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ABSTRACT 

The G protein-coupled receptor FFA2 acts as a receptor for short chain fatty 

acids produced by commensal bacteria through the fermentation of dietary 

fibre. While FFA2 is implicated in several disease conditions, such as obesity and 

ulcerative colitis, the receptor has so far not been successful ly exploited 

therapeutically. This may reflect marked  species selectivity of antagonists for 

the human receptor, which hinder pre -clinical in vivo  studies in rodent models of 

disease. Herein a novel transgenic mouse strain expressing human FFA2 with an 

int egrated HA epitope tag (hFFA2-HA) was characterised as a novel animal 

model. To assess the expression of hFFA2-HA at the messenger RNA and protein 

levels, quantitative reverse -transcription PCR and immunohistochemistry 

approaches were utilised. hFFA2-HA was found to be expressed in adipose, 

colon, spleen and bone marrow -derived neutrophils, at equivalent levels as 

mouse FFA2 in C57BL/6N mice. In addition, hFFA2-HA expression was confirmed 

in subsets of enteroendocrine and haematopoietic cells in the intesti ne and 

spleen, respectively. Following immunocytochemical confirmation of hFFA2 -HA 

protein expression in bone marrow -derived neutrophils, these were used in 

functional studies ex vivo. The functionality of hFFA2 -HA on neutrophils was 

established with the u se of the hFFA2-selective radioligand [ 3H]GLPG0974, which 

was found to specifically bind membranes from hFF A2-HA mouse neutrophils, 

and with the use of the endogenous ligand propionate in [ 35S]GTPƞS 

incorporation assays, where a concentration -dependent response was observed. 

Importantly, hFFA2-selective antagonist s were able to inhibit C3 -induced 

[35S]GTPƞS incorporation and chemotaxis in hFFA2-HA-expressing, but not in 

C57BL/6N neutrophils. For the investigation of hFFA2 phosphorylation, novel, 

potentially  phosphosite-specific antisera were evaluated through Western Blot 

and immunocytochemistry methods. Here, residues Thr306 and Thr310 were 

observed to be phosphorylated in an agonist -dependent manner, while residues 

Ser296 and Ser297 appeared to be constitutively phosphorylated. Replacement of 

these residues with alanine abolished antiserum binding but did not fully ablate 

Ɲ-arrestin -2 interactions . The development of novel pharmacological research 

tools, here in the form of transgenic mouse models and phosphosite -specific 

antisera, can not only aid understanding of FFA2 signalling and pharmacology but 

can also bridge the translational gap between in vitro  and clinical studies.   
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CHAPTER 1 ð INTRODUCTION 

1.1 G protein -coupled receptors  

1.1.1 GPCR structure and families  

G protein -coupled receptors (GPCRs) are a superfamily of cell surface proteins 

with some 800 members in humans. Their name derives from heterotrimeric G 

proteins (guanine nucleotide -binding proteins) through which they initiate  

downstream signalling cascades in response to extracellular stimuli . As all tissues 

in vertebrates express various GPCRs, it is not surprising that they are one of the 

most commonly targeted class of proteins by  small molecule drugs. Indeed, 

about 350 non-olfactory GPCRs are considered druggable, 165 of which are 

established targets and make up approximately 20% of targets exploited by 

current small molecule drugs (Rask-Andersen et al., 2014, Yang et al., 2021) .  

Structurally, all GPCRs share the same basic structure, made up of seven trans -

membrane (TM) Ɯ-helices (hence the alternative terminology, 7-transmembrane 

receptors), with an extracellular N -terminus and an intracellular C -terminus. 

The helices are also connected by 3 intracellular loops (ICLs) and 3 extracellular 

loops (ECLs). Intracellular segments, while not necessarily conserved, are similar 

in structure throughout all GPCRs. The diversity found in the structure of the N -

terminus, however, has implications on ligand binding and thus gave rise to the 

initial classification of GPCRs into 5 cla sses. With information guided by genomic 

studies, these have been adapted into the current classification system of 5 

families: Rhodopsin (class A), Secretin (class B), Adhesion (class B), Glutamate 

(class C) and Frizzled/Taste2 (class F) families (Fredriksson et al., 2003b, 

Schioth and Fredriksson, 2005).  

The vast majority of GPCRs are members of the Rhodopsin family (Class A; 

Figure 1.1A). In addition to about 380 olfactory class A receptors, around 284 

are potentially druggable. As such, they also make up the majority of druggable 

GPCR targets. They show the highest diversity in the types of endogenous 

ligands, including nucleotides, ste roids, peptides, proteins , and lipids (Yang et 

al., 2021) . For this class, the N -terminus is relatively short, and as such it is 

rarely involved in ligand binding. Endogenous ligands tend to bind in the pockets 

formed by the TM domains,  which varies depending on the endogenous ligand, 
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with potential interactions with the ECLs. In addition, receptors of this family 

contain highly conserved residues that constitute the DRY motif (Rovati et al., 

2007) and the NPxxY motif (Urizar et al., 20 05), which are believ ed to stabilise 

various activation states, and thus diverse downstream signalling.  

The Secretin family (Class B; Figure 1.1B) contains 15 members activated b y 

various peptide hormones, including corticotropin -releasing hormone, 

parathyroid peptide hormone and growth hormone -releasing hormone. 

Conserved cysteine (Cys) residues on the N-terminus and ECLs of receptors allow 

stabilisation by disulphide bonds. Thus, the peptide ligands bind through 

interactions with the N -terminus and the pocket of the TM domains (Miller et al., 

2012).  

In the case of Adhesion receptors (Class B; Figure 1.1C), the extended N -

terminus contains a GPCR autoproteolysis-inducing (GAIN) domain, where the 

adhesion-motif -containing N-terminal  binds non-covalently through the GPCR 

proteolytic site (GPS). The adhesion motif itself contains residues which are 

readily glycosylated, and thus attach to extracellular matrix proteins (ECM). 

Upon mechanical movement through the ECM, the N-terminal segment detaches 

at the GAIN domain, which in turn induces the conformational changes necessary 

to initiate downstream signalling (Olaniru and Persaud, 2019). The 33 members 

in this family can be categorised into 9 subgroups based on the unique N -

terminal moti fs (Hamann et al., 2015) . They are distinct in their role in 

migration and cell adhesion.  

Glutamate family receptor (Class C; Figure 1.1D) N-termini contain a Venus fly 

trap domain (VFT): a bilobular structure which acts as the ligand binding site. 

The segment below the VFT also contains a Cys-rich domain, which aids 

structural stability during the dimerisation necessary for receptor activa tion 

(Kunishima et al., 2000) . This family is composed of 22 members, including 8 

metabotropic glutamate receptors and 2 ƞ-aminobutyric acid  b (GABAb) 

receptors (Fredriksson et al., 2003b, Lagerström and Schiöth, 2008) . 

The Frizzled/Taste2 (Class F) family  is made up of 10 Frizzled and 1 Smoothened 

receptor. In Frizzled receptors ( Figure 1.1E), a Cys-rich domain (CRD) serves as 
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the primary ligand -binding site, where a hydrophobic groove allows the binding 

of WNT proteins via their palmitoleate moiety (Macdonald and He, 2012). There 

is some evidence that the ECLs may also be involved in ligand binding (Dann et 

al., 2001) . The classification of the 25 Taste 2 receptors in the same family has 

been contentious, since their sequence identity is less than 20% and they are 

architecturally more similar to rhodopsin family GPCRs (Alfonso-Prieto et al., 

2019). 

 

Figure 1. 1. GPCR families and their structural features .  All G protein -coupled receptor (GPCR) 
families share the same basic arrangement of 7 trans -membrane helices, with an intracellular C -
terminus and an extracellular N -terminus. Despite these shared characteristics, the families N 
termini vary significantly between families, thus demonstrating a range of ligand binding modes 
(ligands show in blue). A) In comparison with other families, Rhodopsin family (Class A) receptors 
possess a relatively short N terminus, which is generally  not involved in ligand binding. Endogenous 
ligands bind in the pocket formed by the TM regions. B) Secretin family (Class B) receptors are 
characterised by conserved cysteine (Cys) residues (shown in purple) whi ch stabilise the N -
terminus and extracellular loops for ligand binding. C) Adhesion family (Class B) receptors possess 
a GPCR autoproteolysis-inducing (GAIN) domain responsible for the cleavage of the N -terminus, 
allowing the separation of the adhesion dom ain, and thus interaction with extracellular matrix 
proteins. D) Glutamate family (Class C) receptors contain Cys-rich domains for dimer stabilisation 
and bilobular  Venus fly trap domains for ligand binding. E) Frizzled (Class F) family receptors 
contain a conserved Cys-rich domain . WNT glycoproteins bind this domain with the aid of its 
palmitoleate moiety, alongside potential further interactions  with the extracellular loops.  
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1.1.2 Canonical GPCR signalling  

Upon activation by an extracellular stimulus, GPC Rs undergo conformational 

changes which initiate the intracellular signalling cascade. Specifically, the 

eponymous heterotrimeric G proteins are recruited to the intracellular surface 

of the receptor, where interactions trigger the exchange of guanosine 

diphosphate (GDP) for guanosine triphosphate (GTP) on the G protein Ɯ-subunit. 

G proteins thus activated dissociate, allowing the Ɯ-subunit and the Ɲƞ-

heterodimer to trigger specific downstream responses  (Simon et al., 1991) . 

What downstream pathways are activated is determined by the identity of each 

G protein subunit. There are 16 distinct Ɯ subunits, categorised into 4 families 

based on sequence similarities and downstream signalling effectors: GƜs (GƜs and 

GƜolf), GƜi (GƜi1, GƜi2, GƜi3, GƜoA, GƜoB, GƜt 1, GƜt2 and GƜz), GƜq (GƜq, GƜ11, 

GƜ14, GƜ15 and GƜ16) and GƜ12 (GƜ12 and GƜ13) (Simon et al., 1991) . There is also 

a level of diversity in the GƝ and Gƞ subunits (5 and 12 subtypes, respectively) 

(Smrcka and Fisher, 2019). Such diversity can give rise to complex downstream 

effects and physiological responses. 

Members of the GƜs family activate adenylyl cyclase  (AC), thus causing an 

increase in intracellular cyclic adenosine monophosphate (cAMP) levels. In turn, 

cAMP binds and activates protein kinase A (PKA), leading to phosphorylation of 

further downstream proteins. By contrast, members of the GƜi family inhibit AC, 

opposing the downstream effects of GƜs. GƜq family proteins are able to activate 

phospholipase CƝ (PLCƝ), which catalyses the production of inositol -1,4,5-

triphosphate (IP3) and sn-1,2-diacylglycerol (DAG). By signalling through the IP3 

receptors on the endoplasmic reticulum, IP3 can induce the release of Ca 2+ from 

intracellular storage, while DAG activates protein kinase  C (PKC) (Simon et al., 

1991). Signalling through GƜ12 has been fairly poorly characterised until recently. 

Rho guanine nucleotide exchange factors (RhoGEFs) activated by GƜ12/13  regulate 

the Ras homolog family member A (RhoA)-Rho-associated, coiled-coil containing 

protein k inase (ROCK) pathway (Patel et al., 2014) . Canonically, GƜ subunits 

were believed to be the primary determinants of receptor signalling, however it 

has become increasingly clear that the Ɲƞ-heterodimer s can mediate cellular 

responses in their own right (Ford et al., 1998) . 
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Figure 1. 2. GPCR signal transduction pathways.  A) Ligand binding (in orange) induces 
conformational changes in GPCR, allowing the binding of the heterotrimeric G proteins. This 
interaction facilitates the exchange of GDP (green circle) for GTP (green star) on the G Ɯ subunit, 
and the subsequent dissociation of the GƜ subunit from the GƝƞ dimer. Signalling pathways 
engaged are dependent on the identity of the G Ɯ subunit. GƜs stimulates, while GƜi/o  inhibits 
adenylyl cyclase, resulting in increased or decreased levels of intracellular cAMP, respectively, 
thus regulating protein kinase A (PKA) activity. GƜq/11  mediates signalling through phospholipase C 
Ɲ (PLCƝ), leading to increased intracellula r Ca2+ levels through inositol 1,4,5-triphosphate ( IP3), 
and protein kinase C (PKC) activation through sn-1,2-diacylglycerol (DAG). GƜ12/13 regulates the 
RhoA/ROCK (Ras homolog family member A/ Rho-associated, coiled-coil containing protein kinase ) 
pathway via Rho guanine nucleotide exchange factors (RhoGEFs). GƝƞ subunits are also able to 
mediate a range of responses. The inherent GTPase activity of GƜ hydrolyses GTP to GDP, thus 
terminating signalling and allowing re -association of the G protein subunits. B) Residues on the 
intracellular loops and C -terminus of activated GPCRs are phosphorylated (in magenta) by GPCR 
kinases (GRKs), which in turn leads to the recruitment of Ɲ-arrestins. Ɲ-arrestin interactions with 
clathrin leads to GPCR downregulation through internalisation. Internalised GPCRs may be 
dephosphorylated and recycled to the cell surface, degraded in lysosomes, or they could induce 
further signalling cascades. Ɲ-arrestins are also able to interact with a range of kinases, allowing 
numerous downstream signals. PI3K ð phosphatidylinositol  3-kinase; PLCƞ - phospholipase Cƞ; ERK 
- extracellular signal -regulated kinase; AP2 ð adaptor protein complex 2; c -Src - Proto-oncogene 
tyrosine-protein kinase Src; Akt ð Protein kinase B; MAPK - mitogen-activated protein kinase ; NF-
ƥB - nuclear factor kappa -light -chain-enhancer of activated B cells . 
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Despite the fairly straightforward concept of G protein activation ( Figure 1.2A), 

complexity is added by a number of factors. As described above, there are 

numerous subtypes of each subunit of the heterotrimer. This allows for 

incredibly diverse combinations, each with potentially differential cellular 

effects. This of course depends  on both the coupling preference of the GPCRs, 

and the expression levels of each subunit variant . Additionally, GPCRs can 

activate multiple G proteins (and also multiple subtypes) while activated, which 

in turn are able to activate multiple downstream effe ctors, resulting in a vastly 

amplified signalling cascade.  

As GTP is hydrolysed to GDP by the Ras-like guanine nucleotide triphosphatase 

(GTPase) domain of GƜ, subunits reassociate, thus returning to the inactive state 

(Lambright et al., 1996) . GPCRs themselves are inactivated through the 

employment of GPCR kinases (GRKs), which are recruited to the intracellular 

segments of the receptor ( Figure 1.2B). GRKs catalyse the phosphorylation of 

serine (Ser) and threonine (Thr) residues on ICLs and the C-terminus in specific 

patterns, which in turn allows the recruitment of Ɲ-arrestins. Through their 

interaction with clathrin (with the aid of adaptor protein co mplex 2; AP2), Ɲ-

arrestins mediate the downregulation of GPCRs through internalisation 

(Goodman et al., 1996) . Internalised receptors are subsequently degraded in 

lysosomes or dephosphorylated and recycled. In spite of the traditional view, Ɲ-

arrestin bind ing and receptor internalisation may not be the final step in GPCR 

signalling. Sustained or reactivated G -protein -mediated signalling from endosomes 

has been demonstrated in several receptors (Irannejad et al., 2013, Thomsen et al., 

2016). While Ɲ-arrestin s themselves were not initially considered signalling 

molecules, in recent decades it has become increasingly clear that they are able to 

mediate downstream signalling in their own right. Thus, they are able to interact 

with kinases, ubiquitin ligases and calmodulin, among others (Latorraca et al., 

2020). Although in literature this is often referred to òG-protein -independentó 

signalling (Gesty-Palmer et al., 2009), current evidence suggests that Ɲ-arrestin -

mediated signalling is dependent on functional G -proteins (Grundmann et al., 2018) . 

The functions of Ɲ-arrestins are discussed in more detail in Chapter 5 . 
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1.1.3 GPCR ligand pharmacology  

The primary defining factors of GPCR ligands are affinity and efficacy (Kenakin, 

2002, Kenakin et al., 2006) . Affinity refers to the ability of the ligand to bind the 

receptor, generally expressed as the equilibrium dissociation constant  (Kd). In 

order to obtain these values, saturation or competition binding assays can be 

employed using radiolabelled ligands. More recently, the same assay principles 

have been applied in b ioluminescence resonance energy transfer (BRET)-based 

assays using fluorescent ligands and luciferase-tagged receptors (Christiansen et 

al., 2016, Hansen et al., 2017) . Through competition binding assays it can also 

be determined whether ligands share a binding site with the endogenous ligand 

(orthosteric site) or bind at a distinct region on the receptor (allosteric site). 

Ligand efficacy, expressed as Emax, is the ability of a ligand to elicit a molecular 

or physiological response through the receptor, by inducing conformational 

changes which allow interactions with G proteins and other ef fectors.  

Early models describe this conformational change as a 2 -state (inactive and 

active) model however this has been largely discredited by knowledge gained 

over the past decades. Perhaps the most influential of these developments has 

been the increased availability of high -resolution GPCR structures. Since the 

deciphering of the structure of agonist -activated Ɲ2-adrenoceptor in complex with 

GƜs over a decade ago (Rasmussen et al., 2011), both the number of available 

structures and the methods utilised  to obtain them have multiplied. While X -ray 

diffraction studies require artificial receptor stabilisation (Magnani et al., 2016) , 

more recent cryo -electron microscopy (cryo -EM) methods are able to capture the 

range of GPCR activation states, in complex wi th various ligands and G-proteins 

(Liang et al., 2017, Zhang et al., 2017) . As a result, currently nearly 1000 structures 

(active, inactive and intermediate) are available through GPCRdb 

(https://gpcrdb.org/structure ), more than half of which were identifi ed through 

cryo-EM. The availability of such structures is of interest not only for our 

understanding of fundamental receptor mechanisms, but also for future rational 

drug design to stabilise certain conformations.  

The range of different structures for an  individual receptor are representative of 

the continuum of activation states, the ener gy states of which are influenced by 

ligand binding and association of G proteins (Kenakin, 2019b). In the absence of 
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ligands, the majority of GPCRs have a preference for the inactive conformations, 

with a minority of receptors assuming conformations which are able to induce 

cellular responses in a ligand-independent manner (also called constitutive 

activity). Upon binding by an agonist, a shift occurs in the proportion of 

receptors assuming a signalling conformation, thus generating ligand -dependent 

signalling (Latorraca et al., 2017) .  Depending on the efficacy of this activation, 

agonists can be categorised as full, par tial or super -agonists. Full agonists 

produce responses equivalent to the maximum efficacy of the endogenous 

ligands, while partial and super -agonists produce efficacies lower or higher than 

this, respectively ( Figure 1.3A-C). On the other hand, neutral antagonists 

stabilise the non -signalling conformations of the receptors, thus preventing 

receptor activation while simultaneously maintaining constitutiv e receptor 

signalling (Figure 1.3D). Inverse agonists, however, push the equilibrium of 

receptor states further towards inactivation, thus ablating con stitutive receptor 

signalling (Figure 1.3E) (Kenakin, 2001, Kenakin, 2002).  

 

Figure 1. 3. Pharmacology of orthosteric GPCR ligands.  Binding of agonists (orange circles) to the 
orthosteric ligand binding site of GPCRs may result in various degrees of activation (magenta 
arrows): A) full agonism, B) partial agonism or C) superagonism (where the maximum efficacy 
exceeds that of endogenous ligands). Alternatively, binding of D) neutral antagonists and E) inverse 
agonists (grey circles) prevent receptor activation by agonists, meanwhile maintaining or inhibiting 
basal activity, respectively. E) Representative concen tration -response curves for each type of 
orthosteric ligand.  
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The landscape of GPCR ligand pharmacology is complicated even further by 

ligands which bind allosteric sites of the receptor. On the one hand, allosteric 

ligands can act as agonists in their own  right. Perhaps more interestingly, 

allosteric ligands may change the way in which orthosteric agonists interact with 

the receptor. The ability of an allosteric ligand to influence the affinity and/or 

maximum efficacy of the orthosteric ligand is expressed  as the affinity 

cooperativity factor  (Ɯ) and the activation cooperativity factor (Ɲ). Ligands 

which modulate either of these factors in a positive manner are termed positive 

allosteric modulators (PAMs) (Figure 1.4). PAMs may modulate either Ɯ or Ɲ, or 

both, resulting a leftward shift and/or increased maximum of the orthosteric 

agonist concentration -response curves (Kenakin, 2007). These have particular 

therapeutic interest, as they would maintain the spatiotemporal characteristics 

of signalling in conditions where there is a reduction in the endogenous ligands, 

such as in Alzheimerõs Disease (Bradley et al., 2016a) . By contrast, a go-allosteric 

modulators have agonist properties, thus allowing increased efficacies at non -

activating concentrations of the orthosteric ligand (Kenakin and Miller, 2010) .  
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Figure 1. 4. Pharmacology of GPCR Positive Allosteric Modulators  (PAMs). Ligands binding to sites 
other than the orthosteric site  (brown hexagon) may exert agonistic effects in their own right 
(magenta arrows) and/or modulate the affinity (Ɯ) and/or efficacy (Ɲ) (burgundy arrows) of 
orthosteric lig ands (orange circles). Representative concentration -response curves show effects in 
the absence (solid line) or presence (dashed line) of allosteric ligands. A) Allosteric agonists can 
induce receptor activation in the absence of an orthosteric ligand. PAM s may positively modulate 
orthosteric agonist B) affinity, C) efficacy, or D) both, without having agonist effects by 
themselves. Ago-allosteric modulators, on the other hand, have agonistic effects in addition to 
modulating orthosteric agonist E) affinity , or F) affinity and efficacy . 
 

Allosteric ligands are not restricted to various PAM types. In fact, allosteric 

ligands can act as antagonists, as well as negative allosteric modulators (NAM), 

exerting a negative effect on Ɯ or Ɲ (Figure 1.5). Such modulation would lead to 

a rightward shift or a lowered maximum efficacy in orthosteric agonist 

concentration -response curves (Jazayeri et al., 2016, Keov et al., 2011) . 

Interestingly, negative modulation of Ɲ can be accompanied by PAM and/or 

agonist effects exerted by the allosteric ligand. Thus, NAM -agonists which 

possess agonist activity show higher efficacy at non -activating concen trations of 

the orthosteric ligand, while simultaneously lowering the maximum efficacy. On 

the other hand, PAM-antagonists positively modulate Ɯ, while negatively 

modulating Ɲ, thus producing a leftward shift in the orthosteric agonist curve, 
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alongside lowered maximum efficacy  (Kenakin and Strachan, 2018). PAM/NAMs 

possess a combination of these effects. With such an intricate system of possible 

effects, it is not surprising that allosteric ligands have attracted the attention of 

drug development efforts.   

 

Figure 1. 5. Pharmacology of GPCR Negative Allosteric Modulators (NAMs) and Mixed -effect 
modulators.  Ligands binding to sites other than the orthosteric site (brown hexagon) may exert 
agonistic or antagonistic effects in their own right (magenta arrows) and/or modulate the affinity 
(Ɯ) and/or efficacy (Ɲ) (burgundy arrows) of orthosteric ligands (orange circles). Representative 
concentration -response curves show effects in the absence (solid line) or presence (dashed line)  
of allosteric ligands. A) Allosteric antagonists may inhibit receptor signalling in their own right. 
NAMs may negatively modulate the B) affinity or  C) efficacy of orthosteric agonists. D) NAM -
agonists can negatively modulate orthosteric agonist efficacy,  while exerting agonistic effects in 
their own right. On the other hand, E) PAM/NAMs and F) PAM-antagonists both positively modulate 
orthosteric agonist affinity, while negatively modulating efficacy. PAM/NAMs also have inherent 
agonist activity, which PAM -antagonists do not .  
 

Having discussed much of GPCR ligand pharmacology, it is perhaps not 

surprising, that even further levels of complexity can be explored with regards 

to signalling pathways. Most ligands are regarded as òbalancedó, referring to the 

fact that all effectors to which the target receptor is coupled are affected 

equally. A balanced agonist of a receptor would therefore activate all possible 

coupling responses (both G protein- and Ɲ-arrestin -mediated). For therapeutic 
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purposes, however, it ma y be desirable to activate one signalling pathway with a 

beneficial physiological response, while not affecting another, which may lead 

to detrimental effects. Thus, ligands which preferentially activate/inhibit one 

signalling pathway over another are termed òbiasedó ligands (Figure 1.6). 

Allosteric ligands may also modify the signalling of a balanced orthosteric 

agonist to produce biased signalling (Kenakin, 2019a, Bolognini et al., 2016) .  

 

Figure 1. 6. Biased signalling through GPCRs.  A) Biased orthosteric agonists (red circles) may 
promote responses either through G proteins (or specific G protein subtypes) or through Ɲ-
arrestins. B) Biased allosteric ligands (brown hexagon ) may push signalling by balanced orthosteric 
agonists (orange circles) towards biased signalling through either G proteins or  Ɲ-arrestins. 
 
 

1.2 Free fatty acid receptors  

1.2.1 Metabolites as signalling molecules  

For a long time, metabolites have been known to have diverse roles, both as 

sources of energy and as key factors in intracellular signalling (Milligan et al., 

2017). It is only fairly recently, however, that their roles as extracellular 

signalling molecules has been explored. In particular in easily accessible tissues, 

metabolites are able to signal through GP CRs. Of particular interest have been a  

group of GPCRs which respond to free fatty acids  (FFAs). Fatty acids  (FAs) are 

composed of a carboxylic acid moiety and an aliphatic carbon chain, the length 

of which allows categorisation into three groups: short ch ain fatty acids (SCFAs; 

1-6 carbons), medium chain fatty acids (MCFAs; 7-12 carbons) and long chain 

fatty acids (LCFAs; 12+ carbons). Especially in the case of MCFAs and LCFAs, the 

position of unsaturated carbons may be important in imparting protective 

effects. The negative effect of saturated fatty acids (SFAs) on cardiovascular 

disease risk has been widely researched (Wang and Hu, 2017), leading to dietary 

recommendations emphasising the benefits of polyunsaturated fatty acids 

(PUFAs). Ʋ-3 FAs have enjoyed special attention by the public as potential  
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dietary  supplements, due to their anti -inflammatory effects (Oh et al., 2010, Oh 

and Olefsky, 2012).  

SCFAs differ from MCFAs and LCFAs not only in chain length, but also in their 

source. MCFAs and LCFAs are mainly derived from dietary fats or de novo 

synthesis by the liver . Similarly, the SCFA butyrate can be obtained through 

dietary sources such as fermented soy products (Qiao et al., 2022)  and cheeses 

(Haddad et al., 2022) , and the oxidation of both alcohol (Lundquist et al., 1962)  

and fatty acids (Yamashita et al., 2001)  in the liver leads to the production of 

acetate. While some acetate and propionate is produced via fermentation of 

amino acids (Morrison and Preston, 2016), SCFAs are primarily  products of 

dietary fibre fermentation by commensal bacteria (Milligan et al., 2017) . Certain 

species of microbiota preferentially produce specific SCFAs which, in addition to 

the amount of fibre consumed, can influence physiological effects exerted by 

these compounds. For example, through the production of the SCFA propionate, 

Akkermansia muciniphila  can partially counteract obesity -associated 

inflammation by normalising intestinal permeability (Everard et al., 2013, El 

Hage et al., 2019) . In addition to metabolic diseases, microbiota have been 

implicated in cardiovascular (Witkowski et al., 2020) , liver (Albillos et al., 2020)  

and neuropsychiatric (Generoso et al., 2021)  diseases. Modulation of the 

composition of the microbiota ð either by anti - and/or pr obiotics or by faecal 

transplants - has therefore been considered as a strategy for combatting 

metabolic diseases (Jia et al., 2008, Kootte et al., 2012, Smits et al., 2013) .  

1.2.2 Deorphanisation of  the  free fatty acid  receptor  family  

Considering the wide array of roles associated with SCFAs, it is of paramount 

importance to understand the signalling pathways which they regulate. The 

identification of a group of GPCRs which are activated by FAs has opened up new 

avenues for potential interventions. The FF A receptor family consists of four 

members: FFA1 (formerly GPR40), FFA2 (GPR43), FFA3 (GPR41) and FFA4 

(GPR120). While both FFA1 and FFA4 are activated by LCFAs, FFA1 also responds 

to MCFAs. FFA2 and FFA3, on the other hand, respond to SCFAs. FFA1-FFA3 share 

the same chromosomal location (19q13.1  in humans) and show a high degree of 

sequence identity (29 -41%) (Sawzdargo et al., 1997). Another receptor, GPR42, 
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which shares 98% homology with FFA3 is also encoded in this region. To date, 

only a single study explored signalling through GPR42, contradicting the 

consensus about its pseudogene status (Puhl III et al., 2015) . Unlike other 

members of the family, FFA4 is encoded on chromosome 10 (10q23.33 in 

humans) and has merely 18-23% homology with the other member s of the family.  

Following initial identification of the receptors, the endogenous ligands of each 

member of the FFA receptor family were identified in deorphanisation efforts. 

FFA1-3 were all identified by a single study through database analysis 

(Sawzdargo et al., 1997) , and were also the first to be deorphanised by multiple 

independent studies in 2003. Firstly, MCFAs and LCFAs were identified as ligands 

for FFA1 via Ca2+-assay based ligand fishing screens using over 1,000 putative 

agonist compounds (Briscoe et al., 2003, Itoh et al., 2003) . Additionally , FFA1 

was also identified as the target of LCFAs when these compounds were tested 

against a complement of 10 orphan GPCRs (Kotarsky et al., 2003) . In a similar 

vein, endogenous ligands for FFA2 were also identified by three independent 

groups. Compound libraries were again tested against FFA2 and FFA3, leading to 

the identification of SCFAs as activating ligands for both receptors (Brown et al., 

2003, Le Poul et al., 2003) . The same conclusion was reached by the final study, 

which employed a more targeted approach based on the knowledge of the effect 

of SCFAs on leukocytes, in combination with the high expression of FFA2 on 

these cells (Nilsson et al., 2003) .  

While other members of the FFA family were b eing deorphanised, FFA4 had only 

just been identified , again via genomic data base analysis (Fredriksson et al., 

2003a). Similar to FFA1-3, an extensive library of compounds was tested against 

FFA4 in order to identify endogenous ligands. During initial de orphanisation, 

PUFAs (including Ʋ-3 FAs) were identified as the endogenous ligands (Hirasawa 

et al., 2005, Oh et al., 2010, Davenport et al., 2013) . However, SFAs were later 

shown to activate FFA4 with similar potency, albeit with lower efficacy than 

PUFAs (Christiansen et al., 2015) . 

In addition to the FFA receptor family, 3 additional GPCRs have been described 

as receptors for FFAs: GPR84, Olf78 and HCA2. First identified two decades ago 

(Wittenberger et al., 2001) , GPR84 remains to this day an orphan receptor - one 
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whose endogenous ligand has not been identified . Although the receptor has 

been shown to be activated by MCFAs, these are not present in the relevant 

tissues at appropriate concentrations (Wang et al., 2006b, Davenport et al., 

2013). Neverthele ss, due to its expression in immune cell populations and its 

upregulation in response to inflammatory stimuli, GPR84 has been the focus of 

avid research as a potential target for inflammatory conditions such as 

ulcerative colitis (Marsango et al., 2022a, Nagasaki et al., 2012) . Indeed, there is 

an ongoing effort to produce selective ligands for GPR84 (Pillaiyar et al., 2017, 

Jenkins et al., 2021, Mahindra et al., 2022) , with one antagonist entering but  

subsequently failing  to meet anticipated endpoints in  clinical trials (Vermeire et 

al., 2017) .  

As briefly mentioned in Section 1.1.1 , olfactory GPCRs are traditionally not 

considered druggable. In recent years, however, potential roles beyond olfaction 

have been suggested. This arose in response to olfactory receptors being 

discovered in the mouse kidney, where they were found to contribute to 

physiological functions (Pluznick et al., 2009) . Among these was Olfr78 (or 

OR51E2 in humans), which was later reported to be activated by SCFAs to 

modulate blood pressure and renin release (Pluznick, 2014). Olfr78 has also been 

shown to be expressed in enteroendocrine cells (EECs) in the colon, and it is 

downregulated in mouse models of colitis (Fleischer et al., 2015, Kotlo et al., 

2020).  

HCA2 (formerly GPR109A) is a member of the hydroxy-carboxylic acid (HCA) 

receptor family. Although deorphanisation eventually lead to Ɲ-hydroxy-butyrate 

(Ɲ-OHB) being identified as the endogenous ligand (Offermanns et al., 2011) , 

initial studies also showed ac tivation by FAs 4-8 carbons in length (Taggart et 

al., 2005) . While butyrate (and other SCFAs) may not be the most potent 

endogenous ligands, in the colon where its levels are sufficient, it can activate 

HCA2 with tumour suppressing effects (Thangaraju et al., 2009) . Although recent 

research focuses on the inflammatory (Carretta et al., 2020)  and anti -

inflammatory (Graff et al., 2016)  roles of HCA2,  focus has been on ligands other 

than SCFAs. As such, the future of HCA2 as a SCFA receptor is unclear. 
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1.3 SCFA receptors  

1.3. 1 SCFAs as endogenous ligands 

Although a number of metabolites have now been established as signalling 

molecules, SCFAs have received particular attention due to their source. As they 

are dependent on dietary fibre fermentation by the commensal bacteria, SCFAs 

show a unique interaction  between the microbiome and the host (Cook and 

Sellin, 1998). Even prior to the discovery of metabolite -sensing receptors, the 

various physiological functions of SCFAs were appreciated. The primary SCFAs 

produced by fermentation are acetic (C2), propionic (C3) and butyric (C4) acid, 

although formic (C1), pentanoic (C5), hexanoic (C6), iso -butyric and iso -

pentanoic acid are also produced in small quantities. Even though the 

composition of intestinal SCFAs can vary due to the type of fermenting bacteria 

present or the substrates available to them, C2 is by far the most abundant (with 

C2:C3:C4 present in a ratio of 1:0.31:0.15) (Soergel, 1994). The normal luminal 

concentration for these ranges between 50-100mM, however they are  

significantly and differentially diluted as they move away from the gut lumen. As 

a result, uptake by the gut epithelium, the concentration of C4 in the hepatic 

portal vein may be as low as 30µM, while C2 and C3 maintain higher 

concentrations (260µM and 90µM, respectively). The majority o f C3 is 

sequestered within the liver, resulting in low peripheral C3 and C4 

concentrations (around 5µM each). As a result, C2 is the predominant SCFA 

species in the circulation at around 70µM (Cummings et al., 1987), and the most 

likely to exert effect thr ough FFA2 and FFA3 in target tissues beyond the gut. 

Local concentrations of C2 might be further augmented in these target tissues, 

specifically via production by pancreatic Ɲ-cells (Tang et al., 2015)  and 

subpopulations of adipocytes (Sun et al., 2020)  thus mediating auto - and 

paracrine signalling.  

Since the highest concentration of each SCFA can be found in the intestinal 

lumen, it is not surprising that SCFAs primarily affect EECs of the intestinal 

lumen, although resident macrophages and circulating neutrophils are also 

affected (Husted et al., 2017) . The balance in the concentration of each SCFA, 

and therefore the effects they exert both in the gut and systematically, can be 

disrupted by high -fat diets (HFD). HFD has a multimodal effect on the circulating 
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FA levels. The presence of lipids in the duodenum stimulates cholecystokinin 

release from I -cells, which in turn triggers the  release of bile from the gall 

bladder. The chronically high levels of hydrophobic bile acids triggered by HFD 

may increase the permeability of the intestinal wall indirectly by affecting the 

composition of the gut microbiota (Stenman, 2012, Cani et al., 2 008). As such, 

there is a transient reduction in microbes which promote gut barrier integrity 

(such as Bifidobacterium  spp.) (Cani et al., 2007) , accompanied by an 

augmentation of species which reduce it (such as Desulfovibrio  spp.). Of the 

latter category , Bilophila wadsworthia  utilises sulphur from taurine -containing 

bile salts, producing hydrogen sulphide as a genotoxic by -product (Devkota et 

al., 2012) . The resulting hyperpermeability of the intestinal wall, in combination 

with a concomitant degeneratio n of the luminal mucus layer, leads to the 

leakage of luminal toxins and FAs other than C2 into the circulation (Raybould, 

2012). In particular, the presence of bacterial lipopolysaccharides (LPS) in the 

circulation is believed to be the underlying cause o f the systemic low -grade 

inflammation present in obesity (Cani et al., 2008) . In addition, infiltration by 

leukocytes and the release of proinflammatory cytokines are hallmarks of 

inflammatory bowel disease (IBD).  

Given the importance of the microbiome in  SCFA production, modifying, or  

completely ablating it can be used to further reveal the physiological functions 

of SCFAs. By administering SCFAs or, alternatively, knocking out (KO) SCFA 

receptors in combination with germ -free (GF) maintenance of mouse models 

allows the unravelling of the links between SCFAs and SCFA receptors (Milligan 

et al., 2017) . The first of such studies demonstrated that wild type (WT) animals 

raised as GF and conventionally raised FFA2-KO mice both displayed exacerbated 

inflammator y responses in models of colitis, arthritis, and asthma. While GF 

responses could be rescued by C2 administration, this was not the case for FFA2-

KO mice (Maslowski et al., 2009) . In GF mice, a reduction in intestinal regulatory 

T-lymphocyte  populations was also observed, which could be rescued by SCFA 

administration in WT but not in FFA2 -KO animals (Smith et al., 2013) . By 

contrast, in a gout model, FFA2 -KO and GF raising or antibiotic treatment of WT 

mice both resulted in decreased production of pro -infla mmatory interleukin ( IL)-

1Ɲ and CXCL1, accompanied by decreased ROS production and inflammasome 

assembly by macrophages. Exogenous C2 and gut recolonisation were both able 
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to restore inflammatory responses in GF but not in FFA2 -KO mice (Vieira et al., 

2015). Beyond the roles in inflammatory processes, FFA2 was also found to 

influence adiposity. Under normal conditions, while FFA2 -KO mice were obese 

on a normal chow diet, mice overexpressing FFA2 specifically in adipose were 

lean even when fed a HFD. When raised as GF, both strains displayed normal 

phenotypes (Kimura et al., 2013) . On the other hand, KO of FFA3 resulted in  

decreased adiposity in comparison to WT mice; a difference which was not 

present when animals were raised as GF. These differences were associated with 

reduced expression of the anorexigenic hormone peptide YY (PYY) in FFA3-KO 

mice (Samuel et al., 2008) . Feeding mice a diet with a high fibre content was 

found to alter microbiota in not only the gut but also in the lung, thus increasing 

SCFA levels and reducing lung inflammation. Although administration of C3 

produced similar protective effects in WT and FFA2 -KO, it did not do so in FFA3-

KO mice (Trompette et al., 2014) . With these studies, a causative link between 

microbiome-derived SCFAs and the SCFA receptors could be clearly established.  

While the same SCFAs are able to activate both FFA2 and FFA3, their potency in 

doing so differs  between the two receptors. At human (h)FFA2, SCFAs display the 

following rank order: C2 = C3 = C4 > C5 > C6 = C1. By contrast, at hFFA3 the 

order of potenc y is C3 = C5 = C4 > C2 > C1 (Brown et al., 2003) . Not only are 

SCFA potencies different between the two receptors, but the signalling pathwa ys 

to which they couple also differ ( Figure 1.7). Both receptors can activate the 

pertussis toxin (PTX)-sensitive GƜi/o  pathways, however FFA2 is more 

promiscuous in that it also signals through GƜq/11, and GƜ12/13. These couplings 

were initially revealed in deorphanisation studies with the use of chimeric GƜ in 

yeast cell lines (Brown et al., 2003), and coupling to GƜi/o  and GƜq/11  has been 

corroborated  by multiple studies using functional assays measuring  [35S]-

guanosine-5õ-O-(3-thio)triphosphate  ([35S]GTPƞS) incorporation (GƜi/o ) or Ca2+ 

mobilisation (GƜq/11 ) (Hudson et al., 2013, Hudson et al., 2012a) . Signalling 

through GƜ12/13 has also been demonstrated in functional assays of transforming 

growth factor -Ɯ (TGF-Ɯ) shedding, where CRISPR/Cas9-edited cells lacking these 

subtypes displayed decreased responses (Sergeev et al., 2017) . Recruitment of 

Ɲ-arrestin -2 has been demonstrated using BRET-based methods for FFA2 only, 

although the downstream effects from this remain unclear. Knock -down of Ɲ-

arrestin -1/2 in FFA3-expressing Neuro2A cells showed no differences in cellular 
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response upon C3 treatment, further supporting the inability of FFA3 to signal 

through Ɲ-arrestins (Kimura et al., 2011) . Finally, phosphorylation of 

extracellular signal -regulated kinase (ERK) has also been demonstrated in FFA2-

expressing cells (Hudson et al., 2012a, Sergeev et al., 2016) , however the 

specific signalling pathways contributing to this effect are incompletely 

understood.  

 

Figure 1. 7. Signalling pathways through SCFA receptors.  Activation by orthosteric agonists 
(orange circle) can induce downstream signalling through G protein -mediated or alternative 
pathways. FFA2 is able to signal through GƜi/o, GƜq/11, and GƜ12/13, as well as through Ɲ-arrestins. 
FFA3 can induce signals exclusively through GƜi/o .  

 

Despite the well -established rank order of SCFA potencies at the human 

orthologues of the receptors, these cannot be translated  directly  to animal 

orthologues. In the bovine orthologue of FFA2 (bFFA2), for example, C4, C5, C6 

and C7 (heptanoic acid) all show higher potency than C2 and C3. Even longer 

chain FAs, octanoic (C8) and nonanoic (C9) acid are able to activate bFFA2 

(Hudson et al., 2012a) . Such variability between species orthologues is hardly 

surprising, considering the differences in the amount non -digestible dietary 

carbohydrates, and therefore in the amounts of various SCFAs. More important 

for pre -clinical studies is the difference in the pharmacology displayed by the 

mouse orthologues of FFA2 (mFFA2) and FFA3 (mFFA3). Initially, in the absence 

of selective synthetic ligands, C2 was used as an òFFA2-selectiveó ligand due to 

it 10 -fold higher potency in comparison to FFA3 (Tolhurst et al., 2012) . However, 

this selectivity of C2 does not exist in between mFFA2 and mFFA3. By contrast, 

C3 shows selectivity for mFFA3 over mFFA2, which does not exist for hFFA3 and 

hFFA2. Orthologue-specific residues in ECL2 are suggested as the contributors to 

these differences (Hudson et al., 2012b) .  
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1.3.2 Physiological functions and therapeutic  implications  

The shared use of SCFAs as endogenous ligands is but one of the issues 

complicating SCFA receptor pharmacology. Importantly, FFA2 and FFA3 are co-

expressed in several tissues where, in the absence of selective agonists, the 

contribution of each receptor to physiological functions cannot be confidently 

isolated. Due to the charac teristics highlighted in the previous section, SCFAs on 

their own are not appropriate tools for the dissection of these contributions. 

Although KO animals of one SCFA receptor may display compensatory changes in 

expression of the other receptor (Zaibi et a l., 2010) , they can nevertheless 

inform our understanding about the physiological roles of the rec eptors. A more 

in-depth discussion of the use of KO and other transgenic models can be found in 

Chapter 3 .  

Before considering the various physiological effect s that SCFA receptors 

mediate, it is important to take a detour to introduce one of the most important 

new tools for the investigation of SCFA receptor pharmacology. Designer 

Receptors Exclusively Activated by Designer Drugs (DREADD), as the name 

suggest, are mutant variants of a receptor which are unresponsive to endogenous 

ligands, while enabling otherwise inert synthetic ligands to activate the 

receptor. This approach has been particularly useful in the case of receptors 

which display large sequence homology and overlapping ligand profiles (Urban et 

al., 2009) . An excellent example is the muscarinic acetylcholine receptor 

(mAChR) family whose 5 members are all activated by acetylcholine, and 

therefore show large homology in the ligand binding pocket. Thro ugh directed 

molecular evolution, Armbruster et al (2007) uncovered two point mutations 

which reduced acetylcholine activity at M 3 mAChR, while enabling activation by 

clozapine-N-oxide. The conservation of the two residues throughout the mAChR 

family has allowed the generation of DREADD versions of all members, thus 

potentiating the efforts to identify their individual roles (Bradley et al., 2018) . 

In the case of hFFA2, the DREADD variant of the receptor was the result of 

rational chemogenetic engineering ( Figure 1.8). On one hand, a Cys to glycine 

(Gly) mutation was introduced at residue position 141 to mimic the sequence of 

bFFA2, thus rendering the receptor more susceptible to activation by longer 

chain SCFAs (C5-C8) and small carboxylic acids (SCAs) (Hudson et al., 2012a) . On 
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the other hand, responsiveness to endogenous SCFAs was ablated by the 

introduction of a second, histidine (His) t o glutamine (Gln) mutation at position 

242, thus changing a residue previously identified as playing a role in the binding 

of SCFAs (Stoddart et al., 2008) . The resulting hFFA2-DREADD is activated by the 

SCA 2,4-hexadienoic acid (Sorbic acid; SA) and the recently identified synthetic 

agonist, 4-methoxy-3-methyl -benzoic acid (MOMBA) (Barki et al., 2022) , while 

remaining amenable to inhibition by the available FFA2 antagonists (discussed in 

Section 1.3.3 ).  Through the generation of knock -in mouse lines, hFFA2-DREADD 

can simultaneously inform on the roles of FFA2 and FFA3, upon activation by 

synthetic DREADD agonists and SCFAs, respectively (Bolognini et al., 2019, Barki 

et al., 2022) . 

 

Figure 1. 8. DREADD variant of human FFA2. A) Designer Receptor Exclusively Activated by 
Designer Drugs (DREADD) version of hFFA2, where two point mutations (Cys141Gly and His242Gln; 
purple circles) render the receptor non -responsive to endogenous orthosteric hFFA2 agonists, while 
simultaneously making it amenable to activation by either the natural but not endogenously 
produced ligand Sorbic Acid, or the synthetic ligand MOMBA. Antagonists retain their ability to 
inhibit receptor activation at the DREADD mutant. B) Structures of hFFA2-DREADD ligands Sorbic 
Acid (2,4-hexadienoic acid) and MOMBA (4-methoxy-3-methyl -benzoic acid).  
 

1.3.2.1 Enteroendocrine functions  

Considering that SCFAs originate from the microbiome, it is not surprising that 

both receptors are abundantly expressed in the gut, particular ly in EECs (Karaki 

et al., 2008, Tazoe et al., 2009, Nohr et al., 2013) . SCFA administration has 

been associated with the release of the anorexigenic hormone PYY and increased 

gut motility (Karaki et al., 2006) . In other studies,  both receptors were 

expressed in glucagon-like peptide -1 (GLP-1)-secreting L-cells, where GLP-1 

release in response to SCFAs was mediated through increased Ca2+ (via GƜq/11 ) 

and was reduced in colonic cultures from animals lacking FFA2, but not those 

lacking FFA3 (Tolhurst et al., 2012) . These results were later confirmed in vivo , 
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whereby intracolonic infusion of C3 increased the secretion of PYY and GLP -1 in 

WT but not in FFA2-KO mice (Psichas et al., 2015). By contrast, a recent report 

suggested that GLP-1 release from mouse EECs and colonic crypts was mediated 

through endosomal FFA2 signalling via GƜi/p38 (Caengprasath et al., 2020) . As a 

result of feeding mice a diet supplemented with the fermentable carbohydrate 

inulin, there was an observable increase  in PYY-secreting cell density and a 

reduction in food intake; effects which were absent in FFA2 -KO mice (Brooks et 

al., 2017) . Importantly, all animal studies hitherto mentioned rely on a loss of 

physiological responses as a result of receptor KO. More recently, the 

involvement of FFA2 in PYY and GLP-1 release was confirmed with the use of 

hFFA2-DREADD-expressing mice, in vitro  and in vivo  (Barki et al., 2022, Bolognini 

et al., 2019) . Unlike previous studies, these involve direct activation of the 

receptor  to produce a physiological response. The same mouse model was also 

used to demonstrate that FFA2 activation accelerates gut transit in mice 

(Bolognini et al., 2019) . In addition to PYY and GLP-1, FFA2-KO mice have also 

been utilised to show the role of th is receptor in the regulation of the orexigenic 

hormone ghrelin in the stomach, leading to GƜi/o -mediated reduction in ghrelin 

release upon SCFA treatment (Engelstoft et al., 2013) . Considering that FFA2 

activation appears to decrease appetite through at l east 3 different hormones, it 

constitutes an attractive druggable target for the prevention or treatment of 

obesity. Indeed, in overweight human subjects, acute ingestion of inulin -

propionate ester increased the levels of both PYY and GLP-1, while long -ter m 

supplementation was associated with reduced weight gain, although the 

involvement of FFA2 was not confirmed in this study (Chambers et al., 2015) .  

1.3.2.2 Roles in adipose tissue homeostasis  

The expression of FFA2 in adipose tissue has been described in various studies 

(Kimura et al., 2013) , while that of FFA3 has only been reported by one group 

(Xiong et al., 2004)  and has been largely discredited (Zaibi et al., 2010) . Perhaps 

the most well -established role of FFA2 in adipose tissue is the inhibition of 

lipolysis. Inhibition of isoproterenol -induced lipolysis has been demonstrated 

with adipocytes isolated from WT and FFA2 -KO mice (Ge et al., 2008) , and more 

recently using hFFA2-DREADD-expressing adipocytes (Bolognini et al., 2019) . In 

each case, the process was shown to be sensitive to PTX, and thus mediated by 

GƜi/o . While FFA2 is suggested to have a role in adipogenesis, the evidence for 
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this is contradictory. On one hand, adipocyte cell line differentiation was 

associated with increased FFA2 expression, and knock-down of FFA2 blocked 

differentiation (Hong et al., 2005) . In addition, FFA 2-KO mice displayed a lean 

phenotype, even on a HFD, with lower plasma cholesterol and liver triglyceride 

levels than WT (Bjursell et al., 2011) . By contrast, Kimura et al (2013) found 

that FFA2-KO mice were obese on a normal diet, while those specifically 

overexpressing FFA2 in adipose remained lean on a HFD, suggesting that FFA2 

inhibits fat accumulation. These results were corroborated by a subsequent 

study, whereby the probiotic Bifidobacterium  subspecies GCL2505 was 

introduced, leading to increased plas ma C2 levels and decreased fat 

accumulation in WT but not FFA2-KO mice (Horiuchi et al., 2020) . There is also 

evidence of the ketone body acetoacetate acting as an additional ligand for 

FFA2, as ketogenic diet feeding resulted in weight loss and accelerate d lipolysis 

in WT but not FFA2-KO mice (Miyamoto et al., 2019) . Interestingly, in adipocytes 

isolated from human subjects, FFA2 activation was found not to affect adipocyte 

differentiation (Dewulf et al., 2013) . When applied to overweight/obese 

subjects, r ectal administration of SCFAs led to increased fasting fat oxidation 

and resting energy expenditure, in tandem with increased plasma C2 (Canfora et 

al., 2017) . These findings were supported by Chambers et al (2018) with oral C3 

administration to healthy su bjects, however the specific involvement of FFA2 

could not be demonstrated in these studies. SCFA receptors have also been 

implicated  in insulin-stimulated glucose uptake. While immortalised adipocyte 

studies demonstrated increased glucose uptake via FFA3 activation (Han et al., 

2014), FFA2 was shown to suppress insulin signalling in vivo , using FFA2-KO mice 

(Kimura et al., 2013) . While not settling this controversy, human trials of 

overweight/obese adults revealed increased insulin sensitivity upon 

supplementation with inulin -propionate ester (Chambers et al., 2019) . Finally, 

SCFAs have been suggested as a mediators for leptin secretion, both through 

FFA2 (Zaibi et al., 2010)  and through FFA3 (Xiong et al., 2004) . However, the 

expression of FFA3 in adipose tissue is now largely discredited. Although FFA2 is 

clearly involved in a number of adipose tissue functions, due to the 

contradictory data it is currently unclear whether agonists or antagonists would 

be desired to elicit beneficial effects.  
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1.3.2.3 Roles  in the pancreas and glucose homeostasis  

With their roles in the regulation of appetite and energy expenditure, SCFA 

receptors are already highly implicated in obesity.  In turn, obesity is closely 

linked to diabetes, therefore it could be expected that FFA 2 and FFA3 would 

affect glucose homeostasis in some manner. Indeed, both receptors are 

expressed in pancreatic Ɲ-cells (Kebede et al., 2009) , however their functions 

are not clearly defined. Various groups have reported that SCFAs inhibit (Tang et 

al., 201 5), potentiate (Pingitore et al., 2019) , or simply do not affect (Orgaard 

et al., 2019)  glucose-stimulated insulin secretion (GSIS) in isolated pancreatic 

islets. While this diversity in responses could be the result of differences in 

experimental strategi es, the signalling pathways elicited by each of the SCFA 

receptors are also a contributing factor. In fact, a combination of FFA2 agonists 

and FFA2-KO mouse-derived islets have been used to demonstrate that FFA2 

activation inhibits GSIS through GƜi/o  (Priyadarshini et al., 2015)  but potentiates 

it via GƜq/11  (Mcnelis et al., 2015, Pingitore et al., 2019) . Activation of FFA3 has 

also been shown to inhibit GSIS, in a GƜi/o -dependent manner (Priyadarshini and 

Layden, 2015). Whereas FFA3-KO increased, FFA3-overexpression decreased GSIS 

in vitro  (Veprik et al., 2016) . In vivo, FFA3-KO on HFD have been shown to 

exhibit attenuated glucose intolerance in comparison to WT (Priyadarshini et al., 

2020). While FFA2 and FFA3 appear to be an attractive target in the pancreas, 

their opposing physiological effects may complicate drug development efforts. 

Indeed, in human trials, neither oral administration of C3 to fasted subjects 

(Chambers et al., 2018) , nor rectal administration of various SCFAs to 

overweight/obese patients had an effect on glucose and insulin concentrations 

(Canfora et al., 2017) . In order to potentiate only the beneficial effects, FFA2 

ligands which display a GƜq/11  bias would make ideal candidates, potentially in 

combination with potent FFA3 inhibitors, however such ligands described to date 

have modest potency and bias (Bolognini et al., 2021, Villa et al., 2017) . 

1.3.2.4 Roles in the peripheral nervous system  

The expression of FFA3 on neurones of the peripheral nervous system  (PNS) has 

been shown both at the m essenger RNA (mRNA) (Kimura et al., 2011, Nohr et 

al., 2015)  and protein levels (Nohr et al., 2013, Colina et al., 2018) . Initial 

studies indicated the excitatory role of FFA3 in su perior cervical ganglia on heart 

rate and oxygen consumption. This group, based on pharmacological and knock -
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down experiments, suggested that these functions were mediated via the GƝƞ-

PLCƝ-mitogen-activated protein kinase ( MAPK) (Kimura et al., 2011)  or GƝƞ-

PLCƝ-ERK1/2-synapsin 2 pathways (Inoue et al., 2012), rather than GƜi/o . FFA3 is 

expressed in sympathetic ganglia even during embryonic development, where its 

KO was found to lead to decreased heart innervation, heart rate and oxygen 

consumption (Kimura et al., 2020) . These findings all point to FFA3 having a role 

in energy metabolism. FFA3 has also been shown to inhibit N -type Ca2+ channels, 

thus having a potential negative effect on neurotransmitter release, at least in 

sympathetic neurones (Won et al.,  2013) and neurones with a vasoconstrictor 

phenotype (Colina et al., 2018) . In addition, FFA3 expression has been 

demonstrated in the enteric nervous system: the mucosal, submucosal and 

myenteric plexus of the small intestine (Nohr et al., 2013)  and the colon (Kaji et 

al., 2016, Kaji et al., 2018) . In the latter case, FFA3 -expressing neurones were 

found to be cholinergic and activation of FFA3 by a (potentially) selective 

agonist resulted in GƜi/o -dependent inhibition of anion secretion and motility 

effects  in vitro . These effects were also demonstrated in human colonic 

specimens (Tough et al., 2018) . By contrast, by using the hFFA2-DREADD-HA 

mouse model, no contribution of FFA3 to gut motility was found (Bolognini et 

al., 2019) . Most recently, using the sam e mouse model in combination with novel 

selective ligands for hFFA2-DREADD and FFA3, Barki et al (2022) demonstrated 

that FFA3 selectively enhanced neuronal firing by gut afferent neurones. In 

addition, neuronal and non -neuronal cells of dorsal root (DRG) and nodose 

ganglia were found to express both FFA2 and FFA3, whose activation led to 

increases in intra cellular Ca2+ via GƜq/11  and GƜi/o , respectively. Based on these 

discoveries, the existence of a SCFA-gut-brain axis has been suggested, which 

may open up novel avenues for the treatment of central nervous system (CNS) 

disorders (Barki et al., 2022) . Figure 1.9 provides a visual summary of 

physiological effects of FFA2 and FFA3. 
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Figure 1. 9. Physiological functions of SCFA re ceptors.  A) In the colon, FFA2 activation induces 
gut motility, as well as the release of the anorectic hormones GLP -1 and PYY, in a GƜq/11 -dependent 
manner. These in turn affect multiple organs, including the CNS, resulting in decreased appetite. 
In pancreatic Ɲ-cells, FFA2 signalling through GƜq/11  and GƜi/o  increases or decreases insulin 
release, respectively. Activation of FFA2 in adipocytes leads to the GƜi/o -mediated decrease in 
lipolysis, lipid accumulation and insulin resistance. B) In pancreat ic Ɲ-cells, FFA3 activation inhibits 
insulin release. Activation of FFA3 in enteric neurones leads to decreased gut motility and anion 
secretion. Evidence supports the role of FFA3 expressed in PNS in increasing heart rate, oxygen 
consumption and energy expenditure. CNS ð central nervous system; PNS ð peripheral nervous 
system; PYY ð peptide YY; GLP-1 ð glucagon-like peptide. Adapted from Bolognini et al (2021). 
 

1.3.2.5 Immune functions  

Even at the point of discovery, SCFA receptors were shown to be expressed on 

immune cell populations (Brown et al., 2003, Le Poul et al., 2003) . In particular, 

the various roles of FFA2 in immune homeostasis have been demonstrated in 

cells of the innate im mune system (Nilsson et al., 2003) . FFA2 has been widely 

described as a chemotactic receptor on neutrophils, inducing recruitment of 

these cells to the site of infection or inflammation. This effect has been 

demonstrated in isolated neutrophils, from FFA2 -KO mice (Maslowski et al., 

2009, Vinolo et al., 2011, Sina et al., 2009)  or from humans, induced with a 

selective allosteric ligand (Bolognini et al., 2016 , Lind et al., 2021 ). There is 

some evidence that FFA2 might promote neutrophil apoptosis at the site  of 
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infection, thus combatting pathogens such as Klebsiella pneumoniae (Galvao et 

al., 2018) . In line with the antibacterial effects, FFA2 has been found to 

promote reduced nicotinamide adenine dinucleotide phosphate  (NADPH) oxidase 

assembly, and thus superoxide production in response to SCFAs in the presence 

of various phenylacetamide compounds (Lind et al., 2020, Martensson et al., 

2018). Similar effects are produced by crosstalk between FFA2 and the 

adenosine triphosphate (ATP) receptor P2Y2 (Lind et al., 2019) . The recently 

discovered expression of FFA2 on type 3 innate lymphoid cells (ILC3s) in mouse 

intestines has revealed not only new immunological functions (Chun et al., 

2019), but also novel interactions between neutr ophils and these ILC3s. Such 

interactions, mediated by IL -1Ɲ, result in the release of IL-22 from ILC3s, which 

in turn was shown to maintain tissue integrity and effectively protect against 

Clostridium difficile  infection in a mouse model (Fachi et al., 20 20). The 

contradictory pro - and anti -inflammatory effects of FFA2 as seen in neutrophils 

is further complicated when further FFA2 -expressing immune cell types are 

considered. For one, adipose tissue M2-type macrophages were reported to 

express FFA2. There they mediate the release of the pro -inflammatory cytokine 

tumour necrosis factor Ɯ (TNFƜ), which in turn may maintain adipose 

homeostasis (Nakajima et al., 2017) . FFA2 activation on dendritic cells  (DCs) by 

SCFAs was found to trigger plasma cell differenti ation and subsequent 

immunoglobulin A (IgA) and G (IgG) production, by the release of B -cell 

activating factor and retinoic acid -regulating protein aldehyde dehydrogenase 1 

(Wu et al., 2017, Yang et al., 2019) . By contrast, a more recent report on the 

effe ct of C4 on IgA class switching argued that signalling occurred through the 

activation of FFA3 on DCs (Isobe et al., 2019) . Regardless of which receptor is 

involved, SCFAs appear to have a role in the maintenance of gut immune 

homeostasis via Ig production . Furthermore, FFA2 has been shown to mediate B 

cell differentiation in vivo  in a mouse model of rheumatoid arthritis (Yao et al., 

2022). The interaction of FFA2 with viral pathogens has also been described 

recently. On one hand, FFA2 activation in pulmona ry epithelial cells mediated 

antiviral effects against the respiratory syncytial virus through the release of 

interferon -Ɲ (Antunes et al., 2019) . On the other hand, in the case of the 

influenza A virus  (IAV), FFA2 appears to act as a coreceptor for virus 

internalisation on cultured mouse macrophages, thus contributing to the viral 

life cycle (Wang et al., 2020) . However, activation of FFA2 by C2 positively 
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affects alveolar macrophages, at least in the context of IAV infections, thus 

protecting against seco ndary bacterial infections (Sencio et al., 2020) . The 

immunological roles of FFA2 are summarised in Figure 1.10, and are further 

discussed in Chapter 4.  

 

Figure 1. 10. Immune functions of FFA2 .  In neutrophils, SCFA activation of FFA2 promotes 
chemotaxis, as well as potential  survival or apoptosis. In crosstalk with P2Y 2 receptors, FFA2 
activation promotes the assembly of NADPH oxidase, and thus superoxide production to combat 
bacterial infection. In addition, FFA2 activation on neutrophils leads to the release of IL -1Ɲ. In 
ILC3 cells, FFA2 activation leads to a complementary upregulation of IL -1 receptors (IL-1R), which 
upon activation leads to the production of IL -22. FFA2 also mediates ILC3 proliferation, as well as 
the production of further IL -22 through the Akt/ERK1/2/STAT3/RORƞt axis. FFA2 activation in 
dendritic cells leads to the production of both retinoic acid (RA) and B-cell activating factor  (BAFF), 
which mediate B cell differentiation into plasma cells. Adipose tissue homeostasis may be 
regulated through tumour necrosis factor Ɯ (TNFƜ) released by type 2 adipose tissue macrophages 
upon FFA2 activation. FFA2 may also have a role in the Ɲ-arrestin -1-mediated internalisation of 
the influenza A virus  (IAV), acting as a coreceptor. Akt  - protein kinase B; ALDH1A2 - aldehyde 
dehydrogenase 1 family, member A2; AP2B1 - AP-2 complex subunit Ɲ; Blimp1  - B-lymphocyte -
induced maturation protein -1; ERK - extrace llular signalðregulated kinase; IgA - immunoglobulin 
A; IgG - immunoglobulin G; IL -1Ɲ - interleukin 1 Ɲ; IL-22 - interleukin -22; ILC3 - type 3 innate 
lymphoid cells; IRF4 - interferon regulatory factor 4; NADPH  - reduced nicotinamide adenine 
dinucleotide ph osphate; NLRP3 - NOD-, LRR- and pyrin domain-containing protein 3; P2Y 2 - P2Y 
purinoreceptor 2; ROS - reactive oxygen species; STAT3 - signal transducer and activator of 
transcription 3; RORƞt  - RAR-related orphan receptor ƞ t; SA - sialic acid; XBP1 - X-box binding 
protein 1.  Adapted from Bolognini et al (2021). 
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1.3.3 Drug development efforts for SCFA receptors  

Undoubtedly the pleiotropic  physiological responses mediated through FFA2 and 

FFA3 truly warrant efforts into the development of therapeutic agents targeting 

these receptors. While SCFAs have been shown to mediate some beneficial 

effects in human trials (Chambers et al., 2015, Chambers et al., 2018) , their 

characteristics make them inappropriate  candidates for intervention in specific 

diseases. For one, the potency with which they activate their receptors is low, in 

the millimolar range. In addition, they do not display marked selectivity 

between FFA2 and FFA3, making them less than ideal tools  in tissues where both 

receptors are expressed and mediate distinct effects. Selective compounds are 

important not only for therapeutic purposes but also as tool compounds in the 

effort to disse ct the pharmacology of SCFA receptors. The structures of selected 

compounds for each receptor are shown in Figure 1.11.  

Understanding the binding mech anism of SCFAs has greatly aided the design of 

novel compounds. Initially, the sequences of FFA2 and FFA3 were aligned with 

that of FFA1, which in conjunction with homology modelling and mutagenesis 

studies helped the identification of a number of conserve d residues. Of these, 

arginine (Arg)180 in TM5 and Arg255 in TM7, alongside His242 in TM6 were found to 

be essential for coordinating the binding of  the carboxylate group  of SCFAs. In 

FFA3, an additional His in TM4 (His140) was found to be important for SC FA-

mediated responses in certain assays (Stoddart et al., 2008) . Since SCFAs only 

differ in their aliphatic carbon tails, initial efforts aimed at finding more potent 

alternatives explored SCAs with various aliphatic tails. Although the SCAs 

identified did  not prove to be more potent than  SCFAs, they revealed the 

underlying basis of ligand selectivity between FFA2 and FFA3. That is, FFA3 was 

preferentially activated by SCAs with sp 3-hybridised Ɯ-carbons, such as 1-

methylcyclopropanecarboxylic acid ( 1-MCPC), while ligands containing sp 2- and 

sp-hybridised Ɯ-carbons, such as trans-2-methylcrotonic acid ( tiglic acid ) and 2-

butynoic acid , preferred FFA2 (Schmidt et al., 2011) . In vitro , 2-butynoic acid  

and propiolic a cid  (which also contains an sp-hybridised carbon) , were shown to 

enhance GSIS in mouse islets, in what appeared to be a FFA2-dependent GƜq/11 -

biased response, albeit with low potency (Priyadarshini et al., 2015) . By 

contrast, 1-MCPC inhibited GSIS in rat insulinoma cells via GƜi/ o (Lorza-Gil et al., 
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2020). Importantly, 1-MCPC and tiglic acid  maintain their selectivity for FFA3 

and FFA2, respectively, even in the mouse orthologues. This further corroborates 

the involvement of the conserved Arg and His residu es in orthosteric ligand 

binding for each of the receptors (Hudson et al., 2012b) . 

 

Figure 1. 11. SCFA receptor ligands.  Chemical structures of short chain fatty acids, which act as 
endogenous ligands for FFA2 and FFA3, alongside a selection of synthetic ligands for FFA2 and 
FFA3. Full chemical names are provided in the main text.  
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Perhaps due to the similarities in the ortho steric binding sites of FFA2 and FFA3, 

or perhaps due to hitherto undiscovered mechanisms exclusive to FFA3, 1-MCPC 

remains to this day the only (somewhat) selective, orthosteric FFA3 ligand. On 

the other hand, a series of allost eric ligands have been synthetised based on a 

patent from Arena Pharmaceuticals; the only patent to date for compounds 

targeting FFA3 (Leonard et al., 2006) . One member, AR420626 (N-(2,5-

dichlorophenyl) -4-(furan -2-yl)-2-methyl -5-oxo-1,4,5,6,7,8 -hexahydro-quinoline -

3-carboxamide) has been shown to reduce cAMP in vitro  (Engelstoft et al., 

2013), and to cause a modest increase in GLP-1 release from murine colonic 

crypts (Nohr et al., 2013) . Employing a different member of the series, FHQC (4-

(furan -2-yl) -2-methyl -5-oxo-N-(o-tolyl) -1,4,5,6,7,8 -hexahydroquinoline -3-

carboxamide), has revealed that mutating Arg 180 and Arg255 to alanine (Ala) had 

no effect on agonist effect, revealing the allosteric mode of binding (Hudson et 

al., 2014) . This i s perhaps not surprising, considering the absence of a 

carboxylate group which is necessary for SCFA binding. Nevertheless, FHQC was 

able to inhibit GSIS in rat insulinoma cells but not in human or mouse islets 

(Lorza-Gil et al., 2020) . Further structure -activity relationship ( SAR) exploration 

based on FHQC revealed that minor modifications could significantly change 

ligand pharmacology. Thus, while FHQC acts as an agonistic PAM, other 

compounds in the series were found to be PAMs, NAMs, or even completely 

lacking activity (Hudson et al., 2014) . Much more recently, Ulven et al (2020) 

conducted further SAR exploration of FHQC, resulting in the synthesis of two 

compounds with identical potency (measured as cAMP inhibition) but improved 

solubility: Compound 57  (N-(2,5-dichlorophenyl) -2-methyl -5-oxo-4-propyl -

1,4,5,6,7,8 -hexahydroquinoline -3-carboxamide) and Compound 63  (4-

cyclopentyl -N-(2,5-dichlorophenyl) -2-methyl -5-oxo-1,4,5,6,7,8 -

hexahydroquinoline -3-carboxamide). In addition, through mutagenesis and 

homology modelling, Gln 131 was identified as an interacting partner in ligand 

binding, albeit probably not an exclusive one (Ulven et al., 2020) . Ex vivo, 

Compound 57  has been shown to elevate intracellular Ca 2+ in DRGs, and also to 

activate vagal afferents in the proximal colon  in an FFA3-dependent manner 

(Barki et al., 2022) . 

Interestingly, FFA2 has received significantly more attention  in terms of drug 

development efforts. It is unclear, whether this is due to  greater interest in 
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manipulating the physiological effects mediated by FFA2, or if it is the result of 

more serendipitous discoveries for this receptor. In fact, several patents have 

been filed for compounds targeting FFA2 , most likely identified through high-

throughput screening (HTS). The first of these, filed by the drug discovery 

company Euroscreen (Hoveyda et al., 2010) , identified a compound backbone 

which yielded the first synthetic agonists for FFA2. Of these, Compound 1  (3-

benzyl-4-(cyclopropyl -(4-(2,5-dichlorophenyl)thiazol -2-yl)amino) -4-oxobutanoic 

acid) and Compound 2  ((R)-3-(cyclopentyl -methyl) -4-(cyclopropyl -(4-(2,6-

dichlorophenyl)thiazol -2-yl)amino) -4-oxobutanoic acid) have been explored in 

detail (Hudson et al., 2013) . While both compounds appeared to be potent 

activators of both hFFA2 and mFFA2, they lacked this activity at FFA3. As in the 

case of SCFAs and SCAs, ligand binding was dependent on Arg180, Arg255 and 

His242, suggesting that the mode of binding is orthosteric. These compounds als o 

share molecular features of SCFAs, namely the presence of a carboxylate 

moiety. In fact, replacement of the carboxylate with ester moieties on 

Compound 2  resulted in loss of function, indicating the importance of this group 

in orthosteric agonist functio n (Hudson et al., 2013) . Unlike Compounds 1 and 2, 

which act as full agonist s across different assay formats, other compounds from 

this series display more complex signalling. Compound 9  ((S)-4-(4-(2-

chlorophenyl)thiazol -2-ylamino)-4-oxo-3-phenylbutanoic a cid) and Compound 

101  (cis-2-((4-(2-chlorophenyl)thiazol -2-yl)(methyl)carbamoyl) -

cyclohexaneccarboxylic acid) thus both act as full agonists in [ 35S]GTPƞS 

incorporation, as partial agonist s in cAMP inhibition  and as inverse agonists in 

yeast-based gene reported assays (Brown et al., 2015) . This is particularly 

surprising, considering that all of these assays investigate GƜi/o -coupled 

responses. The function of Compounds 1 and 2 has been demonstrated in 

physiological assays, leading to the inhibition of lipolysis and secretion of GLP -1 

(Hudson et al., 2013) . Furthermore, Compound 14  ((R)-3-benzyl-4-((4-(2-

chlorophenyl)thiazol -2-yl)(methyl)amino) -4-oxobutanoic acid) was found to 

activate FFA2 on human neutrophils  and inhibit lipolysis in mouse but not in 

human adipocytes (Brown et al., 2015) . Such results may indicate either species -

specific receptor activation patterns or reflect differences in ligand selectivity 

for species orthologues. Indeed, Compound 2  displayed a 420-fold lower potency 

at rodent orthologues than at hFFA2  in Ca2+-release assays (Hudson et al., 2013) . 

Considering that this difference is only 14 -fold for Compound 1 , the latter is a 
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more promising tool compound for use in vivo . Further attempts a t lead 

optimisation from this series has yielded compounds with improved lipophilicity, 

such as Compound 10  ((R)-3-(cyclopentylmethyl) -4-(cyclopropyl(4 -(2-(6-

methoxypyridin -3-yl)phenyl)thiazol -2-yl)amino) -4-oxobutanoic acid). However, 

this compound was found to display off -target effects in oral glucose tolerance 

tests (Hoveyda et al., 2018) . 

In a separate patent by Euroscreen, another agonist series was identified 

(Hoveyda et al., 2011a) . One compound, confusingly also called Compound 1  

((2S,5R)-5-(2-chlorophenyl) -1-1(2õ-methoxy-[1,1õ-biphenyl] -4-carbonyl)-

pyrrolidine -2-carboxylic acid), has been explored in ex vivo and in vivo  

physiological assays. While this Compound 1  exerted a beneficial effect on food 

intake and gut transit in mice fed a HFD, it also decreased glucose tolerance and 

plasma insulin. Although GLP-1 release was observed in vivo , the effects 

observed were found to be mediated through PYY (Forbes et al., 2015) . More 

recently, this compound was used as a basis for SAR investigations, wherein the 

pyrrolidine scaffold was replaced by a thiazolidine (Hansen et al., 2018) . Of the 

compound series thus generated, Compound 31  ((2R,4R)-2-(2-chlorophenyl) -3-

(4-(3,5-dimethylisoxazol -4-yl)-benzoyl)thiazolidine -4-carboxylic acid) displayed 

not only increased potency in cAMP inhibition assays, but also an improved 

pharmacokinetic profile in comparison to Compound 1 . In physiological assays, 

this compound was also able to inhibit lipolysis in murine adipocytes, induce 

chemotaxis in human neutrophi ls (Hansen et al., 2018) , and inhibit GSIS in 

human pseudo-islets (Lorza-Gil et al., 2020) . 

Two further patents were also filed by Euroscreen (Hoveyda et al., 2011b, 

Hoveyda et al., 2015) , however these have received little attention to date. On 

the other hand, novel in silico  approaches have been utilised to identify novel 

ligands for FFA2. For this, homology models of FFA2 were generated for virtual 

screening of large compound libraries. One study identified nearly 300 

compounds, of which 28 displayed EC50 below 10µM in cAMP inhibition assay 

(Fells et al., 2020) . In a separate study, 50 compounds were identified, of which 

at least one was able to induce GSIS, in an apparent GƜq/11 -biased manner, with 

a 100-fold increased potency compared to SCAs previously described as GƜq/11 -

biased (Villa et al., 2017, Priyadarshini et al., 2015) . This latter study, however, 



Chapter 1   34 
 
did not confirm binding mode or selectivity for FFA2 in vitro , therefore the 

conclusions drawn should be treated with caution.  

Although it is of grea t importance to find orthosteric agonists which mimic the 

function of SCFAs, allosteric ligands also have a potential both as therapeutic 

and as tool compounds. In fact, the first compound series produced by Amgen, 

which has yielded numerous allosteric  ligands for FFA2, predates those 

describing orthosteric ligand backbones (Lee et al., 2008) . The phenylacetamide 

compound series was first identified through HTS, measuring Ca 2+ mobilisation 

and cAMP inhibition as indicators of GƜq/11  and GƜi/o  activation, respectively. 

One of the lead compounds from this discovery, named 4-CMTB ((S)-2-(4-

chlorophenyl) -3-methyl -N-(thiazol -2-yl)butanamide) has been widely used in 

research due to i ts commercial availability and its increased  potency in 

comparison to SCFAs. Mutating the residues associated with the orthosteric 

binding site (Arg 180, Arg255 and His242) resulted in no change in 4-CMTB potency 

and only insignificant decrease in its effic acy, suggesting an allosteric mode of 

binding (Smith et al., 2011) . In addition to demonstrating significantly higher 

potency th an SCFAs, 4-CMTB has been shown to act as a PAM of potency for 

SCFAs in [35S]GTPƞS incorporation, cAMP inhibition and Ca2+ mobil isation assays 

(Lee et al., 2008) . This allosteric effect appeared to be dependent on hFFA2 

ECL2, as replacement of this domain with the corresponding segment of hFFA3 

ablated PAM effects, while only moderately decreasing 4-CMTB agonist efficacy 

(Smith et al., 2011) . However, this PAM effect is not clear, due to the lack of 

cooperativity with thiazolyl -based Compounds 1 and 2. In addition, the S-

enantiomer of 4-CMTB only displayed PAM effects at concentrations over 20µM, 

while below 1µM it acted as a NAM of  C2 in Ca2+-release assays (Schofield et al., 

2018). Nevertheless, this compound has been used as a selective FFA2 agonist to 

demonstrate various physiological responses, including human neutrophil 

chemotaxis (Vinolo et al., 2011)  and GSIS in mouse islets. Interestingly, 4-CMTB 

was found to inhibit GSIS at concentrations over 100µM but promote it at lower 

concentrations; effects inconsistent with the potencies at which 4-CMTB can 

induce each of these pathways in vitro  (Lorza-Gil et al., 2020) . SAR exploration 

of the initial phenylacetamide series has yielde d a number of compounds, of 

which Compound 58  ((S)-2-(4-chlorophenyl) -3,3-dimethyl -N-(5-phenylthiazol -2-

yl)butanamide; also referred to as CPTB or CFMB) received attention (Wang et 
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al., 2010) . This compound has been used to demonstrate FFA2-mediated 

physiological responses, including GSIS inhibition in mouse islets (Priyadarshini et 

al., 2015)  GLP-1 release from mouse colonic crypts (Nohr et al., 2013) , and 

inhibition of ghrelin release in mouse gastric mucosal cells (Engelstoft et al., 

2013). Much more recently, Compound 58  has been employed in a series of 

studies investigating neutrophil priming through FFA2. These studies revealed 

complex interactions between various orthosteric and allosteric ligands, 

alongside FFA2 crosstalk with P2Y2 receptors (Martensson et al., 2018, Lind et 

al., 2019, Lind et al., 2020, Lind et al., 2021) . 

A separate compound series was identified by a patent filed by AstraZeneca 

(Berg and Kolmodin, 2007), resulting in one lead compound to date, AZ1729 (N-

[3-(2-carbamimidamido -4-methyl-1,3-thiazol -5-yl)phenyl] -4-fluorobenzamide ) 

(Bolognini et al., 2016) . Initial studies revealed that AZ1729 bound to 

orthosteric binding site mutants of FFA2 and potently promoted [35S]GTPƞS 

incorporation and cAMP inhibition via both hFFA2 and mFFA2. Interestingly, 

AZ1729 was unable induce GƜq/11  activation as measured by inositol 

monophosphate (IP1) accumulation, suggesting GƜi/o -biased signalling. In 

addition, AZ1729 was found to act  as a PAM of potency for both SCFAs and 

thiazolyl -based Compound 1  at hFFA2 in cAMP inhibition assays, while acting as 

a NAM of efficacy in IP1 accumulation assays, thus displaying GƜi/o -bias in its 

allosteric effects as well. While maintaining the PAM eff ect on GƜi/o -mediated 

responses in mFFA2, at this orthologue AZ1729 acts as a PAM of potency and 

efficacy of the GƜq/11 -mediated IP1 response. Despite this discrepancy, AZ1729 

has been shown to inhibit lipolysis in primary mouse adipocytes while having no 

effect on GLP-1 release from mouse colonic crypts , GƜi/o - and GƜq/ 11-mediated 

effects, respectively (Bolognini et al., 2016) . Investigating the pure agonist 

effects of AZ1729 ex vivo and in vivo  would be possible with the use of hFFA2-

DREADD-HA mice, as AZ1729 maintains its effects at this receptor mutant. 

Recently, Lind et al (2021) explored the interactions of AZ1729, Compound 58 , 

some their related compounds and a new group of dihydroisoquinolines in 

neutrophil activation.  Through functional studies of pre -sensitisation and 

subsequent treatment with various combinations of these ligands, it was found 

that while none of the allosteric ligands induced a response, certain pairings led 

to NADPH oxidase assembly and superoxide production. Based on these, this 
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group has proposed a novel model for allosteric FFA2 activation on human 

neutrophils, suggesting two distinct binding sites for òAZ1729-likeó and 

òCompound 58-likeó compounds. This was based on the observation that 

activation  by a ligand could only occur after pre -sensitisation by a ligand from 

the other group (Lind et al., 2021) .  

The most recent patent, filed by Takeda Pharmaceutical (Barker et al., 2015) , 

described a series of which two compounds were investigated. Compound 110  

(2-methyl -4-(3-methylpiperidin -1-yl) -7-(phenylsulfonyl) -5H-pyrrolo[3,2 -

d]pyrimidine -6-amine) and Compound 187  (4-[(2R,6S)-2,6-dimethylmorpholin -4-

yl] -7-(2-fluorobenzenesulfonyl) -2-methyl -5H-pyrrolo[3,2 -d]pyrimidin -6-amine) 

displayed high potency in bo th cAMP inhibition and Ca2+ flux assays, with 

Compound 187  showing 18,000-fold and 3,000-fold higher potency than C3 in 

these assays, respectively. Both compounds were also found to be PAMs of 

potency in Ca2+ flux assays, while acting as PAMs of potency and efficacy in Ɲ-

arrestin -2 recruitment. In vivo, Compound 110  was found to alleviate the 

symptoms of a mouse colitis model, while Compound 187  did not (Park et al., 

2022). Although authors suggested this to be the result of selectivity for the 

human orthol ogue, no corroborating data has been published.  

While activation of FFA2 certainly seems to be important for mediating 

beneficial effects, the involvement of the receptor in inflammatory processes 

suggests that antagonists may also hold therapeutic potent ial in inflammatory 

diseases. The first antagonist for FFA2 to be reported was based on yet another 

patent by Euroscreen (Brantis et al., 2011) . CATPB ((S)-3-(2-(3-chlorophenyl) -

acetamido) -4-(4-(trifluoromethyl)phenyl)butanoic acid) has been shown to be a 

competitive orthosteric antagonist, since increasing concentrations caused a 

rightward shift in concentration -response curves of C3 and thiazolyl-based 

Compounds 1 and 2 (Hudson et al., 2013) . In addition, CATPB has also been 

shown to inhibit hFFA2 constitutive activity in [ 35S]GTPƞS incorporation and 

cAMP inhibition assays, thus acting as an inverse agonist (Hudson et al., 2012b, 

Park et al., 2016) . In vitro , CATPB also blocked FFA2-mediated lipolysis in 

human-derived cell lines. Importantly, CATPB was found to be selective for the 

human orthologue, having no antagonist effects on mFFA2 (Hudson et al., 2013) . 

SAR exploration of CATPB has recently yielded a series of compounds with higher 
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potency. Of these, Compound 37  ((R)-4-(2-(3-fluorophenyl)acetamido) -5-(4-

(trifluoromethyl)phenyl)pentanoic acid) displayed a 6 -fold increase in potency in 

[35S]GTPƞS incorporation, along with increased solubility and favourable 

pharmacokinetics (Hansen et al., 2021) .  

The second antagonist to be described was developed by the biotechnology 

company Galapagos and was the result of SAR exploration of azetidine scaffold 

compounds, identified through HTS (Pizzonero et al., 2014) . Commonly referred 

to as GLPG0974 (4-[[( R)-1-(benzo[b]thiop hene-3-carbonyl)-2-methyl -azetidine -2-

carbonyl] -(3-chloro-benzyl)-amino]-butyric acid), this compound was found to 

competitively inhibit Ca 2+ flux, [ 35S]GTPƞS incorporation and Ɲ-arrestin -2 

recruitment through hFFA2 but not through rodent orthologues (Sergeev et al., 

2016). GLPG0974 was also found to inhibit human neutrophil chemotaxis 

induced by C2, along with activation -dependent expression of cluster of 

differentiation (CD)11b (Pizzonero et al., 2014) . Although the species orthologue 

selectivity prevente d in vivo  studies, GLPG0974 was nevertheless entered into 

clinical trials for the treatment of ulcerative colitis. Despite safety and 

successful target engagement (measured as reduction in neutrophil activation 

and flux), the lack of improvement of clinical symptoms has led to these  trials 

being abandoned (Namour et al., 2016, Vermeire et al., 2015) . Even though this 

series has not been further explored to date, GLPG0974 itself has served as the 

basis of two important tools for exploring FFA2 pharmacology. For one, by 

attaching a nit robenzoxadiazole, a fluorescent tracer molecule, TUG-1609  (1-(2-

(benzo[b]thiophen -3-yl)acetyl) -2-methyl -N-(4-((3-((7- nitrobenzo[c][1,2,5] -

oxadiazol-4-yl)amino)propyl)amino) -4-oxobutyl) -N-(4-(trifluoromethyl)benzyl) -

azetidine -2-carboxamide), was created (Hansen et al., 2017) . In conjunction 

with N -terminally Nanoluciferase (NLuc)-tagged hFFA2, TUG-1609  can be 

utilised in BRET-based ligand binding assays. Working under the same principles 

as radioligand binding, this approach can be utilised to determine the  affinity 

and binding kinetics of novel compounds (Hansen et al., 2017, Hansen et al., 

2021). Prior to this, a tritiated radioligand  form of GLPG0974 had been 

developed, and used to determine hFFA2 ligand kinetics (Sergeev et al., 2016) . 

Importantly, [ 3H]GLPG0974 used in combination with mutagenesis and homology 

modelling has revealed that while Arg 180 and Arg255 are both obligate interactive 

partners with orthosteric agonists, carboxylate moieties on the antagonists 
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preferentially interact with one of the two residues. That is, the Arg 180Ala 

mutant of hFFA2 displayed reduced affinity for GLPG0974 but not CATPB, while 

the Arg255Ala mutant demonstrated the opposite trend (Sergeev et al., 2016) . 

The same homology model was later used to identify a single lysin e (Lys) residue 

at  position 65 which coordinated binding of amide -carbonyls on both GLPG0974 

and CATPB. Mutagenesis and [ 3H]GLPG0974 radioligand binding were then 

employed again to confirm that the Lys 65Arg variation between hFFA2 and mFFA2 

was responsible for antagonist species selectivity. The reciprocal Arg65Lys 

mutant of mFFA2 was therefore able to bind [ 3H]GLPG0974, and was shown to 

gain antagonist function by both GLPG0974 and CATPB (Sergeev et al., 2017) .  

One further group of moderately potent pyrimidinecarboxamide compounds have 

been described (Park et al., 2016) . Both report ed compounds, BTI-A-404  (4-[4-

(dimethylamino)phenyl] -N-(3,5-dimethylphenyl) -6-methyl -2-oxo-1,2,3,4 -

tetrahydro -5-pyrimidinecarboxamide) and BTI-A-292  (4-[4-(dimethylamino) -

phenyl] -N-(4,5-dimethylphenyl) -6-methyl -2-oxo-1,2,3,4 -tetrahydro -5-

pyrimidinecarboxamide), were able to reverse SCFA -induced cAMP inhibiti on and 

Ca2+ mobilisation. In addition, both compounds inhibited constitutive responses, 

thus acting as inverse agonists. Both compounds significantly increased GLP-1 

release in vitro  in a human-derived cell line. Interestingly, both compounds from 

this series also display selectivity for hFFA2 (Park et al., 2016) . Although neither 

compound has a carboxylate group, they do have an amide -carbonyl which may 

facilitate binding to Lys 65, thus regulating species specificity. Considering that 

other, more potent an tagonists have been established, these compounds are 

unlikely to be of use without further SAR improvements of the series.  

Although there are differences in the structures and potencies of existing 

antagonists, one important feature seems to be shared by a ll: selectivity for 

hFFA2. This is a serious limitation since animal studies constitute an integral 

part of pre -clinical testing  of potential therapeutic agents. Considering that a 

decade of drug discovery programmes has failed to identify antagonists which 

act on mFFA2 with affinity close to observed at hFFA2 , other approaches had to 

be applied to overcome this obstacle. For one, the  role of Lys65 in antagonist 

binding can be exploited by the use of the Arg 65Lys mutant of mFFA2. This has 

been demonstrated in vitro  (Sergeev et al., 2017) , and could conceptually be 
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the basis for transgenic mouse models. Since the binding of antagonists does not 

involve either of the residues mutated in hFFA2 -DREADD (Sergeev et al., 2016, 

Hudson et al., 2012a), it would be expected that they retain their antagonist 

properties at this receptor variant. Indeed, with the use of the hFFA2 -DREADD-

HA mouse model, GLPG0974 has been shown to reverse agonist-mediated 

inhibition of lipolysis (Bolognini et al., 2019)  and blocked GLP-1 and PYY release 

(Barki et al., 2022)  ex vivo. The desire to create a mouse model in which FFA2 

responds to antagonists while maintaini ng its responsiveness to physiological 

levels of SCFAs has led to the generation of the hFFA2-HA expressing transgenic 

mice. Chapter 3  of this work focuses on the characterisation of this mouse 

strain, whil e Chapter 4  utilises the model for ex vivo studies centred  around 

neutrophils.  

1.4 Aims  

While FFA2 is undoubtedly involved in a range of physiological responses, and by 

extension in a number of disease conditions, attempts to exploit the receptor 

therapeutically have been unsuccessful. This may in part be due to the lack of 

appropriate research tools for the investigation of receptor pharmacology. The 

work presented herein aims to establish novel tools which can aid understanding 

of FFA2 signalling and facilitate pre -clinical drug development ef forts. Although 

a number of selective compounds are now available, the species -orthologue 

selectivity of antagonists limits their use in studies  employing traditional rodent 

models. Thus the question arises: how could these issues be circumvented to 

improve translatability and clinical outcomes? Could a novel transgenic mouse 

line bridge the gap between pre -clinical testing and clinical trials?   To this end, 

a novel transgenic mouse line was designed to express hFFA2 C-terminally 

epitope -tagged with haemagglutinin (HA).  Chapter 3  explores whether hFFA2-

HA is expressed in the mouse line, and whether this reflects the expression 

profile of mFFA2 in WT animals.  Once the expression profile of the hFFA2-HA 

line was established, the ability of the hFFA2 -HA receptor to mediate functional 

responses was evaluated. Chapter 4  thus investigates whether hFFA2-selective 

antagonists are able to block agonist -induced responses in bone marrow-derived 

neutrophils.  While G protein -mediated signalling of FFA2 is well-established, its 

interactions with Ɲ-arrestins has received considerably less attention. Since Ɲ-

arrestins mediate differential cellular responses through othe r GPCRs (Bradley et 
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al., 2020) could they do so through FFA2? If so, could biased targeting of such 

pathways constitute a feasible treatment option for conditions associated with 

FFA2? How such signalling manifests in hFFA2 and its mutants is explored in 

Chapter 5 . The use of novel phosphosite-specific antisera allowed the 

investigation of FFA2 phosphorylation b oth in vitro and ex vivo in neutrophils.  By 

providing a model for potential in vivo  studies, and by allowing the investigation 

of tissue-specific phosphorylation, these novel tools will further inform our 

understanding of FFA2 pharmacology, thus aiding drug development efforts.   



41 
 

CHAPTER 2 ð MATERIALS AND METHODS 

2.1 Reagents 

2.1.1 Pharmacological compounds  

[ 3H]-GLPG0974 ([ 3H]-4-[[1 -(benzo[b]thiophene -3-carbonyl)-2-methylazetidine -2-

carbonyl] -(3-chlorobenzyl)amino]butyric acid)  

[ 35S]-GTPƞS ([ 35S]-guanosine-5õ-O-(3-thio)triphosphate)  

2-HTP (2-hexylthiopyrimidine -4,6-diol)  

Anacardic acid (2-hydroxy-6-pentadecylbenzoic acid)  

AZ1729 (N-[3-(2-carbamimidamido -4-methyl -1,3-thiazol -5-yl)phenyl] -4-

fluorobenzamide)  

CATPB ((S)-3-(2-(3-chlorophenyl) -acetamido) -4-(4-trifluoromethyl)phenyl) -

butanoic acid)  

GLPG0974 (4-[[1 -(benzo[b]thiophene -3-carbonyl)-2-methylazetidine -2-

carbonyl] -(3-chlorobenzyl)amino]butyric acid)  

Sodium propionate  (C3) 

Sorbic Acid (SA) 2,4-hexadienoic acid 

2.1.2 Primers  

Sequencing:  

mFfar2 : GGTGGGCACTGAGAACCAAA (forward) and  

CCACACGAAGCGCCAATAAC (reverse) 

hFfar2 : GTGTGGGTCAAGGAGAAGGGATG (forward) and 

GCGTAATCTGGAACATCGTACGG (reverse) 
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Ɲ-actin : GACAGGATGCAGAAGGAGATTACTG (forward) and 

CTCAGGAGGAGCAATGATCTTGAT (reverse) 

Site-directed mutagenesis:  

hFFA2-Ser296Ala-Ser297Ala 

CTGCGGAATCAGGGCGCCGCCCTGTTGGGACGCAGAG (forward) and 

CTCTGCGTCCCAACAGGGCGGCGCCCTGATTCCGCAG (reverse) 

hFFA2-Thr 306Ala 

CGCAGAGGCAAAGACGCTGCAGAGGGGACAAATG (forward) and 

CATTTGTCCCCTCTGCAGCGTCTTTGCCTCTGCG (reverse) 

hFFA2-Thr 310Ala 

CAAAGACGCTGCAGAGGGGGCTAATGAGGACAGGGGTGTG (forward) and 

CACACCCCTGTCCTCATTAGCCCCCTCTGCAGCGTCTTTG (reverse) 

hFFA2-Ser324Ala-Ser325Ala 

CAAGGAGAAGGGATGCCAGCAGCGGACTTCACTACAGAG (forward) and 

CTCTGTAGTGAAGTCCGCTGCTGGCATCCCTTCTCCTTG (reverse) 

2.1.3 Antibodies  

Anti -CD11b primary  (rabbit; ab184308), Anti -CD11c primary  (rabbit; 

ab219799), Anti -CD3 primary  (rabbit; ab5690), Anti -CD45 primary  (rabbit; 

ab208022), Anti -chromogran in A primary  (rabbit; ab15160), Anti -GLP-1 

primary  (rabbit; ab22625) and Anti -PYY primary  (rabbit; ab22663) from abcam  

Anti -HA high affinity primary  (rat; 11867423001) from Sigma-Aldrich 

Anti -rabbit IgG AlexaFluor488 secondary  (goat; A-11034), Anti -rabbit IgG 

AlexaFluor546 secondary  (goat; A-11010), Anti -rat IgG AlexaFluor488 

https://www.abcam.com/cd11b-antibody-epr19387-ab184308.html
https://www.abcam.com/cd11c-antibody-epr21826-ab219799.html
https://www.abcam.com/cd3-antibody-ab5690.html
https://www.abcam.com/cd45-antibody-epr20033-ab208022.html
https://www.abcam.com/chromogranin-a-antibody-ab15160.html
https://www.abcam.com/glp-1-antibody-ab22625.html
https://www.abcam.com/glp-1-antibody-ab22625.html
https://www.abcam.com/peptide-yypyy-antibody-ab22663.html
https://www.sigmaaldrich.com/GB/en/product/roche/roahaha
https://www.thermofisher.com/antibody/product/Goat-anti-Rabbit-IgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-11034
https://www.thermofisher.com/antibody/product/Goat-anti-Rabbit-IgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-11010
https://www.thermofisher.com/antibody/product/Goat-anti-Rabbit-IgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-11010
https://www.thermofisher.com/antibody/product/Goat-anti-Rat-IgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-11006
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secondary  (goat; A-11006) and Anti -rat IgG AlexaFluor546 secondary  (goat; A-

11081) from Invitrogen  

Anti -pSer296/pSer297-FFAR2 primary  (rabbit; 7TM0226A), Anti -pThr 306/pThr 310-

FFAR2 primary  (rabbit; 7TM0226B) and Anti -pSer324/pSer325-FFAR2 primary  

(rabbit; 7TM0226C) from 7TM Antibodies 

Anti -GFP primary  (goat) generated in -house 

Anti -rabbit IgG  IRDye 800CW secondary (donkey; 926-32213), Anti -goat IgG 

IRDye 800CW secondary  (donkey; 926-32214) and Anti -rat IgG IRDye 800CW 

secondary  (goat; 926-32219) from LICOR 

2.1.4 Enzymes  

DpnI (Diplococcus pneumoniae G41; R0176S) and Ʀ-Protein phosphatase  

(Bacteriophage lambda, recombinant E. coli ; P0753S) from New England Biolabs 

Micrococcal nuclease  (Staphylococcus aureus; N3755-50UN) from Sigma-Aldrich 

PfuTurbo DNA Polymerase  (Pyrococcus furiosus; 600250-52) from Agilent 

Technologies 

2.1.5 Other reagents  

ATPlite Luminescence Assay kit  (6016941), MicroScint -20 (6013621), Ultima 

Gold XR (6013119) from PerkinElmer  

EasySep Mouse Neutrophil Enrichment kit  (19762) from Stemcell Technologies 

Fast SYBR Green Master Mix (4385612), NuPAGE 4-12%, Bis-Tris Gel (1.0mm)  

(NP0321BOX), NuPAGE MOPS SDS Running buffer (20×) (NP0001) from 

Invitrogen 

Red blood cell lysing buffer Hybri -Max (R7757-100mL), Monoclonal Anti -HA-

Agarose ant ibody (mouse; A2095-1mL), TWEEN-20 (P1379-500mL), Ampicillin 

sodium salt  (A0166-25g), Goat serum donor herd  (G6767-100mL), Triton X -100 

https://www.thermofisher.com/antibody/product/Goat-anti-Rat-IgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-11006
https://www.thermofisher.com/antibody/product/A-11081.html?ef_id=CjwKCAjwwsmLBhACEiwANq-tXG7JTY9Tjo3ExROCuiyEvKT8v6wrYrNeaSg5l2mMjL-qRMJCFRKZfhoCxr8QAvD_BwE:G:s&s_kwcid=AL!3652!3!516608152203!b!!g!!&cid=bid_pca_aus_r01_co_cp1359_pjt0000_bid00000_0se_gaw_dy_pur_con&gclid=CjwKCAjwwsmLBhACEiwANq-tXG7JTY9Tjo3ExROCuiyEvKT8v6wrYrNeaSg5l2mMjL-qRMJCFRKZfhoCxr8QAvD_BwE
https://uk.7tmantibodies.com/phosphosite-7tm-antibodies/free-fatty-acid-receptors/ffa2/224/ps296/ps297-ffa2-phospho-ffa2-antibody?c=567
https://uk.7tmantibodies.com/phosphosite-7tm-antibodies/free-fatty-acid-receptors/ffa2/184/pt306/pt310-ffa2-phospho-ffa2-antibody?c=567
https://uk.7tmantibodies.com/phosphosite-7tm-antibodies/free-fatty-acid-receptors/ffa2/184/pt306/pt310-ffa2-phospho-ffa2-antibody?c=567
https://www.licor.com/bio/reagents/irdye-800cw-donkey-anti-rabbit-igg-secondary-antibody
https://www.licor.com/bio/reagents/irdye-800cw-donkey-anti-goat-igg-secondary-antibody
https://www.licor.com/bio/reagents/irdye-800cw-donkey-anti-goat-igg-secondary-antibody
https://www.licor.com/bio/reagents/irdye-800cw-goat-anti-rat-igg-secondary-antibody
https://www.licor.com/bio/reagents/irdye-800cw-goat-anti-rat-igg-secondary-antibody
https://international.neb.com/products/r0176-dpni#Product%20Information
https://international.neb.com/products/p0753-lambda-protein-phosphatase-lambda-pp#Product%20Information
https://www.sigmaaldrich.com/GB/en/product/sigma/n3755
https://www.agilent.com/en/product/polymerase-chain-reaction-(pcr)/pcr-enzymes-reagents/high-fidelity-dna-polymerases-for-pcr/pfuturbo-dna-polymerase-785912#literature
https://www.perkinelmer.com/product/atp-lite-1000-assay-kit-6016941
https://www.perkinelmer.com/product/microscint-20-1-l-6013621
https://www.perkinelmer.com/product/ultima-gold-xr-2x5-l-6013119
https://www.perkinelmer.com/product/ultima-gold-xr-2x5-l-6013119
https://www.stemcell.com/products/easysep-mouse-neutrophil-enrichment-kit.html
https://www.thermofisher.com/order/catalog/product/4385612
https://www.thermofisher.com/order/catalog/product/NP0321BOX#/NP0321BOX
https://www.thermofisher.com/order/catalog/product/NP0001#/NP0001
https://www.sigmaaldrich.com/GB/en/product/sigma/r7757
https://www.sigmaaldrich.com/GB/en/product/sigma/a2095
https://www.sigmaaldrich.com/GB/en/product/sigma/a2095
https://www.sigmaaldrich.com/GB/en/product/sial/p1379?gclid=CjwKCAjw5s6WBhA4EiwACGncZWJHvv7Xn9PRvhsKCS1HYtN5Q5RWSjmNTCKZjmxPYYmMLCdvIx0TBxoCDKoQAvD_BwE
https://www.sigmaaldrich.com/GB/en/product/sigma/a0166?gclid=Cj0KCQjw6s2IBhCnARIsAP8RfAjJCjlek3_nZBOfYwYPuRi5fCUiRQZQrj0ANw0BghqpRzW6sSP2wwQaAscCEALw_wcB
https://www.sigmaaldrich.com/GB/en/product/sigma/a0166?gclid=Cj0KCQjw6s2IBhCnARIsAP8RfAjJCjlek3_nZBOfYwYPuRi5fCUiRQZQrj0ANw0BghqpRzW6sSP2wwQaAscCEALw_wcB
https://www.sigmaaldrich.com/GB/en/product/sigma/g6767?gclid=CjwKCAjw1f_pBRAEEiwApp0JKC75yTj923UE05JLgQjaOFywytQFJMusRWuwAXQg--yv7gTwi5E6rBoCmrgQAvD_BwE
https://www.sigmaaldrich.com/GB/en/product/sial/t9284
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(T9284-500mL), Paraformaldehyde  (P6148-500g), Poly-D-lysine hydrobromide  

(P6407-5mg), DMEM (high glucose, 4500mg/mL)  (D5671-500mL), Trypsin -EDTA 

(0.25%) (T4049-100mL),  Penicillin -Streptomycin solution  (10,000U/mL -

10mg/mL)  (P0781-100mL),  L-Glutamine solution (200mM)  (G7513-100mL) from 

Sigma-Aldrich 

Pierce BCA Protein Assay kit  (23227), Quant-iT PicoGreen dsDNA assay kit  

(P7589), SYBR Safe DNA gel stain (S33102), Bovine Serum Albumin  (standard 

grade) (BP9702-100) from ThermoFisher 

Sodium Bicarbonate (7.5%)  (25080-060), RPMI-1640 (no glutamine)  (31870-

025), RPMI-1640 (no g lutamine, no phenol red)  (32404-014), HBSS (Ca2+, Mg2+, 

no phenol red) (10 ×) (14065-049),  DMEM (high glucose, no pyruvate)  (41965-

039) from ThermoFisher (Gibco) 

QuantiTect Reverse Tr anscription kit  (205311), RNase-free DNase set  (79254), 

RNEasy Mini kit (74104), QIAprep Spin Miniprep kit  (27106), QIAGEN Plasmid 

Maxi kit  (12162) from Qiagen 

Nano-Glo Dual-Luciferase Reporter Assay System  (N113A) from Promega 

dNTP Solution mix  (N0447S), Gel loading dye (6 ×) (B7024S), from New England 

Biolabs 

GFP-Trap Agarose kit  (gtak-20) from Chromotek   

Bovine serum albumin Fraction V  (10735086001), cOmplete  and cOmplet e Mini 

EDTA-free protease inhibitor  (4693132001, 4693159001), PhosSTOP 

phosphatase inhibitor  (4906845001) from Roche 

XL1-Blue Competent Cells  (200249) from Agilent Technologies 

VECTASHIELD Vibrance mounting medium with DAPI  (H-1800-10), ImmEdge 

Hydrophobic PAP pen  (H-4000) from Vector Laboratories  

Chameleon Duo Pre -Stained Protein Ladder  (928-60000) from LICOR 

https://www.sigmaaldrich.com/GB/en/product/sial/p6148?gclid=Cj0KCQjw9pDpBRCkARIsAOzRzitJUWtL0fpARGalmbI920F81W7xhF-c7eHVNjOxyUyHHcIhHt66M_AaAmAUEALw_wcB
https://www.sigmaaldrich.com/GB/en/product/sigma/p6407
https://www.sigmaaldrich.com/GB/en/product/sigma/d5671
https://www.sigmaaldrich.com/GB/en/product/sigma/t4049
https://www.sigmaaldrich.com/GB/en/product/sigma/t4049
https://www.sigmaaldrich.com/GB/en/product/sigma/p0781
https://www.sigmaaldrich.com/GB/en/product/sigma/p0781
https://www.sigmaaldrich.com/GB/en/product/sigma/g7513
https://www.thermofisher.com/order/catalog/product/23227?SID=srch-hj-23227
https://www.thermofisher.com/order/catalog/product/P7589
https://www.thermofisher.com/order/catalog/product/S33102
https://www.thermofisher.com/order/catalog/product/25080094?SID=srch-srp-25080094
https://www.thermofisher.com/order/catalog/product/31870025?SID=srch-hj-31870-025
https://www.thermofisher.com/order/catalog/product/32404014
https://www.thermofisher.com/order/catalog/product/14065049?SID=srch-hj-14065-049
https://www.thermofisher.com/order/catalog/product/14065049?SID=srch-hj-14065-049
https://www.thermofisher.com/order/catalog/product/41965039
https://www.qiagen.com/gb/products/discovery-and-translational-research/pcr-qpcr-dpcr/real-time-pcr-enzymes-and-kits/reverse-transcription-cdna-synthesis-qpcr/quantitect-reverse-transcription-kit/#orderinginformation/
https://www.qiagen.com/gb/products/discovery-and-translational-research/lab-essentials/enzymes/rnase-free-dnase-set/
https://www.qiagen.com/gb/products/discovery-and-translational-research/dna-rna-purification/rna-purification/total-rna/rneasy-kits/?catno=74104
https://www.qiagen.com/gb/products/discovery-and-translational-research/dna-rna-purification/dna-purification/plasmid-dna/qiaprep-spin-miniprep-kit/#orderinginformation/
https://www.qiagen.com/gb/products/discovery-and-translational-research/dna-rna-purification/dna-purification/plasmid-dna/qiagen-plasmid-kits/?catno=12162
https://www.qiagen.com/gb/products/discovery-and-translational-research/dna-rna-purification/dna-purification/plasmid-dna/qiagen-plasmid-kits/?catno=12162
https://www.promega.co.uk/products/luciferase-assays/reporter-assays/nano_glo-luciferase-assay-system/?catNum=N1110
https://international.neb.com/products/n0447-deoxynucleotide-dntp-solution-mix#Product%20Information
https://international.neb.com/products/b7024-gel-loading-dye-purple-6x#Product%20Information
https://www.ptglab.com/products/GFP-Trap-Agarose-gta.htm?redirect=chromotek
https://www.sigmaaldrich.com/GB/en/product/roche/bsavro
https://www.sigmaaldrich.com/GB/en/product/roche/04693132001
https://www.sigmaaldrich.com/GB/en/product/roche/04693159001
https://www.sigmaaldrich.com/GB/en/product/roche/04693159001
https://www.sigmaaldrich.com/GB/en/product/roche/phossro?gclid=Cj0KCQiAr5iQBhCsARIsAPcwROMhFOxYVaYM0V2YY0TDZu840hVBaqzE8DISEwuFbHPHSXyPphWUqTAaAs6uEALw_wcB
https://www.sigmaaldrich.com/GB/en/product/roche/phossro?gclid=Cj0KCQiAr5iQBhCsARIsAPcwROMhFOxYVaYM0V2YY0TDZu840hVBaqzE8DISEwuFbHPHSXyPphWUqTAaAs6uEALw_wcB
https://www.agilent.com/en/product/mutagenesis-cloning/competent-cells-competent-cell-supplies/competent-cells-for-routine-cloning/xl1-blue-competent-cells-233099
https://vectorlabs.com/products/mounting/vectashield-vibrance-antifade-mounting-medium-dapi
https://vectorlabs.com/products/histology/immedge-hydrophobic-barrier-pen
https://vectorlabs.com/products/histology/immedge-hydrophobic-barrier-pen
https://www.licor.com/bio/reagents/chameleon-duo-pre-stained-protein-ladder
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Tryptone  (TRP02), Yeast extract powder  (YEA02), Agar (AGA02) from 

Formedium 

Bovine serum albumin (fatty acid -free)  (P6156-100gr) from BioWest 

Hygromycin B Gold (100mg/mL)  (ant -hg-5), Blasticidin (10mg/mL)  (ant-bl-1) 

from InvivoGen 

Agarose (1613102) from Bio-Rad Laboratories 

Polyethyleneimine  (PEI) (P3143-100mL) from Supelco 

Amersham Protran 0.45µm nitrocellulose membrane  (10600002) from Cytiva 

Life Sciences  

2.1.6 Media, buffers and solutions  

Chemotaxis medium  - phenol red-free Roswell Park Memorial Institute  (RPMI)-

1640 supplemented with 0.5% (w/v)  FA-free bovine serum albumin ( BSA) 

Complete medium  - RPMI-1640 supplemented with 2mM L-glutamine , 1% (v/v) 

penicillin/streptomycin (P/S) and 10% (v/v) FA-free BSA 

Flp-In T-REx 293 medium  - Dulbeccoõs Modified Eagleõs Medium (DMEM) with 

high glucose and no sodium pyruvate, supplemented with 10% (v/v) foetal bovine 

serum (FBS), 1% (v/v) P/S, 5 g˃/mL blasticidin  and 200Õg/mL hygromycin B Gold 

Flp-In T-REx 293 parental medium  - DMEM with high glucose and no sodium 

pyruvate, supplemente d with 10% (v/v) FBS, 1% (v/v) P/S and 5 g˃/mL blasticidin  

HEK293T medium  - DMEM with high glucose (4500mg/L), supplemented with 

10% (v/v) FBS, 1% (v/v) P/S and 2mM L-glutamine  

L-Broth medium  - 1% (w/v) tryptone, 0.5% (w/v) yeast extract, 171mM NaCl  

[ 35S]GTPƞS buffer - 20mM HEPES, 5mM MgCl2, 100mM NaCl and 0.05% (w/v) FA-

free BSA at pH7.5 

https://www.formedium.com/product/tryptone/
https://www.formedium.com/product/yeast-extract-powder/
https://www.formedium.com/product/agar/
https://www.biowest.net/products/serum/bovine-serum-albumin/8348-p6156-bovine-serum-albumin-bsa-fatty-acids-free-lyophilised.html#world
https://www.invivogen.com/hygromycin
https://www.invivogen.com/blasticidin
https://www.bio-rad.com/en-uk/sku/1613102-certified-molecular-biology-agarose-500g?ID=1613102
https://www.sigmaaldrich.com/GB/en/product/sial/p3143?gclid=CjwKCAjwlbr8BRA0EiwAnt4MTllecWGtpUcOZfamRIN9qWuWgIrjlOGPUMfi4DHrLLMO_xDjmfictxoC9pMQAvD_BwE
https://www.cytivalifesciences.com/en/dk/shop/protein-analysis/blotting-and-detection/blotting-membranes/amersham-protran-0-45-nc-nitrocellulose-western-blotting-membranes-p-00225


Chapter 2   46 
 
Lysis buffer  - 150mM NaCl, 50mM Tris-HCl, 5mM EDTA, 1% (v/v) Nonidet P-40, 

0.5% (w/v) Na-deoxycholat, 0.1% (w/v) sodium dodecyl sulphate (SDS) at pH7.4 

MACS buffer - sterile PBS supplemented with 1% (w/v)  FA-free BSA and 2mM 

EDTA 

Phosphate-buffered saline ( PBS) buffer  - 137mM NaCl, 2.7mM KCl, 10mM 

Na2HPO4, 1.8mM KH2PO4 at pH7.4 

Radioligand binding buffer  - 50mM Tris-HCl, 100mM NaCl, 10mM MgCl2, 1mM 

EDTA at pH7.4 

SDS-PAGE loading buffer  ð 62.5nM Tris (at pH7.6), 2% (w/v)  SDS, 20% (v/v)  

glycerol, 100mM dithiothreitol, 0.005%  (w/v)  bromophenol blue  

TAE buffer  - 40mM Tris-base, 20mM glacial acetic acid, 1mM EDTA at pH8.3 

Tris-buffered saline (TBS)  buffer  - 20mM Tris-HCl, 150mM NaCl at pH7.6 

TE buffer  - 10mM Tris, 0.1mM EDTA at pH7.4 

Transfer buffer  - 25mM Tris-Base, 192mM glycine, 20% (v/v) methanol 

Antibody solution (WB)  - TBS supplemented with 0.1% (v/v) TWEEN and 5% 

(w/v) BSA 

Blocking solution (ICC  - HEK) - TBS supplemented with 0.05% (w/v)  saponin, 1% 

(w/v) FA -free BSA and 3% (v/v)  goat serum 

Blocking solution (ICC  - Neutrophils ) ð PBS or TBS supplemented 4% (v/v) FA-

fre e BSA, 4% (w/v) skimmed milk  

Blocking solution (IHC)  - PBS supplemented with 0.1% (v/v)  TRITON X-100, 10% 

(v/v)  goat serum and 5% (w/v) BSA 

Blocking solution (WB)  - TBS supplemented with 5% (w/v ) BSA 
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2.2 Molecular biology  

2.2.1 Site -directed mutagenesis ð generation of hFFA2 PD mutants  

In order to introduce specific point mutations into the pcDNA5/FRT/TO-hFFA2-

eYFP (enhanced yellow fluorescent protein) construct, the Stratagene 

QuickChange method was employed. Mutagenesis primers containing the desired 

base substitution were identified using PrimerX software 

(http://www.bioinformatics.org/primerx/ ) and custom generated by 

ThermoFisher Custom DNA Oligos Synthesis Services. Primers thus designed had 

to be 20-40bp in length, with GC -content below 60% and melt ing temperature 

above 75°C. All primers are listed in Section 2.1.2 . 

For the mutagenesis reaction, template plasmid DNA was diluted to 5ng/µL, and 

4µL was added to sterile 500-µL PCR tubes. To each reaction tube, 1.25µL 10mM 

dNTPs, 1.25µL 10µM forward and 1.25µL 10µM reverse primers were added, 

alongside 1µL (2.5 units) PfuTurbo DNA Polymerase and 5µL PfuTurbo buffer 

(10×). Sterile nuclease free water was used to bring the final volume to 50µL.  

Amplification was performed in a MasterCycler 5333 thermal cycl er, with 

conditions determined by primer melting temperatures and template size. A fter 

initial preheating to 95°C for 5min, 18 cycles of amplification  were performed 

with 30s denaturation at 95°C, 1min annealing  at 55°C and 16min extension at 

72°C. Following a final 10min extension at 72 °C, samples were held at 4 °C. 

Finally, methylated template DNA was digested by incubation with 10U DpnI for 

16h at 37°C. 

In the case of the hFFA2-Thr306Ala-Thr310Ala mutant, due to the di stance 

between the residues, sequential mutagenesis was employed. As such, the above 

methods were employed first with the T hr306Ala primers, followed by the 

Thr310Ala primers. Similarly, for òmultiple-siteó PD mutants, a series of 

mutagenesis experiments were performed, with confirmed mutant plasmids 

acting as templates.  

http://www.bioinformatics.org/primerx/
https://www.thermofisher.com/uk/en/home/life-science/oligonucleotides-primers-probes-genes/custom-dna-oligos.html?gclid=EAIaIQobChMIwIblgeqB4wIV6TLTCh1UEQ_cEAAYASAAEgLT7PD_BwE&s_kwcid=AL!3652!3!337054106824!b!!g!!%2Bcustom%20%2Bprimers&ef_id=EAIaIQobChMIwIblgeqB4wIV6TLTCh1UEQ_cEAAYASAAEgLT7PD_BwE:G:s&s_kwcid=AL!3652!3!337054106824!b!!g!!%2Bcustom%20%2Bprimers
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2.2. 2 Bacterial cloning  strategy  

In order to express and purify the newly generated  plasmids, XL1-Blue 

Competent Cells (Agilent) were transformed with the mutant plasmid a ccording 

to the m anufacturerõs instruction. For this, 100ÕL competent cells were 

aliquoted into pre -chilled 14 -mL Falcon tubes, and 1.7ÕL of Ɲ-mercaptoethanol 

was added to each aliquot. Tubes were chilled on ice for 10min, with the 

samples swirled gently every 2min. 10µL of p lasmid DNA was added to the 

reaction tube s, which were then incubated on ice for 30min. Tubes were 

subjected to a heat pulse at 42°C for 45s, followed by 2min incubation on ice . 

Preheated sterile L -Broth medium ( LB) (1% (w/v) tryptone, 0.5% (w/v) yeast 

extract, 171mM NaCl; 42°C) was added at 900ÕL to each tube, and samples were 

incubated for 1h at 37°C with shaking at 225  revolutions per minute ( rpm).  

Transformed cells were plated on LB agar plates (LB with 1.5% (w/v) bacto -agar) 

supplemented with  50Õg/mL ampicillin. After 16h at 37ÁC, 7-mL (for Miniprep) 

or 100-mL (for Maxiprep) LB cultures supplemented with 50Õg/mL ampicillin 

were inoculated with single colonies and grown for further 16h at 37°C with 

shaking at 200rpm.  

2.2.3 Plasmid DNA purifica tion  

In order to purify mutant plasmids from bacterial cultures, one of two kits was 

used. Although the same theoretical background underlies both methods, the 

DNA yield differs. Therefore, Minipreps were utilised to prepare plasmids in the 

µg range for in itial sequencing, while Maxipreps were used to generate larger 

quantities of DNA for downstream applications.  

Plasmids intended for sequencing were prepared using QIAprep Spin Miniprep kit 

(Qiagen) according to the manufacturerõs instructions. In short, 5mL of the 

overnight bacterial culture was centrifuged at 6800× g for 3 min at room 

temperature ( RT). The bacterial pellet was resuspended in 250ÕL Buffer P1 

(supplemented with RNase A; 1:100 dilution), followed by the addition of 250ÕL 

Buffer P2. After the s olution became clear, 350ÕL Buffer N3 was mixed with the 

sample, and the tube w as centrifuged for 10min at 17,900× g. Supernatant was 

added at 800ÕL to a QIAprep 2.0 spin column and centrifuged for 1min at 
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17,900×g. Flow-through was discarded, and the colum n was washed with 750ÕL 

Buffer PE. After two 1min centrifugations at 17,900× g, the spin column was 

transferred into a clean 1.5 -mL microcentrifuge tube. DNA was eluted into a 

sterile microcentrifuge tube by adding 50ÕL nuclease-free water  to the centre of 

the spin column, followed by 1min incubation at RT, and a subsequent 1min 

centrifugation at 17,900× g. If not used immediately, samples were stored at   

-20°C. The sequences of samples purified by this method were confirmed by 

sequencing as described in Section 2.2.4 . 

For downstream applications, plasmids were purified using QIAGEN Plasmid Maxi 

kit (Qiagen) according to the manufacturerõs instructions. In short, 100 -mL 

overnight cultures were harvested by two consecutive centrifugations  in 50-mL 

Falcon tubes at 6000×g for 15min at 4°C . Bacterial pellets were resuspended in 

10mL Buffer P1 (supplemented with RNase A; 1:100 dilution). Next, 10mL of 

Buffer P2 was added, followed by 5 vigorous inversions of the tube to mix the 

reaction components.  After 5min incubation at RT, 10mL chilled Buffer P3 was 

added, mixed by 5 vigorous inversions, and the reaction was incubated on ice for 

20min. Samples were centrifuged at maximum velocity for 15min at 4°C, after 

which the supernatant was transferred to a  clean 50-mL Falcon tube, and 

centrifuged for a further 15min at 4°C. In the  meantime, an appropriate number 

of QIAGEN-tip 500õs were equilibrated with 10mL Buffer QBT, allowing emptying 

by gravity flow. Supernatant from the centrifuged samples was transfe rred to 

the QIAGEN-tip and allowed to move through the resin. QIAGEN -tips were 

subsequently washed twice with 30mL Buffer QC, again allowing emptying by 

gravity flow. DNA was eluted into clean 50 -mL Falcon tubes using 15mL Buffer 

QF, followed by precipitat ion by the addition of 10.5mL isopropanol. Samples 

were centrifuged at maximum velocity for  30min at 4°C. The DNA pellet was 

washed with 5mL 70% ethanol (EtOH) and centrifuged for 10min at maximum 

velocity . The DNA pellet was air -dried for 10min, followed by resuspension in 

1mL sterile water. Plasmids  thus purified  were utilised for the generation of 

stably transfected Flp -In T-REx 293 cells (Section 2.3.2 ) and the transient 

transfection of Human embryonic kidney cell line 293T ( HEK293T) cells (Section 

2.3.3 ).  
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2.2.4 Sequencing  

In order to confirm the success of mutagenesis, plasmid DNA purified by 

Minipreps were sequenced. Sequencing was performed by the MRC PPU DNA 

Sequencing and Services (Medical Sciences Institute, School of Life Sciences, 

University of Dundee, Scotland ; https://dnaseq.co.uk/ ) with the use of Applied 

Biosystems 3730 automated capillary DNA analyser. Primers targeting sequences 

flanking the sequence of intere st were utilised: the CMV promoter for the 

forward and the bGH -poly(A) signal for the reverse primer. Resulting sequences 

were analysed using the SnapGene Software (Version 5.1.5; Dotmatics).  

2.3 Cell culture  

2.3.1 Mammalian cell line maintenance  

All cell culture work was conducted under sterile conditions, in class II biosafety 

cabinets.  

HEK293T cells were maintained in DMEM with high glucose (4500mg/L), 

supplemented with 10% (v/v) FBS, 1% (v/v) P/S and 2mM L-glutamine at 37°C 

and 5% CO2.  

Parental Flp-In T-REx 293 cells were maintained in DMEM with high glucose and 

no sodium pyruvate, supplemented with 10% (v/v) FBS, 1% (v/v) P/S and 5 g˃/mL 

blasticidin at 37°C and 5% CO2. In the case of stably transfected Flp -In T-REx 293 

cell lines, the ab ove medium was also supplemented with 200Õg/mL hygromycin 

B Gold. 

In order to passage cells, the medium was  first  aspirated from the 75cm2 flask. 

Cells were washed once with sterile PBS (137mM NaCl, 2.7mM KCl, 10mM 

Na2HPO4, 1.8mM KH2PO4 at pH7.4), followed  by incubation with sterile -filtered 

t rypsin-EDTA (0.25%) at RT for 2 -5min. Fresh cell culture medium was added in 

order to terminate proteolytic cleavage , and detached cells were suspended. 

The cell suspension was centrifuged at 300×g for 5min at RT, and the resulting 

pellet was resuspended in fresh culture medium. Depending on the desired 

dilution of cells, varying volumes of the suspension were added to a new 75cm 2 

flask or 10cm dish containing appropriate volume of fresh cell culture medium . 

https://dnaseq.co.uk/
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For medium- and long-term storage , cell lines were cryopreserved at -80°C or at 

-150°C, respectively . For this, cell culture medium was first removed from the 

flask. Cells were washed, then incubated with 0.25% sterile -filtered t rypsin-EDTA 

at RT for 2-5min. Detached cells were suspended in fresh cell  culture medium in 

order to terminate proteolytic cleavage. The suspension was centrifuged at 

300×g at RT for 5min. The resulting pellet was resuspended in 3mL FBS with 10% 

(v/v) dimethyl sulfoxide ( DMSO). The suspension was transferred to cryogenic 

tubes to make 1-mL aliquots, which were then stored at -80°C and subsequently 

transferred to -150°C. In order to recover cells from long -term storage, aliquots 

were thawed in a water bath at 37°C, followed by transfer i nto a flask 

containing fresh cell culture medium. Medium was replaced with fresh cell 

culture medium after 4 -5h in order to remove residual DMSO. 

2.3.2 Generation of stably transfected Flp -In T-REx 293 cell lines  

In Flp-In T-REx 293 cell lines, stable expr ession of the desired receptor construct 

is induced by the addition of doxycycline  (DOX), as expression is under the 

control on the tet  repressor cassette. Flp-In T-REx 293 parental cells were co -

transfected with pcDNA5/FRT /TO expression vectors with the gene of interest 

and the pOG44 plasmid. Flp recombinase expressed from the pOG44 plasmid 

catalyses the recombination between FRT sites in the expression vector and the 

host parental cells.  

In short, Flp -In T-REx 293 parental c ells were cultured to 60% confluence in 10cm 

cell culture dishes. The pcDNA5/FRT/TO expression vector and pOG44 were 

diluted at a 1:9 ratio, as a total amount of 8Õg DNA, along with 48ÕL PEI (1:6 

dilution) , in 150mM sterile NaCl to make a final volume of 5 00ÕL. Negative 

controls without the pcDNA5/FRT/TO expression plasmid were also included. 

After vortexing, the reaction between PEI and the plasmid DNA was allowed to 

progress for 10min at RT. Fresh Flp-In T-REx 293 parental  culture  medium was 

added to the culture dishes, followed by dropwise addition of the 500ÕL reaction 

mixture. After 24h, medi um in the cell culture dishes was replaced, in order to 

avoid the cytotoxic effects of  PEI. Following 48h, cell s were removed using 

sterile -filtered t rypsin-EDTA (0.25%), and seeded into 75cm2 flasks at 1:10, 1:15 

and 1:20 ratios. After a further 24h, Flp-In T-REx 293 parental med ium was 
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replaced with Flp -In T-REx 293 maintenance medi um (containing hygromycin) , 

allowing for selection of transfected cell, as these possess hygromycin 

resistance. Cell c ulture medi um was replaced every 2-3 days, until colony 

formation could be observed without the use of a microscope (14 -28 days). Cells 

were detached using 0.25% t rypsin-EDTA, and colonies were combined, yielding 

polyclonal cell lines. Expression of the integrated mutant genes could be induced 

by incubation with 100ng/mL DOX for 16 -24h. In order to confirm successful 

transfection, cells were visualised under the epifluorescent Nikon ECLIPSE Ti 

microscope equipped with a mer cury light source and an eYFP filter set.  

2.3.3 Generation of transiently transfected cell lines  

For transient transfection , HEK293T cells were plated onto 10cm cell culture 

dishes and incubated for 24h at 37°C and 5% CO2, until approximately 60% 

confluency was reached. Plasmid DNA was diluted at 5 g˃ in 250ÕL of 150mM 

sterile NaCl, then added to 30Õg PEI diluted in 250ÕL of 150mM sterile NaCl. The 

DNA mixture was vortexed and incubated for 10 min at RT, then added to the 

cell culture dishes  in a dropwise fashion. Cells were incubated for further 24h at 

37°C and 5% CO2 before downstream application . 

2.4 Animals 

2.4.1 Source 

Transgenic mice were previously generated in a C57BL/6N genetic background, 

using a knock-in approach as described by Bolognini et al  (2019). In  summary, a 

HA-tagged version of hFFA2 or hFFA2-DREADD was knocked into the mouse Ffar2 

locus under the control of the LoxP -flanked stop cassette, producing the minus -

CRE mouse line. These mice were utilised as functional FFA2 KO mice. Mice 

which constitutively express hFFA2-HA or hFFA2-DREADD-HA were produced from 

the cross-breeding of the respective minus -CRE mice with Cre-recombinase-

expressing mice. Mice were bred as homozygous. 

WT mice had a C57BL/6N genetic background. FFA2-KO mice were obtained from 

AstraZeneca.  
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2.4.2 Mouse maintenance  

Mice were maintained in individually ventilated cages, on a 12h dark-light cycle  

and were fed a normal chow diet ad libitum . Unless otherwise stated, male and 

female animals at 12 -20 weeks old were used.  

2.4.3 Ethics statement  

Mice were maintained under the project licences 70/8473 and PP0894775 held 

by Professor Andrew B. Tobin at the University of Glasgow. Animals were culled 

humanely in accordance with Schedule 1 of the Animals (Scientific Procedures) 

Act 1986. Regulated procedures were performed by personal licence holders 

under the same project licence.  

2.5 Gene expression analysis  

2.5.1 RNA extraction  

Male mice (15-20 weeks old) were sacrificed, and s amples were taken from the 

epididymal adipose, proximal colon, liver, lungs, pancreas and spleen, and 

stored immediately on dry ice, then stored at -80°C until utilised. Neutrophils 

isolated using the EasySep method (described in Section 2.6.1 ) were centri fuged 

at 300×g for 5min at 4°C and the pellet containing the neutrophils was 

resuspended in RLT buffer (Qiagen) with 1:100 dilution of Ɲ-mercaptoethanol, 

then stored at -80°C. After thawing on ice,  other  tissues were weighed and a 

sample of 30mg was placed in a clean 2-mL RNase-free microcentrifuge tube. 

RNA was extracted from the tissues using the RNEasy Mini kit (Qiagen) according 

to the manufacturerõs instructions. In short, for every 30mg of tissue, 600ÕL of 

RLT buffer (with 1:100 Ɲ-mercaptoethanol) was added to the tubes, along with 

two 5-mm stainless steel beads. Tissues were disrupted and homogenised using 

the TissueLyser LT (Qiagen) at 50Hz for 10min at RT. After allowing the samples 

to settle, supernatant was transferred to new 2 -mL microcentrifuge tubes and 

centrifuged at full speed  for 2min. In a clean tube, 600ÕL of the supernatant was 

mixed with 600ÕL of 70% EtOH. The mixture was transferred to a mini-column 

and centrifuged at 8,000× g for 30s; this step was repeated after the disposal of 

the flow -through. RW1 buffer was added at 350ÕL per column, and centrifuged 

at 8,000×g for 30s, followed by the discard of the flow -through. For on -column 
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DNA digestion using the Qiagen RNase-free DNase set, 80ÕL of DNase I (Qiagen; 

1:8 dilution in buffer RDD) was added to each  column membrane, followed by 

15min incubation at RT. Further 350ÕL RW1 buffer was added to each column, 

followed by centrifugation at 8,000× g for 30s. After discarding the flow -through, 

500ÕL of RPE buffer (1:5 dilution in 98% EtOH) was added to each column, 

followed by centrifuging at 8,000× g for 30s. After the addition of a further 500ÕL 

of RPE buffer, the columns were centrifuged for 2min at 8,000× g. The columns 

were subsequently replaced into new collection tubes and centrifuged at 

8,000×g for 1min. Co lumns were then replaced into a clean 1.5 -mL collection 

tube and the column  membranes were hydrated for 5min with 30 -50ÕL RNase-

free water. RNA was eluted by centrifuging at 8,000×g for 2min and samples 

were placed on ice until further use. RNA was quantif ied using the NanoDrop 

2000 spectrophotometer  (ThermoFisher). 

2.5.2 Agarose gel electrophoresis  

In order to assess RNA quality, 1% (w/v) agarose solution was prepared in TAE 

buffer (40mM Tris -base, 20mM glacial acetic acid , 1mM EDTA at pH8.3) and 

heated in a microwave oven for 2min. SYBR Safe DNA gel stain (ThermoFisher) 

was added to the solution at a 1:10,000 dilution. The mixture was poured into 

the Horizon58 gel casting system (Life Technologies) and allowed to solidify for 

30min. RNA samples were prepared as a 100ng/ÕL dilution in RNase-free water, 

with 1:6 dilution of purple gel loading dye (New England BioLabs) added. The gel 

casting system was filled with TAE buffer, covering the solidified agarose gel. 

RNA samples were loaded onto the gel at 6ÕL/well and run at 100V for 15min. 

The gel was imaged using the Gel Doc 2000 (BioRad) system. 

2.5.3 Reverse t ranscription  

In order to produce  complementary DNA (cDNA) from the isolated RNA samples, 

QuantiTect Reverse Transcription kit (Qiagen) was employed according to the 

manufacturerõs instructions. In short, 1Õg of RNA was added to 2ÕL of gDNA 

Wipeout  Buffer and RNase-free water to make up a total reaction volume of 

14ÕL. Using the MasterCycler 5333 thermal cycler, the reaction was heated to 

42°C for 2 min, followed by immediate cooling to 4°C. The reverse transcription 

master mix was prepared as a 1:4:1 mixture of Quantiscript reverse transcriptase  
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(RTase), Quantiscript RT ase buffer and RTase primer mix, and was added at 6ÕL 

per tube to the D NA Wipeout reaction s. The reaction tubes were subsequently 

heated to 42°C for 15min, followed by 3min at 95°C. Samples were cooled to 

4°C and used immediately for qRT -PCR or stored at -20°C. 

2.5.4 Quantitative reverse transcription polymerase chain reactio n 

In order to quantify cDNA,  a quantitative reverse transcription polymerase chain 

reaction (qRT-PCR) approach was taken. Sequencing primers were identified 

using SnapGene Software (Version 5.1.5; Dotmatics) and sequence information 

from hFFA2-HA and mFFA2. Primers thus target ECL2 (forward) and TM5 

(reverse) on mFFA2, and the C-terminus (forward) and the HA -tag (reverse) on 

hFFA2-HA. As a housekeeping gene, mouse Ɲ-actin was targeted with primers 

designed in the same manner. All sequencing primers were syn thesised by 

ThermoFisher Custom DNA Oligos Synthesis Services and are listed in full in 

Section 2.1. 2. 

Fast SYBR Green mix (Invitrogen) was prepared according to the manufacturerõs 

instructions, as 5ÕL SYBR Green Master Mix, 0.2ÕL forward primer (10µM), 0.2ÕL 

reverse primer (10 µM) and 2.6ÕL RNase-free water for each sample. Diluted 

cDNA samples were loaded at 2ÕL/well to a MicroAmp 384-well plate 

(ThermoFisher), followed by the addition of 8ÕL of SYBR Green mix to each well. 

Plates were sealed using MicroAmp optical adhesive film, and centrifuged briefly  

at 1,200rpm.  

The qRT-PCR measurements were conducted using the QuantStudio 7 Flex RT-

PCR system (ThermoFisher). After initial preheating to 95°C for 20s, 40 cycles of 

PCR were performed with 1s denaturation at 95°C and 20s annealing at 60°C. 

This was followed by 15s heating at 95°C, 60s annealing at 60°C and finally a 

slow increase to 95°C, during which time data for melting curves was collected. 

After 15s at 95°C, plates were cooled to RT.  

In order to generate standard curves for each of the  primers, 1 in 4 serial 

dilutions of colon cDNA samples were prepared using nuclease-free water. In 

order to quantify gene expression, cDNA samples from each tissue were diluted 1 

in 3 using nuclease-free water. Comparative cycle threshold (C T) values were 

https://www.thermofisher.com/uk/en/home/life-science/oligonucleotides-primers-probes-genes/custom-dna-oligos.html?gclid=EAIaIQobChMIwIblgeqB4wIV6TLTCh1UEQ_cEAAYASAAEgLT7PD_BwE&s_kwcid=AL!3652!3!337054106824!b!!g!!%2Bcustom%20%2Bprimers&ef_id=EAIaIQobChMIwIblgeqB4wIV6TLTCh1UEQ_cEAAYASAAEgLT7PD_BwE:G:s&s_kwcid=AL!3652!3!337054106824!b!!g!!%2Bcustom%20%2Bprimers
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obtained using the QuantStudio Real-Time PCR Software (Version 1.3; 

ThermoFisher). Data analysis was performed as described in Section 2.10.1 . 

2.6 Ex vivo  pharmacological  assays 

2.6.1  Neutrophil isolation  

Following culling  by cervical dislocation, the hin d legs of mice were collected 

and stored on ice in Complete medium ( RPMI-1640 supplemented with  2mM L-

glutamine, 1% (v/v) P/S and 10% (w/v) FA-free BSA). The muscles and connective 

tissue were removed from the femur and tibia, and the clean bones were stored 

in ice cold RPMI-1640 medium (10% (w/v) FA-free BSA, 1% (v/v) P/S).  

All subsequent steps were performed under sterile conditions in a class II 

biosafety cabinet.  

Following the removal of the epiphyses of the bones, a syringe with a 25G 

needle was used to flush the bones with Complete medium. Bone marrow cells 

were resuspended and passed through a 70-Õm cell strainer. The cell suspension 

was centrifuged at 300×g for 5 min at 4°C, followed by resuspension in Hybri -

Max red blood cell lysis buffer ( Sigma-Aldrich) for 1min. The lysis step was 

terminated by washing with 10mL Complete medium  and centrifuging at 300 ×g 

for 5 min at 4°C twice. Cells were resuspended and counted with the use of  a 

haemocytometer , followed by final centrifugation at 300× g for 5 m in at 4°C.  

In order to isolate neutrophils from the full complement of bone marrow cells, a 

negative selection approach was used. Specifically, the  EasySepTM Mouse 

Neutrophil Enrichment Kit (S temcell  Technologies) was utilised in accordance 

with the manufacturerõs instructions. In short, bone marrow cells were diluted 

to 100,000,000 cells/mL in MACS buffer (1% (w/v)  FA-free BSA and 2mM EDTA in 

sterile PBS). Mouse Neutrophil Enrichment Cocktail was added at 50ÕL/mL of 

cells and incubated for  15min at 4°C. Samples were washed by adding MACS 

buffer  to reach 15mL volume,  and centrifug ation  at 300×g for 10min at RT. Cells 

were resuspended in MACS buffer at 100,000,000 cells/mL. Biotin Selection 

Cocktail was added to the cell suspension at 50ÕL/mL, followed by 15min 

incubation at 4°C. Following thorough vortexing, EasySep D Magnetic Particles 

were added to the  cell  suspension, at 150˃ L/mL cells, followed by a further 
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10min incubation at 4°C. Depending on the volume of the sample, MACS buffer 

was added to brin g the final volume to 5mL or 10mL. The  15-mL tube containing 

the cell suspension was placed in the òBig Easyó EasySep Magnet without a lid 

and incubated at RT for 5min. When turning upside down, the magnet retains 

the magnetically tagged cells, and the unt agged neutrophils can be collected in 

a new 15-mL tube. Isolated neutrophils were counted in MACS buffer using a 

haemocytometer.  Neutrophils were centrifuged at 300×g for  5min at RT and 

resuspended according to downstream application.  

2.6.2 Neutrophil che motaxis (ATPlite assay) 

Drug preparation, treatment and chemotaxis were performed under sterile 

conditions in a class II biosafety cabinet.  

Assay method (including time -points) was adapted from Bolognini et al. (2016) 

and optimised for a 96 -well format . Agonist were prepared at 2× concentration 

in Chemotaxis medium (phenol red-free RPMI-1640 supplemented with 0.5% 

(w/v) FA-free BSA) and were added to the bottom wells of a Corning HTS 

Transwell 96-well plate at 118ÕL in the presence of the same volume of 

Chemotaxis medium or 2µM AZ1729 (1µM final concentration). 1ÕM 2-HTP (final 

concentration) , a GPR84 agonist and a moderate chemotactic agent, w as used as 

positive control in these experiments. The covered plate was allowed to 

equilibrate with compou nds for 5min at 37°C. Isolated neutrophils were 

resuspended in Chemotaxis medium and, in the case of antagonist experiments, 

were preincubated with vehicle or 1µM CATPB for 15min  at 37°C (with 5% CO2). 

Neutrophils were then added to the middle well of the Transwell 96-well plate 

insert at 220,000 cells /well, in a volume of 75ÕL. The plate was covered and 

incubated for 90min at 37°C (with 5% CO2) in order to allow the chemotaxis of 

neutrophils.  

The extent of neutrophil migration was quantified using the ATPlite 

luminescence ATP detection kit (PerkinElmer) according to the manufacturerõs 

instructions. In short, 100 ÕL of the suspension was moved from the bottom wells 

of the Transwell 96-well plate to a white 96 -well plate . Mammalian cell lysis 

solution was added to each well at 50 ÕL, followed by 5min in an orbital shaker  

at 100rpm. Substrate solution was also added at 50ÕL/well. Plates were covered 
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in foil, in order to avoid exposure of the light -sensitive substrate, followed by a 

further 5min of  shaking at 90rpm. The plates were transferred to a PHERAstar FS 

microplate reader  (BMG Labtech), and after 10min of equilibration, total 

luminescence was measured.  

2.6. 3 Neutrophil extracellular trap  quantification  

Drug preparation, treatment and NET formation were performed under sterile 

conditions in a class II biosafety cabinet.  

In order to measure neutrophil extracellular trap  (NET) production in response to 

FFA2 ligands, double-stranded DNA (dsDNA),  was quantified using methods 

(including  time -points) described previously by Hollands et al  (2016). In short, 

isolated neutrophils were resuspended in Hankõs Balanced Salt Solution (HBSS; 

with Ca2+/Mg2+) and added to a 96-well cell culture plate at 200 ,000 cells/ well. 

Compounds were prepared in HBSS at a 10× concentration and added to the 

wells, along with HBSS to make up a final volume of 200ÕL. In the case of 

inhibition assays, neutrophils were pre -incubated with the antagonists for 15min 

at 37°C (with 5% CO2), before the addition of the agonist. After the addition of 

the agonist, the plate was incubated for 2h at 37°C  (with 5% CO2).  

In order to c leave the produced dsDNA, 50ÕL of 1mU/ÕL Staphilococcus aureus 

micrococcal nuclease was added to each well, followed by incubation at 37°C 

(with 5% CO2) for a furt her 10min. To halt the cleavage, 50ÕL EDTA was added to 

each well at a final concentration of 5mM. The plate was centrifuged for 8min at 

200×g at RT. From the supernatant in each well, 100 ÕL was transferred to a 

black-bottom 96 -well plate. For  the quantification of dsDNA, 100 ÕL of the 

Quant-iT reagent (diluted 1:200 in TE buffer  (10mM Tris, 0.1mM EDTA at pH7.4)) 

was added to each well .  After a 5min incubation in the dark at RT, fluorescence 

intensity was measured at 490nm excitation and 525nm emission using the 

PHERAStar FS microplate reader.  
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2.7 In vitro  functional  assays 

2.7.1  Membrane preparation  

Stably transfected Flp -In T-REx 293 cells were cultured in 10 -cm dishes to 

confluency. In order to induce the expression of the receptor of interest , 

cultures were treated with 100ng/mL DOX for 16-24h under sterile conditions. 

Following a wash with ice cold PBS, cells were detached by scraping in the 

presence of 2mL non-sterile PBS. Cell suspensions were centrifuged at 450×g for 

5min at 4°C and incuba ted at -80°C for a minimum of 30 min. Pellets were 

resuspended in ice cold TE buffer containing cOmplete  Protease Inhibitor 

Cocktail (EDTA-free; Roche). The cell suspension was passed through a 5-mL 

handheld homogeniser 50×, followed by passing through a 25G needle 5×. Cell 

debris was pelleted by centrifugation at 450×g for 5 min at 4°C and the resulting 

supernatant was subsequently transferred to ultracentrifuge tubes and 

centrifuged at 90,000×g f or 45 min at 4°C. The pellet containing the membrane s 

was resuspended in TE buffer (with protease inhibitor) and passed through a 25G 

needle 5×. Membrane protein concentration was determined using a 

Bicinchoninic acid  (BCA) assay, as described in Section 2.7.2 . Membranes were 

either used immediately or aliquoted and stored at -80°C. 

Neutrophil membranes were prepared following the methods described by Varani 

et al (1998). The isolated neutrophil pellet was resuspended in  1mL 50mM Tris-

HCl (pH7.4) supplemented with 10mM MgCl2, transferred  to a sterile 

microcentrifuge tube,  and centrifuged at 11,000×g for 15 min at 4°C. The cells 

were resuspended in 1mL 50mM Tris-HCl, centrifuged at 11,000×g,  and finally 

resuspended in 500µL 50mM Tris-HCl. Cells were finally passed through a 25G 

needle 5×. Membrane protein concentration was determined using a BCA assay 

(Section 2.7.2 ).  Membranes were aliquoted and stored at -80°C. 

2.7.2 Determination of protein concentration (BCA Assay)  

Protein concentratio n of prepared membranes was quantified using the Pierce 

BCA Protein Assay kit (ThermoFisher) according to the manufacturerõs 

instructions . For this, a  standard curve of 0.2 -2.0Õg/ÕL BSA was added to a clear 

96-well plate at 10ÕL/ well. Membrane samples were diluted (1:2 to 1:5) and 

added at 10ÕL/ well to the same 96 -well plate. BCA Reagent B was diluted in BCA 
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Reagent A at a 1:50 ratio  and was added to each of the BSA standards and 

membrane samples at 200ÕL/ well. The plate was incubated at 37°C for 20 min, 

followed by measurement of absorbance at 562nm using a POLARStar Omega 

microplate r eader (BMG Labtech). Sample concentrations were interpolated 

from the BSA standard curve and multiplied by the dilution factor in order to 

calculate protein concentrations.  Protein concentrations thus determined were 

used to calculate the amount of membranes to be used in in vitro  assays. 

2.7.3 [ 35S]-GTPƞS incorporation  assay 

The [35S]-GTPƞS incorporation  assay was employed in order to measure GƜi-

mediated signalling . As the terminal S substitution renders this analogue of GTP 

non-hydrolysable, GTPƞS remains bound to GƜi upon G protein activation. By 

quantifying the accumulation of the [ 35S]-radiolabelled form, the extent of G Ɯi 

activation by GPCRs can be quantified. Methods (including incubation times) 

were adapted from Sergeev et al. (2017). Buffer conditions were optimised for 

improved signal.  

In a 96-deep well plate, membranes prepared from Flp -In T-REx 293 cells or 

from mouse-derived neutrophils  were added at 5Õg/well to assay buffer (20mM 

HEPES, 5mM MgCl2, 100mM NaCl, 0.05% (w/v) FA-free BSA at pH7.5) containing a 

range of agonist concentrations (prepared at 10 × concentrations). In order to 

assess antagonists, membranes were preincubated with a range of antagonist 

concentrations (prepared at 10 ×) for 15 min at RT, followed by the addition of 

EC80 concentratio n of the agonist. The reaction was initiated by the addition of 

50nCi/wel l of [ 35S]GTPƞS in assay buffer supplemented with 1ÕM GDP and 

30Õg/ÕL saponin. The plate was incubated for 1h at 30°C, after which the 

reaction was terminated by rapid filtration through UniFilter -96 GF/C glassfibre 

filter -bottom plates (PerkinElmer) pre -soaked in ice-cold PBS using a FilterMate 

96-well Harvester (PerkinElmer). Filter plates were washed 3× with ice-cold PBS 

in order to remove unbound [ 35S]GTPƞS. After drying for a minimum of 2 h at RT, 

MicroScintTM-20 scintillation cocktail (PerkinElmer) was added at 50ÕL/well. 

[35S]GTPƞS incorporation  was quantified as counts per minute (CPM) over 5 min, 

using a TopCount NXT scintillation counter (Packard). CPM was normalised and 

plotted against log ligand concentrations  using GraphPad Prism Software (Version 
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8.4.3; Dotmatics).  Agonist and antagonist curves were fitted as described in 

Section 2.10. 4. Cooperativity was explored by the use of an allosteric 

operational model , as described in Section 2.10.5 . 

2.7.4 Heterologous  [ 3H] radioligand binding assay  

Radioligand binding methods (including incubation times) were adapted from 

Sergeev et al. (2017). Buffer conditions were optimised for improved signal. 

Assays were conducted using glass tubes, and a final assay volume of 200 L˃ for 

saturation binding and 1m L for single concentration  binding. In each case, after 

2h incubation with the radioactively labelled antagonist [ 3H]GLPG0974 at 25°C, 

reactions were terminated by rapid filtration with a 24 -well semi -automated 

harvester (Brandel). Filters were washed with  ice-cold PBS in order to remove 

unbound radioligand and were left to dry overnight. Filters were deposited into 

6-mL scintillation vials, along with 3mL Ultima Gold XR scintillation cocktail. 

Standards containing equivalent amount of [ 3H]GLPG0974 were also set up in 6-

mL scintillation vials. Tot al and non-specific binding of [ 3H]GLPG0974 was 

quantified as disintegrations per minute ( DPM) using the Tri -Carb 2910TR liquid 

scintillation counter (PerkinElmer ). DPM data was transformed based on standard 

measurements and the known activity of [ 3H]GLPG0974: 
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Specific binding was then calculated by subtracting non -specific binding from 

total binding.   

Saturation binding  

In saturation binding assays, 5Õg of membranes prepared from Flp-In T-REx 293 

cells induced to express hFFA2-eYFP were added in 40ÕL binding buffer (50mM 

Tris-HCl, 100mM NaCl, 10mM MgCl2, 1mM EDTA at pH7.4). Vehicle or 10ÕM CATPB 

was added in 20ÕL in order to measure total and non-specific binding, 

respectively. Finally, v arying concentrations of [ 3H]GLPG0974 were added to the 

assay in 100ÕL binding buffer .   
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Saturation binding curve was fitted as described in Section 2.10.3 .  

Single concentration binding  

In order to determine binding to neutrophils, 50Õg of mouse neutrophil 

membranes were utilised at a concentration of 0.25Õg/ÕL in binding buffer. 

Vehicle or 10ÕM CATPB was added to the assay in 100ÕL, and 20nM [3H]GLPG0974 

was added in 500ÕL binding buffer to make up a final assay volume of 1mL.  

2.7.5 BRET-based Ɲ-arrestin -2 recruitment assay  

HEK293T cells were transiently transfected (as described in Section 2.3.3 ) at a 

1:100 ratio with pcDNA5/FRT/TO plasmids containing eYFP-tagged receptor 

constructs and with pcDNA5 plasmid containing NLuc-tagged Ɲ-arrestin -2. As a 

control, one 10cm dish was co-transfected with NLuc -Ɲ-arrestin -2 and an empty 

pcDNA5 vector. After 24h of incubation, cells were detached from the dishes and 

resuspended in 20-40mL HEK293Tcell culture medium. White 96 -well plates were 

covered with 40ÕL of 50Õg/mL Poly-D-lysine hydrobromide ( PDL; diluted from 

1mg/mL stock using HEK293T cell culture medium) and left to incubate for 

15min at RT. Following the removal of PDL, 100ÕL of the cell suspension was 

added to each well.  

After further 24h incubation at 37°C and 5% CO 2, the medium  was aspirated, and 

the wells were washed with 100 ÕL HBSS. In order to reach a final assay volume 

of 100ÕL, 80ÕL HBSS was added to each well  and incubated for 30min at 37 °C. 

Nano-Glo Luciferase assay substrate (Promega) was diluted 1:80 in HBSS, added 

at 10µL/well and incubated for 10min at 37 °C. Finally, a gonists prepared in HBSS 

at 10× concentration  were added at  10ÕL/well, followed by further 5min 

incubation  at 37°C (based on previous studies by Hudson et al. (2013)). BRET 

luminescence of eYFP and NLuc was measured at 535nm and 475nm, 

respectively, using a PHERAstar FS plate reader.  Data was normalised as mBRET 

using the following formula:  
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Calculated mBRET was plotted against log agonist concentrations using GraphPad 

Prism Software (Version 8.4.3 ; Dotmatics).  Agonist curves were fitted as 

described in Section 2.10.4 . 

2.8 Histology  

2.8.1 Immunocytochemistry  (ICC) 

For all ICC experiments, slides were stored at 4°C , protected from light until 

further use, and allowed to warm to RT before imaging. Imaging was performed 

using the 63× Plan-Apochromat objective of the  Zeiss 880 Axio Observer Z1 Laser 

Scanning Confocal Microscope (Zeiss). Samples were excited by lasers (at 0.1 -

0.2% power) at 561nm, 488nm and 405nm, inducing emission at 623nm, 532nm 

and 459nm, respectively. Track 1 detected emission between 566nm and 679nm, 

Track 3 detected between 410nm and 492nm, while the centra l GaAsP detector 

was tuned to detect weak fluorescence at wavelength between 493nm and 

583nm. Detector gain, offset and digital gain were optimised for each antibody 

or fluorophore , and used at the same settings in consecutive experiments. Each 

field -of-view was scanned unidirectionally, as a composite average of 4 scans. 

Pseudocoloured images were generated, where emission at 623nm, 532nm and 

459nm corresponded to magenta, green and blue, respectively. In these images, 

co-localisation of magenta and green appeared as white. Fluorescence intensity 

was quantified as described in Section 2.10.2 . 

Flp-In T-REx 293 cells 

Flp-In T-REx 293 cells harbouring HA- or eYFP-tagged receptors were cultured on 

16-mm round coverslips in 12-well cell culture plates, previously coated for 

15min with 50Õg/mL  DPL (diluted in cell culture medium). In order to induce 

expression of the harboured receptors, cells were treated with 100ng/mL DOX 

for 16h. In experiments using phosphosite -specific antisera, cells were serum 

starved for 4h (using Flp -In T-REx 293 cell culture medium without FBS) prior to 

agonist treatment. In the case of antagonist -treated samples, c ells were pre -

incubated with 100µM CATPB prepared in Flp-In T-REx 293 cell culture medium 

for 1h at 37 °C, followed by agonist treatment for 2min at RT. This time-point 

was selected as a result of optimisation based on predicted timeframe s for 

receptor phosphorylation (Luttrell et al., 2001). Cells were fixed for 5min using 
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4% (w/v)  paraformaldehyde supplemented with PhosSTOP phosphatase inhibitor 

(Roche). After fixation, cells were permeabilised with TBS (20mM Tris-HCl, 

150mM NaCl at pH7.6) supplemented with 0.05% (w/v) saponin for 5min on an 

orbital rotator. Cells were then washed  2× for 5min with  TBS. Following the 

washes, cells were blocked for 30 -60min at RT with using TBS supplemented with 

0.05% (w/v)  saponin, 1% (w/v) FA -free BSA and 3% (v/v)  goat serum. The 

blocking solution was aspirated, and cell were incubated with primary antibodies 

(prepared 1:250 in blocking solution) overnight  at 4°C. Cells were washed 3× for 

10min with TBS in order to remove residual primary antibodies. AlexaFluor 

secondary antibodies were prepared in blocking solution (1:400), and incubated 

with the cells at RT for 2h, protected from light. Cells were again washed  3×, 

while being protect ed from light, with TBS for 15min. Coverslips were mounted 

onto a microscopy slide  with a droplet of Vectashield Vibrance mounting medium 

with DAPI (4õ,6-diamidino -2-phenylindole)  (Vector Laboratories)  and sealed with 

nail polish around the edges.  

Mouse-derived neutrophils  

In the case of neutrophils, following isolation and final centrifugation ( Section 

2.6.1 ), cells were resuspended in 1mL 4% (w/v)  paraformaldehyde  and 

transferred to a sterile microcentrifuge tube for ov ernight fixing at 4°C. Cells 

were centrifuged at 300× g for 5min and resuspended in 500ÕL PBS with 0.05% 

(w/v) saponin for 15min  for permeabilisation . The suspension was centrifuged 

and washed in PBS, followed by resuspension in 500ÕL blocking solution (PBS 

supplemented with 4% (w/v) FA-free  BSA and 4% (w/v) skimmed milk) for 2h. 

After centrifugation, neutrophil pellets were resuspended in primary antibodies 

for HA and other relevant cellular markers ( prepared 1:100 in blocking solution ) 

and incubated overnight at 4°C. Samples were centrifuge d and washed with PBS 

2×, followed by 2h incubation at RT with AlexaFluor secondary antibodies  

prepared in blocking solution (1:400) . After 3 washes with PBS, pellets were 

resuspended in 15ÕL PBS. On a slide, 10ÕL Vectashield Vibrance mounting 

medium with DAPI was added to 10ÕL of the neutrophil suspension. Coverslips 

(22×40mm) were applied and, after 30min drying at RT, nail polish was used to 

seal the edges.  
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In experiments using phosphosite-specific antisera in neutrophils, cells were 

preincubated 1 00µM CATPB or vehicle for 1h at 37°C, followed by 2min 

incubation with agonists. In these experiments,  PBS was replaced with TBS in all 

solutions, and 4% (w/v)  paraformaldehyde was supplemented with PhosSTOP. 

Primary antibodies for these experiments were p repared at 1:2 50 dilution in 

blocking solution, while secondary antibodies were prepared at 1:400 as before.  

2.8.2  Immunohistochemistry  (IHC) 

Male mice (13-20 weeks old) were anaesthetised using 3% isofluorane, followed 

by transcardial perfusion with  20mL ice cold PBS, then 20mL ice cold 4% (w/v) 

paraformaldehyde solution. Samples were immediately taken from epididymal 

adipose, liver, lungs, pancreas, spleen , and intestines (duodenum, jejunum, 

ileum, caecum , and colon), and further fixed in 4% (w/v) paraformaldehyde 

solution overnight at RT. Samples were subsequently washed with and stored in 

70% EtOH until being processed.  

Tissue samples were embedded in paraffin wax by the Histology Research 

Service (Veterinary Diagnostic Services, School of Veterinary Medicine, College 

of Medical, Veterinary and Life Sciences, University of Glasgow, Scotland ),  

following dehydration in increasing concentrations of EtOH and clearing in 

xylene. For antigen retrieval, 3µm sections were cut with a Thermo Shando 

HM340 rotary microtome and mounted on microscope slides. Paraffin was 

removed from slides by passaging through Histo-Clear histological clearing agent 

(National Diagnostics) multiple times. Sections were then rehydrated with 

decreasing concentrations of EtOH (to 70%) and rinsed in water. Heat -induced 

epitope retrieval was performed with Menarini Access retriev al unit in sodium 

citrate buffer (pH6.0) for 1min 40s at 125 °C at full pressure. Samples were 

transferred to water until further processing.  

For IHC, slides were first washed 3× in PBS supplemented with 0.1% (v/v) TRITON 

X-100 (Sigma), on a rotator at 60rp m, for 15 -30min each time. After 

permeabilization, s lides were gently dried and ImmEdge Hydrophobic Barrier PAP 

pen (Vector Laboratories) was used to frame the tissue samples. Samples were 

incubated for 2h at RT with 150ÕL blocking solution (PBS supplemented with 

0.1% (v/v)  TRITON X-100, 10% (v/v)  goat serum and 5% (w/v) BSA). After 

https://www.gla.ac.uk/schools/vet/cad/histology/
https://www.gla.ac.uk/schools/vet/cad/histology/
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blocking, slides were gently dried and primary antibodies for HA and other 

relevant cellular markers ( prepared 1:100 in blocking solution ) were added at 

150ÕL to each slide. Slides were incubated overnight at 4°C in a closed 

container. Following incubation with primary antibodies , slides were washes 3× 

in PBS (with 0.1% (v/v)  TRITON X-100) for 30-45min each time. Protected  from 

light, AlexaFluor secondary antibodies (prepared 1:400 in blocking solution) were 

added to the slides. Slides were then incubated in the dark for 2h at RT, 

followed by 3 45 -min washes in PBS (with 0.1% (v/v)  TRITON X-100) in a covered 

container. Using a sterile pastette, 2 drop lets of Vectashield Vibrance m ounting 

medium with DAPI was added to each slide, followed by c overing with a 

coverslip (22×40mm). After 30min drying at RT, nail polish was applied to seal 

the edges of the coverslip.   

Slides were stored at 4°C, protected from light until further use and allowed to 

warm to RT before imaging. Imaging was performed using the 40× and 63× Plan-

Apochromat objective s of the  Zeiss 880 Axio Observer Z1 Laser Scanning 

Confocal Microscope (Zeiss). Samples were excited by lasers (at 0.2-2.2% power) 

at 561nm, 488nm and 405nm, inducing emission at 623nm, 532nm and 459nm, 

respectively. Track 1 detected emission between 566nm and 679nm, Track 3 

detected between 410nm and 492nm, while the central GaAsP detector was 

tuned to dete ct weak fluorescence at wavelength between 493nm and 583nm. 

Detector gain, offset and digital gain were optimised for each antibody and 

fluorophore, and used at the same settings in consecutive experiments. Each 

field -of-view was scanned unidirectionally, as a composite average of 2 scans. 

Pseudocoloured images were generated, where emission at 623nm, 532nm and 

459nm corresponded to magenta, green and blue, respectively. In these images, 

co-localisation of magenta and green appeared as white.  In samples with 

apparent high background autofluorescence, only cells which showed 

fluorescence intensity 50% above the average background intensity were 

considered to be positively stained.  For analysis, the total number of cells, as well 

as the number of magenta, gree n and white coloured cells within each field -of-view 

was counted manually. Calculations of relative expression were based on these 

numbers.  

For low magnification images of the spleen, the 4x objective of the Evos FL Auto 

2 cell imaging system (ThermoFisher) was used under the same excitation 
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conditions. Pseudocoloured images were generated, where emission at 623nm, 

532nm and 459nm corresponded to red, green and blue, respectively. In these 

images, co-localisation of red and green appeared as yellow . 

2.9 Immunoblotting  

2.9.1 Lysate preparation  

Flp-In T-Rex 293 cells harbouring eYFP- or HA-tagged versions of FFA2 were 

cultured in 10cm dishes for 24h and treated with DOX in order to induce 

expression of the receptor of interest. After 24h, the cell culture media was 

replaced with serum -free Flp -In T-REx 293 cell culture media. Following 4h of 

serum-starvation, the cells were  either pre -incubated wi th 3µM CATPB or vehicle 

for 15min , or treated immediately with  agonists for 5min. This treatment time 

was selected as a result of optimisation based on predicted timeframes  for 

receptor phosphorylation using similar anti sera (Butcher et al., 2014).  Drug 

t reatment was followed by a rapid but gentle wash with TBS. Detached cells 

were centrifuged for 5min at 1750× g, and the resulting pellet was stored at -

80°C. 

Pellets were resuspended in 200-500µL lysis buffer (150mM NaCl, 50mM Tris-HCl, 

5mM EDTA, 1% (v/v) Nonidet P-40, 0.5% (w/v) Na-deoxycholat, 0.1% (w/v) SDS at 

pH7.4) supplemented with phosSTOP phosphatase inhibitor and cOmplete EDTA-

free  protease inhibitor. The suspension was moved to a steril e microcentrifuge 

tube and rotated for 30min at 4 °C to ensure lysis of the cells. Samples were then 

centrifuged at 21,000×g for 15min at 4°C. The supernatant was moved to a clean 

microcentrifuge tube, and the amount of protein was quantified using Pierce 

BCA Assay (see Section 2.7.2 ).  

2.9.2 Immunoprecipitation  

In order to immunoprecipitate eYFP -tagged receptors, green fluorescent protein 

(GFP)-trap agarose kit (Chromotek) was used according to the manufacturerõs 

instructions. In short, 15 -25µL anti -GFP agarose resin was washed 3× in 500µL 

dilution buffer (Chromotek), with 2 -min centrifugations at 2,500 ×g at  4°C 

between washes. Lysate concentrations were equalised, then 200µg/ gel well  was 

transferred into a sterile microcentrifuge  tube, and the volume was topped up 
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to 500µL with dilution buffer. After the final wash, the agarose resin pellet was 

resuspended with  the diluted  lysates and left on a rotating wheel overnight  at 

4°C. 

For the immunoprecipitation of HA -tagged receptors, Monoclonal Anti-HA-

Agarose antibody (Sigma-Aldrich) was employed according to the manufacturerõs 

instructions. In short, 20 -30µL of suspension was washed 5× with 500µL lysis 

buffer, with 2 -min centrifugations at 2,500 ×g and 4°C between washes. Lysates 

were diluted and added to the resin as in the case of the GFP traps, and rotated 

overnight at 4°C. 

In order to remove unbound protein s following immunoprecipitation, eYFP-

tagged samples were washed 3× with 500µL wash buffer  (Chromotek) and HA-

tagged samples were washed with 4× with 500µL lysis buffer, with 2 -min 

centrifugations at 2,500 ×g at 4°C between washes.  

In experiments involving Ʀ-protein phosphatase (ƦPP), lysates were incubated 

with 10unit/ĳL ƦPP in 40ĳL dilution buffer (without PhosSTOP) and 5µL MgCl2 for 

90min at 30°C. Samples were then centrifuged for 4 minutes at 2,500×g at RT, 

and the supernatant discarded.  

Samples were resuspended in SDS-PAGE (polyacrylamide gel electrophoresis ) 

sample buffer ( 62.5nM Tris (at pH7.6), 2% (w/v)  SDS, 20% (v/v) glycerol, 100mM 

dithiothreitol, 0.005%  (w/v)  bromophenol blue ),  then eluted  at 60°C for 10min . 

Eluted samples were centrifuged at 2,500 ×g at RT. The supernatant was 

subsequently used for SDS-PAGE in Western blotting.  

2.9.3 Western blotting  

Samples eluted in 2× SDS-PAGE sample buffer were loaded at 20 µL/well onto  12-

well NuPAGE 4-12% Bis-Tris 1.0mm gels (Invitrogen), alongside  the Chameleon 

Duo Pre-Stained Protein Ladder (LICOR). Immunoprecipitated proteins were 

separated on the gels in NuPAGE MOPS SDS Running buffer (Invitrogen) at 180V 

over 70min. Gels were subsequently layered into a transfer cassette in the 

order: sponge, pre -soaked 3mm filter paper, gel facing down, pre -soaked 

0.45µm nitrocellulose membrane, filter paper, sponge. Electrophoretic t ransfer 
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of separated proteins  to the nitrocellulose membrane was performed in transfer 

buffer (25mM Tris -Base, 192mM glycine, 20% (v/v) methanol) at 30V  over 90min. 

Following the transfer, nitrocellulose membranes were blocked individually in 

20mL blocking solution (TBS supplemented with 5% (w/v ) BSA) for 1h, shaken at 

45rpm at RT. Primary antibodies were prepared in antibody solution (T BS 

supplemented with 0.1% (v/v) TWEEN and 5% (w/v) BSA) at 1:500-1:10,000 

dilution , and added at 10mL/membrane . Membranes were incubated with the 

primary antibodies overnight at 4°C, rotated  at 70rpm on an orbital  shaker. 

Following the overnight  incubation , membranes were washed 3× with TBS (with 

0.1% (v/v) TWEEN) for 10min at 75rpm at RT. IRDye secondary antibodies were 

prepared in antibody solution at 1:10,000 dilution , added to the membranes at 

10mL/membrane, and incubated in the dark for 2h at 45rpm at RT. Membranes 

were subsequently washed 3× with TBS (with 0.1% (v/v) TWEEN) for 10min at 

75rpm at RT. Finally, membranes were gently dried, then imaged using LICOR 

Odyssey 9260 fluorescent imaging system and the ImageStudio Software  (Version 

5.2; LICOR). 

2.10 Data analysis and curve fitting  

Unless otherwise stated, data represents mean±SEM from 3 replicate 

experiments, analysed with GraphPad Prism Software (Version 8.4.3 ; Dotmatics). 

Curve fitting and analysis methods for various exp erimental procedures are 

outlined below.  

2.10.1 Tissue expression analysis  

Relative expression of gene products was determined as ææCT.  To this end, CT 

values obtained through qRT-PCR (Section 2.5.4 ) were first compared to 

housekeeping gene (in this case Ɲ-actin ) which acted as an internal control:  

Ўὅ ὅ ὸὩίὸ ὫὩὲὩὅ ‍ ὥὧὸὭὲ 

æCT of the test tissues were subsequently compared to the æCT of the reference 

tissue (adipose) of the same mouse strain, in order to determine ææCT: 

ЎЎὅ Ўὅ ὸὩίὸ ὸὭίίόὩάὩὥὲɝὅ ὥὨὭὴέίὩ 
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Results were then reported as fold difference in expression relative to 

expression in adipose tissue, calculated as:  

ὊέὰὨ ὨὭὪὪὩὶὩὲὧὩςЎЎ  

2.10.2 Fluorescence intensity analysis  

Immunocytochemistry experiments in mouse neutrophils (Section 2.8.1)  were 

analysed with the ZEN Blue software (Version 3.4; Zeiss). Fluorescence 

intensities from each channel were determined using the software, by selecting 

three cells and three background  areas, from three individual images. 

Fluorescence intensity was then corrected for area and background fluorescence 

using the following formula:  
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Subsequently, the mean of individual fluorescence values was calculated for 

further statistical analysis.  

2.10.3 Binding parameter analysis  

The use of radioligand binding studies allows the direct measurement of ligand 

affinity for the receptor. In saturation binding experiments  (Section 2.7.4 ), 

specific binding of a radioligand at increasing concentrations is anticipated to 

display a hyperbolic curve with the following formula:  

ὛὴὩὧὭὪὭὧ ὦὭὲὨὭὲὫ ὣ
ὄ ὶὥὨὭέὰὭὫὥὲὨὢ

ὑ ὶὥὨὭέὰὭὫὥὲὨὢ
  

Based on this formula, the maximum concentration of ligand binding sites can be 

determined in terms of B max,  presented routinely as fmol/mg  protein . 

Importantly, the affinity of the radioligand for the receptor can also be 

calculated in terms of the equilibrium binding constant (K d) which represents the 

ligand concentration which occupies 50% of the available receptor sites.  
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2.10.4 Functional agonist a nd antagonist assay analysis  

Both agonist and antagonist response curves were analysed using non-linear 

regression analysis on a three-parameter sigmoidal function. In each case, the 

Hill slope of the curve was constrained to unity, in order to allow bette r fit in 

cases where data quality was variable. This allowed the calculation of 

pharmacological parameters for these ligands. For agonists:  

ὙὩίὴέὲίὩ ὣ ὄέὸὸέά
Ὕέὴὄέὸὸέά

ρ ρπ
  

The formula was used to det ermine the bottom and top asymptotes, the latter 

of which represents the maximal response (E max), and therefore agonist efficacy. 

Agonist potency can be derived from logEC50, where EC50 is the concentration of 

agonist which is required to generate a half -maximal response. For statistical 

analysis, agonist potency was analysed as pEC50 (-logEC50).  

By contrast, for antagonists:  

ὙὩίὴέὲίὩ ὣ ὄέὸὸέά
Ὕέὴὄέὸὸέά

ρ ρπ
 

The formula was used to determine IC 50, which is the antagonist concentration 

required to reduce agonist -induced response by 50%. For statistical analysis, 

pIC50 (-logIC50) values were utilised.  

2.10.5 Allosteric operational model  

In [35S]-GTPƞS incorporation  experiments where the interaction of  C3 and 

AZ1729 was investigated, the following operational model of allosteric 

modulation was utilised (Keov et al., 2011):  

Ὁ
Ὁ †ὃ ὑ ‌‍ὄ † ὄὑ

ὃὑ ὑὑ ὄὑ ‌ὃ ὄ †ὃ ὑ ‌‍ὄ † ὄὑ
 

This formula allows the calculation of Ɯ and Ɲ, which are the measures of the 

allosteric effect on binding affinity and efficacy, respectively.  ƭA and ƭB, by 

contrast, represent the ability of the orthosteric and allosteric ligands, 

respectively, to directly activate the recept or. Finally, K B represents the binding 
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affinity of the allosteric ligand. In order to estimate these values, the system 

maximum response (Emax), slope factor (n) and orthosteric binding affinity (K A) 

functions were constrained in all cases.  

2.10.6 Statisti cal analysis  

Statistical analyses were performed using GraphPad Prism Software (Version 

8.4.3; Dotmatics). In all cases, data were assumed to be normally distributed 

and involved the comparison of three or more groups, allowing analysis by one of 

the following parametric tests: one-way Analysis of Variance (ANOVA) in cases of 

experiments with one independent variable, and two-way ANOVA in cases with 

two. In addition, in cases where the number of data -points differed between 

groups, a mixed-effects analysis was employed. These were followed by 

multiple -comparisons post-hoc analyses in order to detec t differences between 

the analysed groups. Tukeyõs post-hoc analysis was employed to compare all 

means to each other. On the other hand, Sidakõs post-hoc analysis was employed 

to compare selected sets of means. In each case, a P value of <0.05 was 

considered statistically significant.  
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CHAPTER 3 - CHARACTERISATION OF HFFA2-HA-EXPRESSING MICE 

3.1 Introduction  

As discussed in Chapter 1 , experiments in animal tissue s, both ex vivo and in 

vivo, constitute a crucial step in the drug development process. Due to the 

species-selectivity of the available FFA2 antagonists for the human orthologue, 

animal studies of these compounds have not been feasible, considerably 

hindering drug development efforts.  Transgenic animals have widely been used 

in order to bridge the gap between in vitro  experiments and clinical trials. As 

FFA2 antagonists only block activation of hFFA2, a mouse model expressing this 

orthologue of the receptor would allow the examination of the effect of these 

compounds in a physiological context.  

To generate a model that expresses hFFA2 but not mouse mFFA2, a knock-in 

approach was used. Specifically, the gene coding for the C -terminally HA 

epitope -tagged version of hFFA2 (hFFA2-HA) was knocked into the locus coding 

for mFfar2 on chromosome 7. Since the transgene is under the control of the 

original promoter of mFfar2, the pattern and level of expression of hFFA2 -HA 

should reflect that of mFFA2 in C57BL/6 N (WT) mice, while the expression o f 

mFFA2 should be eliminated. There is, however, an additional layer of control 

inserted in the form of loxP -flanked òstop cassetteó. In effect, the expression of 

hFFA2-HA is supressed in these mice. Upon crossing with mice expressing CRE-

recombinase, in t he resulting offspring the CRE-recombinase enzyme leads to 

the excision of the òstop cassetteó, thus allowing the constitutive expression of 

hFFA2-HA (Orban et al., 1992, Lakso et al., 1992) . Since in the absence of CRE-

recombinase neither hFFA2-HA nor mFFA2 are expected to be expressed, this 

òminus-CREó mouse strain can be considered a functional KO of FFA2 (Bolognini 

et al., 2019) . This is especially useful, as previously reported KO of FFA2 and 

FFA3 have shown compensatory changes in the expression of the other receptor 

(Bjursell et al., 2011, Zaibi et al., 2010) .  

Before functional studies could be conducted on this novel transgenic mouse 

line, the expression of hFFA2-HA had to be demonstrated. q RT-PCR is a widely 

used technique based on the traditional p olymerase chain reaction which allows 

quantification of a target sequence in a sample (Heid et al., 1996) . Besides 
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primers flanking the sequence -of-interest, this experiment also involves a dsDNA 

dye, SYBR Green I, which emits increased fluorescence upon binding the 

amplification products. As the sequence -of-interest is being amplified, the 

fluorescence from the dye increases proportionally (Wittwer et al., 1997) . The 

point where fluorescence surpasses the threshold value designates the threshold 

cycle (CT) which can then be utilised as a basis for calculations to establish 

relative expression amount of the sequence -of-interest in each of the tissue 

samples (Livak and Schmittgen, 2001). Ɲ-actin, a house-keeping gene which is 

expressed throughout all of the i nvestigated tissues, serves as an endogenous 

reference and as a basis for the normalisation of sample load. As adipose is one 

of the tissues where FFA2 is canonically expressed, this tissue was used as the 

òcalibratoró relative to which the expression in other tissues is expressed (Winer 

et al., 1999) . The primers used in q RT-PCR target regions of FFA2 which are 

unique for hFFA2 and mFFA2. For the former, this is a 73bp segment of the C -

terminal tail including the HA epitope tag introduced into the construc t design 

and for the latter a 148bp segment spanning the majority of ECL2 and TM5 

regions of the receptor.  

While qRT-PCR is extremely useful in demonstrating the presence and 

quantifying the amount of mRNA present in each tissue, this does not directly 

demonstrate the presence of translated proteins. In  IHC and ICC studies, a 

primary antibody targeting a macromolecule of interest can in turn be targeted 

by a secondary antibody conjugated to a fluorophore (such as AlexaFluor dyes). 

Samples labelled this way can be subsequently imaged through laser scanning 

confocal microscopy. In this technique, light from multiple lasers is focused onto 

a specimen through a pinhole aperture, acousto -optic filters, a dichromatic 

mirror, and an objective. Light ret urning from the excited fluorophores passes 

through the same objective and mirror, followed by a barrier filter and a 

separate pinhole, to finally reach a number of photomultipliers. Signals from the 

photomultiplier are translated into an image through the  imaging software of 

the connected computer (Paddock and Eliceiri, 2014). Confocal microscopy can 

be utilised with both fixed cells and tissues in order to visualise the localisation 

of molecules of interest, therefore it is a useful technique for demonstr ating the 

tissue-distribution of hFFA2 -HA. 
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The current lack of useful structural antibodies for FFA2 led to the inclusion of 

the C-terminal HA epitope tag on the hFFA2 -HA construct. This enables the use 

of antibodies targeting the HA -tag, rather than the F FA2 receptor itself. Beside 

HA, markers characteristic of certain cell types were also targeted by primary 

antibodies in order to identify cell populations where hFFA2 -HA is expressed. 

Chromogranin A (ChgA) is a glycoprotein found in EECs throughout the length of 

the digestive tract. They are released in small amounts from peptide hormone 

endocrine cells but in large amounts from cells which release the monoamines 

serotonin and histamine (Engelstoft et al., 2015) . Although several groups have 

found that ChgA is not indiscriminately expressed by all EECs, this target is still 

widely used as a broad-range marker for this cell type (Engelstoft et al., 2015, 

Portela-Gomes et al., 1997). FFA2 in both humans and mice is expressed in L-

cells, a subset of EECs which release the anorexigenic hormones PYY and GLP-1. 

Indeed, antibodies targeting these hormones have been used to demonstrate 

various degrees of colocalization with FFA2 in the ileum (Nohr et al., 2013, Li et 

al., 2013)  and the colon (Karaki et al., 2008, Ka ji et al., 2011) .  

In addition to EECs, the expression of FFA2 has been observed in the leukocytes 

of the lamina propria in the small intestine (Nohr et al., 2013) . Since FFA2 is 

known to be expressed in a wide range of immune cell types (Brown et al., 2003 , 

Le Poul et al., 2003, Nilsson et al., 2003) , and since the lamina propria is 

populated by a heterogenous population of leukocytes (Hamada et al., 2002) , 

identification of FFA2 -expressing sub-populations of the lamina propria is an 

attractive next step. T o this end, markers for various immune cell subtypes were 

utilised. CD45 is a receptor -like protein tyrosine phosphatase which has essential 

roles in immune cells. Due to its abundant expression on the surface of all 

nucleated haematopoietic cells (Hermiston et al., 2003) , CD45 can be used as 

broad-range immune cell marker in IHC studies. In order to identify T -

lymphocytes, CD3 was targeted due to its involvement in the activation and 

signal transduction of these cells (Smith-Garvin et al., 2009) . CD11b is an 

integrin expressed in myeloid cells, mainly neutrophils, but also in natural killer 

cells, mast cells and some subpopulations of T -lymphocytes, while the integrin 

CD11c is found primarily in DCs and macrophages (Arnaout, 2016). Employing a 
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panel of anti bodies, FFA2-expressing immune cell populations would be 

identifiable.  

Since FFA2 is expressed in a wide range of immune cells, it is not surprising that 

it is also expressed in the spleen (Nilsson et al., 2003) . The structure of the 

spleen is divided into  two distinct zones: the white pulp and the red pulp. The 

white pulp itself is subdivided into the periarteriolar lymphoid sheath (PALS), 

the splenic follicle and the marginal zone. The PALS contains T -lymphocytes 

exclusively, while the majority of the cel ls in the follicle are B -lymphocytes. The 

marginal zone, which is a transitional zone to the red pulp, is made up of a 

mixture of B -lymphocytes, macrophages and DCs. The red pulp itself contains 

monocytes, macrophages and large quantities of erythrocytes, alongside loose 

fibrous tissue (Abbott et al., 2004, Zhao et al., 2015) . Identification of the cell 

populations in each of these zones with the use of antibodies against immune 

cell markers has been demonstrated (Feng et al., 2016) , therefore CD45, CD11b 

and CD11c would also be useful in this tissue.  

Among immune cells, neutrophils show the highest expression of FFA2 (Brown et 

al., 2003, Le Poul et al., 2003) , therefore this cell type is an ideal target for 

demonstrating the expression of hFFA2-HA. Neutrophils can be purified from a 

mixed suspension of bone marrow-derived cells with the use of a negative -

selection method. For this, cells other than neutrophils are labelled with 

biotinylated antibodies and magnetic particles, resulting in labelled cells being 

retained by a magnet (Flø et al., 1991) . As CD11b is the most abundantly 

expressed integrin on neutrophils (Arnaout, 2016), it could serve as a marker in 

ICC staining. CD11c, which is not expected to be highly expressed on neutrophils 

was used in parallel, in order to validate the negative selection method . 

The aim of this chapter is to demonstrate the expression of hFFA2 -HA in the 

transgenic hFFA2-HA mouse line, both at the mRNA and the protein level. 

Epididymal adipose tissue, colon, bone marrow -derived neutrophils, spleen and 

liver cDNA was used in qRT-PCR, while segments of the small intestine, colon, 

spleen and bone marrow-derived neutrophils were used in IHC and ICC studies. 

The expression of FFA2 has been observed in many of these tissues, both in 

human and mouse, providing a framework for the expecte d range of expression 
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in the constitutive hFFA2 -HA mouse. Verification of this novel transgenic mouse 

strain will enable future functional studies, both ex vivo and in vivo . 

3.2  Results 

3.2.1 Quantitative reverse transcription  PCR of mouse tissues  

Before t he hFFA2-HA primers were utilised in a range of mouse  tissues, their  

efficiency and specificity was evaluated. Using a 1:4 serial dilution of hFFA2 -HA 

and WT mouse colon, cDNA was amplified in a qRT-PCR reaction with primers 

targeting hFFA2-HA, mFFA2 and Ɲ-actin . 

In amplification plots of these serial dilutions ( Figure 3.1), a rightward shift at 

regular intervals can be observed in the sigmoid amplification curves. In other 

words, the cycle number required to generate a specific quantity of PCR product 

is inversely proportional to the quantity of cDNA added. There was no 

amplification observed in the no -template control, suggesting that no 

contaminants or unintended amplification products were present in the 

reactions.  

 

Figure 3. 1. qRT-PCR amplification plot of hFFA2 -HA colon dilutions . Change in fluorescence 
signal (as æRn, change in the normalised reporter value) over 40 cycles of amplification of a 1:4 
serial dilution of hFFA2 -HA mouse colon cDNA with hFFA2-HA primers, using SYBR Green I DNA dye. 
Data shown as mean±SEM (n=4). 
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By plotting calculated CT values against the initial cDNA concentrations, standard 

curves were constructed ( Figure 3.2) Based on the slope of the standard curve, 

efficiency was calculated using the following formula (Rogers -Broadway and 

Karteris, 2015):  

ὉὪὪὭὧὭὩὲὧώϷ ρπ ρ ρππ 

 

Figure 3. 2. Standard  curves for q RT-PCR primers in mouse colon . Serial dilutions (1:4) of hFFA2-
HA and C57BL/6N (WT) mouse colon cDNA were amplified over 40 cycles with primers targeting 
hFFA2-HA, mFFA2 and Ɲ-actin, using SYBR Green I DNA dye. Threshold cycle (CT) was plotted 
against initial cDNA concentrations as mean±SEM (n=4 for hFFA2; n=2 for WT). 
 

The standard curve for hFFA2-HA using hFFA2-HA colon produced a slope of   

-3.206 (± 0.182) (r 2=0.947), which corresponds to 105.1% primer efficiency . This 

contrasts to mFFA2 primers in these tissues which yielded a curve with a slope of 

-0.853 (±1.176) (r 2=0.129), rendering efficiency calculations impossible.  In WT 

colon, on the other hand, mFFA2 primers produced a slope of -3.503 (±0.328) 

(r2=0.934), corresponding to 93% primer efficiency. The control primers, 

targeting the housekeeping gene Ɲ-actin yielded slopes of -3.127 (±0.200) 

(r2=0.934) and -3.220 (±0.206) (r2=0.968), corresponding to 108.8% and 104.4% 

primer efficiency in hFFA2-HA and WT colon, respectively.  

In order to quantify the expression of FFA2, cDNA of various tissues (epididymal 

adipose, colon, neutrophils, spleen and liver) from hFFA2 -HA, minus-CRE and WT 

mice was amplified in a q RT-PCR reaction using hFFA2-HA and Ɲ-actin primers, 

alongside WT tissues amplified using mFFA2 primers. Relative expression (ææCT) 

was calculated against Ɲ-actin CT and adipose æCT using the methods described 

in Section 2.10.1 . 
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Figure 3. 3. qRT-PCR quantification of hFFA2 and mFFA2 in mouse tissues .  cDNA reverse-
transcribed from mRNA isolated from hFFA2-HA, minus-CRE and C57BL/6N (WT) mouse tissues was 
amplified over 40 cycles with primers targeting hFFA2 -HA, mFFA2 and Ɲ-actin ,  using SYBR Green I 
DNA dye. ææCT was calculated using the average CT of housekeeping gene Ɲ-actin and æCT of the 
calibrator adipose tissue . Data presented as mean±SEM (n=3) **** p<0.0001, *** p<0.001, * p<0.05 
by two-way ANOVA with Tukeyõs post-hoc multiple comparisons test .  
 

Expression of hFFA2-HA in hFFA2-HA adipose tissue, which served as the control 

tissue, was found to be 1.085 ( ±0.289) (Figure 3.3). This value parallels mFFA2 

expression in WT adipose (1.008±0.092). There was, however, a significant 

difference  (p<0.0001; determined by two-way ANOVA with Tukeyõs post-hoc 

analysis) in the expression of hFFA2-HA in hFFA2-HA adipose compared to minus-

CRE (0.021±0.013) and WT (0±0.000) adipose.  

Similar trends were observed in colon samples. Although the expression of 

hFFA2-HA in hFFA2-HA colon appeared lower (0.660 ±0.138; ns) than in hFFA2-HA 

adipose, no such difference was observed in the expression of mFFA2 in WT 

colon (1.079±0.298). The expression of hFFA2-HA was significantly different 

(p<0.001) from its expression in minus -CRE (0.003±0.000) and in WT (0±0.000).  

While hFFA2-HA and mFFA2 were found to be expressed in hFFA2-HA and WT 

neutrophils, respectively, their expression levels were significantly lower than 

that of adipose in each of these mouse strains (hFFA2-HA: 0.163±0.050, 

p<0.0001; mFFA2: 0.375±0.039, p<0.01). Unlike in the previous tissues, the 

expressions of hFFA2-HA was not significantly different in minus -CRE 

(0.004±0.001) and WT (0±0.000) neutrophils.  
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Spleen expression of hFFA2-HA and mFFA2 displayed a similar trend to that in 

neutrophils. The low expression of hFFA2-HA in hFFA2-HA (0.170±0.023) and of 

mFFA2 in WT (0.298±0.097) was significantly different from their expression in 

adipose (p<0.0001 and p<0.001, respectively). Expression of hFFA2-HA was 

negligible in both  minus-CRE (0.007±0.001) and WT (0±0.000), however this 

difference in expression in comparison to hFFA2 -HA was not found to be 

significant.  Expression in the liver was negligible in tissues derived from each of 

the mouse strains (hFFA2: 0.002±0.001; minus-CRE: 0.005±0.002; WT: 0±0.000; 

mFFA2 in WT: 0.004±0.001), and no significant difference was observed between 

any of these values. 

3.2.2 Immunohistochemical investigation of transgenic mouse intestine  

In order to investigate the expression of the hFFA2-HA protein in mouse tissues, 

an IHC approach was used. In the absence of a useful structural antibody for 

hFFA2, primary antibodies targeting the HA -tag on the C-terminal tail of the 

receptor were used.  

Initially, Flp -In T-REx 293 cells induced to express hFFA2-HA were stained with 

rat anti -HA primary antibody and visualised with goat anti -rat IgG AlexaFluor-546 

secondary antibody (Figure 3.4). Strong cell surface staining and additional 

intracellular staining was observed with the anti -HA antibody in the cells 

expressing hFFA2-HA. On the other hand, no staining was observed in th e Flp-In 

T-REx 293 parental cells, which were used as a negative control.  
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Figure 3. 4. Immunocytochemical  detection of hFFA2 -HA in overexpressing cells .  Flp-In T-REx 
293 cells induced to express hFFA2-HA and Flp-In T-REx 293 parental cells  were fixed with 4% 
paraformaldehyde and permeabilised with saponin. Cells were incubated  with rat anti -HA primary 
antibody (1:250)  overnight, and with goat anti -rat  IgG AlexaFluor-546 secondary antibody (1:400; 
magenta) for 2h. Nuclear DNA was labelled with  DAPI (blue).  Images were taken with 63× objective 
of Zeiss 880 Laser Scanning Confocal Microscope. Scale bar represents 10µm. Representative of 3 
fields of view each from 2 separate experiments (n=2). HA ð haemagglutinin.  
 

With the specificity of the anti -HA antibody established in the Flp -In T-REx 293 

cell lines, histological samples of various mouse tissues were examined next. 

Initially, based on literature describing the presence of FFA2 in the EECs of the 

small intestine and colon, these tissues were stained with antibodies targeting 

the markers of populations of endocrine  cells.  No staining was observed in either 

of the channels i n negative control stains of hFFA2-HA ileum and colon, which 

used secondary antibodies in the absence of primary antibodies  (Figure 3.5).  
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Figure 3. 5. Immunohisto chemical  detection of hFFA2 -HA in mouse ileum and colon .  Sections 
of ileum and colon isolated from hFFA2 -HA mice were fixed with 4% paraformaldehyde and 
permeabilised with TRITON-X. Cells were incubated  in the absence of primary antibodies 
overnight, and with goat anti -rat  IgG AlexaFluor-546 (1:400; magenta) and goat anti -rabbit IgG 
AlexaFluor-488 (1:400; green) secondary antibodies for 2h. Nuclear DNA was labelled with  DAPI 
(blue).  Images were taken with 63× object ive of Zeiss 880 Laser Scanning Confocal Microscope. 
Scale bar represents 10µm. Representative of 3 fields of view each from 3 animals (n=3).  
 

ChgA, a generic endocrine cell marker was used both in mouse ileum and in 

mouse colon. In the ileum, while only a  small proportion of cells were found to 

express ChgA (Figure 3.6), those cells were found to co -express HA in the hFFA2-

HA tissue. In addition to the cells expressing C hgA, some cells were observed to 

express HA without the expression of ChgA. A small proportion of cells was found 

to express ChgA in the minus-CRE mouse ileum as well. However, in the case of 

this mouse strain, no expression of HA was observed (co-expressed with ChgA or 

otherwise).   

A similar trend was observed in the colon when stained with ChgA (Figure 3.7). A 

limited number of cells was found to be stained with ChgA in both hFFA2 -HA and 

minus-CRE colon. While HA appeared to be co-expressed with ChgA in the hFFA2-

HA colon, no expression of HA was observed in the minus-CRE mouse colon. 

Unlike the ileum, no expression of HA was observed in cells not stained with 

ChgA in the hFFA2-HA colon. 

The findings from these images are summarised in Figure 3.12.  
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Figure 3. 6. Immunohisto chemical  detection of hFFA2 -HA in mouse ileum .  Sections of ileum 
isolated from hFFA2-HA and minus-CRE mice were fixed with 4% paraformaldehyde and 
permeabilised with TRITON-X. Cells were incubated  with rat anti -HA and rabbit anti -chromogranin 
A (ChgA) primary antibod ies (1:100) overnight, and with goat anti -rat  IgG AlexaFluor-546 (1:400; 
magenta) and goat anti -rabbit  IgG AlexaFluor-488 (1:400; green) secondary antibodies for 2h. 
Nuclear DNA was labelled with DAPI (blue).  Images were taken with 63× objective of Zeiss 880 
Laser Scanning Confocal Microscope. Scale bar represents 10µm. Arrows represent examples of co-
localisation of anti -ChgA and anti-HA antibodies; empty arrowheads represent examples of 
localisation anti -HA, but not anti -ChgA antibodies.  Representative of 3 fields of view each from 3 
animals (n=3). HA ð haemagglutinin.  
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Figure 3. 7. Immunohistochemical  detection of hFFA2 -HA in mouse colon .  Sections of colon 
isolated from hFFA2-HA and minus-CRE mice were fixed with 4% paraformaldehyde and 
permeabilised with TRITON-X. Cells were incubated  with rat anti -HA and rabbit anti -chromogranin 
A (ChgA) primary antibod ies (1:100) overnight, and with goat anti -rat  IgG AlexaFluor-546 (1:400; 
magenta) and goat anti -rabbit  IgG AlexaFluor-488 (1:400; green) secondary antibodies for 2h. 
Nuclear DNA was labelled with DAPI (blue).  Images were taken with 63× objective of Zeiss 880 
Laser Scanning Confocal Microscope. Scale bar represents 10µm. Arrows represent examples of co-
localisation of anti -ChgA and anti -HA antibodies. Representative of 3 fields of view each from 3 
animals (n=3). HA ð haemagglutinin.  
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Following ChgA, the enteroendocrine L -cell marker GLP-1 was targeted with 

antibodies for staining.  The pattern of expression o f GLP-1 differs from that of 

ChgA in the ileum (Figure 3.8). While there were a small number of cells on the 

villus endothelial layer  expressing GLP-1, there was a larger population of cells 

stained for GLP-1 in submucosal layers. This trend was observed in both the 

hFFA2-HA and minus-CRE mouse ileum. In accordance with the ileum stain in  

Figure 3.6, HA was not expressed in minus-CRE ileum, while it was expressed in 

a small number of mucosal, and a larger number of submucosal cells in the 

hFFA2-HA ileum. In contrast to ChgA, no cells were found to co-express GLP-1 

and HA. 

As for the colon, GLP-1 was found to be strongly expressed in a small number of 

cells, similar to the distribution of C hgA in colon (Figure 3.9), in both hFFA2-HA 

and minus-CRE tissues. The expression of HA was also limited to a small number 

of cells in the hFFA2-HA colon, with no expression found in the minus -CRE colon. 

Consistently with the staining in the ileum, GLP -1 was not found to be co -

expressed with HA. 
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Figure 3. 8. Immunohisto chemical  detection of hFFA2 -HA in mouse ileum .  Sections of ileum 
isolated from hFFA2-HA and minus-CRE mice were fixed with 4% paraformaldehyde and 
permeabilised with TRITON-X. Cells were incubated  with rat anti -HA and rabbit anti -glucagon-like 
peptide 1 ( GLP-1) primary antibod ies (1:100) overnight, an d with goat anti -rat  IgG AlexaFluor-546 
(1:400; magenta)  and goat anti -rabbit  IgG AlexaFluor-488 (1:400; green) secondary antibodies for 
2h. Nuclear DNA was labelled with  DAPI (blue).  Images were taken with 63× objective of Zeiss 880 
Laser Scanning Confocal Microscope. Scale bar represents 10µm. Solid arrowheads represent 
examples of localisation of anti -GLP-1, but not anti -HA antibodies; empty arrowheads represent 
examples of localisation anti -HA, but not anti -GLP-1 antibodies.  Representative of 3 fields o f view 
each from 3 animals (n=3). HA ð haemagglutinin.  
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Figure 3. 9. Immunohistochemical  detection of hFFA2 -HA in mouse colon .  Sections of colon 
isolated from hFFA2-HA and minus-CRE mice were fixed with 4% paraformaldehyde and 
permeabilised with TRITON-X. Cells were incubated  with rat anti -HA and rabbit anti -glucagon-like 
peptide 1 ( GLP-1) primary antibod ies (1:100) overnight, an d with goat anti -rat  IgG AlexaFluor-546 
(1:400; magenta)  and goat anti -rabbit  IgG AlexaFluor-488 (1:400; green) secondary antibodies for 
2h. Nuclear DNA was labelled with  DAPI (blue).  Images were taken with 63× objective of Zeiss 880 
Laser Scanning Confocal Microscope. Scale bar represents 10µm. Solid arrowheads represent 
examples of localisation of anti -GLP-1, but not anti -HA antibodies; empty arrowheads represent 
examples of localisation anti -HA, but not anti -GLP-1 antibodies. Representative of 3 fields o f view 
each from 3 animals (n=3). HA ð haemagglutinin.  
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Finally, a n antibody targeting a nother L-cell marker, PYY, was utilised ( Figure 

3.10). PYY expression was observed in both hFFA2-HA and minus-CRE ileum. In 

addition to sporadic expression in the endothelial layer, a more diffuse 

expression was observed at the tip  of villi, in  morphologically different cells. 

The expression of HA paralleled previous experiments; it was found in a handful 

of cells in hFFA2-HA ileum and not present at all in the minus -CRE ileum. As in 

the case of GLP-1, there was no apparent co -expression of PYY and HA. 

Upon staining with PYY (Figure 3.11), colon samples displayed sporadic 

expression, with minus -CRE colon showing fewer positively stained cells.  

Expression of HA was observed only in the hFFA2-HA colon. Endothelial cells 

expressing HA were all found to be co -expressed with PYY. 
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Figure 3. 10. Immunohistochemical  detection of hFFA2 -HA in mouse ileum .  Sections of ileum 
isolated from hFFA2-HA and minus-CRE mice were fixed with 4% paraformaldehyde and 
permeabilised with TRITON-X. Cells were incubated  with rat anti -HA and rabbit anti -peptide YY 
(PYY) primary antibod ies (1:100) overnight, and with goat ant i-rat  IgG AlexaFluor-546 (1:400; 
magenta) and goat anti -rabbit  IgG AlexaFluor-488 (1:400; green) secondary antibodies for 2h. 
Nuclear DNA was labelled with DAPI (blue).  Images were taken with 63× objective of Zeiss 880 
Laser Scanning Confocal Microscope. Scale bar represents 10µm.  Solid arrowheads represent 
examples of localisation of anti -PYY, but not anti -HA antibodies; empty arrowheads represent 
examples of localisation anti -HA, but not anti -PYY antibodies. Representative of 3 fields of view 
each from 3 animals (n=3). HA ð haemagglutinin.  
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Figure 3. 11. Immunohistochemical  detection of hFFA2 -HA in mouse colon .  Sections of colon 
isolated from hFFA2-HA and minus-CRE mice were fixed with 4% paraformaldehyde and 
permeabilised with TRITON-X. Cells were incubated  with rat anti -HA and rabbit anti -peptide YY 
(PYY) primary antibod ies (1:100) overnight, and with goat anti -rat  IgG AlexaFluor-546 (1:400; 
magenta) and goat anti -rabbit  IgG AlexaFluor-488 (1:400; green) secondary antibodies for 2h. 
Nuclear DNA was labelled with DAPI (blue).  Images were taken with 63× objective of Zeiss 880 
Laser Scanning Confocal Microscope. Scale bar represents 10µm. Arrows represent examples of co -
localisation of anti -PYY and anti-HA antibodies; solid arrowheads represent examples of 
localisation of anti -PYY, but not anti -HA antibodies; empty arrowheads represent examples of 
localisation anti -HA, but not anti -PYY antibodies. Representative of 3 fields of view each from 3 
animals (n=3). HA ð haemagglutinin.  
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To summarise these results, the overall expression of HA was not significantly 

different (determined by one -way ANOVA) between EECs of the ileum 

(4.1%±0.8%) and the colon (3.4%±0.4%), (Figure 3.12A). Neither of the tissues 

showed colocalisation of GLP-1 and HA. While colocalisation of HA with ChgA and 

PYY was observed in both sections of the intestine, a larger p roportion of cells 

displayed this in the colon ( Figure 3.12B, C).  

 

Figure 3. 12. Distribution of hFFA2 and cellular markers in hFFA2 -HA mouse enteroendocrine 
cells  (EECs).  Sections of ileum and colon isolated from hFFA2 -HA mice were stained with rat 
anti -HA and rabbit anti -ChgA, anti-GLP-1 or anti -PYY antibodies. Images were taken with 63× 
objective of Zeiss 880 Laser Scanning Confocal Microscope. Fluorescent cells in each channel 
were quantified manually and analysed . A) HA-expressing cells were calculated as a percentage 
of the total number of cells in each field -of-view in each tissue. Cells showing fluorescence for 
HA only, cellular markers only or both (colocalisation) were calculated as a percentage of the 
total number of fluorescently labelled cells in each field -of-view for B) the ileum and C) the 
colon. Representative of 3 fields of view each from 3 animals (n=3). Data shown as  mean±SEM (A) 
or mean (B, C).  ns p>0.05 by one-way ANOVA with Tukeyõs post-hoc multip le comparisons test. 
HA ð haemagglutinin; ChgA ð chromogranin A; GLP-1 ð glucagon-like peptide 1; PYY ð peptide YY.  
 

In addition to EECs, FFA2 has been observed to be expressed in submucosal 

lymphatic tissue. Based on this knowledge, antibodies targeting a range of 

immune markers were utilised in IHC stains of the small intestine. The findings 

from these images are summarised in Figure 3.21. 

Firstly, the broad-range haematopoietic cell marker, CD45 was utilised to 

demonstrate the lineage of the cells in the subendothelial regions of the small 

intestine. In both the hFFA2-HA and minus-CRE duodenum (Figure 3.13), CD45 

was found to be expressed all fluorescent cells. While no expression of HA was 
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observed in the minus-CRE duodenum, 35% of the fluorescently labelled cells in 

the hFFA2-HA duodenum expressed HA. All HA-expressing cells were found to co-

express CD45. 

In the ileum ( Figure 3.14), the expression of CD45 was similar to that of the 

duodenum, with  every fluorescent cell  expressing in both hFFA2-HA and minus-

CRE. All HA-expressing cells also expressed CD45, while only about 18% of CD45+ 

cells expressed HA. No HA expression was observed in the minus-CRE ileum. 
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Figure 3. 13. Immunohistochemi cal detection of hFFA2 -HA in mouse duodenum .  Sections of 
duodenum isolated from hFFA2-HA and minus-CRE mice were fixed with 4% paraformaldehyde and 
permeabilised with TRITON-X. Cells were incubated  with rat anti -HA and rabbit anti -CD45 primary 
antibod ies (1:100) overnight, and with goat anti -rat  IgG AlexaFluor-546 (1:400; magenta) and goat 
anti -rabbit  IgG AlexaFluor-488 (1:400; green) secondary antibodies for 2h. Nuclear DNA was 
labelled with  DAPI (blue).  Images were taken with 63× objective of Zeiss 880 Laser Scanning 
Confocal Microscope. Scale bar represents 10µm. Arrows represent examples of co-localisation of 
anti -CD45 and anti -HA antibodies; solid arrowheads represent examples of localisation of anti -
CD45, but not anti -HA antibodies. Representative of 3 fields of view each from 3 animals (n=3). 
HA ð haemagglutinin; CD45 ð cluster of differentiation 45.  
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Figure 3. 14. Immunohistochemical  detection of hFFA2 -HA in mouse ileum .  Sections of ileum 
isolated fr om hFFA2-HA and minus-CRE mice were fixed with 4% paraformaldehyde and 
permeabilised with TRITON-X. Cells were incubated  with rat anti -HA and rabbit anti -CD45 primary 
antibod ies (1:100) overnight, and with goat anti -rat  IgG AlexaFluor-546 (1:400; magenta) and goat 
anti -rabbit  IgG AlexaFluor-488 (1:400; green) secondary antibodies for 2h. Nuclear DNA was 
labelled with  DAPI (blue).  Images were taken with 63× objective of Zeiss 880 Laser Scanning 
Confocal Microscope. Scale bar represents 10µm. Arrows represent examples of co -localisation of 
anti -CD45 and anti -HA antibodies; solid arrowheads represent examples of localisation of anti -
CD45, but not anti -HA antibodies. Representative of 3 fields of view each from 3 animals (n=3). 
HA ð haemagglutinin;  CD45 ð cluster of differentiation 45.  
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Next, CD3, a T-lymphocyte marker was utilised in the small intestine submucosal 

lymphatic tissue. In the duodenum (Figure 3.15), approximately 50% of the 

fluorescently labelled cells of the cluster was found to express HA in hFFA2-HA 

with no observable expression in minus-CRE. As no co-expression of CD3 and HA 

was observed, the remaining fluorescent cells all expressed CD3 only. 

In contrast to the duodenum, the ileum was found to have a larger population of 

CD3-expressing cells (Figure 3.16), with nearly 70% of fluorescent cells showing 

positive staining in hFFA2-HA. In addition, only about 30% of the cells in hFFA2-

HA exhibited HA expression, with a single cell showing co-expression of the two 

targets. No expression of HA was observed in the minus-CRE ileum. 
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Figure 3. 15. Immunohistochemical detection of hFFA2 -HA in mouse duodenum.  Sections of 
duodenum isolated from hFFA2-HA and minus-CRE mice were fixed with 4% paraformaldehyde and 
permeabilised with TRITON-X. Cells were incubated with rat anti -HA and rabbit anti -CD3 primary 
antibodies (1:100) overnight, and with goat anti -rat  IgG AlexaFluor-546 (1:400; magenta) and goat 
anti -rabbit  IgG AlexaFluor-488 (1:400; green) secondary antibodies for 2h. Nuclear DNA was 
labelled with  DAPI (blue). Images were taken with 63× objective of Zeiss 880 Laser Scanning 
Confocal Microscope. Scale bar represents 10µm. Solid arrowheads represent examples of 
localisation of anti -CD3, but not anti -HA antibodies; empty arrowheads represent examples of 
localisation anti -HA, but not anti -CD3 antibodies.  Representative of 3 fields of view each from 3 
animals (n=3). HA ð haemagglutinin; CD3 ð cluster of differentiation 3.  
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Figure 3. 16. Immunohistochemical  detection of hFFA2 -HA in mouse ileum .  Sections of ileum 
isolated from hFFA2-HA and minus-CRE mice were fixed with 4% paraformaldehyde and 
permeabilised with TR ITON-X. Cells were incubated  with rat anti -HA and rabbit anti -CD3 primary 
antibod ies (1:100) overnight, and with goat anti -rat  IgG AlexaFluor-546 (1:400; magenta) and goat 
anti -rabbit  IgG AlexaFluor-488 (1:400; green) secondary antibodies for 2h. Nuclear DNA was 
labelled with  DAPI (blue).  Images were taken with 63× objective of Zeiss 880 Laser Scanning 
Confocal Microscope. Scale bar represents 10µm. Arrows represent examples of co-localisation of 
anti -CD3 and anti -HA antibodies; solid arrowheads represent examples of localisation of anti -CD3, 
but not anti -HA antibodies; empty arrowheads represent examples of localisation anti -HA, but not 
anti -CD3 antibodies.  Representative of 3 fields o f view each from 3 animals (n=3). HA ð 
haemagglutinin; CD3 ð cluster of differentiation 3 . 
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CD11b is a marker for a range of leukocytes (including macrophages and natural 

killer cells) and was used to stain these cells in the small intestine. In the 

duodenum (Figure 3.17), nearly 60% of fluorescently labelled cells were found to 

express CD11b in hFFA2-HA. Expression of HA was only observed in the hFFA2-HA 

duodenum, in approximately 40% of fluorescent cells. There was no co-

expression of CD11b and HA found in this tissue.  

In the ileum of hFFA2-HA mice, cells expressing CD11b account for 

approximately 75% of the fluorescent cells (Figure 3.18). On the other hand, 

only 25% of the  labelled  cells in the hFFA2-HA ileum and no cells in the minus -

CRE ileum were found to express HA. As in the duodenum, no co-expression of 

the two targets was observed in the hFFA2 -HA ileum. 
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Figure 3. 17. Immuno histo chemical detection of hFFA2 -HA in mouse duode num.  Sections of 
duodenum isolated from hFFA2-HA and minus-CRE mice were fixed with 4% paraformaldehyde and 
permeabilised with TRITON-X. Cells were incubated  with rat anti -HA and rabbit anti -CD11b primary 
antibod ies (1:100) overnight, and with goat anti -rat  IgG AlexaFluor-546 (1:400; magenta) and goat 
anti -rabbit  IgG AlexaFluor-488 (1:400; green) secondary antibodies for 2h. Nuclear DNA was 
labelled with  DAPI (blue).  Images were taken with 63× objective of Zeiss 880 Laser Scanning 
Confocal Microscope. Scale bar represents 10µm. Solid arrowheads represent examples of 
localisation of anti -CD11b, but not anti -HA antibodies; empty arrowheads represent examples of 
localisation anti -HA, but not anti -CD11b antibodies.  Representative of 3 fields of view each from 
3 animals (n=3). HA ð haemagglutinin; CD11b ð cluster of differentiation 11b . 
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Figure 3. 18. Immunohisto chemical detection of hFFA2 -HA in mouse ileum .  Sections of ileum 
isolated from hFFA2-HA and minus-CRE mice were fixed with 4% paraformaldehyde and 
permeabilised with TRITON-X. Cells were incubated  with rat anti -HA and rabbit anti -CD11b primary 
antibod ies (1:100) overnight, and with goat anti -rat  IgG AlexaFluor-546 (1:400; magenta) and goat 
anti -rabbit  IgG AlexaFluor-488 (1:400; green) secondary antibodies  for 2h. Nuclear DNA was 
labelled with  DAPI (blue).  Images were taken with 63× objective of Zeiss 880 Laser Scanning 
Confocal Microscope. Scale bar represents 10µm. Solid arrowheads represent examples of 
localisation of anti -CD11b, but not anti -HA antibodies; empty arrowheads represent examples of 
localisation anti -HA, but not anti -CD11b antibodies.  Representative of 3 fields of view each from 
3 animals (n=3). HA ð haemagglutinin; CD11b ð cluster of differentiation 11b . 
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CD11c, a marker primarily for DCs, was used next to stain the small intestine. In 

the duodenum (Figure 3.19), CD11c was found to be expressed in nearly all of 

the fluorescently labelled cells in hFFA2-HA. HA was not expressed in the minus-

CRE duodenum but it was in circa 75% of the fluorescent cells in hFFA2-HA. Every 

cell positive for HA in the hFFA2-HA was also positive for CD11c. 

In the hFFA2-HA ileum (Figure 3.20), 95% of labelled cells displayed staining with 

CD11c. Of the fluorescent cells in hFFA2-HA, merely 42% was found positive for 

HA, with only 5% not colocalised with CD11c. No HA expression was observed in 

the minus-CRE ileum. 
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Figure 3. 19. Immunohistochemical  detection of hFFA2 -HA in mouse duodenum .  Sections of 
duodenum isolated from hFFA2-HA and minus-CRE mice were fixed with 4% paraformaldehyde and 
permeabilised with TRITON-X. Cells were incubated  with rat anti -HA and rabbit anti -CD11c primary 
antibod ies (1:100) overnight, and with goat anti -rat  IgG AlexaFluor-546 (1:400; magenta) and goat 
anti -rabbit  IgG AlexaFluor-488 (1:400; green) secondary antibodies for 2h. Nuclear DNA was 
labelled with  DAPI (blue).  Images were taken with 63× objective of Zeiss 880 Laser Scanning 
Confocal Microscope. Scale bar represents 10µm. Arrows represent examples of co-localisation of 
anti -CD11c and anti -HA antibodies; solid arrowheads represent examples of localisation of anti -
CD11c, but not anti -HA antibodies. Representative of 3 fields of view each from 3 animals (n=3). 
HA ð haemagglutinin; CD11c ð cluster of differentiation 11c.  
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Figure 3. 20. Immunohistochemical  detection of hFFA2 -HA in mouse ileum .  Sections of ileum 
isolated from hFFA2-HA and minus-CRE mice were fixed with 4% paraformaldehyde and 
permeabilised with TRITON-X. Cells were incubated  with rat ant i-HA and rabbit anti -CD11c primary 
antibod ies (1:100) overnight, and with goat anti -rat  IgG AlexaFluor-546 (1:400; magenta) and goat 
anti -rabbit  IgG AlexaFluor-488 (1:400; green) secondary antibodies for 2h. Nuclear DNA was 
labelled with  DAPI (blue).  Images were taken with 63× objective of Zeiss 880 Laser Scanning 
Confocal Microscope. Scale bar represents 10µm. Arrows represent examples of co-localisation of 
anti -CD11c and anti -HA antibodies; solid arrowheads represent examples of localisation of anti -
CD11c, but not anti -HA antibodies. Representative of 3 fields of view each from 3 animals (n=3). 
HA ð haemagglutinin; CD11c ð cluster of differentiation 11c.  
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In summary, the overall expression of HA was significantly higher (p>0.05, 

determined by one -way ANOVA) in immune cells of the duodenum (11.7%±0.5%) 

than in the ileum (5.0%±0.7%) (Figure 3.21A). This difference is also apparent in 

the percentage of fluorescent cells positive for HA. CD3 and CD11b did not 

colocalise with HA in either of the tissues. Al l HA+ cells also expressed CD45 in 

each tissue. In the duodenum, all HA + cells co-expressed CD11c, while in the 

ileum around 12% of HA+ cell did not ( Figure 3.21B, C).  

 

Figure 3. 21. Distribution of hFFA2 and cellular markers in hFFA2 -HA mouse intestinal immune 
cells.  Sections of duodenum and ileum isolated from hFFA2-HA mice were stained with rat anti -
HA and rabbit anti -CD45, anti-CD3, anti-CD11b or anti -CD11c antibodies. Images were taken with 
63× objective of Zeiss 880 Laser Scanning Confocal Microscope. Fluorescent cells in each channel 
were quantified manually and analysed. A) HA -expressing cells were calculated as a percentage of 
the total number of cells in each field -of-view in each tissue. Cells showing fluorescence for HA 
only, cellular markers only or both (colocalisation) were calculated as a percentage of the total 
number of fluorescently labelled cells in each field -of-view for B) the duodenum and C) the ileum. 
Representative of 3 fields of view each from 3 animals (n=3). Data shown as mean±SEM (A) or mean 
(B, C).  * p<0.05 by one-way ANOVA with Tukeyõs post-hoc multiple comparisons test. HA ð 
haemagglutinin; CD ð cluster of differentiation . 
 

3.2.3  Immunohistochemical investigation of transgenic mouse spleen  

In order to further explore the expression of hFFA2 -HA in immune cells, 

antibodies targeting a range of immune cell markers were used in mouse spleen 

immunostaining.  The spleen has various distinguishable regions, each with 

distinct populations of immune cells, therefore these were investigated 

separately (white pulp (WP) and marginal zone (MZ) together, and red pulp (RP) 

separately). Despite transfusion with PFA during tissue preparation, the splee n 
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being a highly vascularised organ, the removal of erythrocytes  was not efficient. 

In control stains even in the absence of primary antibodies, erythrocytes were 

highly fluorescent, particularly in the red and blue channels (Figure 3.22). Since 

these cells can be recognised from their characteristic shape and the 

overlapping fluorescence from the red and blue channels, they did not interfere 

with the interpretation of the spleen stains.  

 

Figure 3. 22. Immunohistochemical detection of erythrocytes  in mouse spleen .  Sections of 
spleen isolated from hFFA2-HA mice were fixed with 4% paraformaldehyde and permeabilised with 
TRITON-X. Cells were incubated  in t he absence of primary antibodies overnight, and with goat 
anti -rat  IgG AlexaFluor-546 (1:400; magenta) and goat anti -rabbit  IgG AlexaFluor-488 (1:400; 
green) secondary antibodies for 2h. Nuclear DNA was labelled with  DAPI (blue).  Images were taken 
with 63× objective of Zeiss 880 Laser Scanning Confocal Microscope. Scale bar represents 10µm. 
Representative of 3 fields of view each from 3 animals (n=3).  
 

Initially, the broad -range haematopoietic cell marker CD45 was targeted with 

antibodies. In hFFA2-HA, of the fluorescently labelled cells 88% in WP/MZ and 

95% in RP were positive for CD45. In the hFFA2-HA WP/MZ, approximately 14% of 

the cells were positively stained for HA, with no staining in the corresponding 

minus-CRE tissue (Figure 3.23). In the hFFA2-HA RP, the expression of HA was 

more widespread, with 40% of labelled cells being positive (Figure 3.24). Again, 

no HA+ cells were observed in the minus -CRE sample. While only 2% of labelled 

cells co-expressed HA and CD45 in the WP/MZ, in the RP co-expression was 

observed in 36% of fluorescent cells.  

The findings from these images are summarised in Figure 3.29.  
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Figure 3. 23. Immunohistochemical detection of hFFA2 -HA in mouse spleen white pulp and 
marginal zone.  Sections of spleen isolated from hFFA2-HA and minus-CRE mice were fixed with 4% 
paraformaldehyde and permeabilised with TRITON-X. Cells were incubated  with rat anti -HA and 
rabbit anti -CD45 primary antibod ies (1:100) overnight, and with goat anti -rat  IgG AlexaFluor-546 
(1:400; magenta)  and goat anti -rabbit  IgG AlexaFluor-488 (1:400; green) secondary antibodies for 
2h. Nuclear DNA was labelled with  DAPI (blue).  Images were taken with 63× objective of Zeiss 880 
Laser Scanning Confocal Microscope. Scale bar represents 10µm. Solid arrowheads represent 
examples of localisation of anti -CD45, but not anti -HA antibodies; empty arrowheads represent 
examples of localisation anti -HA, but not anti -CD45 antibodies.  Representative of 3 fields of view 
each from 3 animals ( n=3). HA ð haemagglutinin; CD45 ð cluster of differentiation 45 . 



Chapter 3   107 
 

 

Figure 3. 24. Immunohistochemical  detection of hFFA2 -HA in mouse spleen red pulp .  Sections 
of spleen isolated from hFFA2-HA and minus-CRE mice were fixed with 4% paraformaldehyde and 
permeabilised with TRITON-X. Cells were incubated  with rat anti -HA and rabbit anti -CD45 primary 
antibod ies (1:100) overnight, and with goat anti -rat  IgG AlexaFluor-546 (1:400; magenta) and goat 
anti -rabbit  IgG AlexaFluor-488 (1:400; green) secondary antibodies for 2h. Nuclear DNA was 
labelled with  DAPI (blue).  Images were taken with 63× objective of Zeiss 880 Laser Scanning 
Confocal Microscope. Scale bar represents 10µm. Arrows represent examples of co-localisation of 
anti -CD45 and anti -HA antibodies; solid arrowheads represent examples of localisation of anti -
CD45, but not anti -HA antibodies. Representative of 3 fields of view each from 3 animals (n=3). 
HA ð haemagglutinin; CD45 ð cluster of differentiation 45 . 
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Following CD45, antibodies targeting the leukocyte marker CD11b were utilised. 

In comparison to CD45, the distribution of CD11b was more limited. While in the 

WP/MZ of hFFA2-HA approximately 37% of labelled cells express CD11b (Figure 

3.25), only about 25% of fluorescent cells in hFFA2-HA RP (Figure 3.26).  Minus-

CRE spleen does not display expression of HA in either area. By contrast, in 

hFFA2-HA WP/MZ over 60%, and in the RP 75% of fluorescently labelled  cells 

expressed HA. Co-expression of HA and CD11b was not observed in either of the 

areas. 
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Figure 3. 25. Immunohistoch emical detection of hFFA2 -HA in mouse spleen white pulp and 
marginal zone.  Sections of spleen isolated from hFFA2-HA and minus-CRE mice were fixed with 4% 
paraformaldehyde and permeabilised with TRITON-X. Cells were incubated  with rat anti -HA and 
rabbit an ti -CD11b primary antibod ies (1:100) overnight, and with goat anti -rat  IgG AlexaFluor-546 
(1:400; magenta)  and goat anti -rabbit  IgG AlexaFluor-488 (1:400; green) secondary antibodies for 
2h. Nuclear DNA was labelled with  DAPI (blue).  Images were taken with 63× objective of Zeiss 880 
Laser Scanning Confocal Microscope. Scale bar represents 10µm. Solid arrowheads represent 
examples of localisation of anti -CD11b, but not anti -HA antibodies; empty arrowheads represent 
examples of localisat ion anti -HA, but not anti -CD11b antibodies. Representative of 3 fields of view 
each from 3 animals (n=3). HA ð haemagglutinin; CD11b ð cluster of differentiation 11b .  
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Figure 3. 26. Immunohistochemical  detection of hFFA2 -HA in mouse spleen red pulp .  Sections 
of spleen isolated from hFFA2-HA and minus-CRE mice were fixed with 4% paraformaldehyde and 
permeabilised with TRITON-X. Cells were incubated  with rat anti -HA and rabbit anti -CD11b primary 
antibod ies (1:100) overnight, a nd with goat anti -rat  IgG AlexaFluor-546 (1:400; magenta) and goat 
anti -rabbit  IgG AlexaFluor-488 (1:400; green) secondary antibodies for 2h. Nuclear DNA was 
labelled with  DAPI (blue).  Images were taken with 63× objective of Zeiss 880 Laser Scanning 
Confocal Microscope. Scale bar represents 10µm. Solid arrowheads represent examples of 
localisation of anti -CD11b, but not anti -HA antibodies; empty arrowheads represent examples of 
localisat ion anti -HA, but not anti -CD11b antibodies. Representative of 3 fields of view each from 
3 animals (n=3). HA ð haemagglutinin; CD11b ð cluster of differentiation 11b . 
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The expression of CD11c, unlike that of previous markers, appeared to display 

more variation between the WP/MZ and the RP.  Specifically, 89% of 

fluorescently labelled cells in the WP/MZ expressed CD11c, while only 40% in the 

RP did so. In the hFFA2-HA WP/MZ (Figure 3.27), about 42% of labelled  cells 

were found to express HA while in the RP th is was higher with 79% of labelled 

cells expressing HA (Figure 3. 28). HA expression was not observed in the minus-

CRE spleen. In the WP/MZ, 31% of the fluorescent cells  co-expressed HA and 

CD11c, while in the RP only 19% of labelled cells di d so. 
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Figure 3. 27. Immunohistochemical detection of hFFA2 -HA in mouse spleen white pulp and 
marginal zone.  Sections of spleen isolated from hFFA2-HA and minus-CRE mice were fixed with 4% 
paraformaldehyde and permeabilised with TRITON-X. Cells were incubated  with  rat anti -HA and 
rabbit anti -CD11c primary antibod ies (1:100) overnight, and with goat anti -rat  IgG AlexaFluor-546 
(1:400; magenta)  and goat anti -rabbit  IgG AlexaFluor-488 (1:400; green) secondary antibodies for 
2h. Nuclear DNA was labelled with  DAPI (blue).  Images were taken with 63× objective of Zeiss 880 
Laser Scanning Confocal Microscope. Scale bar represents 10µm. Arrows represent examples of co-
localisation of anti -CD11c and anti -HA antibodies; solid arrowheads represent examples of 
localisation of an ti -CD11c, but not anti -HA antibodies; empty arrowheads represent examples of 
localisation anti -HA, but not anti -CD11c antibodies. Representative of 3 fields of view each from 
3 animals (n=3). HA ð haemagglutinin; CD11c ð cluster of differentiation 11c . 
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Figure 3. 28. Immunohistochemical  detection of hFFA2 -HA in mouse spleen red pulp .  Sections 
of spleen isolated from hFFA2-HA and minus-CRE mice were fixed with 4% paraformaldehyde and 
permeabilised with TRITON-X. Cells were incubated  with rat anti -HA and rabbit anti -CD11c primary 
antibod ies (1:100) overnight, and with goat anti -rat  IgG AlexaFluor-546 (1:400; magenta) and goat 
anti -rabbit  IgG AlexaFluor-488 (1:400; green) secondary antibodies for 2h. Nuclear DNA was 
labelled with  DAPI (blue).  Images were taken with 63× objective of Zeiss 880 Laser Scanning 
Confocal Microscope. Scale bar represents 10µm. Arrows represent examples of co-localisation of 
anti -CD11c and anti -HA antibodies; solid arrowheads represent examples of localisation of anti -
CD11c, but not an ti -HA antibodies; empty arrowheads represent examples of localisation anti -HA, 
but not anti -CD11c antibodies. Representative of 3 fields of view each from 3 animals (n=3). HA ð 
haemagglutinin; CD11c ð cluster of differentiation 11c.  
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To summarise, the overall expression of HA was significantly higher (p>0.001, 

determined by one -way ANOVA) in the RP (29.0%±3.2%) than in the WP/MZ 

(13.6%±2.5%) (Figure 3.29A). CD11b did not colocalise with HA in either of the 

tissue areas. A larger proportion of HA+ cells colocalised with CD45 in the RP 

than in the WP/MZ. On the other hand, the trend was the opposite for co -

expression with CD11b (Figure 3.29B, C).  

 

Figure 3. 29. Distribution  of hFFA2 and cellular markers in hFFA2 -HA mouse spleen.  Sections 
of spleen isolated from hFFA2-HA mice were stained with rat anti -HA and rabbit anti -CD45, anti-
CD11b or anti-CD11c antibodies. Images were taken with 63× objective of Zeiss 880 Laser Scanning 
Confocal Microscope. Fluorescent cells in each channel were quantified manual ly and analysed. A) 
HA-expressing cells were calculated as a percentage of the total number of cells in each field -of-
view in each tissue. Cells showing fluorescence for HA only, cellular markers only or both 
(colocalisation) were calculated as a percentag e of the total number of fluorescently labelled cells 
in each field -of-view for B) the white pulp/marginal zone (WP/MZ)  and C) the red pulp (RP). 
Representative of 3 fields of view each from 3 animals (n=3). Data shown as mean±SEM (A) or mean 
(B, C). *** p<0.001 by one-way ANOVA with Tukeyõs post-hoc multiple comparisons test. HA ð 
haemagglutinin; CD ð cluster of differentiation.  
 

In images of hFFA2-HA under low magnification (4 × objective) ( Figure 3.30), the 

WP/MZ and RP were clearly distinguishable in the presence antibodies for the 

various immune cell markers. By choosing characteristic la ndmarks in the 

structure, the same areas could be imaged in each of the individual 

experiments.  
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Figure 3. 30. Immunohistochemical  detection of hFFA2 -HA in mouse spleen .  Sections of spleen 
isolated from hFFA2-HA mice were fixed with 4% paraformaldehyde and  permeabilised with 
TRITON-X. Cells were incubated  with rat anti -HA and rabbit anti -CD11b, anti-CD11c or anti-CD45 
primary antibod ies (1:100) overnight, and with goat anti -rat  IgG AlexaFluor-546 (1:400; magenta) 
and goat anti -rabbit  IgG AlexaFluor-488 (1:400; green) secondary antibodies for 2h. Nuclear DNA 
was labelled with  DAPI (blue).  Images of white pulp/marginal zone  (WP/MZ) and red pulp (RP) 
were taken with 63× objective of Zeiss 880 Laser Scanning Confocal Microscope. Scale bar 
represents 10µm. Images showing the gross structure of the spleen (middle panel) were taken with 
4× objective of Evos FL Auto 2 Cell Imaging System. White squares represent areas imaged at 63×. 
Representative of 3 animals (n=3). HA ð haemagglutinin;  CD ð cluster of differ entiation .  

 

At 40× magnification  (Figure 3.31), focusing on an area where WP/MZ and RP 

meet, the differences in the expression between the two zones was clearly 

visible with each immune cell marker. In general, HA was more widely expressed 

in the RP than in the WP/MZ, which only showed scarce expression. CD11b, 

CD11c and CD45 were all widely expressed in the WP/MZ, while only CD11c and 

CD45 had a considerable expression in the RP. Co-expression of HA was observed 
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with CD11c and CD45, albeit not in every cell expressing either marker, but not 

with CD11b. 

 

Figure 3. 31. Immunohisto chemical detection of hFFA2 -HA in mouse spleen .  Sections of spleen 
isolated from hFFA2-HA mice were fixed with 4% paraformaldehyde and permeabilised with 
TRITON-X. Cells were incubated  with rat anti -HA and rabbit anti -CD11b, anti-CD11c or anti-CD45 
primary antibod ies (1:100) overnight, and with goat anti -rat  IgG AlexaFluor-546 (1:400; magenta) 
and goat anti -rabbit  IgG AlexaFluor-488 (1:400; green) secondary antibodies for 2h. Nuclear DNA 
was labelled with  DAPI (blue).  Images were taken with 40 × objective of Zeiss 880 Laser Scanning 
Confocal Microscope. Scale bar represents 20µm. Representative of 3 fields of view each from 3 
animals (n=3). HA ð haemagglutinin; CD ð cluster of differentiation.  
 

3.2.4  Immunocytochemical investigation of transgenic mouse 

neutrophils  

In order to explore the expression of hFFA2 -HA in a specific population of 

immune cells, ICC staining was performed in mouse bone marrow -derived 

neutrophils.  Due to the uniform size and shape of these cells, fluorescence 

intensity of secondary antibodies c ould be quantified.  Thus, fluorescence 

intensity was measured in three cells and three zones in the background. 

Intensities were corrected first for area and then for background. Data was then 

collated from 2 -3 individual images (see Section 2.10.2 ).   

First, antibodies for the leukocyte marker CD11b were used  alongside antibodies 

targeting HA (Figure 3.32). Expression of CD11b was observed in hFFA2-HA, 

minus-CRE and WT neutrophils, with intensities of 6.01±0.58, 5.79±0.56 and 

9.39±2.14, respectively. Fluorescence intensity of CD11b was significantly higher 

in WT than in hFFA2-HA and minus-CRE neutrophils (p<0.05; determined by two -

way ANOVA with Tukeyõs post -hoc analysis). The expression of HA showed a 

different trend. Expression in hFFA2 -HA neutrophils (6.41±0.35) was significantly 

higher than in minus -CRE (0.98±0.13; p<0.001) and WT (1.68±0.18; p<0.01). In 

hFFA2-HA, the expression of HA overlaps with that of CD11b. The intensity  of 



Chapter 3   117 
 
DAPI appeared significantly higher (p<0.05) in minus -CRE neutrophils 

(10.96±1.63) than hFFA2-HA (7.32±0.44). Intensity in WT (7.75±0.69) was not 

significantly different from either of the other strains ( Figure 3.34A).  

Following CD11b, the DC and natural killer cell marker CD11c was targeted  

(Figure 3.33). The intensity of CD11c staining was negligible in neutrophils from 

all three mouse strains (hFFA2-HA: 0.536±0.055; minus-CRE: 0.427±0.156; WT: 

0.385±0.088), with no significant difference between these. The expression of 

HA displayed the same trend as in experiments with CD11b, with expression in 

hFFA2-HA (4.400±0.827) being significantly higher (p<0.0 05) than in minus-CRE 

(0.722±0.166) and WT (0.391±0.044). Fluorescence intensity of DAPI was again 

found to be higher in minus -CRE (12.445±1.666) than in hFFA2-HA (6.818±0.512; 

p<0.0001) and WT (8.958±1.202; p<0.005) (Figure 3.34B). 
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Figure 3. 32. Immunocytochemical  detection of hFFA2 -HA in mouse neutrophils .  Bone marrow-
derived neutrophils isolated from hFFA2 -HA, minus-CRE and C57BL/6N (WT) mice were fixed with 
4% paraformaldehyde and permeabilised with saponin. Cells were incubated  with rat anti -HA and 
rabbit anti -CD11b primary antibod ies (1:100) overnight, and with goat anti -rat  IgG AlexaFluor-546 
(1:400; magenta)  and goat anti -rabbit  IgG AlexaFluor-488 (1:400; green) secondary antibodies for 
2h. Nuclear DNA was labelled with  DAPI (blue).  Images were taken with 63 × objective of Zeiss 880 
Laser Scanning Confocal Microscope. Scale bar represents 10µm. Inset shows an enlarged image of 
a representative neutrophil from the corresponding main image.  Representative of 3 fields of view 
each from 3 experime nts (n=3, where each n represents neutrophils pooled from 2 -4 mice). HA ð 
haemagglutinin; CD11b ð cluster of differentiation 11b.  
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Figure 3. 33. Immunocytochemical  detection of hFFA2 -HA in mouse neutrophils .  Bone marrow-
derived neutrophils isolated from hFFA2 -HA, minus-CRE and C57BL/6N (WT) mice were fixed with 
4% paraformaldehyde and permeabilised with saponin. Cells were incubated  with rat anti -HA and 
rabbit anti -CD11c primary antibod ies (1:100) overnight, and with goat anti -rat  IgG AlexaFluor-546 
(1:400; magenta)  and goat anti -rabbit  IgG AlexaFluor-488 (1:400; green) secondary antibodies for 
2h. Nuclear DNA was labelled with  DAPI (blue).  Images were taken with 63 × objective of Zeiss 880 
Laser Scanning Confocal Microscope. Scale bar represents 10µm. Inset shows an enlarged image of 
a representative neutrophil from the corresponding main image. Representative of 3 fields of view 
each from 3 experiments (n=3, where each n represents neutrophils pooled from 2 -4 mice). HA ð 
haemagglutinin; CD11c ð cluster of differentiation 11c.  
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Figure 3. 34. Immunocyto chemical detection of hFFA2 -HA in mouse neutrophils .  Bone marrow-
derived neutrophils isolated from hFFA2 -HA, minus-CRE and C57BL/6N (WT) were stained with rat 
anti -HA and A) rabbit anti -CD11b or B) rabbit anti -CD11c antibodies. Nuclear DNA was labelled 
with  DAPI. Images were taken with 63 × objective of Zeiss 880 Laser Scanning Confocal Microscope. 
Fluorescence intensity of individual neutrophils was measu red using ZENBlue software and 
corrected for area and background fluorescence. Data shown as mean±SEM (n=2-3, where each n 
represents neutrophils pooled fro m 2-4 mice) **** p<0.0001, *** p<0.001, ** p<0.01, * p<0.05 by 
two-way ANOVA with Tukeyõs post-hoc multiple c omparisons test.  HA ð haemagglutinin; CD ð 
cluster of differentiation .  
 

 

3.3 Discussion 

3.3.1 T he t ransgenic hFFA2-HA mouse expresses hFFA2 mRNA in a 

number of tissues  

The development of reliable animal models has greatly contributed to drug 

development efforts.  In particular, transgenic strains in which the expression of 

the transgene depends on crossbreeding with strains expressing a specific 

enzyme (Cre- or Flp-recombinase) allow a greater control  of tissue- and site-

specific transgene modulation (Lakso et al., 1992, Orban et al ., 1992). The Cre-

lox system, upon which this new hFFA2-HA expressing mouse is based, allows for 

the generat ion of mice which constitutively express hFFA2 -HA, from a parent 








































































































































































































































