physiological pH 7.4, 

or acidic pH 6.5.  

Interestingly, the migration of Gpr65-/- neutrophils at either pH was increased compared to WT 

neutrophils (Figure 3B), indicating that lack of GPR65 signalling somehow altered the machinery  
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Figure 3. Gpr65-/- neutrophil chemotaxis is enhanced in vitro and in vivo.   

 (A) GFP signal of WT or Gpr65-/- neutrophils (Ly6g+) from the colon of mice administered DSS 

colitis. Gpr65 is disrupted by insertion of GFP in Gpr65-/- mice. Neutrophil chemotaxis to CXCL8 

was assesed (B) without or (C) with 5-amiloride hydrochloride.  The number of neutrophils that 

migrated across a transwell membrane was determined by flow cytometry. (D) WT or Gpr65-/- mice 

were injected with KRN serum (KRN; n = 8/group). Histology score of H&E stained ankle sections 

from 0 – 3 representing cellular infiltration as described in methods. (E) Representative ankle sections 

stained with H&E. Purple cells are infiltrating neutrophils. * p < 0.05 (independent t test). All data 

represented as mean ± SEM.   
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involved in cell migration. Of note, at pH 6.5, WT neutrophil migration was completely inhibited, 

whereas migration of Gpr65-/- neutrophils was only partially reduced (Figure 3B). Intracellular pH 

balance within neutrophils is maintained by sodium-hydrogen exchangers (NHE) that pump Na+ ions 

into the cell and H+ ions out. NHEs are crucial for neutrophil chemotaxis as they increase intracellular 

pH to provide a suitable environment for the cytoskeletal modifications required for rolling276. Indeed, 

such mechanisms of pH balance are crucial to migration, as inhibition of NHE function with 

amiloride can abrogate neutrophil chemotaxis277. To determine whether the function of NHE was 

altered in Gpr65-/- neutrophil migration, we conducted chemotaxis assays in the presence of an 

inhibitor of NHE, amiloride hydrocholride. Amiloride inhibited WT and Gpr65-/- neutrophil migration 

at pH 7.4 and inhibited WT but not Gpr65-/- neutrophil migration at pH 6.5 (Figure 3C). Gpr65-/- 

neutrophils treated with amiloride at pH 6.5 were inhibited at baseline (no CXCL8) but migrated more 

than untreated controls at higher CXCL8 concentrations.  This suggests amiloride-sensitive ion 

channels such as NHE1 regulate neutrophil chemotaxis through GPR65 at neutral pH, whereas 

amiloride-independent mechanisms regulate chemotaxis at lower pH. Whilst signalling through 

GPR65 played a role in neutrophil migration, its absence did not affect the capacity of neutrophils to 

phagocytose Eschericia coli, or their viability in acidic conditions (data not shown). 

To confirm an enhanced migratory phenotype of Gpr65-/- neutrophils in vivo we conducted a 

neutrophil-dependent model of arthritis. Briefly, serum from KRN mice containing autoantibodies 

was injected i.v. into WT or Gpr65-/- mice. Symptoms of arthritis develop within 2 -3 days 

independently of lymphocyte-mediated immune responses. While under arthritic conditions, WT and 

Gpr65-/- mice lost weight at the same rate and ankle thickness was significantly increased in Gpr65-/- 

mice compared to controls (Supplementary Figure 2A, B). Clinical scoring of swelling and redness 

was also significantly higher in Gpr65-/- mice (Supplementary 2C). Histological analysis shows 

neutrophil infiltration of the ankle was exacerbated in arthritic Gpr65-/- mice at day 7 (Figure 3D, E).  

This suggests GPR65 signalling regulates neutrophil infiltration of arthritic joints and delays the onset 

of clinical symptoms.  
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To determine whether the change in migration of GPR65-deficient neutrophils was associated with 

changes in gene expression, we quantified the expression of 86 genes crucial to chemotaxis, function 

and survival in WT and Gpr65-/- neutrophils (Figure 4 and Supplementary Figure 3).  Neutrophils 

were exposed to an extracellular pH of 7.4 or 6.5 and stimulated with either CXCL8 or LPS. An acid-

induced gene expression profile was concurrent in WT and Gpr65-/- neutrophils (Figure 4A). In the 

absence of CXCL8 and LPS, acidity increased expression of such genes as heat shock protein 1 in 

WT and Gpr65-/- neutrophils (Figure 4A). Contrastingly, acidity decreased expression of NLRC4 

inflammasome, integrin α4 and integrin αL. Furthermore, Gpr65-/- neutrophils exhibited their own 

unique expression profile distinct from WT controls (Figure 4C – D). CXCL8 largely increased 

CXCL1 and CXCR1 expression in Gpr65-/- neutrophils, particularly at an extracellular pH of 7.4 

(Figure 4C). Integrin α4, a component of multiple integrin receptors, was increased in Gpr65-/- 

neutrophils across all conditions. These data suggests GPR65 regulates chemokine receptor and 

integrin expression on neutrophils, reducing their capacity to migrate. 

 

Extracellular pH and GPR65 signalling modify lipid metabolism in neutrophils stimulated with 

CXCL8 

Chemotaxis requires extensive changes to intracellular metabolism. To investigate changes in 

metabolism of chemotactic neutrophils in acidic extracellular environments, we quantified polar and 

lipid metabolites in WT neutrophils at baseline or stimulated with CXCL8 at pH 7.4 or 6.5. 

Metabolism was significantly altered by both acidic extracellular pH and stimulation with CXCL8. 

Broadly, lipid metabolites were increased in WT neutrophils upon stimulation with CXCL8 at pH 7.4 

(Supplementary Figure 4). However, this increase in lipids was markedly decreased at pH 6.5, 

suggesting that a reduction in metabolic activity may lead to impaired neutrophil chemotaxis, which 

has been observed previously in acidic environments274, 275.  

To investigate the role of GPR65 in this process we included Gpr65-/- neutrophils alongside WT 

controls.   Quantities of numerous metabolites were altered in a GPR65-dependent manner (Figure 5).  



 

121 
 

  

Figure 4. Gpr65-/- neutrophils exhibit a unique gene expression 

profile in acidic and stimulatory conditions.  

Neutrophils isolated from the bone marrow of WT (n = 4) and Gpr65-/- 

(n = 4) mice. (A) Expression of functional genes in WT and Gpr65-/- 

neutrophils at pH 6.5 compared to pH 7.4. Expression of fuctional 

genes at  pH 6.5 or 7.4 in Gpr65-/- compared with WT when (B) 

unstimulated (baseline), (C) stimulated with CXCL8 or (D) stimulated 

with LPS. Benjamini-Hochberg q value < 0.05 for blue or red coloured 

data (independent t test). Grey indicates non-significance. 
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Figure 5.  WT and Gpr65-/- neutrophil lipid metabolism is differentially altered by extracellular 

acididty and CXCL8.  

WT or Gpr65-/- neutrophils were stimulated with CXCL8 at pH 6.5 or 7.4 and their polar and lipid 

metabolites were qantified by LC-MS. (A) Metabolite profile comparing fold change in unstimulated 

(no IL-8) WT or Gpr65-/- neutrophils between pH 6.5 or 7.4 . (B) Metabolite profile comparing fold 

change between unstimulated (no IL-8) WT and Gpr65-/- neutrophils at pH 6.5 or 7.4 .  (C) Metabolite 

profile of CXCL8-stimulated WT or Gpr65-/- neutrophils comparing fold change between pH 6.5 or 

7.4. (D) Metabolite profile comparing fold change between CXCL8-stimulated WT or Gpr65-/- 

neutrophils at pH 6.5 or 7.4. * p < 0.05 (independent t test). 
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These include a number of lipids associated with lipid remodelling and receptor signalling in 

neutrophil chemotaxis. Briefly, CXCL8-stimulated Gpr65-/- neutrophils exhibited decreased levels of 

PC (pH 7.4 and 6.5) and PE (pH 7.4) (Figure 5D). In contrast, CXCL8-stimulated Gpr65-/- neutrophils 

contained increased levels of sphingosine 1-phosphate (pH 7.4), fatty acyl carnitine (pH 7.4 and 6.5), 

PE (pH 6.5), DAG (pH 6.5) and triacylglycerol (TAG; pH 6.5) (Figure 5D). Taken together, these 

data demonstrate marked differences in lipid metabolism resulting from extracellular acidity and 

GPR65 activation in CXCL8 stimulated neutrophils. This suggests proton-sensing through GPR65 

plays an important role in regulating intracellular metabolites, which thereby influences cell migration 

and inflammation. 

 

DISCUSSION 

In the present study, we establish a role for GPR65 on leukocytes in colonic inflammation. GPR65 

activation regulated neutrophil chemotaxis by altering chemokine receptor expression and lipid 

metabolism, which affected the recruitment of neutrophils into inflamed tissue in both colitis and 

arthritis. Furthermore, we showed that this process was partially dependent on NHE function and 

subsequent intracellular pH balance. This indicates that sensing of pH is an important mechanism for 

the regulation of leukocyte recruitment and inflammation. 

NHE has been associated with G-protein subunits and GPCR agonists but has never been linked to 

activation of a specific GPCR233, 278. Here we identified a GPR65-dependent role for amiloride-

sensitive ion channels in neutrophil chemotaxis. Interestingly, Gpr65-/- neutrophils at pH 6.5 but not 

7.4 were resistant to an amiloride-related reduction in neutrophil chemotaxis. This suggests that 

secondary pH balancing mechanisms independent of NHE are at play. Such mechanisms could be 

induced by a plethora of other proton-activated GPCRs involved in regulating inflammation, 

including GPR4, GPR68 and GPR132279. Indeed, we observed a reduction in expression of GPR132 

in Gpr65-/- neutrophils stimulated with CXCL8 at pH 6.5. 
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GPR65 regulated neutrophil chemotaxis in both acidic and neutral extracellular environments. 

Furthermore, we found that expression of CXCR1 and integrin α4 were increased in Gpr65-/- 

neutrophils. Both molecules are important for neutrophil migration. Chemotaxis is induced by 

CXCL8 binding to its receptor CXCR1280. Similarly, adhesion molecules such as VLA-4 (α4β1 

integrin) are expressed on murine neutrophils281 and required for neutrophil chemotaxis and directed 

migration282. Inhibition of α4 integrin with a small molecule antagonist reduces symptoms of DSS 

colitis in mice283. It is conceivable that some of this inhibition relates to α4 integrin expression by 

neutrophils. It is also possible that the same phenomena we observed here for GPR65 function on 

neutrophils also holds for other GPR65-expressing leukocytes such as T cells. Moreover, the α4β7-

blocking antibody Vedolizumab shows promising efficacy for both ulcerative colitis and Crohn’s 

disease in humans284. Our data suggests GPR65 regulates expression of CXCR1 and α4 integrins on 

neutrophils and possibly other cells, which then reduces their migratory capacity and so serves to 

regulate inflammation.  

Extracellular acidity markedly reduced the expression of NLRC4, integrin α4 and integrin αL in both 

WT and Gpr65-/- neutrophils. All of these molecules have been associated with neutrophil 

migration282, 285. NLRC4-/- mice infected with Candida albicans exhibit a marked reduction in 

neutrophil infiltration of the oral mucosa, suggesting NLRC4 is required for neutrophil chemotaxis to 

inflamed sites285. Similar to integrin α4, integrin αL (CD11a; LFA-1) also plays an important role in 

neutrophil chemotaxis to CXCL8282. As such, extracellular acid-induced reduction in NLRC4, integrin 

α4 and integrin αL may abrogate neutrophil migration and provide new evidence as to why low 

extracellular pH can reduce chemotaxis. That αL and α4 integrins were down-regulated at low pH in a 

GPR65-independent manner suggests that other proton-sensing receptors such as GPR4, GPR68 and 

GPR132 may be involved. Indeed, GPR4 regulates tumour cell migration in murine melanoma and 

prostate cells286, suggesting GPR4 may play a similar role to GPR65 in chemotaxis.   

PheWAS revealed a significant association between SNPs within the human Gpr65 gene and IBD, as 

shown by others49, 50, 51. It may well be that the main proton sensing by GPR65 anywhere in the body 

is within the gut, as this is an environment that is normally acidic because of actions of the stomach, 
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or SCFA production from breakdown of fibre by commensal bacteria in the small and large intestine. 

Furthermore, Gpr65 polymorphisms were associated with asthma and eczema, suggesting a role for 

GPR65 in pulmonary and cutaneous homeostasis. Indeed, the other animal model to date where 

GPR65 deficiency has shown a clear phenotype is in a murine OVA model of allergic airway 

inflammation263. As such, an acidic environment in the lung can enhance asthma pathogenesis.  Thus 

the connection of both asthma and IBD to acidic conditions may explain why SNPs in human Gpr65 

associate with IBD and asthma, and why animal models for these conditions showed a clear 

phenotype in Gpr65-/- mice.  Interestingly, acidic mammalian chitinase (AMCase) is induced via a 

Th2/ IL-13–mediated response in epithelial cells and macrophages and is expressed in large quantities 

in human asthma287. As such, GPR65 may play a role in AMCase regulation. Human Gpr65 

polymorphisms were not associated with arthritis although we identified exacerbation of inflammation 

and swelling in a murine model of arthritis. The KRN serum transfer model of arthritis skips the 

adaptive Th1 immune response required to cause arthritis, which may suggest GPR65 is not involved 

in this Th1 response. However, synovial biopsies from rheumatoid arthritis patients demonstrate 

distinct distribution of GPR4 and GPR68 expression throughout the tissue288. As such, other proton-

sensing GPCRs may act redundantly in the absence of GPR65 to regulate inflammation during 

arthritis.   

We show that GPR65 expression on both immune and epithelial cells is important for control of 

inflammation in the DSS colitis model. GPR65 agonists may therefore regulate inflammatory diseases 

by targeting multiple cell types, and thereby affect leukocyte chemotaxis, as shown here, as well as 

epithelial cell autophagy260. Allosteric agonists of GPR65 such as BTB09089289 may be useful in 

regulating inflammation in environments of dysregulated pH. 

The way in which extracellular pH alters neutrophil metabolism has been largely unknown. In the 

present study, we demonstrate a novel metabolic changes with both extracellular acidity, and GPR65 

signalling, following stimulation with the chemokine CXCL8. Increased lipids following CXCL8 

stimulation are likely required for membrane reorientation and increased energy expenditure during 

chemotaxis. Extracellular acidity dampened this increase in lipids, suggesting functional impedance of 
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neutrophils at low pH is accompanied by a catabolically weaker metabolism of lipids. GPR65 

signalling reduced lipid metabolites at both acidic and neutral pH. Furthermore, the quantity of many 

specific lipids differed between WT and Gpr65-/- mice. Increased carnitine in Gpr65-/- neutrophils 

suggests GPR65 may reduce the reservoir of long-chain fatty acids for beta-oxidation and subsequent 

energy production. In addition, sphingomyelin and ceramide were increased in WT neutrophils when 

stimulated with CXCL8 at pH 7.4. Accumulation of sphingomyelin and ceramide upon CXCL8 

stimulation suggests sphingomyelinase activity was enhanced to maintain orientation during 

chemotaxis. Increases in ceramide were not observed at pH 6.5, suggesting that acidity may inhibit 

CXCL8-induced enhancement of sphingomyelin metabolism. Compared to WT, Gpr65-/- neutrophils 

stimulated with CXCL8 at pH 7.4 exhibited increased levels of sphingomyelin but no change in 

ceramide. Exogenous treatment with sphingomyelin decreases the chemotaxis of neutrophils towards 

FMLP264. In contrast, we observed increased chemotactic indices in Gpr65-/- neutrophils at pH 7.4 

despite increased levels of sphingomyelin. Confounding metabolic factors such as enhanced beta-

oxidation may have enhanced Gpr65-/- neutrophil migration in spite of accumulated sphingomyelin. 

Furthermore, exogenous sphingomyelin may have different and as-yet unidentified effects on 

neutrophil chemotaxis than compared to when it is administered exogenously. Gpr65-/- neutrophils 

had decreased levels of PC compared to WT controls. This suggests that GPR65 enhances levels of 

PC, which may subsequently reduce neutrophil chemotaxis. However, human neutrophil chemotaxis 

is unaffected by PC (C24:0) in vitro264. In the present study, lipids of the PC class decreased in Gpr65-

/- neutrophils were predominantly C30:1, which may alter chemotaxis differently to C24:0. 

Metabolite profiling also demonstrated that PE in WT neutrophils was decreased by CXCL8 at pH 6.5 

but increased at pH 7.4.  Compared to WT controls, PE was higher in CXCL8-stimulated Gpr65-/- 

neutrophils at pH 6.5, but was lower at pH 7.4. Therefore, reduction in PE from stimulation with 

CXCL8 under acidic conditions was abrogated in Gpr65-/- neutrophils compared to WT controls. To 

our knowledge, this is the first time PE has been implicated in neutrophil chemotaxis. This data 

suggests that GPR65 activation at acidic pH reduces PE in response to CXCL8. Furthermore, an 

increase in PE following CXCL8 stimulation at pH 7.4 occurred in WT but not Gpr65-/- neutrophils. 
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We believe that PE metabolism is somehow involved in membrane remodelling during chemotaxis, a 

process which appears to be altered by extracellular acidity and regulated by GPR65. Particular 

species of PE differed across pH or stimulatory conditions, highlighting a complicated process for PE 

metabolism during neutrophil chemotaxis. 

We observed that WT neutrophils stimulated with CXCL8 at pH 6.5 had decreased levels of DAG, 

compared to Gpr65-/- neutrophils. GPR65 signalling might somehow regulate DAG production, 

particularly in cells stimulated to migrate to chemoattractants. DAG has been observed to increase in 

activated neutrophils271 and inhibition of DAG kinase enhances neutrophil chemotaxis290. GPR65 may 

regulate neutrophil chemotaxis at acidic pH by enhancing conversion of DAG to other metabolites 

such phosphatidic acid via DAG kinase. 

Furthermore, we observed that triacylglycerol (TAG, C49:0) was decreased by acidic pH 6.5 in WT 

neutrophils stimulated with CXCL8.  However, TAG was increased in Gpr65-/- neutrophils compared 

to WT controls under the same conditions. This suggests that GPR65 activation reduces TAG in 

neutrophils, particularly those responding to a chemoattractant.  The role of TAG in chemotaxis is 

unknown, though its quantity increases in neutrophils upon LPS stimulation291. Furthermore, human 

neutrophils stimulated with LPS convert palmitic acid, a common component of serum, into TAG292. 

We suggest that TAG production, like PC and PE, is involved in membrane re-modelling during 

chemotaxis under neutral pH, and this process is regulated by GPR65 when extracellular pH is 

reduced. The mechanism whereby GPR65 signalling regulates expression of PE, DAG or PC is 

unknown, though may be mediated downstream of Gs mediated cAMP release from GPR65 

activation293.  

The data presented here demonstrates a novel role for proton-sensing receptor GPR65 in IBD and 

neutrophil chemotaxis. Furthermore, we show that acidity and GPR65 activation induce a plethora of 

gene expression and metabolic changes. This work highlights the role of proton-sensing in immune 

responses, and suggests that this pathway and possibly other proton-sensing GPCRs such as GPR4, 

GPR68 and GPR132 represent a means whereby pH can regulate inflammation.   
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METHODS 

Mice 

Gpr65-/- mice kindly gifted from Dr. Marcel Batten who previously purchased the strain from Jackson 

labs (stock number 008577). Gpr65-/- mice have 90% of an exon in GPR65 replaced with green 

fluorescent protein (GFP) to disrupt GPR65 function. GFP expression is driven by the Gpr65 

promoter. Gpr65+/+ wild type controls were C57BL/6 mice obtained from the Monash Animal 

Research Platform, Monash University. All mice were maintained under specific pathogen free and 

controlled environmental conditions. Mice received AIN93G diet purchased from Specialty Feeds for 

at least 3 weeks prior to and during experiments. All mice were humanely culled by CO2 

asphyxiation. All procedures were approved by the Animal Ethics Committee of Monash University. 

DSS Colitis 

Mice from 7 to 9 weeks old were provided with 2% DSS added to the drinking water for 7 days ad 

libitum. A minimum of n=6 mice per group were used. Mice were monitored daily. Diarrhoeal 

severity was determined by combining fecal consistency and fecal blood scores. Fecal consistency  

ranging from 0 to 4 was assessed as follows: 0, no sign of disease; 1, soft feces but intact shape 2, 

feces soft and shape deformed 3, feces somewhat liquid ; 4, entirely liquid feces, diarrhoea. The faecal 

blood score ranging from 0 to 4 was assessed as follows: 0, no sign of disease; 1, normal feces colour 

and faint positive haemoccult test; 2, feces turning dark and positive haemoccult test; 3, feces visibly 

red and positive haemoccult test; 4, visible liquid blood in feces and positive haemoccult test. Mice 

were humanely culled at day 7 following DSS treatment to harvest colon tissue. Assessment of colon 

histology scoring was conducted blindly on paraffin-embedded colon section stained with 

haematoxylin and eosin . Scores ranged from 0 to 6 by adding: 1. the tissue damage scoring (0, no 

mucosal damage; 1, lymphoepithelial lesions; 2, surface mucosal erosion and 3, extensive mucosal 

damage, extension into deeper structure) and 2. inflammatory cell infiltration scoring (0, occasional 

cell infiltrate; 1, increased number of infiltrating cells; 2, confluency of inflammatory cells extending 
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to the submucosa and 3, transmural extension of the inflammatory cells). Colon length was measured 

after 7 days of treatment with DSS. 

Food Allergy 

Murine peanut allergy was induced as previously described62. Briefly, peanut allergen was extracted 

from raw peanuts by manual crushing and removal of lipids followed by dialysis and filtering. This 

provided a peanut extract (PE) to induce allergy. Mice were sensitized by intragastric gavage of 1 mg 

PE with 10 μg of cholera toxin (List Biologicals) in 200 μl of PBS on days 0 and 7. This was followed 

by a booster challenge with 10 mg PE on day 21, without cholera toxin. Mice were challenged with 

1 mg PE intraperitoneally on day 28 and symptoms of clinical anaphylaxis monitored for 40–60 min: 

0, no clinical symptoms; 1, repetitive mouth/ear scratching and ear canal digging with hind legs; 2, 

decreased activity, self-isolation, and puffiness around eyes and/or mouth; 3, periods of motionless for 

more than 1 min, lying prone on stomach, and decreased activity with increased respiratory rate; 4, no 

response to whisker stimuli and reduced or no response to prodding; 5, tremor, convulsion, and death. 

Arthritis 

KRN serum was collected from 8w old KRN mice. Arthritis was induced by i.p. injection of 150µl 

KRN serum on days 0 and 2. Clinical severity of arthritis was scored every day for all 4 paws on a 

scale from 0 to 3 and assessed as follows: 0, normal; 1, erythema, swelling limited to individual digits 

or mild ankle swelling insufficient to reverse the normal V shape of the foot; 2, swelling sufficient to 

make the ankle and midfoot approximate in thickness to the forefoot; 3, reversal of the normal V 

shape of the foot, swelling of the entire paw including multiple digits. Score represented as 

accumulative of all 4 paws. Ankle and wrist thickness was recorded each day with a micrometer. 

Severity of inflammation in ankles sections stained with H&E were assessed by histology and scored 

as follows: 0, no infiltration; 1, mild infiltration on dorsal or plantar side, 2, mild inflammation on 

both sides; 3 severe inflammation on one side; 4 severe inflammation on both sides. 

Bone Marrow (BM) chimeras 
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To generate 50:50 BM chimeras, 6 week old female recipient WT or Gpr65-/- mice were subject to 2 

doses of 450 rads to deplete bone marrow. Recipient mice were injected i.v with 107 donor WT and 

Gpr65-/- bone marrow cells in a 50:50 ratio 6 hours post-radiation. BM reconstitution for 8 weeks was 

followed by flow cytometry of blood leukocytes to verify success of reconstitution.  

Cell isolation 

Cells were isolated from spleen and lymph nodes by mechanical disruption and washed through a 

70µm filter. Cells isolated from spleen were subject to red blood cell lysis. Isolation of colonic 

leukocytes began by washing and incubating colon pieces with HBSS containing 5mM EDTA and 5% 

fetal calf serum (FCS) to remove epithelium. This was followed by digestion with Collagenase type 

IV (GIBCO), DNAse I (Roche) and 10% FCS for 90min before being washed through a 70µm filter. 

Colonic leukocytes were enriched by 40% Percoll (GE Healthcare).   

Flow cytometry 

106 cells per sample were stained with anti-mouse Ly6g PE (EL4J, 561104, BD Biosciences) in 2% 

FCS. Neutrophils identified as Ly6g+. All flow cytometry was conducted on an LSR II flow 

cytometer (BD), and flow cytometry data was analysed with FlowJo (FlowJo, LLC). 

Chemotaxis 

Neutrophils were isolated from bone marrow as previously described294. Briefly, bone marrow was 

subject to red blood cell lysis and filtered. Neutrophils were purified by gradient density 

centrifugation. Neutrophils were resuspended in complete media with at pH 7.4 or 6.5. 3 x 105 

neutrophils were added to the top wells of a transwell plate (Corning). The bottom wells contained 

complete media with 0, 0.3nM, 1nM or 3nM recombinant CXCL8 (574202, BioLegend). Cells were 

incubated at 37OC for 1.5 hours. Neutrophils in the bottom wells were quantified by flow cytometry 

(BD LSRII). 

Genetic Profiling 
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Neutrophils were isolated from the bone marrow as described above for neutrophil chemotaxis. 3 x 

105 neutrophils per sample were cultured in complete media at either pH 7.4 or pH 6.5. Neutrophils 

were either left unstimulated or stimulated with 3nM CXCL8 (574202, BioLegend) or 1 ng/ml LPS 

(Sigma Aldrich) for 1.5hr at 37OC. Following incubation, RNA was purified using RNeasy micro kit 

with DNase treatment (Qiagen) and reserve-transcribed to cDNA using Vilo cDNA master kit 

(Applied Biosystem). Pre-amplification was performed for 14 cycles with a pool of 96 TaqMan gene 

expression assays (final 0.2X of each) listed in Supplementary Table 1. Pre-amplified cDNA was then 

diluted 1:5 with dH2O and analysed in duplicate for RT-PCR using the 96x96 dynamic array 

(Fluidigm Corporation) according to the manufacturer's instructions. Data generated on the Fluidigm 

platform was imported into GeneData Expressionist software. The NormFinder algorithm, a method 

to identify good housekeeping gene(s) for RT-PCR experiments that ranks the set of candidate genes 

according to their expression stability in a given sample set and given experimental design was 

used232. Out of 10 endogenous genes, B2M, GNB2L1, RPL13A and GAPDH that met the stability 

criterion of < 0.25 were selected as the normalizer genes for ∆Ct calculations. ∆Cts were computed 

for all 96 genes using an average of the 4 normalizer genes. Relative fold changes were calculated 

using 2(-∆∆Ct). T-Tests were performed for the relevant comparisons, and Benjamini-Hochberg q value 

of 0.05 was used as cut-off for significance. 

Metabolite profiling by LC–MS  

Metabolite profiling was performed on lysed bone marrow derived-neutrophils (wild-type and Gpr65-

/-), exposed to extracellular pH of 6.5 or 7.4, and stimulated with CXCL8 as described above. Four 

separate liquid chromatography tandem mass spectrometry (LC-MS) methods were used to measure 

polar metabolites and lipids in each sample. Specifically, two separate hydrophilic interaction liquid 

chromatography (HILIC) methods were used to measure polar small-molecule metabolites in positive 

and negative ionization modes; two reversed phase methods were used to profile lipids in positive and 

negative ion modes. Data for all methods were acquired using a Q Exactive hybrid quadrupole 

orbitrap mass spectrometer (Thermo Fisher Scientific; Waltham, MA). Conditions for the analysis 
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were set using a panel of routinely analyzed standards, in three separate replicates. Further details 

regarding each method can be found in Supplementary Text. 

Identifying metabolites associated with GPR65 deletion 

Prior to feature comparisons across metabolome samples, all samples were set to have equal total 

intensity (total intensity normalization).  Metabolites with mean fold change greater than 10% and t-

test-based P-values less than 0.05 were considered to be different between two phenotypes. 

Statistics 

All graphical data are presented as mean ± standard error of the mean (SEM). A two-tailed Student’s 

independent t test was used to determine the statistical significance between groups. p values < 0.05 

were considered statistically significant. 

Phenome-wide association studies of GPR65 SNP rs8005161 

Phenome-wide association study (PheWAS) was conducted in the 23andMe participant cohort from 

647,776 subjects of European ancestry with link to genotyped arrays. A total of 1229 phenotypes 

collected within 23andMe’s data were included for exploration (Supplementary Figure 5 and Table 1). 

Phenotype data are derived from responses to self-reported questionnaires. The association of 

rs8005161 with each phenotype was evaluated using a likelihood ratio test comparing the full model 

against null model with or without genotype adjusted for age, gender and PCs to correct for 

population stratification. Binary phenotypes were analyzed using logistic regression, quantitative 

phenotypes were analyzed using linear regression and survival phenotypes were analyzed using Cox 

proportional hazard regression. We assume additive allelic effects.  False Discovery Rate (FDR) for 

each phenotype was calculated using the Benjamini-Hochberg procedure. 
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SUPPLEMENTARY FIGURES 
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Supplementary Figure 1.  Anaphylaxis and serum IgE is unchanged in allergic Gpr65-/- mice 

despite increases Th2 cytokine release.  

WT and Gpr65-/- mice were subject to a murine model of peanut allergy and challenged with peanut 

allergen (n = 7). (A) Anaphylaxis scores indicate severity of anaphylaxis, including scratching, 

motionlessness and reduced whisker stimulus. (B) Total lymphocyte cell counts from the mesenteric 

lymph node. (C) Total serum IgE and IgA determined by ELISA. (D) Th2 cytokine release from 

lymphocytes of the mesenteric lymph node stimulated with peanut allergen. Data are mean + SEM (n 

= 7). Significance represented by *p < 0.05, **p < 0.01, Students t test.   
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Supplementary Figure 2.  Gpr65-/- mice are more susceptible to the KRN serum transfer model 

of arthritis.  

WT or Gpr65-/- mice injected with KRN serum (KRN; n = 8/group). (A) Percentage weight change 

was measured daily. (B) Ankle width in millimetres was measured with a micrometre. (C) 

Accumulative clinical score from 0 – 3 for each limb indicates severity of arthritic symptoms of 

redness and swelling as described in methods. (D) Cellular infiltration score of ankle sections stained 

with H&E from 0 – 3 indicates neutrophil accumulation in the ankle joint. * p < 0.05 (independent t 

test). All data represented as mean ± SEM.    
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Supplementary Figure 3. Gene expression profile of WT and Gpr65-/- neutrophils compared 

between unstimulated conditions and CXCL8 or LPS stimulation.  

Neutrophils isolated from the bone marrow of WT and Gpr65-/- (n = 4/group) mice. Expression of 

functional genes in WT and Gpr65-/- neutrophils at pH 6.5 or pH 7.4 comparing (A) CXCL8 

stimulation vs. baseline unstimulated and (B) LPS vs. baseline unstimulated. Benjamini-Hochberg q 

value < 0.05 for blue or red coloured data (independent t test). For all coloured data p < 0.05 

(independent t test). Grey indicates non-significance. 
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Supplementary Figure 4. Fold change of metabolites in WT or Gpr65-/- neutrophils comparing 

baseline with IL-8 stimulation.  

WT or Gpr65-/- neutrophils were stimulated with CXCL8 at pH 6.5 or 7.4 and their polar and lipid 

metabolites were qantified by LC-MS. All heat maps present fold change between unstimulated and 

CXCL8-stimulated neutrophils, displaying metabolite profile of WT or Gpr65-/- neutrophils at (A) pH 

6.5 and (B) pH 7.4, or metabolite profile of (C) WT or (D) Gpr65-/- neutrophils at pH 6.5 or 7.4 .  * p 

< 0.05 (independent t test). 
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Supplementary Figure 5. PheWAS P value Plot 

Pvalue Plot depicting the distribution of association test statistics versus phenotypes arranging by their 

broad phenotypic categories along the X-axis. Y-axis represents log-scaled P values. Positions with P 

< 5e-5 (a score of about 4.3) are shown in grey, which is a threshold for significance after controlling 

for the Family-Wise-Error-Rate (FWER) using Bonferroni correction. The vertical scale is adjusted 

nonlinearly (log scaled) to preserve detail for signals near the genome-wide threshold. 
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Supplementary Table 1. Statistical associations between Gpr65 SNP rs8005161 and 

autoimmune or allergic diseases.  

Table indicating the p value of the associations between Gpr65 SNP rs8005161 and phenotypes of 

autoimmune and allergic diseases. P values determined using logistic regression. 

Phenotype p value Phenotype p value Phenotype  p value 

alopecia_areata 0.150369

9 

dog_allergy 0.66570

58 

oats_allergy 0.15737 

any_autoimmune 0.595243

1 

dog_allergy_clean 0.42119

27 

oats_allergy_clean 0.119312

2 

celiac 0.059031

39 

dust_mites_allergy 0.29531

04 

other_animal_allergy 0.852234

9 

crohns 0.001533

17 

dust_mites_allergy_cle

an 

0.68037

44 

other_food_allergy 0.758090

2 

crohns_or_ulcerative_

colitis 

3.44E-05 dust_mites_allergy_met

a 

0.71152

36 

other_plant_allergy 0.095974

78 

iqb.celiac_w_biopsy 0.148768

8 

eczema 9.22E-

05 

peanut_allergy 0.229583

7 

iqb.gluten_intolerance 0.225067

5 

eggs_allergy 0.45455

43 

peanut_allergy_broad 0.244994

7 

iqb.psoriatic_arthritis 0.539781

4 

eggs_allergy_clean 0.28769

64 

peanut_allergy_clean 0.208883

8 

iqb.took_meds_anti_t

nf_alpha 

0.342754

6 

fish_allergy 0.85614

84 

penicillin_allergy 0.326440

3 

juvenile_t1d 0.523308 fish_allergy_clean 0.90452

05 

penicillin_allergy_cle

an 

0.478675

5 

lupus 0.497608

9 

grasses_allergy 0.29124

62 

poison_oak 0.552843 

multiple_sclerosis 0.054225

46 

grasses_allergy_clean 0.56415

28 

pollen_allergy 0.314250

4 

pediatric_ibd 0.674516

1 

hayfever_all 0.09354

898 

pollen_allergy_clean 0.745938 
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psoriasis 0.492895 hayfever_meta 0.27014

4 

pollen_allergy_meta 0.735644 

rheumatoid_arthritis 0.932782

5 

honeybee_allergy 0.15081

98 

red_ants_allergy 0.315536 

t1d 0.627120

5 

honeybee_allergy_clea

n 

0.24511

3 

red_ants_allergy_clea

n 

0.397621

1 

ulcerative_colitis 0.001060

553 

insect_allergy 0.37884

1 

rhinitis 0.991996

6 

vitiligo 0.494308

2 

iqb.allergic_to_jewelry 0.62432

27 

rhinitis_eczema 0.003601

111 

any_allergy 0.548480

9 

iqb.mosquito_bite_size 0.17927

53 

seasonal_allergies_br

oad 

0.513749

6 

any_animal_allergy 0.758936

4 

iqb.mosquito_bites_itch

ing 

0.75766 severe_asthma 0.400710

6 

any_asthma 3.55E-05 iqb.peanut_allergy_chil

d 

0.74227

64 

shellfish_allergy 0.584596

7 

any_asthma_eczema 0.141239

7 

iqb.poison_oak 0.29769

81 

shellfish_allergy_clea

n 

0.382404

9 

any_asthma_eczema_r

hinitis 

0.014545

68 

iqb.sun_allergy 0.96085

42 

soy_allergy 0.679724 

any_asthma_rhinitis 0.566758

6 

iqb.took_meds_asthma

_or_lung 

0.01866

666 

soy_allergy_clean 0.706079

3 

any_drug_allergy 0.167533

6 

juvenile_asthma 0.00862

925 

sulfa_drug_allergy 0.614536

9 

any_food_allergy 0.330150

4 

latex_allergy 0.53194

75 

sulfa_drug_allergy_cl

ean 

0.366509

8 

any_immune 0.120414

1 

latex_allergy_clean 0.76293

33 

tree_nuts_allergy 0.572901

3 

any_plant_allergy 0.307857

2 

metal_allergy 0.75787

63 

tree_nuts_allergy_cle

an 

0.686416

1 
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aspirin_allergy 0.512424

4 

milk_allergy 0.40122

17 

trees_allergy 0.273232 

aspirin_allergy_clean 0.441048 milk_allergy_clean 0.51291

98 

trees_allergy_clean 0.485427 

asthma_severity 0.710615

4 

mold_allergy 0.42065

54 

wasp_allergy 0.183047

5 

cat_allergy 0.276096

1 

mold_allergy_clean 0.58836

27 

wasp_allergy_clean 0.309335

8 

cat_allergy_clean 0.369423

5 

mosquito_bit_more 0.12646

16 

weeds_allergy 0.239661

3 

cat_allergy_meta 0.414197

9 

mosquito_combined 0.77414

11 

weeds_allergy_clean 0.443651

8 

chicken_allergy 0.285521 mosquito_severe 0.86778

86 

wheat_allergy 0.859544

1 

chicken_allergy_clean 0.235207

5 

mycin_drug_allergy 0.08691

829 

wheat_allergy_clean 0.685887

3 

chronic_hives 0.595528

4 

mycin_drug_allergy_cl

ean 

0.18308

31 

yellow_jackets_allerg

y 

0.250554 

current_asthma 0.162813

3 

no_allergies 0.14173

25 

yellow_jackets_allerg

y_clean 

0.364134

7 

  



 

145 
 

SUPPLEMENTARY TEXT  

LC-MS metabolite profiling 

Method 1 – Positive ion mode MS analysis of polar metabolites. Hydrophilic interaction liquid 

chromatography (HILIC) analysis of water-soluble metabolites in the positive ionization mode were 

carried out by extracting 10 µl homogenate using 90 µl of 74.9:24.9:0.2 vol/vol/vol 

acetonitrile/methanol/formic acid containing stable isotope-labeled internal standards (valine-d8, 

Isotec; and phenylalanine-d8, Cambridge Isotope Laboratories; Andover, MA). The samples were 

centrifuged (10 min, 9000×g, 4°C), and the supernatants (10 µl) were injected directly onto a 150 × 2 

mm Atlantis HILIC column (Waters; Milford, MA). The column was eluted isocratically at a flow 

rate of 250 µl/min with 5% mobile phase A (10 mM ammonium formate and 0.1% formic acid in 

water) for 1 min followed by a linear gradient to 40% mobile phase B (acetonitrile with 0.1% formic 

acid) over 10 min. The electrospray ionization voltage was 3.5 kV and data were acquired using full 

scan analysis over m/z 70–800 at 70,000 resolution and a 3 Hz data acquisition rate.  

 

Method 2 – Negative ion mode MS analysis of polar metabolites. Negative ionization mode analysis 

of polar metabolites was achieved using a HILIC method under basic conditions. Briefly, 30 µl 

homogenate was extracted using 120 µl of 80% methanol containing inosine-15N4, thymine-d4, and 

glycocholate-d4 internal standards (Cambridge Isotope Laboratories; Andover, MA). The samples 

were centrifuged (10 min, 9000×g, 4°C) and the supernatants (10 µl) were injected directly onto a 150 

× 2.0 mm Luna NH2 column (Phenomenex; Torrance, CA) that was eluted at a flow rate of 400 

µl/min with initial conditions of 10% mobile phase A (20 mM ammonium acetate and 20 mM 

ammonium hydroxide in water) and 90% mobile phase B (10 mM ammonium hydroxide in 75:25 

vol/vol acetonitrile/methanol) followed by a 10 min linear gradient to 100% mobile phase A. MS full 

scan data were acquired over m/z 70–800. The ionization source voltage is −3.0 kV and the source 

temperature is 325°C.  
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Method 3 – Negative ion mode analysis of metabolites of intermediate polarity (e.g. bile acids and 

free fatty acids). Lipids were extracted from lysates (10 µl) using 90 ul of methanol containing PGE2-

d4 as an internal standard (Cayman Chemical Co., Ann Arbor, MI, USA) and centrifuged (10 min, 

10,000 x g, 4°C). The supernatants (2µl) were injected onto a 150 x 2.1 mm ACQUITY UPLC BEH 

C18 column (Waters; Milford, MA, USA). The column was eluted isocratically at a flow rate: 450 

uL/min with 20% mobile phase A (0.01% formic acid in water) for 3 min followed by a linear 

gradient to 100% mobile phase B (acetonitrile with 0.01% formic acid) over 12 min. MS analyses 

were carried out using electrospray ionization in the negative ion mode using full scan analysis over 

m/z 70- 850 at 70,000 resolution and 3 Hz data acquisition rate. Additional MS settings were: ion 

spray voltage, 3.5 kV; capillary temperature, 320°C; probe heater temperature, 300°C; sheath gas, 45; 

auxiliary gas, 10; and S-lens RF level 60.  

 

Method 4 – Polar and nonpolar lipids. Lipids were extracted from lysates (10 µl) using 190 µl of 

isopropanol containing 1-dodecanoyl-2-tridecanoyl-sn-glycero-3-phosphocholine as an internal 

standard (Avanti Polar Lipids; Alabaster, AL). After centrifugation (10 min, 9,000 x g, ambient 

temperature), supernatants (10 µl) were injected directly onto a 100 x 2.1 mm ACQUITY BEH C8 

column (1.7 µm; Waters; Milford, MA). The column was eluted at a flow rate of 450 µL/min 

isocratically for 1 minute at 80% mobile phase A (95:5:0.1 vol/vol/vol 10 mM ammonium 

acetate/methanol/acetic acid), followed by a linear gradient to 80% mobile-phase B (99.9:0.1 vol/vol 

methanol/acetic acid) over 2 minutes, a linear gradient to 100% mobile phase B over 7 minutes, and 

then 3 minutes at 100% mobile-phase B. MS analyses were carried out using electrospray ionization 

in the positive ion mode using full scan analysis over m/z 200-1100 at 70,000 resolution and 3 Hz data 

acquisition rate. Additional MS settings were: ion spray voltage, 3.0 kV; capillary temperature, 

300°C; probe heater temperature, 300 °C; sheath gas, 50; auxiliary gas, 15; and S-lens RF level 60.  

 

All raw data were processed using Progenesis CoMet software (version 2.0, NonLinear Dynamics) for 

feature alignment, signal detection, and signal integration. Targeted processing of a subset of known 
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metabolites metabolites was conducted using TraceFinder software (Thermo Fisher Scientific; 

Waltham, MA). Signal peak areas were converted into numerical intensity values and normalized to 

internal standards added to each sample, and to total signal of each sample.   
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Chapter 4 – The Role of Dietary MCFAs and GPR84 in Allergy and 

Inflammation 

1. Introduction 

Mice fed MCFA emulsions during the induction of peanut allergy developed an exacerbated allergic 

response associated with increased allergen absorption into Peyer’s patches81. However, the 

involvement of GPR84 in such a process remains unknown. Furthermore, our broader understanding 

of MCFAs and GPR84 signalling in immune responses remains in its infancy despite clear patterns of 

Gpr84 expression on immune cells78, 79, 80. The following chapter presents data investigating the 

influence of MCFA-enriched diets on disease outcomes in mice deficient in GPR84, establishing a 

novel role for both in asthma and inflammation. The methodology of murine disease models and 

experimental procedures in this chapter is identical to those displayed in Chapters 2 and 3 and 

Appendix 1 and 2.  

2. GPR84 signalling is not involved in food allergy 

To investigate the role of GPR84 in food allergy, we fed WT or Gpr84-/- mice a MCFA-enriched diet 

containing 1.5% coconut oil prior to and during a model of peanut allergy. Coconut oil diet increased 

weight gain throughout the model in both WT and Gpr84-/- mice (Figure 4.1A). This is consistent with 

reports of increased weight gain in pre-term infants fed MCFAs295 but contrasts with conflicting 

reports of weight loss in adults296.  This may reflect the physiology of specific-pathogen free mice that 

have been shown to mimic the physiology of the human neonate more than the human adult297.  

Allergic Gpr84-/- mice exhibited no differences in anaphylaxis scores when challenged with peanut i.p 

(Figure 4.1B). Furthermore, GPR84 deficiency had no impact on the number of Tregs (CD4+ 

Foxp3+) or DCs (CD11c+ MHCII+) in the mesenteric lymph node (Figure 4.1B), the primary site of 

antigen presentation  required  to  promote  allergy  or  maintain  oral  tolerance159. Serum IgE trended 



 

149 
 

 

  



 

150 
 

 

 

 

 

 

 

 

 

Figure 4.1. A murine model of food allergy is not altered by MCFA-enriched diet or GPR84 

deficiency. (A) Weight of WT and Gpr84-/- mice fed control AIN93G or MCFA-enriched Coconut oil 

diet. (B) Anaphylaxis score of allergic WT or Gpr84-/- mice fed AIN93G or Coconut oil diet 3 weeks 

prior to and during a murine model of peanut allergy. (C) Percentage of Tregs (CD4+ Focp3+) and 

DCs (MHCII+ CD11c+) from the mesenteric lymph node of allergic mice. (D) Total serum IgE of 

allergic mice. (E) Th2 cytokine production from lymphocytes of the mesenteric lymph node 

stimulated with peanut allergen. Data are means + SEM (n = 6). Significance represented by *p < 

0.05, Students t test. 

  



 

151 
 

lower in allergic Gpr84-/- mice but was not significant (Figure 4.1C). T cells from allergic Gpr84-/- 

mice fed AIN93G diet exhibited increased IL-4 release compared to WT controls (Figure 4.1D). 

However, IL-4 release was similar compared to WT when mice were fed coconut diet. Furthermore, 

coconut oil diet exhibited a trend towards increased IL-4 in WT and Gpr84-/- mice. This corresponds 

with the results of a prior study which demonstrates that dietary MCFAs increases IL-4 release from T 

cells in allergic mice81. Coconut oil diet and GPR84 deficiency did not impact upon IL-5 or IL-13 

production. Despite minor changes in IL-4 release in Gpr84-/- T cells, GPR84 did not impact upon 

anaphylaxis or quantity of immune cells in the mesenteric lymph node which suggests that GPR84 is 

not involved in the pathogenesis of food allergy.  

3. GPR84 enhances asthma pathogenesis  

Gpr84 is expressed in the lung but has no known role in its development or homeostasis77. Given the 

high expression of Gpr84 on bone marrow, we aimed to investigate the role of GPR84 in an 

immunologically altered lung environment77. As such, we assessed asthma pathogenesis in WT and 

Gpr84-/- mice. Furthermore, to investigate the role of dietary MCFAs in this process, we fed mice 

AIN93G or Coconut oil diet for 3 weeks prior to and during a murine model of asthma. Infiltration of 

leukocytes into the bronchioles was decreased in Gpr84-/- mice (Figure 4.2A). This suggests that 

GPR84 signalling regulates the migration of inflammatory cells into the asthmatic lung, either by 

acting directly on leukocyte chemotaxis or by adaptive immune responses that drive recruitment. 

Although the lung epithelium is also important in recruiting inflammatory cells in asthma209, the lack 

of Gpr84 expression in this compartment suggests it is not involved. The reduction in total BALF 

cells in Gpr84-/- mice was particularly associated with reduced infiltration of eosinophils, regardless 

of diet. Contrastingly, macrophage infiltration trended upwards in WT mice fed Coconut oil diet, but 

not in Gpr84-/- mice. As such, GPR84 signalling may play a role in the effect of dietary MCFAs on 

macrophage migration. However, we cannot be confident of such a result as it was not significant. 

During asthma pathogenesis, eosinophils infiltrate the lung by Th2-driven adaptive immune 

responses298. 
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Figure 4.2. Cellular infiltration of the BALF is reduced in asthmatic Gpr84-/- mice without 

altering Th2 responses. (A) Cellular infiltration of the BALF in asthmatic WT or Gpr84-/- mice fed 

control AIN93G or MCFA-enriched Coconut oil diet 3 weeks prior to and during the HDM model of 

murine asthma. (B) Total serum IgE in asthmatic mice. (C) Percentage of Tregs (CD4+ CD25+ 

Foxp3+) and DCs (CD11c+ MHCII+) in the mediastinal lymph node of asthmatic mice. (D) Th2 

cytokine production from lymphocytes of the mediastinal lymph node stimulated with HDM allergen. 

Data are means + SEM (n = 6).  
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To investigate the adaptive immune system in asthmatic Gpr84-/- mice, we quantified total IgE in the 

serum of asthmatic mice. IgE was unaffected by GPR84 deficiency or MCFA-enriched Coconut oil 

diet (Figure 4.2B). Furthermore, we quantified the adaptive immune cell subsets in the mediastinal 

lymph node, the primary location for allergen presentation299. Total cell numbers in the mediastinal 

lymph nodes were unchanged by diet or GPR84 deficiency (DNS). The percentage of Tregs (CD4+ 

CD25+ Foxp3+) and DCs (CD11c+ MHCII+) were unchanged by either strain or diet (Figure 4.2C). 

Moreover, the production of the canonical Th2 cytokines IL-4, IL-5 and IL-13 were also unchanged 

between Gpr84-/- mice and WT controls (Figure 4.2D). Taken together, these data suggest that the 

adaptive immune response is not altered by GPR84 signalling or by dietary MCFAs.  

Despite no alteration to an adaptive immune response during asthma, reduced cellular infiltration of 

the BALF in asthmatic Gpr84-/- mice suggests that the clinical severity of asthma may still be reduced. 

To further investigate the impact of GPR84 deficiency on the clinical severity of asthma, we assessed 

the lung function of asthmatic WT or Gpr84-/- mice in response to increasing doses of methacholine. 

Coconut oil diet did not significantly alter lung function (Figure 4.3A). However, GPR84 deficiency 

protected against asthma-induced reduction in lung function as Gpr84-/- mice exhibited increased 

resistance and decreased dynamic compliance (Figure 4.3A, B). This suggests that GPR84 signalling 

contributes to reduced lung function in asthma, possibly through factors such as mucus production300. 

To determine the impact of GPR84 on the lung tissue of asthmatic mice, we quantified infiltrating 

eosinophils and mucus positive goblet cells by histology. Eosinophil infiltration exhibited a strong 

decreased trend in Gpr84-/- mice (Figure 4.3C). This corroborates our findings of decreased cellular 

infiltration of the BALF in Gpr84-/- mice, and further suggests that GPR84 signalling is involved in 

exacerbating this process. However, there was no difference in the percentage of mucus positive 

goblet cells in either strain or from either diet (Figure 4.3D). As such, the protective effect of GPR84 

deficiency in maintaining lung function may involve reduced local inflammation from abrogated 

leukocyte chemotaxis to the lung, independent of mucus production in the airway. To investigate the 

chemotaxis of Gpr84-/- leukocytes, we conducted a chemotaxis assay on WT and Gpr84-/- neutrophils 
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Figure 4.3. Gpr84-/- mice are protected from asthmatic reductions in lung function. Asthmatic 

WT or Gpr84-/- mice were fed control AIN93G or MCFA-enriched Coconut oil diet for 3 weeks prior 

to and during the HDM model of murine asthma (n = 5). (A) Raw and (B) percentage change in 

resistance and dynamic of asthmatic mice in response to increasing doses of methacholine. (C) 

Number of infiltrating eosinophils in asthmatic lung tissue determined by histology with H&E 

staining. (D) Percentage of mucus positive goblet cells in the lung tissue of asthmatic mice 

determined by histology with PAS staining. (E) WT or Gpr84-/- neutrophil chemotaxis assay to IL-8 

(n = 4). Data are means ± SEM. Significance represented by *p < 0.05, **p < 0.01, **** p < 0.0001, 

Students t test.  



 

157 
 

exposed to the chemokine IL-8. We found that GPR84 deficiency had no impact on neutrophil 

chemotaxis (Figure 4.3E). Taken together, these data suggest that cellular infiltration into the 

asthmatic lung is increased by GPR84 signalling which correlates with an exacerbated deterioration in 

lung function. However, it remains unclear why cellular infiltration and lung function are altered by 

GPR84. We hypothesise that GPR84 signalling may enhance eosinophil chemotaxis without 

impacting upon neutrophil chemotaxis, or perhaps act as a metabolic sensor and maintain eosinophil 

viability like GPR65263. Indeed, a GPR84 antagonist GLPG1205 has been demonstrated to inhibit 

macrophage and neutrophil chemotaxis301, which suggests GPR84 signalling is involved in leukocyte 

migration. Furthermore, Coconut oil diet did not impact upon the allergic Th2 response in asthma. As 

such, MCFA-enriched diet may not impact upon peripheral allergic responses. However, perhaps a 

higher concentration of MCFAs may yield a stronger immunomodulatory effect, and in future 

experiments a worthwhile study would be to use higher amounts of coconut oil.  

4. GPR84 protects against murine colitis 

Recently, the potent GPR84 antagonist GLPG1205 was shown to protect against DSS colitis in mice 

and was determined to be tolerated in healthy human subjects301.  This suggests GPR84 inhibition 

may play a potential role in treating IBD. We hypothesised that Gpr84-/- mice would be protected 

from DSS colitis in a similar manner to mice treated with GPLG1205. Furthermore, the impact of 

MCFA-enriched diet on colitis is unknown, and may activate GPR84 with opposite effects to 

GLPG1205. To investigate the role of GPR84 and MCFA-enriched diet in colitis, we treated WT or 

Gpr84-/- mice with AIN93G or Coconut oil diet for 3 weeks prior to and during the DSS colitis model. 

Gpr84-/- mice exhibited increased weight loss, exacerbated diarrhoea and bloodier feces compared to 

WT controls (Figure 4.4A, B). Moreover, the colons of colitic Gpr84-/- mice were shorter than WT 

controls (Figure 4.4C). This suggests that GPR84 protects against clinical symptoms of DSS colitis, 

delaying the onset of diarrhoea, fecal blood and the colonic dehydration responsible for reducing 

colon length.  
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Figure 4.4. Gpr84-/- mice are susceptible to DSS colitis. WT or Gpr84-/- mice were fed control 

AIN93G or MCFA-enriched coconut oil diet for 3 weeks prior to and during a DSS model of colitis. 

(A) Percentage weight change. (B) Feces score indicating diarrhoeal severity and blood score 

indicating quantity of blood in the feces. (C) Colon length of colitic mice. (D) Histological score of 

H&E stained colon sections indicating cellular infiltration and epithelial damage.  (E) Total cell count 

in the mesenteric lymph. (F) Percentage of effector T cells (CD4+ CD44+ CD62L-), Tregs (CD4+ 

CD25+ Focp3+), B cells (B220+ MHCII+) and DCs (CD11c+ MHCII+) in the mesenteric lymph 

node. Data are means ± SEM (n = 8). Significance represented by *p < 0.05, **p < 0.01, *** p < 

0.001, *** p < 0.0001, Students t test. 
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Paradoxically, Coconut oil diet increased diarrhoeal severity from day 5 and fecal blood at day 1 of 

the DSS colitis model (Figure 4.4B). MCFA-enriched diet may therefore exacerbate clinical severity 

of DSS colitis. Indeed, the method by which DSS can induce colitic inflammation has been 

demonstrated to involve binding to MCFAs and subsequently forming harmful nano-lipocomplexes 

that trigger inflammation302. As such, MCFA-enriched diet may exacerbate DSS colitis by increasing 

the formation of these nano-lipocomplexes and subsequently triggering more inflammation. This is of 

particular interest to experimental methodology surrounding diets and murine DSS colitis. One should 

seriously consider the presence of MCFAs in diets provided to colitic mice before interpreting the 

severity of disease as MCFAs may enhance the onset of disease.   

To further investigate the impact of GPR84 deficiency on the inflammatory response in colitis, we 

assessed leukocyte infiltration and epithelial damage by histology of the colon. Leukocyte infiltration 

is a hallmark of inflammation and epithelial damage indicates a breakdown in epithelial integrity. 

Histological scoring was increased in Gpr84-/- mice regardless of diet (Figure 4.4D). Furthermore, 

Coconut oil diet also exacerbated histological scoring in WT mice. Leukocyte infiltration and 

epithelial damage therefore corresponded with clinical severity of disease, suggesting that GPR84 

deficiency and MCFA-enriched diet can exacerbate inflammation and reduce epithelial integrity with 

distinct clinical outcomes. 

To further assess the profile of immune cells in colitic Gpr84-/- mice, we characterised the immune 

cells of the mesenteric lymph node, the major compartment for presentation of translocating bacterial 

antigens during colitis303. Coconut diet exacerbated the total number of immune cells in the 

mesenteric lymph nodes of WT mice (Figure 4.4E). However, Coconut oil diet did not change these 

numbers in Gpr84-/- mice. This suggests MCFA-enriched diet enhances the proliferative or 

chemotactic response of lymphocytes during colitis with dependence on GPR84 signalling. Given that 

this effect was not seen during food allergy suggests that this may be an alteration of Th1 responses to 

bacterial antigen, rather than Th2 responses to food allergens. However, the percentage of effector T 

cells (CD4+ CD44+ CD62L-) or DCs (CD11c+ MHCII+) were unchanged, whereas Coconut oil diet 

increased the proportion of Tregs (CD4+ CD25+ Foxp3+) and B cells (B220+ MHCII+) in WT mice 
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only. This suggests MCFA-diets may increase Tregs and B cells in the mesenteric lymph node in a 

GPR84-dependent manner. However, the magnitude of the change is quite small when compared to 

the large increase in total immune cells of the mesenteric lymph node. As such, the predominant 

change to the immune cell profile of the mesenteric lymph node from MCFA-enriched diet and 

GPR84 activation appears to be broadly proliferative or migratory, rather than specifically enhancing 

one particular cell type over another. This increase in lymphocyte proliferation or migration may have 

been stimulated by nano-lipocomplexes generated from the contact of MCFAs and DSS. However, 

regardless of the effect of nano-lipocomplexes, GPR84 signalling increased the number of cells in the 

mesenteric lymph node despite protecting against the clinical severity of colitis. This suggests that 

lymphocytes may also require GPR84 signalling during migration in a similar manner to eosinophils 

observed in asthma.  

5. Discussion 

I have identified a role for GPR84 signalling in the migration of leukocytes into the lung mucosa 

during asthma, correlating with a reduction in lung function. GPR84 signalling therefore exacerbates 

asthma pathogenesis. GPR84 agonists enhance PMN chemotaxis78, suggesting that the deletion of 

GPR84 function in Gpr84-/- mice may similarly reduce the propensity for leukocyte chemotaxis to the 

lung during asthma. In contrast, GPR84 deficiency exacerbated the clinical severity of DSS colitis, 

including worsened weight loss, diarrhoea, faecal blood and shortened colon length.  This suggests 

GPR84 signalling protects against colitis pathogenesis. The differences between exacerbation of 

asthma and protection from colitis highlight the complex role that GPR84 plays in immune and gut 

homeostasis. These differences may be explained by the separate mucosal compartments (lung vs. 

gut) and immune responses (innate and Th1 vs. Th2) involved in asthma and colitis. As yet unknown 

factors involved in the pathogenesis of either disease likely alter the severity of these diseases in 

Gpr84-/- mice.  

The exacerbation of colitis in Gpr84-/- mice was unexpected due to the opposite result in WT mice 

treated with GLPG1205, a GPR84 inhibitor. However, recently GLPG1205 was found to be 
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ineffective at treating human patients with ulcerative colitis, which may suggest that investigating 

GPR84 function in the murine model of DSS colitis does not translate well to humans.  

In mice, GPR84 deficiency alters lipid metabolism by increasing mycocardial triglyceride 

accumulation and decreasing liver size304. GPR84 therefore plays a poorly understood role in 

metabolism. This altered metabolism via GPR84 signalling may favour a regulatory phenotype during 

colonic inflammation in WT mice, although no data has yet established such a link between 

mycocardial triglyceride accumulation and colitis. 

These results are particularly compounded by our finding that MCFA-enriched diet can exacerbate the 

clinical severity of colitis in WT mice, implicating the dietary agonists of GPR84 in the alteration of 

disease outcomes in this particular murine model of IBD. We therefore caution the use of diets that 

contain MCFAs when conducting DSS colitis. T cell transfer models of colitis that do not involve 

DSS would therefore be a preferable alternative when investigating dietary MCFAs and their impact 

on IBD. 
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Chapter 5 – Conclusion 

This thesis has defined novel roles for GPR43, GPR65, GPR84 and their agonists in murine models of 

inflammatory and allergic diseases. These receptors and their agonists enhance regulatory 

mechanisms or reduce inflammatory responses, which together prevent the clinical severity of 

immune-based diseases such as asthma and colitis. As such, I have characterised their importance in 

maintaining homeostasis at mucosal sites of the lung and gut.  

SCFAs derived from fermented dietary fibre protected against asthma by enhancing Treg responses in 

an epigenetically inheritable manner. This process was independent of GPR43 signalling, which 

contrasts with the partial GPR43-dependence required for dietary acetate to protect against 

C. rodentium infection. Indeed, acetate and butyrate inhibited C. rodentium growth and Tir expression 

in vitro, independent of host responses to SCFAs. Furthermore, I have characterised the regulatory 

role of GPR65 in protecting against bacteria- and chemically-induced colitis. Neutrophil biology was 

significantly altered by extracellular pH and GPR65 activation. GPR65 regulated neutrophil 

migration, lipid metabolism and integrin expression. This provides a novel explanation for the 

increased incidence of IBD in humans with polymorphisms in Gpr65. In addition, I have 

demonstrated a novel role for GPR84 in asthma and colitis. GPR84 activation exacerbated cellular 

infiltration into the asthmatic lung and reduced lung function. Contrastingly, GPR84 protected against 

the clinical symptoms of DSS colitis which correlated with reduced leukocyte migration to the colon 

and enhanced epithelial integrity. Moreover, MCFA-enriched coconut oil diet enhanced the severity 

of DSS colitis, highlighting the need to consider MCFAs in the diets of mice subject to such a model 

of IBD.  

Broadly, acid or acidic metabolite agonists of GPCRs appear to consistently play a role in regulating 

immune responses and maintaining homeostasis at mucosal sites. The regulation of immune responses 

exhibited by GPR43, GPR65 and GPR84 corresponds with similar responses from other acidic 

metabolite-sensors such as GPR41, GPR109a and GPR120.  Many other acid- and metabolite-sensing 

GPCRs that have poorly characterised functions will likely play similar roles. Ultimately, my doctoral 
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studies have identified potential therapeutic consequences of dietary or pharmacological activation 

and inhibition of GPR43, GPR65 and GPR84, which provides new avenues for treating allergic or 

inflammatory diseases such as asthma and IBD. 
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