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Abstract 

Phospholipase C-gamma 2 (PLCγ2) is highly expressed in immune cells, such as 

microglia. PLCγ2 hydrolyses phosphatidylinositol 4,5-bisphosphate into inositol 

trisphosphate (IP3) and diacylglycerol. Variants of PLCγ2 have been described in 

several diseases, such as late onset Alzheimer’s disease (LOAD), inflammatory bowel 

disease, as well as rare immune disorders, suggesting a key role for this enzyme in the 

regulation of immune cell function. To characterise the enzymatic activity of disease-

linked PLCγ2 variants, an assay measuring inositol monophosphate (IP1), a downstream 

metabolite of IP3, was adapted and optimised. The S707Y, Δ845-848 and M1141K 

PLCγ2 variants, linked to a complex immune disorder, have strong hypermorphic 

activity, whereas the PLCγ2 V1103I variant shows a mild increase in PLC activity. 

In the context of LOAD, microglia have been implicated as key mediators of disease 

pathophysiology. However, the role of PLCγ2 within microglia is still not fully 

understood. To address this issue, the hypermorphic PLCγ2 S707Y disease linked-

variant was introduced into human inducible pluripotent stem cells (hiPSCs) to explore 

the role that strong gain-of-function PLCγ2 variants have within hiPSC-derived 

microglia. Based on the IP1 measurements, PLCγ2 S707Y hiPSC-derived microglia 

exhibited hypermorphic enzymatic activity under both basal and stimulated conditions, 

which in turn resulted in increased calcium flux. However, when challenged with 

apoptotic neuronal cells, a reduction in phagocytosis was observed. Additionally, 

secretion of IL-1β, IL-8 and TNF-α was shown to be elevated in basal conditions. 

However, when challenged with lipopolysaccharide, PLCγ2 S707Y hiPSC-derived 

microglia exhibited a reduction in IL-10, IL-6 and TNF-α secretion, likely due to 

decreased NF-κB activation and translocation. RNA sequencing of the PLCγ2 S707Y 

hiPSC-derived microglia revealed a downregulation of genes related to innate immunity 

and response. Therefore, this thesis demonstrates that despite the increase in PLCγ2 

enzymatic activity, the PLCγ2 S707Y hiPSC-derived microglia display a loss of 

function for key microglial processes. 
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Impact statement 

Alzheimer's disease (AD) is a neurological disorder that causes the brain to shrink and 

brain cells to die. AD is becoming an increasingly more prevalent condition, especially 

as human life expectancy is improving. Currently, there is no treatment available to cure 

AD, and only a handful of medications that temporary improve or slow progression. To 

combat such issues, genome wide association studies (GWAS) have been implemented 

to identify genomic variants associated with LOAD, resulting in the identification of 

PLCγ2 risk (M28L) and protective (P522R) variants.  

Microglia have been implicated as key mediators of LOAD pathophysiology. PLCγ2 is 

highly expressed in microglia, although its role within microglial biology is still not 

fully defined. To address such questions, PLCγ2 KO and P522R microglial models have 

been developed and characterised. However, it still remains to be investigated what role 

the protective PLCγ2 P522R variant has on LOAD pathophysiology, especially given 

the mild hypermorphic activity it exhibited. 

Rare and novel PLCγ2 variants linked to severe inflammation have been identified in 

literature. To address questions on how the PLCγ2 variants influence enzymatic 

activity, an artificial transient transfection model was developed and optimised to rank 

the activity (IP1 accumulation) of the PLCγ2 variants of interest, allowing for the 

enzymatic characterisation of the novel PLCγ2 Δ845-848, M1141K and V1103I 

variants. From the enzymatic activity ranking, the PLCγ2 S707Y variant was selected to 

be implemented into hiPSC-derived microglia, as strong hypermorphic PLCγ2 variants 

have not been assessed within microglial biology. Although the PLCγ2 S707Y variant 

displayed its characteristic hypermorphic enzymatic activity, and subsequent increased 

calcium flux, it was uncovered that the variant resulted in a decrease of key microglial 

processes such as phagocytosis and cytokine production (upon LPS exposure). RNASeq 

analysis showed a significant downregulation of phagocytic receptors (AXL, MERTK 

and P2RY6) and complement pathway proteins (C1QA, C1QB, C1QC, C3 and 

C3AR1), as well as genes related to innate immunity and response. 

Overall, this thesis provides novel insight into the role PLCγ2 has within microglial 

biology, concluding that strong hypermorphic PLCγ2 variants drastically alter 

microglial functionality. Furthermore, this thesis provides a platform for the improved 

characterisation of the PLCγ2 P522R LOAD protective variant, ultimately providing 

key valuable knowledge for the development of therapeutics for treatment of LOAD. 
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Chapter 1 - Introduction 

1.1 Inflammation 

Inflammation is a rapid and coordinated response by the hosts immune system to defend 

against microbial infection, tissue injury and other noxious conditions, by removing the 

hazardous stimuli and initiating repair1. Therefore, inflammation is a defence 

mechanism essential for health. However, in some instances inflammation is viewed as 

an unwanted response, as prolonged or overactive inflammation can result in serious 

repercussions to human health. 

During acute inflammation, cellular and molecular events aim to control infection and 

minimise injury, eventually resulting in homeostasis and the termination of the acute 

inflammation. However, if uncontrolled acute inflammation can become chronic. 

Chronic inflammation has been linked to multiple diseases such as diabetes, metabolic 

syndrome, cardiovascular disease, cancer, rheumatoid arthritis, inflammatory bowel 

disease (IBD), asthma, chronic obstructive lung disease, as well as neurodegenerative 

disorders such as Alzheimer’s disease (AD)1. Hence, the development of novel and 

efficacious therapies targeting these inflammatory pathways has high potential in 

preventing and eradicating these diseases. 

1.2 Innate immune cells involved in inflammation 

 Introduction 

Humans, and other mammals, live in an environment that is populated by both 

pathogenic and non-pathogenic microbes that threaten normal homeostasis2. If microbes 

are able to bypass the physical and chemical barriers (e.g. skin and mucus secretion) 

that mammals possess, the immune system will elicit its “two lines of defence”, known 

as the innate and adaptive response, in order to prevent microbial invasion2.  

The innate system is the first line of defence against microbial incursions. Its role is to 

prevent infection, eliminate invader microbes and stimulate the acquired immune 

response. Firstly, innate immune cells recognise foreign cell surface proteins, molecules 

or deoxyribonucleic acid (DNA) and become activated3. This activation elicits a 

multicellular defence mechanism that uses inflammatory responses, phagocytosis, 

natural killer cells and the complement system, to damage and remove any foreign 

substance4. 
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The innate immune response also initiates the secondary defence mechanism called the 

adaptive immune response. The adaptive system is comprised of T- and B-lymphocytes 

that destroy invading pathogens through antigen-dependent and antigen-specific 

processes5. The hallmark of the adaptive immunity is its ability to “memorise”, which 

enables the host to elicit a more rapid and efficient immune response upon subsequent 

exposure to the antigen5. It is worth noting that there is a 4-7 day lag between antigen 

exposure and maximal adaptive response4. Therefore, the innate immune response plays 

a critical role in containing infection until the adaptive response comes into effect. As a 

result, synergy between both immune responses is crucial for effective removal of 

foreign material.  

 Macrophages 

Macrophages are located in almost every part of the body, and exist in at least three 

different forms: yolk sack and foetal liver-derived tissue resident macrophages, as well 

as infiltrating bone marrow (monocyte)-derived macrophages6,7. For many years, it was 

thought that macrophages solely arose from the differentiation of circulating 

monocytes8. However, recent studies have provided evidence that most tissue resident 

macrophages arise from embryonic yolk-sac progenitors and are replaced with 

macrophages derived from either foetal monocytes or hematopoietic stem cells9–11. This 

leads to either the complete replacement of the yolk-sac derived macrophages or a 

mixed population of macrophages dominated by the foetal monocyte or stem cell 

lineage10,12. Depending on the location, different populations of macrophages will be 

present. Trophic factors from the local environment shape macrophage identity and 

population resulting in functions specific to their environment, such as tissue 

development, growth, homeostatic maintenance and remodelling7,13,14. 

Macrophages are an essential part of the innate immune response as they are constantly 

monitoring for invading microbes, provide effective control and clearance of infections, 

execute the removal of debris and dead cells, as well as promote tissue repair and 

wound healing15. Furthermore, macrophages also provide a link between the innate and 

adaptive immune response by capturing and presenting foreign or self-antigens on their 

surface membrane, before moving towards T cells, to prime and stimulate them7,16.  

Although the classical M1 (pro-inflammatory) and M2 (anti-inflammatory) model has 

been helpful in conceptualising macrophage activity, transcriptome studies show that 

the macrophage phenotype is varied and disease-dependent17. In fact, we know that 
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these two extreme states only exist in vitro and do not recapitulate the complexity of 

macrophage biology18.  

 Microglia 

First described by Rio-Hortega in the early 20th century, microglia are the resident 

central nervous system (CNS) innate macrophage population accounting for 

approximately 10% of all CNS cells19–21. Although ubiquitously expressed throughout 

the CNS, microglia densities have been shown to vary across different regions of the 

brain22. Fate mapping strategies have shown that microglia originate solely from 

primitive progenitors in the yolk sac that migrate into the CNS during early 

embryogenesis, before maturing into microglia12,23,24. However, unlike resident tissue 

macrophages, microglia achieve self-renewal throughout life, are functionally distinct 

and possess specific transcriptional signatures distinct from other brain and peripheral 

immune cells such as the specific markers purinergic receptor P2Y12 (P2RY12), 

transmembrane protein 119 (TMEM119) and sal-like protein 1 (SALL1)25–33. 

Furthermore, sexual differences in microglial numbers, morphology, as well as 

transcriptional signatures have also been documented34–38. 

Microglia morphology is one of its most defining features. In their resting state, 

microglia exhibit a ‘ramified’ morphology characterised by a small cell body with long, 

thin, branched processes in all directions. Two-photon imaging studies have shown 

microglia to be highly active in their presumed ‘resting state’, continuously surveying 

their local environment, with the ability to scan the entire brain over the course a few 

hours39,40. However once activated, microglia adopt a more 'amoeboid' morphology, 

indicating that they have detected a change in their local environment. Throughout life 

microglia contribute towards synaptic pruning and modulation41–43, memory and 

learning44,45, phagocytosis46–48, myelination49, synaptic plasticity44,50,51 and vasculature 

development52, to ensure healthy CNS development and homeostasis. Single cell RNA 

sequencing and proteomics studies have identified brain region specific subpopulations 

of microglia with different responses to triggers, varying degrees of immune vigilance, 

as well as changes in the gene expression profile53–56. It is thought that regional 

differences may require distinct microglial subtypes or states for healthy CNS 

homeostasis57–59. 
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1.3 Disease Pathology 

 Alzheimer’s Disease (AD) 

It has been estimated that around 50 million people globally are living with dementia 

and that by 2050 this number will increase to 152 million60. AD is the most common 

form of dementia, and is classically characterised by the decline in cognitive function, 

neuronal loss, inflammation and Tau pathology initiated by amyloid-beta (Aβ) 

deposition61–63. The hippocampus, the part of the brain that plays a major role in 

learning and memory, is often one of the earliest affected brain regions64. As AD 

spreads throughout the brain, additional areas begin to become affected65. 

Consequently, the cortex becomes thinner, and the brain shrinks in size resulting in 

patients experience memory and cognitive impairment disorders65. AD can be classified 

as either familial (also known as early onset) or sporadic (also known as late onset), 

with the latter having multiple risk genes. The Apolipoprotein E (APOE) gene is one of 

the strongest risk factors for late onset Alzheimer’s disease (LOAD) with the ε4 allele 

present in ~40% of all AD cases66,67. With AD prevalence predicted to increase over the 

coming years, along with the financial burden imposed by AD, the understanding of the 

mechanisms responsible for pathogenesis, as well as identification of new novel 

therapeutic targets is urgently needed68. 

Aβ is derived through the processing of the membrane bound amyloid precursor protein 

by the β- and γ-secretase proteases. Aβ extracellular monomers can aggregate together 

to form neurotoxic oligomers, protofibrils and amyloid fibrils, with the latter being able 

to further assemble into plaques69. Similar to Aβ plaques, hyperphosphorylated Tau 

monomers oligomerise to form paired helical filaments that then aggregate to form 

neurofibrillary tangles (NFTs) that induce neuronal dysfunction70. Both forms of 

pathology are hallmark features of AD.  

However, treatments targeting the removal or reduction of Aβ plaques and NFTs have 

showed little to no effect on the stopping or slowing down of AD pathology prompting 

a rethink into how AD pathology is initiated and progresses71. As a majority of risk 

genes have been demonstrated to be highly expressed within microglia, it is thought that 

a long, complex feedback mechanism between microglia, astrocytes and vasculature is 

causative of AD, with microglial associated neuroinflammation being a significant 

contributor63,72.  
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 Inflammatory Bowel Disease (IBD) 

Inflammatory bowel disease (IBD) is an umbrella term used for Crohn's disease, 

ulcerative colitis and other conditions, describing the chronic inflammation of the 

gastrointestinal tract73. As of 2017, it has been estimated that globally 6.8 million 

people have IBD74. Several comprehensive studies have highlighted genetic and 

environmental factors that contribute towards IBD75,76. However, the exact mechanism 

of IBD is currently unknown. Symptoms of IBD include abdominal pain, ulcers, 

diarrhoea, bloody stools, weight loss, as well as the influx of neutrophils and 

macrophages that produce cytokines, proteolytic enzymes and free radicals77,78. 

Although treatments for IBD do exist, e.g. TNF (tumor necrosis factor) monoclonal 

antibody blockers, many patients do not respond to these clinically approved drugs, 

prompting the need for more novel therapeutic treatments79. It is classically thought that 

chronically activated intestinal macrophages play a central role in IBD pathology and 

that enforcing an anti-inflammatory phenotype might be a novel therapeutic approach to 

control intestinal inflammation and restore tissue function80,81. Furthermore, IBD 

patients have been shown to have an higher chance of developing dementia, suggesting 

that perhaps the two diseases are somewhat interlinked through the gut-brain axis, 

which describes the signalling between the gut, its microbiome and the CNS82. 

1.4 Macrophage and microglia disease relevance 

 Dysfunction of macrophages in disease  

Macrophages have been demonstrated to have key roles in the pathogenesis of many 

chronic inflammatory and autoimmune diseases, such as IBD and rheumatoid 

arthritis80,83. In these diseases, macrophages have been recognised as a source of many 

pro-inflammatory cytokines that mediate and drive disease pathology83,84. In the case of 

IBD, inflammatory mediators produced in the colon have been shown to transition 

homeostatic macrophages into pro-inflammatory dendritic ‘like’ cells that produce large 

quantities of TNF-α, IL-23 and IL-12 that contribute to pathology85. Together with this 

observation, it has been demonstrated that changes in the local environment can 

influence macrophage differentiation, which in turn has a pivotal role in the pathology 

of many inflammatory and autoimmune diseases7. In addition to microglia, non-

parenchyma perivascular, meningeal and choroid plexus brain macrophages also play a 

role in CNS homeostasis52. However, current knowledge of non-parenchymal 

macrophage function in health and disease is currently limited, with these cells 
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potentially being a key component of initiating or progressing diseases within the 

brain52. 

 Dysfunction of microglia in disease 

The discovery of multiple immune related risk genes in large population studies has 

resulted in microglia and other innate immune pathways entering the spotlight of 

pathomechanistic research in sporadic forms of neurodegeneration, specifically 

Parkinson’s disease and AD86–88. Furthermore, microglia have been implicated as key 

mediators of neurodevelopmental disorders such as autism spectrum disorders (ASD) 

and schizophrenia89. Several human post-mortem studies in patients with ASD have 

found microglia to be dysfunctional, and as such have reported differences in microglial 

numbers, morphology, neuronal interactions, as well as modified expression of 

microglial specific genes, especially in those associated with an inflammatory 

response90–95. Additional studies have also implied that dysregulated or overactive 

microglial synaptic pruning could contribute to abnormal synapse loss and dysfunction 

in ASD, as well other neurodevelopmental disorders such as schizophrenia96,97. 

Although microglia are classically considered essential for maintaining brain 

homeostasis, conflicting research has also suggested microglia may also have 

detrimental effects upon their activation98,99. Stimulated microglia produce many pro-

inflammatory mediators, such as reactive oxygen species (ROS), cytokines (e.g. TNF-

α), chemokines and nitric oxide. Consequently, all these mediators have the potential to 

be neurotoxic, causing or accelerating disease pathology23,100. In the context of AD, 

microglial protective and detrimental effects have been reported depending on the stage 

of disease99. It has been proposed that as Aβ plaques form, microglia cluster around the 

Aβ aggregates and clear them through the process of phagocytosis. However, due to 

aging or genetic susceptibility, microglia function becomes inadequate to prevent the 

onset and progression of AD. As a result, toxic Aβ aggregates accumulate inducing 

microglia into a nonconstructive and inflammatory state, in which they over-prune 

synapses, as well as secrete neurotoxic cytokines that injure neurons99,101–103. This 

process is often referred to as neuroinflammation.  

Murine transcriptome studies have uncovered distinct microglial neurodegenerative 

reaction states known as disease associated microglia (DAM), activated response 

microglia (ARM) or microglial neurodegenerative phenotype (MGnD)104–107. It has 

been demonstrated that during the progression of AD and other neurodegenerative 
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diseases, that these disease associated microglial subtypes lose their homeostatic 

function due to the downregulation of homeostatic genes (such as P2RY12, TMEM119 

and SALL1), contributing towards neuronal loss, as well as upregulation of several 

known AD risk genes, such as APOE and triggering receptor expressed on myeloid 

cells 2 (TREM2)27,104,105,108.  

Studies have shown that the upregulation of DAM genes does not directly correlate to 

the progression of neurodegeneration, but the upregulation of APOE may influence 

neurodegeneration severity107,108. However, further evidence is still needed. 

Additionally, multiple studies have shown that DAM are not only associated with 

neurodegeneration but also with natural aging104,105,107. Further evidence is needed to 

conclusively prove that a DAM subpopulation exists in human brain, as many DAM 

genes showed little to no enrichment in human microglia from AD patients108–111. 

 Single nucleotide polymorphisms (SNPs) 

Most of the human genetic variation is accounted for by single nucleotide 

polymorphisms (SNPs), in which a single nucleotide is substituted for another112. In fact 

it has been estimated that there are eleven million SNPs in the human genome113. 

Missense non-synonymous SNPs in the coding region of genes can cause a different 

amino acid to be expressed, potentially resulting in a change of protein function. 

However, not all single amino acid substitutions alter protein function, as it is estimated 

that only 20-30% of SNPs result in phenotypic change112,114. 

If SNPs do exhibit a phenotypic change, it is typically because they have either altered 

the proteins active state (e.g. “residues involved in ligand binding, catalysis, allosteric 

regulation or post-translational modification”112), affected the scaffolding of the protein 

(e.g. “by deforming and/or destabilising the binding site or the entire protein 

structure”112), influenced promoter activity (gene expression), messenger RNA (mRNA) 

conformation (stability) or subcellular localisation of mRNAs and/or proteins115. It is 

important to differentiate between beneficial, neutral and harmful mutations to better 

comprehend each SNPs effect on protein function.  

 Genome wide association studies  

AD and IBD are two complex diseases whereby the pathophysiology is still yet to be 

fully elucidated. In order to gain better insights into complex diseases, genome wide 
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association studies (GWAS) have been implemented in order to highlight potential 

SNPs that may be associated with disease. The AD field is one of many fields that has 

tremendously benefited from numerous GWAS studies. Multiple SNPs have been found 

to be associated with increasing the risk of developing LOAD with many of these SNPs 

located in genes highly expressed by microglia, implicating them as modulators of the 

disease, as confirmed by proteomic data and microglia enhancer data, whereby 

enhancers are short regions of DNA that bind transcription factors to enhance 

messenger RNA expression from target promoters88,116–124. 

TREM2 is a cell surface receptor expressed in cells of the myeloid lineage including 

macrophages, osteoclasts, dendritic cells and microglia125. TREM2 has received much 

attention due to the identification of the rare R47H risk variant, which has been 

suggested to cause a 2 to 4.5 fold increased risk of developing AD126,127. Since then, 

TREM2 has been shown to be vital for microglial survival and function with the 

receptor playing a role in cell proliferation, inflammatory responses, cholesterol 

metabolism, the phagocytosis of apoptotic cells and myelin debris, as well as the 

clustering of microglia around Aβ plaques128–133. The R47H variant has been suggested 

to place microglia in a less responsive state with deficits in cholesterol metabolism and 

glycolytic energy production in response to cell activation observed133–135. However, 

further investigation of into the role of human TREM2 is still needed, as there is 

disparity in results between mouse and human models136. 

Another identified gene, phospholipase C-γ2 (PLCγ2), has also received much interest 

due to the identification of the rare LOAD associated P522R protective and M28L risk 

missense varaints116,137. Moreover, two IBD risk variants, R268W and H244R, of 

PLCγ2 have also been identified, suggesting that perhaps PLCγ2 plays a key role in 

disease138. Furthermore, phospholipase C (PLC) enzymes are potentially druggable 

proteins, making PLCγ2 a very attractive target for novel therapeutics using a small 

molecule approach139. 

1.5 Phospholipase C-γ2 (PLCγ2) 

 Phospholipase enzymes 

Phospholipase (PL) enzymes break down phospholipids within the cell membrane into 

bioactive lipid mediators through hydrolysis140. These lipid mediators regulate a variety 

of functions including proliferation, survival, migration, tumorigenesis, metastasis and 

inflammation141. Phospholipase enzymes are grouped into four main classes: PLA (A1 
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and A2), PLC and PLD, depending on where they cleave the phospholipid substrate. PL 

enzymes are capable of hydrolysing multiple glycerophospholipids including 

phosphatidylinositol (PI) and phosphatidylcholine (PC)141. All phospholipase enzymes 

are composed of multiple isotypes with distinct functions, domains and regulatory 

mechanisms142–145. 

 Domain organisation of PI-PLC enzymes 

 

Figure 1.1 PLCγ2 domain structure. The core PLC domains (pleckstrin homology (PH), 

EF-hands, TIM barrel (X and Y box) and C2 domain) and the regulatory domains 

unique for PLCγ (split PH domain (spPH), two src-homology 2 (SH2) domains (nSH2 

and cSH2) and one src-homolgy 3 (SH3) domain), comprising the gamma specific array 

(γSA), are coloured dark blue and purple, respectively. Domain location of the four 

known PLCγ2 tyrosine phosphorylation sites: Y753, Y759, Y1197 and Y1217 (yellow 

line). 

In mammals, phosphoinositide-specific PLC enzymes (PI-PLC) are subdivided into six 

families (β, γ, δ, ε, ζ and η). All PLC isotypes (except for PLCζ) share a conserved core 

structure, with the addition of other domains unique to each family. The core PLC 

catalytic structure is composed of a pleckstrin homology (PH), EF-hands, a catalytic 

TIM barrel and a calcium binding C2 domain (Figure 1.1). 

PLCγ enzymes have a large multi-domain insert between the two parts (X and Y) of the 

TIM barrels called the ‘gamma specific array’ (γSA). This is composed of a split PH 

domain (spPH), two src-homology 2 (SH2) domains (nSH2 and cSH2) and one src-

homolgy 3 (SH3) domain (Figure 1.1)146. The γSA domains play a key role in the 
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binding of PLCγ to regulatory and scaffold proteins within diverse multiprotein 

signalling complexes147. The known role of each PLCγ domain in cellular function is 

summarised in Table 1.1. 

PLCγ Domain Function Reference 

PH PIP2 binding (Based on other PLC families) 148 

EF Supports catalytic domain structure 149 

TIM, X-Box PIP2 catalysis and autoinhibition 147 

N-terminal 

spPH 
Rac GTPase activation of PLCγ2 and autoinhibition 147,150 

N-terminal SH2 Linker for activation of T cells (LAT) binding 151 

C-terminal SH2 Autoinhibition and B cell signalosome assembly 147,152 

SH3 
Lymphocyte cytosolic protein 2 (SLP-76) and cluster 

of differentiation 95 (CD95) binding 

153,154 

C-terminal 

spPH 
Rac GTPase activation of PLCγ2 and autoinhibition 147,150 

TIM, Y-Box PIP2 catalysis and autoinhibition 147 

C2 
Structural stabilisation of the TIM domains, 

membrane interactions and autoinhibition 

147 

Table 1.1 Each domains role in PLCγ function. Abbreviations: (PH) pleckstrin 

homology, (EF) EF-hands, (X and Y box) TIM barrel, (C2) C2 domain, (spPH) split 

PH, (nSH2 and cSH2) n and c terminus src-homology 2 and (SH3) src-homolgy 3. 

 PLCγ expression 

PLCγ1 and PLCγ2, which are encoded by the PLCG1 (human chromosome 20) and 

PLCG2 (human chromosome 16) gene respectively, are both ~150kDa in size, and 

share high sequence similarity across all domains155,156. PLCγ2 is abundantly expressed 

in hematopoietic cells, such as B lymphocytes, mast cells, natural killer cells, 

neutrophils, dendritic cells, osteoclasts, macrophages and microglia157. In comparison, 

PLCγ1 is expressed ubiquitously throughout the body and is essential for embryonic 

development158. It is also highly expressed in T cells151,159. Both PLCγ isozymes can 

perform non-overlapping functions in cells that express both forms, and one isozyme 

generally cannot compensate for depletion of the other160,161. To date, no complete 

tertiary structure of PLCγ2 has been solved, meaning domain interactions are modelled 
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using homology with other PLC enzymes for which the structure is known, including 

the recently characterised PLCγ1 isozyme structure146,147. 

 PLCγ2 function 

 

Figure 1.2 Hydrolysis of PIP2 (phosphatidylinositol 4,5-bisphosphate) by PLC 

(phospholipase C) enzymes. PLC hydrolyses PIP2 and generates the intracellular 

secondary messengers, inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). 

Figure adapted and modified from Seo et al162. 

Phosphoinositides account for around 1% of all membrane phospholipids, with PIP2 

being the most abundant163–165. Upon activation, PLCγ2 is recruited to the plasma 

membrane and, as with all PI-PLC isoforms, catalyses the hydrolysis of the 

phosphatidylinositol 4,5-bisphosphate (PIP2) substrate to the secondary messengers; 

inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG, Figure 1.2)166,167. Both 

products propagate a wide range of downstream signals that are cell specific. However, 
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the generation of DAG and IP3 is not specific to PLC and can occur from other 

pathways168,169. 

 PLCγ2 activation 

 

Figure 1.3 The inactive form of PLCγ. Inactive PLCγ is maintained by interactions 

between the TIM barrel and spPH domains, as well as the C2 and cSH2 domains, at the 

autoinhibitory interface (red). Physiological stimulation is mediated through allosteric 

networks to the autoinhibitory interface. Upon phosphorylation, intramolecular 

interactions change between the Y759 phosphorylated region and the cSH2 domain. 

Allosteric networks could also have a role to stabilise the active form. PLCγ structural 

architecture is based on PLCγ1. Figure adapted from Liu et al147. 

PLCγ2 has 4 known tyrosine phosphorylation sites: Y753, Y759, Y1197 and Y1217, 

with Y1217 appearing to be unique to PLCγ2 (Figure 1.1)170. According to the current 

model, interactions between the TIM-barrel and spPH domains, as well as the C2 and 

cSH2 domains, results in autoinhibition of PLCγ2, as mutations within either of the two 

contact points (autoinhibitory interface) can overcome enzymatic autoinhibition (Figure 

1.3)147. In fact, it has been suggested that both contacts are required to maintain an 

inhibited form147. Phosphorylation of the Y759 residue (between the cSH2-SH3 linker), 

prevents this autoinhibitory interaction, consequentially allowing PLCγ2 domains to 

bind to the membrane, allowing the substrate PIP2 to access the active site (TIM 

barrel)152,171. The PH domain is speculated to be important in docking the enzyme to the 

inner membrane by binding to PIP2 or phosphatidylinositol (3,4,5)-trisphosphate 
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(PIP3)
148,172. Phosphorylation of the PLCγ2 Y753 and Y1217 residues has been shown 

to vary depending on the cell type used, with phosphorylation of the Y759 residue being 

consistent amongst all cell types tested170,173. In the context of B cells, PLCγ2 

phosphorylation has been characterised as a rapid event, with the maximal level 

phosphorylation occurring after 1 minute170. Moreover, the tyrosine protein 

phosphatases that deactivate PLCγ2 have not yet been identified, nor has any method of 

PLCγ2 dephosphorylation166. 

PLCγ2, in addition to PLCβ2, can also be activated through the GTPase ras-related C3 

botulinum toxin substrate (Rac) 1, 2 and 3, whereas PLCγ1 cannot174. PLCγ2 has been 

shown to form hydrophobic interactions with Rac2, through its spPH domain, resulting 

in plasma membrane recruitment and activation of PLCγ2150,174,175. 

 PLCγ2 pathways 

1.5.6.1 Introduction 

Depending on the specific cell type, PLCγ2 can be activated through tyrosine kinase 

receptors139,176,177, toll like receptors (TLR)178, integrins179,180, as well as several 

immunoreceptor tyrosine-based activation motif (ITAM)-linked receptors such as Fcγ 

receptors181,182, the B cell receptor complex170 and the TREM2 receptor complex183. 

ITAM is a highly conserved region in the cytoplasmic domain of signalling chains of 

adapter proteins and receptors that is involved in the regulation of immune cell 

proliferation, survival and differentiation184–186. Upon specific receptor activation, 

ITAM regions become phosphorylated, resulting in the recruitment and subsequent 

phosphorylation of PLCγ2. However, the role of PLCγ2 mediated downstream 

signalling in some of these pathways is still unclear. PLCγ2 activation, and its 

subsequent downstream effects, are best characterised in the context of B cells, where 

PLCγ2 function has been extensively investigated. 
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1.5.6.2 B cell receptor (BCR) pathway 

 

Figure 1.4 Simplified B cell receptor (BCR) signalling complex. BCR activation 

induces phosphorylation of immunoreceptor tyrosine-based activation motifs (ITAMs) 

and recruitment of the Lck/Yes novel tyrosine kinase (LYN) and spleen tyrosine kinase 

(SYK) kinases to activate Bruton tyrosine kinase (BTK). BTK recruits the adapter 

protein B-cell linker (BLNK), as well as phosphorylates and activates phospholipase C-

γ2 (PLCγ2) to hydrolyse phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol 

1,4,5-trisphosphate (IP3) and diacylglycerol (DAG), which triggers the activation of 

nuclear factor of activated T-cells (NFAT) and nuclear factor kappa B (NF-κB) 

transcription factors, as well as extracellular signal-regulated kinase (ERK) through 

protein kinase C (PKC). Figure adapted from Burger and Wiestner187. Figure was 

created with BioRender.com. 

The B cell receptor (BCR) complex is composed of a membrane immunoglobulin, non-

covalently bonded to the CD79a(Igα)-CD79b(Igβ) heterodimer. The CD79 heterodimer, 

bound together by disulphide bridges, has a cytoplasmic ITAM tail. Upon BCR-antigen 

activation, the ITAM regions of the CD79 heterodimer become phosphorylated by the 
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Src family kinases (Lck/Yes novel tyrosine kinase (Lyn) and spleen tyrosine kinase 

(Syk)), resulting in the recruitment of the kinases Syk, Bruton tyrosine kinase (Btk) and 

Lyn, as well as the adaptor protein B-cell linker (BLNK), towards the BCR complex188. 

BLNK is recruited to the non-ITAM region of the CD79 heterodimer where it is 

phosphorylated by Syk, so that it can act as a scaffold for Btk and PLCγ2188. Once Syk, 

Btk, BLNK and PLCγ2 are in contact, PLCγ2 is phosphorylated by Btk and/or Syk, 

resulting in the conversion of PIP2 into IP3 and DAG (Figure 1.4)182. 

IP3 is released into the cytosol and binds to IP3 receptors (IP3Rs) on the endoplasmic 

reticulum, increasing cytoplasmic calcium189. The upsurge of calcium leads to the 

activation of calcium-dependent kinases and calcineurin. Calcineurin dephosphorylates 

the transcription factor, nuclear factor-activated T-cell (NFAT), inducing its nuclear 

translocation and promoting cytokine transcription125. DAG remains bound to the 

plasma membrane where it activates a number of different targets, one being protein 

kinase C (PKC). Once activated, PKC triggers the nuclear factor kappa B (NF-κB) 

pathway, a protein complex that controls transcription, cytokine production and cell 

survival125. In addition, PKC also stimulates Ras guanyl-nucleotide-releasing proteins 

(RasGRPs). RasGRPs activate the extracellular signal-regulated kinase (ERK) pathway, 

which is responsible for cell proliferation and cytoskeletal contraction190. It should be 

noted that downstream signalling pathways are cell-context dependent and will differ 

amongst the different cell types. 
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1.5.6.3 TREM2 pathway 

 

Figure 1.5 Proposed TREM2/PLCγ2 signalling in microglia. Upon ligand binding to 

TREM2, two tyrosine residues within the ITAM motifs of DAP12 are phosphorylated 

by Src, which recruits Syk to activate downstream signalling molecules, such as ERK, 

PI3K, PLCγ2 and Vav. Activated PLCγ2 coverts PIP2 into IP3 and DAG, which triggers 

pathways to activate the NFAT and NF-κB transcription factors, as well as ERK 

through PKC. Figure adapted from Konishi and Kiyama (2018)191. Figure was created 

with BioRender.com. 

TREM2 has been demonstrated to have a minor preference towards anionic substrates, 

and as a result, activation of TREM2 has been demonstrated with various phospholipids 

and sphingomyelin130,133, bacterial lipopolysaccharides192, lipidated apolipoproteins 

such as APOE131, nucleic acids193 and oligomeric Aβ194. TREM2 is known to couple to 

the DNAX-activating protein 12 (DAP12) through electrostatic interactions195–197. 

Similarly to the B cell CD79 heterodimer, DAP12 is bound together by disulphide 

bridges and has a cytoplasmic tail containing ITAM motifs198,199. Upon TREM2 

activation, Src protein tyrosine kinases phosphorylate ITAMs, promoting the 
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recruitment of Syk, that activates downstream signalling molecules such as PLCγ2, 

Vav, ERK and phosphatidylinositol 3-kinase (PI3K, Figure 1.5)191,200,201. The 

recruitment of these proteins results in the activation of PLCγ2, and thus the hydrolysis 

of PIP2 into IP3 and DAG. It is hypothesised that the IP3 and DAG secondary 

messengers to have the same downstream affects as they do in B cells. This includes 

changes to transcription, cytokine production, cell survival, cell proliferation, 

cytoskeletal contraction and phagocytosis125. Furthermore, activation of the TREM2 

pathway within microglia has been demonstrated to promote anti-inflammatory 

responses202. 

It must be stated that the microglial TREM2 signalling pathway is still yet to be fully 

characterised, and that this is the proposed TREM2 pathway based on the current 

literature133,203,204. Additionally, it is also unclear to what extent other adaptor proteins 

are recruited and associated with PLCγ2 at the membrane204. 

1.6 Identified PLCγ2 disease-linked variants 

 

Figure 1.6 PLCγ2 domain structure annotated with the known disease-linked PLCγ2 

variants and their associated disease phenotype. Somatic mutations in cancer drug 

resistance are not included. 
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 Mouse models and inherited immune disorders 

Wild type (WT) mice treated with the mutagen N-ethyl-N-nitrosourea (ENU) 

introduced two independent PLCγ2 gain-of-function (GOF) mutations that caused limb 

defects and autoimmunity205–207. These PLCγ2 variants were identified as D933G and 

Y495C and are named as abnormal limb 5 and 14 (Ali5 and Ali14), respectively (Figure 

1.6)205–207. Upon stimulation of B cells, the Ali5 variant showed an increase in inositol 

phosphate production and enhanced intracellular calcium generation, with the Ali14 

mutation displaying similar effects205–207. In B cells, both the Ali5 and Ali14 PLCγ2 

variants hyper activate external calcium entry causing the expansion of innate 

inflammatory cells, ultimately resulting in the mice experiencing severe 

inflammation206,207. For the Ali5 mutant, the authors hypothesised that the removal of 

the negatively charged aspartic acid residue may reduce membrane repulsion207. 

Therefore, perhaps PLCγ2 remains at the membrane longer, increasing its contact time 

with the PIP2 substrate, explaining the GOF205. Additionally, the Ali14 mutation, which 

is located in the spPH domain, has been suggested to destabilise the γSA autoinhibition 

mechanism, resulting in its GOF208. In contrast, PLCγ2 deficient mice display 

functional defects in B cells, platelets, mast cells and NK cells, as well as absent IgM-

receptor-induced calcium flux209. 

Cold urticaria is a symptom of multiple inflammatory disorders that commonly causes 

hives to form on the skin, as well as swelling, after exposure to a cold stimulus210. 

Patients can also experience very low blood pressure, fainting or even shock210. An 

exome (the protein coding regions of genes in a genome) sequencing study of 27 

patients with inherited cold urticarial revealed deletions in the PLCG2 gene211. 

Deletions to the cSH2 (Δ646-685) and cSH2/SH3 (Δ686-806) domains were found to 

disrupt the autoinhibitory mechanism, leading to GOF (Figure 1.6)211. However, despite 

the increase in PLCγ2 enzymatic function, ERK phosphorylation and calcium flux were 

shown to be reduced in B cells211. It was hypothesised that following its activation, WT 

PLCγ2 stabilises the receptor-adaptor protein complex necessary for signal transduction. 

Current literature shows that the cSH2 is important for PLCγ2 stability and that 

mutations in this domain are indirectly affecting autoinhibition147. Therefore, the Δ646-

685 and Δ686-806 mutations are most likely diminishing the ability of PLCγ2 to 

stabilise the complex, resulting in a reduction of downstream activity. Additionally, the 

signalling defect was shown to be temperature sensitive, as decreasing physiological 

temperatures resulted in an increase of cytosolic calcium levels, as well as ERK 
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phosphorylation in B cells211. The increase in activity at sub-physiological temperatures 

could be due to intrinsic cold-induced activation which, depending on cell type, can lead 

to a variety of acute or chronic phenotypes212. The term PLAID (PLCγ2-associated 

antibody deficiency and immune dysregulation) was used to describe the genetic, 

clinical and functional findings211. Interestingly, studies have shown patients to 

experience PLAID symptoms with no detectable PLCγ2 deletion or mutation suggesting 

that the PLAID phenotype is not solely due to PLCγ2213,214.  

A father and daughter experiencing skin inflammation, uveitis, colitis and lung 

inflammation, harboured the PLCγ2 missense variant S707Y (Figure 1.6). This 

mutation is situated at a highly conserved amino acid residue throughout vertebrates215. 

Since its identification, the PLCγ2 S707Y variant has been demonstrated to disrupt the 

cSH2 and C2 autoinhibitory mechanism, resulting in increased IP3 production, 

intracellular calcium flux and ERK phosphorylation within different cell types208,215,216. 

Furthermore, the pro-inflammatory cytokine interleukin-1 beta (IL-1β) was shown to be 

elevated in patient peripheral blood mononuclear cells (PBMCs) harbouring the PLCγ2 

S707Y variant217. IL-1β precursor protein requires proteolytic cleavage by activated 

caspase-1 through the NLR family pyrin domain containing 3 (NLRP3) inflammasome, 

a large intracellular multiprotein complex, to generate mature IL-1β218. The heightened 

IP3-mediated calcium flux generated from the S707Y PLCγ2 variant, was demonstrated 

to be a key mediator of mature IL-1β production, as increased cytoplasmic calcium 

promotes the assembly of inflammasome217. As the disease was classified as 

autoinflammatory, the term APLAID (autoinflammation and PLCγ2-associated 

antibody deficiency and immune dysregulation) was given to classify the genetic, 

clinical and functional findings215. 

Additionally, four other PLCγ2 missense variants eliciting the APLAID phenotype 

A708P219,220, L848P216, M1141K221 and Δ845-848222 have also been demonstrated to 

increase PLCγ2 activity under both basal and stimulated conditions in vitro216,222,223 

(Figure 1.6). Patients harbouring these mutations were experiencing recurrent 

infections, antibody deficiency and autoimmunity. Characterisation of the PLCγ2 

A708P variant shows it to be one of the most hypermorphic PLCγ2 SNPs, producing 

significantly more IP3 relative to the WT control171. Given its close proximity to the 

S707Y PLCγ2 variant, the A708P variant most likely disrupts the autoinhibitory 

mechanism through the same process. Furthermore, the PLCγ2 M1141K variant has 

also been found to dysregulate the autoinhibitory mechanism resulting in increased 
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intracellular calcium influx, ERK phosphorylation and increased apoptosis of immature 

B cell subsets223,224. However, for the patients eliciting the PLCγ2 M1141K variant, 

different phenotypes were observed for each patient, suggesting that perhaps other 

factors contribute to the disease224. 

 Inflammatory bowel disease (IBD) 

A GWAS of IBD patients identified two independent PLCγ2 missense variants, H244R 

and R268W, both located in the EF domain (Figure 1.6)138. As no mutations in this 

domain have previously been characterised, it is hard to predict if they are influencing 

enzymatic activity. A recent study has reported the R268W variant to cause an increase 

in calcium influx in peripheral B cells, suggesting that this variant is perhaps 

hypermorphic225. However, further functional studies still need to be performed. 

 Alzheimer’s disease (AD) 

A GWAS of LOAD patients identified a protective PLCγ2 variant, P522R116. This 

variant is unique compared to others, as it is located in the linker between the spPH and 

nSH2 PLCγ2 domains (Figure 1.6). Therefore, it is not clear if this variant is also 

affecting the autoinhibition mechanism like other variants. Functional characterisation 

of the variant has shown a mild GOF in activity when stimulated, with increases in IP3 

and DAG production, as well as calcium signalling documented139,226. Furthermore, 

upon comparable overexpression of PLCγ2 WT and P522R, the variant was shown to 

enhance PLCγ2 dependent cholesterol metabolism in hiPSC-derived microglia cells, 

suggesting that alterations in microglial lipid metabolism might contribute to LOAD133. 

However, further functional characterisation of the variant is still needed as conflicting 

phagocytosis data has been published, with substrate dependent increases and decreases 

in phagocytosis reported226,227. Studies have shown dementia and mild cognitive 

impairment (MCI) patients carrying the P522R variant to have lower phosphorylated 

Tau 181 (pTau181) concentrations and total Tau levels in their cerebrospinal fluid (CSF), 

classical hallmarks of AD, compared to non-carriers228,229. Additionally, the variant has 

been associated with an increased likelihood of longevity, as well as counteracting the 

harmful effect of the APOE ε4 allele230. 

To the contrary, a rare missense variant of PLCγ2, M28L, has been suggested to confer 

increased AD risk231. Previous characterisation of the PLCγ2 M28L variant showed no 
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change in enzymatic activity176. As this variant has activity comparable to PLCγ2 WT it 

could act as a control for future studies. 

 Engineered PLCγ2 mutations that affect enzymatic activity 

It is helpful to identify inactive forms of PLCγ2 to act as negative controls for 

subsequent experiments. Human embryonic kidney 293 (HEK293) cells transfected 

with PLCγ2 cDNA harbouring the double histidine 327/372 to phenylalanine mutation 

(H327/372F) were demonstrated to be catalytically inactive when compared to the 

PLCγ2 WT control (Figure 1.6)232. Furthermore, Walliser et al., generated a PLCγ2 

cDNA construct that replaced the four tyrosine residues (Y753, Y759, Y1197, Y1217) 

known to be phosphorylated during PLCγ2 activation with phenylalanines, in addition 

to a PLCγ2 mutation that prevents Rac activation, F897Q. The construct was 

characterised as lipase dead in COS-7 cells and is abbreviated to ‘4F + F897Q’171,176. 

 Summary 

A summary of the reported germline/non-somatic PLCγ2 disease-linked variants is 

presented in Table 1.2. The observed clinical phenotype is likely due to the PLCγ2 

variant affecting either the autoinhibitory interface, allosteric networks, membrane 

interactions, domain stability or interactions with regulatory proteins147. Somatic PLCγ2 

mutations that are causative of cancer drug resistance are not being covered in this 

thesis as they do not fit within the scope of inflammation. However, all APLAID 

mutations are associated with cancer resistance.  

Species 
PLCγ2 

Mutation 
Association Domain 

IP 

Production 

vs. WT 

Intracellular 

Calcium 

Flux vs. WT 

References 

Mouse 
D933G Ali5 Y-Box ↑ ↑ 205,207 

Y495C Ali14 spPH ↑ ↑ 205,206 

Human 

Δ646-685 

PLAID 

cSH2 ↑ ↓ 211 

Δ686-806 
cSH2 

& SH3 
↑ ↓ 211 

S707Y 

APLAID 

cSH2 ↑ ↑ 215,216 

A708P cSH2 ↑ N/A 171,222 

L848P spPH ↑ N/A 216 

M1141K C2 N/A ↑ 223,224 
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Δ845-848 spPH ↑ N/A 222 

H244R 
IBD 

EF N/A N/A 138 

R268W EF N/A ↑ 138 

P522R 
AD 

spPH-

nSH2 

Linker 

↑ ↑ 139,226 

M28L PH - N/A 176 

Table 1.2 Summary of literature PLCγ2 disease-linked variants. Abbreviations: (↑) 

increase, (↓) decrease, (-) no change, (N/A) not available, (APLAID) autoinflammation 

and PLCγ2-associated antibody deficiency and immune dysregulation, (PLAID) 

PLCγ2-associated antibody deficiency and immune dysregulation, (IBD) inflammatory 

bowel disease, (AD) Alzheimer’s disease, (PH) pleckstrin homology, (EF) EF-hands, 

(X and Y box) TIM barrel, (C2) C2 domain, (spPH) split PH, (nSH2 and cSH2) n and c 

terminus src-homology 2 and (SH3) src-homolgy 3. 

1.7 Cell Models 

 Human induced pluripotent stem cells (hiPSCs) and embryonic stem cells 

(hESCs)  

Over recent years, hESCs and hiPSCs have been increasingly used as a model system in 

biomedical research because of their ability to be differentiated into many different cell 

types that can be used to model diseases and disorders at a cellular level233. As hESC 

are derived from the inner cell mass of developing embryos, they serve as good in vitro 

models of embryonic development234. Whereas, hiPSCs are not derived from embryos 

and are designed to mimic hECS234. However, hiPSCs do offer their own unique 

advantages. Firstly, they eliminate the ethical issues presented by hESCs due to their 

embryonic origins. Secondly, they allow for the production of patient-specific 

pluripotent stem cells235. This is achieved by overexpressing four defined transcription 

factors: octamer-binding transcription factor 4 (Oct4), Krüppel-like factor 4 (Klf-4), c-

myc and sex determining region Y-box 2 (Sox-2) in human somatic cells236,237. Global 

gene expression profiles of hESCs and hiPSCs are mostly similar with subtle 

differences in messenger RNAs and microRNAs reported234,238,239. However, no unique 

epigenetic or transcriptional deviation is found to be shared by all hiPSC lines240. 
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 Stem cell-derived macrophage precursors (preMac) and macrophages 

Myeloid cells are a vital component of the human innate immune system and their 

dysregulation has been implicated in several diseases241. Within in the field, challenges 

regarding donor variability of primary blood-derived cells, as well as isolation of tissue-

resident macrophages compromise experimentation241. To combat these issues, several 

protocols to generate hiPSC-derived macrophage cells have been published. 

Spontaneous mesoderm differentiation of stem cells via embryoid bodies (EBs), 

followed by timed exposure to macrophage colony stimulating factor (M-CSF) and 

interleukin-3 (IL-3) induces myeloid differentiation for the production of macrophage 

precursors (preMacs)242. This method offers a virtually unlimited supply of in vitro 

generated preMac cells, with consistent genotype and function, eliminating the risk of 

donor variability where needed243. preMac cells generated via this protocol have 

demonstrated good expression of the myeloid markers CD11b (integrin subunit alpha 

M), CD14 (cluster of differentiation 14) and CD68 (cluster of differentiation 68) over 

the lifespan on the cells243. Harvested preMacs exposed to XVIVO15 media 

supplemented with M-CSF for 7 days results in the generation of macrophage cells243. 

Compared to primary blood-derived macrophages, these stem cell-derived macrophages 

exhibit similar polarisation, as well as a higher rate of engulfment of dead and dying 

cells (efferocytosis)243. 

 Stem cell-derived microglia  

Over recent years it has become more evident that rodent biology does not always 

recapitulate human biology, especially in the context of AD244,245. Comparing the 

homology of human and mouse proteins enriched in microglia, shows that over half of 

the proteins display less than 70% homology246. Furthermore, significant gene 

expression differences between human and mouse microglia have been documented 

especially in the context of the complement system, several inflammatory cytokines, as 

well as genes related to neurodegenerative diseases, such as AD53,247,248. 

In order to solve this issue, some labs have established procedures to obtain primary 

human microglia249. However, the process is not straightforward. Firstly, very few labs 

have the access and the expertise to process human brain tissue, and those that do 

harvest a low number of microglia, making it very challenging to perform multiple 

experiments. Secondly, primary samples are often obtained from post-mortem patients 

that have different ages and disease progression, that can potentially confound the 
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interpretation of experimental results. Finally, it has been demonstrated that once 

microglia are removed from the brain, they undergo rapid transcriptomic and 

phenotypic changes that diminish the accuracy of these cells as a model for in vivo 

microglia27,53,250. 

In order to circumvent the issues associated with primary human and mouse microglia, 

multiple protocols have been developed to generate large numbers of human ‘like’ 

microglia, derived from preMacs251. These protocols aim to mimic microglia 

development by timely exposing the preMacs to growth factors and small molecules. 

Stem cell-derived microglia are defined as microglia ‘like’ because they have not been 

generated from the native yolk sac erythromyeloid progenitors. The ability to mass-

produce human microglia ‘like’ cells allows researchers to perform multiple high-

throughput experiments for applications such as drug screening, as well as disease 

modelling. Furthermore, the abundance of cells means multiple control groups and 

experimental replicates can be run, adding further validity to studies. A detailed 

summary of the molecular markers and functional assays used to characterise human 

pluripotent stem cell derived microglia ‘like’ cells from multiple protocols is listed in 

Table 1.3. 

Protocol Pluripotent stem cell derived microglia cell characterisation  

Muffat et al.252 Morphology: multiple thin first-order branches 

ICC: TMEM119, P2RY12, IBA1, CD45 

RNASeq: TMEM119, MERTK, C1QA, P2Y12, P2Y13 

Haenseler et 

al.242 

Morphology: ramified (secondary branches) 

Flow cytometry: CD11b, CD11c, CD14, CD45 

qPCR: C1QA, GAS6, GPR34, MERTK, P2Y12, TREM2, 

TMEM119 

Abud et al.253 Morphology: high nucleus to cytoplasm ratio 

ICC: PU.1, CX3CR1, TREM2, P2Y12, TGFBR1, PROS1, 

MERTK, ITGB5 

qPCR: P2RY12, GPR34, C1Q, TREM2, APOE 

Phagocytosis: pHrodo-E.coli  

Calcium Signalling: ADP-response  

Table 1.3 Summary of the morphology, molecular markers and functional tests used to 

characterise human pluripotent stem cell derived microglia ‘like’ cells. Abbreviations: 
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(ICC) immunocytochemistry, (RNASeq) RNA sequencing and (qPCR) quantitative 

polymerase chain reaction. 

Stem cell-derived microglia have a similar transcriptomic and functional profile to that 

of cultured human adult and foetal microglia253. However, as microglia do not exist in 

isolation, questions have been raised over whether data generated using monocultured 

microglia in vitro could be translated to the function of microglia in vivo246. Thus, while 

monoculture experiments would likely provide an initial assessment of microglial 

function, additional application of co-culture or organoid methods that combine 

microglia with stem cell-derived neurons, astrocytes, endothelial cells, or other cell 

types would likely provide important additional information. Furthermore, stem cell-

derived microglia transplanted into mouse brain can also provide a more physiologically 

relevant model to address microglia’s role in AD pathophysiology. 

1.8 Aims 

PLCγ2 hypermorphic variants e.g. S707Y, have been demonstrated to increase 

enzymatic activity resulting in alterations to downstream signalling. Recent GWAS and 

clinical studies have identified multiple PLCγ2 disease-linked variants that are still yet 

to be fully characterised to understand what effect, if any, they have on disease initiation 

or progression. The identification of the LOAD protective PLCγ2 P522R variant 

suggests that PLCγ2 plays a crucial in microglial function. However, PLCγ2 P522R 

models have yet to fully decipher what role this variant has on microglia function, 

especially given its mild GOF activity. Therefore, in order to better clarify the role that 

PLCγ2 has on microglial functionality, genetically manipulated hypermorphic variants 

of PLCγ2, such as the S707Y variant, can be used in stem cell-derived microglia to 

characterise what effect strong hypermorphic PLCγ2 variants have on microglia 

function. More specifically, I will address the following aims: 

1. Characterise and rank the enzymatic activity of rare and novel PLCγ2 disease-linked 

variants. 

2. Explore the role that PLCγ2 has in microglial functionality using PLCγ2 WT and 

S707Y hiPSC-derived microglia.  

3. Characterise the impact the disease-linked PLCγ2 S707Y variant has on microglial 

gene expression to understand disease mechanisms. 
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Chapter 2 - Materials and Methods  

2.1 Materials 

 General reagents used for various techniques 

Item Catalogue Number Manufacturer 

Ethanol Absolute 10342652 VWR Chemicals 

Distilled Water (MilliQ) - - 

UltraPure DNase/RNase-Free 

Distilled Water 
10977035 Invitrogen 

1x Dulbecco's Phosphate-Buffered 

Saline (PBS): No Calcium, No 

Magnesium 

14190094 Gibco 

Chloroform 22711.290 VWR Chemicals 

Isopropanol P/7500/21 Fisher Chemical 

 

 Bacterial culture reagents 

Item Catalogue Number Manufacturer 

Miller LB Broth L3522 Sigma 

Miller LB Agar L3027 Sigma 

Kanamycin  15160054 Gibco 

Ampicillin A5354 Sigma 

S.O.C. Medium 15544034 Invitrogen 

Glycerol G5516 Sigma 

XL1-Blue MR Supercompetent Cells 200229 Agilent Technologies 

 

 Site-directed mutagenesis kits and DNA extraction kits used to isolate DNA 

from bacterial and human cultures 

Item Catalogue Number Manufacturer 

QuikChange Lightning Site-Directed 

Mutagenesis Kit 
210518 Agilent Technologies 

QIAprep Spin Miniprep Kit 27106 Qiagen 

QIAGEN Plasmid Plus Maxi Kit 12963 Qiagen 

DNeasy Blood & Tissue Kit 69504 Qiagen 
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 Agarose gel electrophoresis reagents 

Item Catalogue Number Manufacturer 

Agarose Powder A9539 Sigma 

UltraPure DNA Typing Grade 50x 

TAE Buffer 
24710030 Invitrogen 

1kb Plus DNA ladder 10787018 Invitrogen 

SYBR Safe DNA Gel Stain S33102 Invitrogen 

NE Buffer 3.1 (10x) B7203S New England Biolabs 

DNA Gel Loading Dye (6x) R0611 Thermo Scientific 

SalI Restriction Enzyme R0138S New England Biolabs 

 

 Commercial plasmids 

Item Catalogue Number Manufacturer 

EGFR WT 11011 Addgene 

 

 Commercial cell lines 

Item Catalogue Number Manufacturer 

HeLa  CCL-2 ATCC 

COS-7  CRL-1651 ATCC 

SH-SY5Y CRL-2266 ATCC 

 

 Cell culture reagents 

Item Catalogue Number Manufacturer 

DMEM (High Glucose, GlutaMAX 

Supplement, Pyruvate) 
31966021 Gibco 

DMEM/F-12, GlutaMAX 

Supplemented 
31331028 Gibco 

RPMI-1640 Medium 11875093 Gibco 

Fetal Bovine Serum (FBS) F9665 Sigma 

Penicillin-Streptomycin Solution 15140148 Gibco 

Opti-MEM  31985062 Invitrogen 

Trypsin 25200056 Gibco 
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Accutase AT104 
Innovative Cell 

Technology 

β-Mercaptoethanol (55mM) 21985-023 Gibco 

Geltrex LDEV-Free Reduced Growth 

Factor Basement Membrane Matrix 
A1413201 Gibco 

RevitaCell Supplement (100x) A2644501 Gibco 

UltraPure 0.5M EDTA 15575020 Invitrogen 

mTeSR1 Plus 100-0276 
StemCell 

Technologies 

Vitronectin XF 07180 
StemCell 

Technologies 

Gentle Cell Dissociation Reagent 100-0485 
StemCell 

Technologies 

Anti-Adherence Rinsing Solution 07010 
StemCell 

Technologies 

37uM Cell Strainers  27250 
StemCell 

Technologies 

Recombinant Human BMP-4 (HeLa 

Derived) 
120-05 Peprotech 

Recombinant Human VEGF165 100-20 Peprotech 

Recombinant Human SCF 300-07 Peprotech 

X-VIVO 15 Serum-free 

Hematopoietic Cell Medium 
BE02-060F Lonza 

GlutaMAX Supplement 35050061 Gibco 

Recombinant Human M-CSF 300-25 Peprotech 

Recombinant Human IL-3 200-03 Peprotech 

Recombinant Human IL-34 200-34 Peprotech 

Recombinant Human TGF-β1 

(HEK293 derived) 
100-21 Peprotech 

Cholesterol-Water Soluble C4951 Sigma Aldrich 

Advanced DMEM/F-12 12634010 Gibco 

N2 Supplement (100x) 17502001 Gibco 
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Y-27632 dihydrochloride SC-281642A 
Santa Cruiz 

Biotechnology 

Neubauer Improved C-Chip 

Disposable Haemocytometer 
DHC-N01-50 NanoEnTek 

DMSO D8418 Sigma Aldrich 

KnockOut Serum Replacement 10828028 Gibco 

Countess Cell Counting Chamber 

Slides 
C10228 Invitrogen 

Trypan Blue Stain (0.4%) T10282 Invitrogen 

Nalgene Mr. Frosty Freezing 

Container 
5100-0001 Thermo Scientific 

Human Plasma Fibronectin F2006 Sigma Aldrich 

 

 Mycoplasma detection reagents 

Item Catalogue Number Manufacturer 

MycoAlert Mycoplasma Detection 

Kit 
LT07-318 Lonza 

 

 Transfection reagents for adherent cells 

Item Catalogue Number Manufacturer 

Lipofectamine 3000 L3000015 Invitrogen 

jetPEI DNA Transfection Reagent 

Kit 
101-10N Polyplus 

Lipofectamine 2000 11668019 Invitrogen 

PLUS reagent 11514015 Invitrogen 

Lipofectame LTX 15338100 Invitrogen 

 

 Cell lysis and protein determination reagents 

Item Catalogue Number Manufacturer 

RIPA Buffer 20-188 Millipore 

cOmplete Protease Inhibitor Cocktail 4693116001 Roche 

PhosSTOP 4906845001 Roche 
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Pierce Coomassie (Bradford) Protein 

Assay Kit 
23200 Thermo Scientific 

 

 Western blotting reagents 

Item Catalogue Number Manufacturer 

NuPAGE LDS Sample Buffer (4x) NP0007 Thermo Fisher 

NuPAGE Sample Reducing Agent 

(10x) 
NP0009 Thermo Fisher 

4–15% Mini-PROTEAN TGX 

Precast Protein Gels, 15-well, 15µL 
4561086 Biorad 

Chameleon Duo Pre-Stained Protein 

Ladder 
928-60000 LI-COR 

NuPAGE MES SDS Running buffer 

(20x) 
NP0002 Thermo Fisher 

NuPAGE Transfer Buffer (20x) NP0006 Thermo Fisher 

Amersham Hybond Western Blotting 

Membranes, PVDF 
10600023 

GE Healthcare Life 

Sciences 

Methanol ≥99.8% 20847.307 VWR Chemicals 

TWEEN 20 P1379 Sigma 

Bovine Serum Albumin (BSA) A9418 Sigma 

 

 WES reagents 

Item Catalogue Number Manufacturer 

12-230 kDa Wes Separation Module, 

8 x 25 capillary cartridges + EZ 

Standard Pack 

SM-W004 Protein Simple 

Anti-Rabbit Detection Module For 

WES 
DM-001 Protein Simple 

Anti-Mouse Detection Module For 

WES 
DM-002 Protein Simple 
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 Antibodies for western blots and WES 

Item Catalogue Number Manufacturer 

Phospho-PLCγ2 (Y759) Antibody 

(Rabbit) 
3874 

Cell Signaling 

Technologies 

Anti-PLCγ2 Antibody (Rabbit) 3872 
Cell Signaling 

Technologies 

Anti-PLCγ2 Polyclonal Antibody 

(Rabbit) 
A2182 ABclonal 

Anti-PLCγ2 Antibody (H-160) 

(Rabbit) 
sc-9015 Santa Cruz 

Anti-PLCγ2 Antibody (B-10) 

(Mouse) 
sc-5283 Santa Cruz 

Donkey anti-Rabbit IgG (H+L) 

Highly Cross-Adsorbed Secondary 

Antibody, Alexa Fluor 680 

A10043 Invitrogen 

Anti-GAPDH Antibody (Rabbit) 2118 
Cell Signaling 

Technologies 

Anti-PLCγ1 Antibody (Mouse) 05-163 EMD Millipore 

Anti-GAPDH Antibody (Mouse) 4267 
Cell Signaling 

Technologies 

Anti-NF-κB p65 Antibody (Rabbit) 8242 
Cell Signaling 

Technologies 

Phospho-NF-κB p65 (Ser536) 

Antibody (Rabbit) 
3033 

Cell Signaling 

Technologies 

 

 qPCR reagents 

Item Catalogue Number Manufacturer 

TRIzol Reagent 15596026 Invitrogen 

RQ1 (RNAse-Free) DNAse 10x 

Reaction Buffer 
M198A Promega 

RQ1 (RNAse-Free) DNAse (1uL/µg 

of RNA) 
M610A Promega 

RNAse Inhibitor  4374966 Applied Biosystems 
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10X RT Buffer 

10X RT Random Primers 

25X dNTP Mix (100 mM) 

MultiScribe Reverse Transcriptase 

(50 Units/µL) 

RQ1 DNAse Stop Solution M199A Promega 

RT-qPCR One step Master Mix  OSPLUS-XXML Primerdesign Ltd 

RT-qPCR Master Mix PPLUS-XXML Primerdesign Ltd 

DNAse DNASE-50 Primerdesign Ltd 

LightCycler 480 SYBR Green I 

Master (2X) 
04707516001 Roche 

 

 TaqMan Primers 

Item Catalogue Number Manufacturer 

PLCg1 Hs01008225_m1 Thermo Fisher 

PLCg2 Hs01101857_m1 Thermo Fisher 

P2RY12 Hs00375457_m1 Thermo Fisher 

AIF1 (IBA1) Hs00610419_g1 Thermo Fisher 

TREM2 Hs00219132_m1  Thermo Fisher 

CD68 Hs02836816_g1 Thermo Fisher 

CX3CR1 Hs01922583_s1 Thermo Fisher 

BLNK Hs00179459_m1 Thermo Fisher 

SYK Hs00895377_m1 Thermo Fisher 

LYN Hs01015816_m1 Thermo Fisher 

BTK Hs00975865_m1 Thermo Fisher 

CD14 Hs00169122_g1 Thermo Fisher 

MERTK Hs00179024_m1 Thermo Fisher 

ITGAM (CD11b)  Hs00167304_m1 Thermo Fisher 

PTPRC (CD45)  Hs04189704_m1 Thermo Fisher 

SAC2A5 Hs01086390_m1 Thermo Fisher 

SPI1 (PU.1)  Hs02786711_m1 Thermo Fisher 

ACTB JN177175 Primerdesign Ltd 

ATP5B JN177176 Primerdesign Ltd 



54 

 

UBC CPO-02-000007 Primerdesign Ltd 

 

 Reagents for the fixing and staining of cells 

Item Catalogue Number Manufacturer 

Paraformaldehyde (PFA) F8775 Sigma 

Triton X X100 Sigma 

Bovine Serum Albumin (BSA) A9418 Sigma 

 

 Antibodies for immunocytochemistry (ICC) 

Item Catalogue Number Manufacturer 

Anti-IBA1 (Rabbit) Antibody 019-19741 Wako 

DAPI (4',6-Diamidino-2-

Phenylindole) 
62248 Thermo Scientific 

Goat anti-Rabbit IgG (H+L) Cross-

Adsorbed Secondary Antibody, 

Alexa Fluor 488 

A-11008 Invitrogen 

Anti-NF-κB p65 Antibody (Rabbit) 8242 
Cell Signaling 

Technologies 

 

 Assay kits 

Item Catalogue Number Manufacturer 

IP-One Gq Kit (20,000 tests) 62IPAPEC Cisbio 

FLIPR Calcium 6 Assay Kit R8191 Molecular Devices 

CellTiter-Glo Luminescent Cell 

Viability Assay 
G7571 Promega 

MSD V-PLEX Viral Panel 2 (human) 

kit  
K15346D Meso Scale Discovery 

 

 Reagents for cell stimulation 

Item Catalogue Number Manufacturer 

Epidermal Growth Factor (EGF) 

Recombinant Human Protein 
PHG0311 Gibco 
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TREM2 Polyclonal Antibody AF1828 Bio-Techne 

Goat IgG Isotype Control AB-108-C Bio-Techne 

Human Fc gamma RIIA/CD32a 

Antibody 
AF1875 Bio-Techne 

Ultra Pure ATP V915B Promega 

Ionomycin calcium salt from 

Streptomyces conglobatus 
I0634 Sigma Aldrich 

Lipopolysaccharides from 

Escherichia coli O55:B5 
L2880 Sigma Aldrich 

 

 Phagocytosis assay reagents 

Item Catalogue Number Manufacturer 

Protein LoBind, 50 ml, concial tube 0030122240 Eppendorf 

Protein LoBind, 15 ml, concial tube 0030122216 Eppendorf 

pHrodo iFL Red STP-Ester (amine-

reactive) 
P36010 Invitrogen 

Hanks' Balanced Salt Solution 

(HBSS) - No Calcium, No 

Magnesium, No Phenol Red 

14175095 Gibco 

Live Cell Imaging Solution A14291DJ Invitrogen 

Cytochalasin D PHZ1063 Invitrogen 

 

 Cell culture and assay plates 

Item Catalogue Number Manufacturer 

96 Well Microplate (U-bottom), 

Clear 
650970 Greiner Bio-One 

AggreWell 800 34811 StemCell 

CellCarrier-96 Ultra Microplates, 

Black 
6055302 PerkinElmer 

96 Well HTRF IP1 Plate 66PL96025 Cisbio 

White 96 Well Tissue Culture Plate 655083 Greiner Bio-One 

6 Well 657160 Greiner Bio-One 

24 Well 3524 Corning 
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384 Well Plate, Black 781091 Greiner Bio-One 

384 Well Plate, v Bottom, Clear 781280 Greiner Bio-One 

T-25 Flask 690175 Greiner Bio-One 

T-75 Flask 658175 Greiner Bio-One 

T175 Flask 660175 Greiner Bio-One 

LightCycler 480 Multiwell Plate 384, 

White 
04729749001 Roche 

Petri Dish 632180 Greiner Bio-One 

 

2.2 Methods 

 Luria-Bertani (LB) medium and LB agar plates 

Luria-Bertani (LB) medium was made by dissolving Miller LB broth (Sigma) in 

distilled water at 25g/L. The resulting solution was sterilised in an autoclave at 121°C 

until the cycle was completed.  

LB agar was made by dissolving Miller LB agar (Sigma) in distilled water at 40g/L, 

before being autoclaved by the same process. The LB agar was then allowed to cool to 

~40°C before 100μg/mL of ampicillin (Sigma) or kanamycin (Gibco) was added. The 

LB agar was poured into sterile petri dishes and allowed to set, before being stored at 

4°C.  

 Bacteria transformation 

0.85μL of β-Mercaptoethanol (Agilent Technologies) was added to 25μL of XL1-blue 

MR supercompetent cells (Agilent Technologies) before incubation on ice for 10 

minutes, with gentle agitation every 2 minutes. 25ng of purified plasmid DNA was then 

added to the cells before incubation on ice for 30 minutes, with gentle agitation every 5 

minutes. The cells were then subjected to a heat shock treatment of 42°C for 45 

seconds, before being plunged in ice for 2 minutes. The cell suspension was then added 

to 450μL of pre-warmed (37°C) S.O.C medium (Invitrogen), before being incubated at 

37°C for 1h with shaking at 230 rpm, to enhance the recovery of the cells. 25μL of the 

cell suspension was then spread onto an LB agar plate, containing the relevant plasmid 

selective antibiotic. The LB agar plate was then incubated for 16h at 37°C to allow for 

the production of visual colonies, before being sealed and stored at 4°C. 



57 

 

 Bacteria cultures 

Individual bacterial colonies were inoculated in 10mL of LB medium supplemented 

with 100μg/mL of ampicillin or kanamycin for 16h at 37°C, with shaking at 230 rpm. 

Alternatively, 5mL LB medium starter cultures supplemented with 100μg/mL of 

ampicillin or kanamycin were incubated for 8h at 37°C, with shaking at 230 rpm. 1mL 

of the starter culture was added to 99mL of LB medium supplemented with 100μg/mL 

of ampicillin or kanamycin. Large 100mL cultures were grown for 16h at 37°C, with 

shaking at 230 rpm. Bacterial cultures were centrifuged at 4700 rpm for 40 minutes at 

4°C, with the resulting pellets either frozen at -20°C or used immediately for plasmid 

DNA isolation. 

 Glycerol stocks 

Glycerol stocks of bacterial cultures were made by mixing 500μL of 50% (v/v) glycerol 

(Sigma) in UltraPure DNase/RNase-Free distilled water (Invitrogen), with 500μL of 

bacterial culture prior to storing at -80°C. 

 Streaking glycerol stocks 

1μL of the bacterial glycerol stock was diluted in 49µL of LB medium before being 

spread onto LB agar plates containing the relevant antibiotic. The LB agar plate was 

then incubated for 16h at 37°C to allow for the production of visual colonies, before 

being sealed and stored at 4°C. 

 Plasmid DNA isolation 

Plasmid/mammalian DNA was isolated from bacterial/human inducible pluripotent cell 

pellets. For the bacterial DNA extraction, the QIAprep Spin Miniprep Kit (Qiagen) or 

the QIAGEN Plasmid Plus Maxi Kit (Qiagen), was used in accordance with the 

manufacturer’s guidelines. For each kit, the Plasmid DNA was eluted into 50μL or 

200μL of UltraPure DNase/RNase-Free distilled water, respectively. For the 

mammalian DNA extraction, the DNeasy Blood & Tissue Kit was used in accordance 

with the manufacturer’s instruction with the DNA eluted into 200μL of Buffer AE. 

DNA concentrations were quantified using a SpectraMax QuickDrop Micro-Volume 

Spectrophotometer (Molecular Devices), before being stored at -20°C.  
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 Agarose gel 

A 0.7% agarose gel was made by dissolving 0.7g of agarose (Sigma) in 100mL of 1x 

Tris-acetate-EDTA (TAE, Invitrogen), diluted in distilled water. The resulting mixture 

was heated until all the agarose powder had been solubilised. The gel was then placed 

into a cast and allowed to set. 

The recipe for the restriction enzyme digestion of PLCγ2 plasmids is shown in Table 

2.22. The resulting solution was incubated at 37°C for 1h so that the restriction enzyme 

could cleave the DNA. 2µL of DNA gel loading dye (Thermo Scientific) was then 

added to the reaction mixture before 6µL (100ng of DNA) of the reaction mixture was 

then added to each well of the agarose gel. 7µL of the 1kb Plus DNA ladder 

(Invitrogen) was added as a reference for the molecular weight band. Gels were run at 

60V for 110 minutes. The gel was then incubated in the dark for 16h at 4°C in 100 ml of 

1x TAE buffer supplemented with 30µL of SYBR Safe DNA Gel Stain (Invitrogen). 

The gel was then imaged on an Amersham imager 680 (GE Healthcare Life Sciences). 

 Restriction enzyme digestion recipe 

Reagent Volume 

SalI Restriction Enzyme  0.2µL 

Plasmid DNA (PLCγ2 Variants) 200ng 

NE Buffer 3.1 (10x) 1µL 

Pure Water Make the total volume to 10µL 

 

 Plasmids 

PLCγ2-pTriEx-4 (PLCγ2-HIS) and peGFP-PLCγ2 (PLCγ2-GFP) vectors which encode 

the full length wild-type (WT) human PLCγ2 cDNA, as well as the empty peGFP-C1 

vector were kindly provided by Prof. Matilda Katan (UCL, London, England). These 

vectors were used as a template to create mutant PLCγ2 constructs by site-directed 

mutagenesis. Epidermal growth factor receptor (EGFR) plasmids were obtained from 

Addgene. Table 2.23 lists all the plasmids used in this study.  
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 Plasmids used in the study 

Plasmid 

name 
Key property Vector 

Antibiotic 

resistance 
Source 

EGFR WT EGF Receptor (EGFR) pBABE Ampicillin Addgene  

PLCγ2-HIS 

WT 
FL hPLCG2 wild-type cDNA pTriEx-4 Ampicillin 

Matilda 

Katan 

PLCγ2-HIS 

P522R 

FL hPLCG2 cDNA: 

c.C1565G mutant 
pTriEx-4 Ampicillin 

Daniel 

Bull 

PLCγ2-HIS 

R268W 

FL hPLCG2 cDNA: c.C802T 

mutant 
pTriEx-4 Ampicillin 

Daniel 

Bull 

PLCγ2-HIS 

Δ845-848 

FL hPLCG2 cDNA: 

c.del2533-2544 mutant 
pTriEx-4 Ampicillin 

Tom 

Bunney 

PLCγ2-HIS 

H327/372F 

FL hPLCG2 cDNA: c.C979T, 

A980T, C1114T & A1115T  

mutant 

pTriEx-4 Ampicillin 
Daniel 

Bull 

PLCγ2-HIS 

M1141K 

FL hPLCG2 cDNA: 

c.T3422A mutant 
pTriEx-4 Ampicillin 

Daniel 

Bull 

PLCγ2-HIS 

A708P 

FL hPLCG2 cDNA: 

c.G2122C mutant 
pTriEx-4 Ampicillin 

Tom 

Bunney 

PLCγ2-HIS 

V1103I 

FL hPLCG2 cDNA: 

c.G3307A mutant 
pTriEx-4 Ampicillin 

Daniel 

Bull 

PLCγ2-HIS 

D993G  

FL hPLCG2 cDNA: 

c.A2978G mutant 
pTriEx-4 Ampicillin 

Daniel 

Bull 

PLCγ2-HIS 

S707Y  

FL hPLCG2 cDNA: 

c.C2120A mutant 
pTriEx-4 Ampicillin 

Daniel 

Bull 

PLCγ2-HIS 

4F+F897Q 

FL hPLCG2 cDNA: c. 

A2258T, C2259T, A2276T, 

A3590T C3591T, A3650T, 

T2689C, T2690A & T2691A 

mutant 

pTriEx-4 Ampicillin 
Daniel 

Bull 

PLCγ2-HIS 

H244R  

FL hPLCG2 cDNA: c.C730A, 

A731G & T732A mutant 
pTriEx-4 Ampicillin 

Daniel 

Bull 

PLCγ2-HIS 

M28L  

FL hPLCG2 cDNA: c.A82C 

mutant 
pTriEx-4 Ampicillin 

Daniel 

Bull 
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peGFP-C1 Empty Vector  peGFP-C1 Kanamycin 
Matilda 

Katan 

PLCγ2-GFP 

WT 
FL hPLCG2 wild-type cDNA peGFP-C1 Kanamycin 

Matilda 

Katan 

PLCγ2-GFP 

P522R 

FL hPLCG2 cDNA: 

c.C1565G mutant 
peGFP-C1 Kanamycin 

Daniel 

Bull 

PLCγ2-GFP 

D993G 

FL hPLCG2 cDNA: 

c.A2978G mutant 
peGFP-C1 Kanamycin 

Daniel 

Bull 

PLCγ2-GFP 

S707Y 

FL hPLCG2 cDNA: 

c.C2120A mutant 
peGFP-C1 Kanamycin 

Daniel 

Bull 

PLCγ2-GFP 

H327/372F 

FL hPLCG2 cDNA: c.C979T, 

A980T, C1114T & A1115T  

mutant 

peGFP-C1 Kanamycin 
Daniel 

Bull 

 

 Site-directed mutagenesis 

Site direct mutagenesis was performed in accordance with the manufactures instructions 

using reagents from the QuikChange Lightning site-directed mutagenesis kit (Agilent 

Technologies). The PCR-based mutagenesis reactions were prepared as per Table 2.24. 

The forward and reverse mutagenesis primers (Sigma) used to introduce the nucleotide 

changes are listed in Table 2.25. Reactions were subjected to the thermal cycling 

conditions shown in Table 2.26. 

22.5μL of the transformed cells was added to 250μL of S.O.C. medium and allowed to 

recover for 1h at 37°C with shaking at 230 rpm. Cells were then spread onto LB-agar 

plates containing 100μg/mL ampicillin or kanamycin (depending on the antibiotic 

resistance of the plasmid) to select for successfully transformed cells. Plates were then 

incubated at 37°C for 16h before being stored at 4°C. 

 Site-directed mutagenesis reaction composition, derived from the 

QuikChange Lightning site-directed mutagenesis kit protocol 

Reagent Volume  

10× QuikChange Lightning Buffer 2.5µL 

PLCγ2 WT Plasmid 100ng 
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Forward Primer 125ng 

Reverse Primer 125ng 

dNTP mix 0.5µL 

QuikSolution reagent 0.75µL 

UltraPure DNase/RNase-Free Distilled Water Make 25µL total volume 

QuikChange Lightning Enzyme 0.5µL 

 

 Forward and reverse primers used for site-directed mutagenesis 

Primer Name Sequence (5’ to 3’) Target Variant 

PLCg2_D993G_F 
CAAAGGGACAAAGAGTTGGCTCTTC

AAACTACGACCC 

D993G 

PLCg2_D993G_R 
GGGTCGTAGTTTGAAGAGCCAACTC

TTTGTCCCTTTG 

PLCg2_R268W_F 
CTGAACAAAGTCCGTGAGTGGATGA

CAAAGTTCATTGAT 

R268W 

PLCg2_R268W_R 
ATCAATGAACTTTGTCATCCACTCA

CGGACTTTGTTCAG 

PLCg2_H244R_F 
TGCCTCTGCTGTTTACCTGAGAGACT

TCCAGAGGTTTCTCA 

H244R 

PLCg2_H244R_R 
TGAGAAACCTCTGGAAGTCTCTCAG

GTAAACAGCAGAGGCA 

PLCg2_P522R_F 
GAGGAAGTGCCCCAGGATATAAGG

CCTACAGAACTACATT 

P522R 

PLCg2_P522R_R 
AATGTAGTTCTGTAGGCCTTATATCC

TGGGGCACTTCCTC 

PLCg2_M1141K_F 
CGCTTTGTGGTTTATGAAGAAGATA

AGTTCAGCGATCCCA 
M1141K 
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PLCg2_M1141K_R 
TGGGATCGCTGAACTTATCTTCTTCA

TAAACCACAAAGCG 

PLCg2_S707Y_F 
GCACTTTGTGCTGGGGACCTACGCC

TATTTTG 

S707Y 

PLCg2_S707Y_R 
CAAAATAGGCGTAGGTCCCCAGCAC

AAAGTGC 

PLCg2_H327F_F 
TTACTGGATCTCCTCGTCATTTAACA

CGTACCTTACAGGT 

H327F 

PLCg2_H327F_R 
ACCTGTAAGGTACGTGTTAAATGAC

GAGGAGATCCAGTAA 

PLCg2_H372F_F 
AAGCCGGTCATCTACTTTGGCTGGA

CGCGGAC 

H372F 

PLCg2_H372F_R 
GTCCGCGTCCAGCCAAAGTAGATGA

CCGGCTT 

PLCg2_F897Q_F 
GACAGGGTGGAGGAGCTCCAAGAG

TGGTTTCAGAGCATC 

F897Q 

PLCg2_F897Q_R 
GATGCTCTGAAACCACTCTTGGAGC

TCCTCCACCCTGTC 

PLCg2_M28L_F 
AGCTGGGGACGGTGCTGACTGTGTT

CAGCTT 

M28L 

PLCg2_M28L_R 
AAGCTGAACACAGTCAGCACCGTCC

CCAGCT 

PLCg2_Y753F_F 
AGAGATATAAACTCCCTCTTTGACG

TCAGCAGAATGTATG 

Y753F 

PLCg2_Y753F_R 
CATACATTCTGCTGACGTCAAAGAG

GGAGTTTATATCTCT 

PLCg2_Y759F_F 
CCTCTTTGACGTCAGCAGAATGTTT

GTGGATCCCAG 
Y759F 
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PLCg2_Y759F_R 
CTGGGATCCACAAACATTCTGCTGA

CGTCAAAGAGG 

PLCg2_Y1197F_F 
CCTGGAGAGCGAAGAGGAACTTTTT

TCCTCCTGTCGC 

Y1197F 

PLCg2_Y1197F_R 
GCGACAGGAGGAAAAAAGTTCCTCT

TCGCTCTCCAGG 

PLCg2_Y1217F_F 
ACTGAACAACCAGCTCTTTCTGTTTG

ACACACACCA 

Y1217F 

PLCg2_Y1217F_R 
TGGTGTGTGTCAAACAGAAAGAGCT

GGTTGTTCAGT 

PLCg2_V1103I_F 
CAACAAGTTCAAGACGACGATTGTG

AATGATAATGGCCT 

V1103I 

PLCg2_V1103I_R 
AGGCCATTATCATTCACAATCGTCG

TCTTGAACTTGTTG 

 

 Thermal cycling conditions for site-directed mutagenesis reactions 

Step Cycles Temperature (oC) Time 

Initial denaturation 1 95 2 minutes 

Denaturation 

18 

95 20 seconds 

Annealing 60 10 seconds 

Extension 68 5 minutes 

Final extension 1 68 5 minutes 

 

 Sanger sequencing 

5µL of purified plasmid DNA (100ng/µL) was sent to Source Bioscience (Cambridge) 

for Sanger sequencing, along with 5µL of sequencing primers (3.2µM). Table 2.27 lists 

the primers used to sequence the vector regulatory genes. Table 2.28 lists the primers 
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used to sequence the full-length PLCG2 gene to confirm successful site-directed 

mutagenesis. Sequencing data files were analysed using Snapgene software (GSL 

Biotech LLC). 

 Sanger sequencing primers used to sequence the regulatory regions of 

plasmids 

Primer Name Sequence (5’ to 3’) Manufacturer 

pCMV forward GAGCTCGTTTAGTGAACCGTC 
Source 

Bioscience 

 

 Sanger sequencing primers used to sequence the full-length PLCG2 gene 

Primer Name Sequence (5’ to 3’) Manufacturer 

PLCG2-2Seq CTGCATGACTTCCAGAGGTT Sigma 

PLCG2-3Seq ACATTTTGGGGAGAAATGGT Sigma 

PLCG2-4Seq AGGAGACTATGGAACCAGGA Sigma 

PLCG2-5Seq AGCCGAGTATGACAACAACA Sigma 

 

 Cell lines 

HEK293T cells (provided by Prof. Matilda Katan, UCL), HeLa (ATCC), SH-SY5Y 

(ATCC) and COS-7 (ATCC) were cultured in complete ‘Dulbecco's Modified Eagle 

Medium’ (DMEM, Gibco) supplemented with 10% (v/v) foetal bovine serum (FBS, 

Sigma) and 1% (v/v) penicillin streptomycin (100μg/mL) solution (Gibco). Cultures 

were maintained at 37°C, 5% CO2 and 95% humidity in T75 flasks (Corning). Cells 

were sub-cultured twice a week by washing with 5 mL phosphate-buffered saline (PBS) 

and dissociating with 3 mL Trypsin (Gibco).  

Raji cells were provided by Dr. Clare Jolly (UCL). These cells were cultured in Roswell 

Park Memorial Institute (RPMI)-1640 Medium supplemented with 10% (v/v) FBS and 

1% (v/v) penicillin (100 Units/mL) streptomycin (100μg/mL) solution. Cultures were 

maintained at 37°C, 5% CO2 and 95% humidity in T75 flasks (Corning). Cells were 

sub-cultured twice a week. 

H9 human embryonic stem cells (hESCs, kindly provided by Prof. Bart de Strooper, 

UCL) and PLCγ2 S707Y and WT human induced pluripotent stem cells (hiPSCs, 

provided by Dr. Rebecca McIntyre and Julie Matte, Wellcome Sanger Institute, 
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Cambridge, England) lines were cultured in mTeSR Plus (StemCell). Cultures were 

maintained at 37°C, 5% CO2 and 95% humidity on Vitronectin XF (StemCell) coated 6 

well plates. The media was replaced every two days. Cells were sub-cultured once a 

week, through 0.5mM EDTA (Invitrogen) dissociation.  

 Reviving cells from cryopreservation 

Cell lines were thawed in a 37°C water bath for 1-2 minutes. Once thawed, the cell 

solution was added to 14mL of the relevant pre-warmed cell media, in a slow dropwise 

fashion, before being centrifuged (300g for 5 minutes). The supernatant was then 

removed and the cells re-suspended in 10mL of the relevant pre-warmed cell media. For 

the recombinant cell lines, the cell suspension was placed into a T-25/T-75 flask 

(Corning) until confluent. For the hESC/hiPSC lines, cells were re-suspended in 1mL of 

RevitaCell (Gibco) supplemented mTeSR plus media and the cell suspension was plated 

onto a Vitronectin XF coated 6 well plate until confluent. 

 Cryopreservation of cell lines 

Cells in the log phase of growth were frozen at a density of 1-10 million cells/mL of 

cryopreservation medium composed of filter sterilised 90% (v/v) FBS (Sigma) 

supplemented with 10% (v/v) dimethyl sulfoxide (DMSO, Sigma) for the HEK293T, 

HeLa, COS-7, Raji and SH-SY5Y cells. The cryopreservation media for the hESC and 

hiPSC lines consisted of 90% (v/v) KnockOut serum replacement (Gibco) 

supplemented with 10% (v/v) DMSO. Cells were stored in cryogenic vials and slowly 

frozen inside a Mr. Frosty freezing container (Nalgene) at -80°C for 16h, before being 

transferred to liquid nitrogen and stored in the vapour phase (<135°C).  

 Stem cell-derived macrophage precursors (preMac) 

Gentle cell dissociation reagent (StemCell) was used to dissociate the hESCs/hiPSCs. 

The cell suspension was diluted 1:10 in mTeSR plus supplemented with 10uM Y-27632 

dihydrochloride (Rho kinase inhibitor, Santa Cruz). The cells were pelleted (300g for 5 

minutes) before being re-suspended in mTeSR1 plus medium (StemCell Technologies) 

supplemented with 10uM Y-27632. The cells were counted and 4,000,000 cells/well 

were added to the AggreWell 800 (24 well, StemCell) in accordance with the 

manufacturer’s instructions. The cells were then aggregated through centrifugation 

(100g for 3 minutes), before being placed into the incubator. The following three days, a 
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75% media change of each well was performed with mTeSR plus media supplemented 

with 50 ng/mL recombinant human bone morphogenetic protein 4 (BMP4, Peprotech), 

50 ng/mL recombinant human vascular endothelial growth factor (VEGF, Peprotech) 

and 20 ng/mL recombinant human stem cell factor (SCF, Peprotech). Four days after 

plating, the resulting embryoid bodies (EBs) were collected in a 37µm reversable 

strainer and plated at a density of 1 EB/cm2 in Geltrex LDEV-Free Growth Factor 

Reduced (GFR) coated T-175 flask filled with XVIVO 15 media (Lonza) supplemented 

with 2mM GlutaMax (Gibco), 1% (v/v) penicillin-streptomycin solution, 55µM β-

mercaptoethanol (Gibco), 100ng/mL recombinant human macrophage-colony 

stimulating factor (M-CSF, Peprotech) and 25ng/mL recombinant human interleukin-3 

(IL-3, Peprotech). Half media changes were performed every week with macrophage 

progenitors collected from the supernatant by centrifugation. Due to the high number of 

cells generated via this process, the flask of preMacs is often referred to as a ‘myeloid 

factories. 

 Stem cell-derived macrophages 

150,000 cells/cm2 of macrophage precursors (preMacs) were plated in XVIVO15 media 

(Lonza) supplemented with 2mM GlutaMax, 1% (v/v) penicillin-streptomycin solution 

and 100ng/mL M-CSF. Half media changes were performed every 2 or 3 days. 7 days 

after plating the cells were ready for experiments.  

 Stem cell-derived microglia 

Macrophage precursors (preMacs) were plated into a 10µg/mL human plasma 

fibronectin (Sigma) coated plate/flask filled with microglia differentiation media, 

consisting of advanced DMEM/F12 (Gibco) supplemented with 2mM GlutaMax, 1% 

(v/v) penicillin-streptomycin solution, 1x N2 Supplement (Gibco), 100ng/mL 

recombinant human interleukin-34 (IL-34, Peprotech), 1.5µg/mL cholesterol (Sigma), 

100ng/mL M-CSF and 5ng/mL recombinant human transforming growth factor-beta 1 

(TGF-β1, Peprotech).  

Initial experiments involved plating the H9-derived microglia in the assay plate before 

the cells were differentiated for 7 days with a media change every 2/3 days. However, 

the protocol was altered to prevent cell number variability on the day of 

experimentation. As a result, the H9/hiPSC-derived microglia were differentiated for 4 

days in T-75 flasks (4 million preMac cells/flask) with a half media change on day 2. 
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On day 4, the cells were lifted with Accutase (Innovative Cell Technology) and re-

plated at a density of 50,000 cells/cm2 on fibronectin coated assay plates. The cells were 

differentiated for a further 3 days, and on day 7 the cells were ready for experiments. 

 MyCoplasma Testing 

The MycoAlert mycoplasma detection kit (Lonza) was used as per the manufacturer’s 

guidelines. This assay takes advantage of Mycoplasmal enzymes, which react with the 

MycoAlert substrate and convert ADP to ATP. The difference in ATP levels before and 

after the addition of the substrate are detected by the following bioluminescent reaction: 

       Luciferase 

ATP + Luciferin + O2         Oxyluciferin + AMP + PPi + CO2 + LIGHT 

            Mg2+
   

The light intensity emitted correlates linearly to the ATP concentration in the sample. 

Assays were performed in opaque white 96-well flat bottom plates (Sigma) and relative 

light units (RLU) were determined with the PHERAstar FSX (BMG Labtech) and 

analysed with the MARS data analysis software (BMG Labtech). Cells were routinely 

tested for mycoplasma with all cell lines found to be negative for it.  

 Cell transfections 

50,000 COS-7 cells/well were plated into a 24 well plate in DMEM supplemented with 

10% (v/v) FBS. The following day, the cell media was removed and replaced with 

DMEM. The cells were transfected with 100-500ng of PLCγ2 WT-HIS/GFP and 0.5-

1.5uL of Lipofectamine 3000 (Invitrogen) diluted in Opti-MEM (Invitrogen) in 

accordance with the manufacturer’s instructions. Cells were incubated for 6h before the 

transfection media was removed and replaced with DMEM supplemented with 10% 

(v/v) FBS and 1% (v/v) penicillin-streptomycin solution. Cells analysis was performed 

24-48h post transfection. 

60,000 HEK293T cells/well were plated into a 24 well plate in HEK293T media (recipe 

shown in 2.2.11 Cell line). The following day, the cell media was removed and replaced 

with DMEM supplemented with 10% (v/v) FBS. The cells were then transfected with 

20-500ng of PLCγ2 HIS/GFP and/or 50-500ng of EGFR plasmids with 1.2uL of jetPEI 

DNA transfection reagent (Polyplus) diluted in sodium chloride (Polyplus) in 
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accordance with the manufacturer’s instructions. Mock transfections consisted of an 

empty peGFP-C1 plasmid in place of the PLCγ2 plasmid. Furthermore, the empty 

peGFP-C1 plasmid was added to keep the total DNA consistent during transfection. 

Cells were incubated for 16h before the media was replaced with DMEM supplemented 

with 10% (v/v) FBS and 1% (v/v) penicillin-streptomycin solution. Cells analysis was 

performed 24-48h post transfection. 

 Protein extraction  

1-4 million cells were washed once with ice cold PBS before an ice cold lysis/inhibitor 

cocktail consisting of 1x RIPA buffer (Millipore), 1x cOmplete protease inhibitor 

(Roche) and 1x PhosSTOP (Roche) was used to lyse the cell pellet. Adherent cells were 

removed with a cell scraper before being washed. Lysates were chilled on ice for 20 

minutes with gentle agitation every 5 minutes, before being centrifuged (21,100g for 5 

minutes at 4°C). The protein containing supernatant was extracted and stored at -80°C. 

 Protein determination 

The protein concentration of the lysates was measured using the colorimetric ‘Pierce 

Coomassie protein assay kit’ (Thermo Scientific) in accordance with the manufacturer’s 

instructions. The mean absorbance (595nm) of the bovine serum albumin (BSA) 

standards and the protein samples was measured using the PHERAstar FSX and 

analysed with the MARS data analysis software (BMG Labtech). 

  Western blotting 

Protein lysates were mixed with 1x NuPAGE LDS sample buffer (Thermo Fisher) and 

1x NuPAGE sample reducing agent (Thermo Fisher) to a final protein concentration of 

1µg/µL. Samples were then heated at 70°C for 10 minutes. 12µg of protein sample was 

loaded into a 4–15% Mini-PROTEAN TGX precast protein gels (Biorad), alongside 

7µL of chameleon duo pre-stained protein ladder (LI-COR). The gel was run in 1x 

NuPAGE MES SDS running buffer (Bio-Rad) at a constant voltage of 110V for 50 

minutes. A semi-dry transfer was carried out by relocating the proteins from the gel to a 

polyvinylidene difluoride (PVDF) membrane (GE Healthcare), by electro-transfer (200 

mA for 90 minutes at 4°C). The transfer buffer was comprised of 1x NuPAGE Transfer 

buffer (Bio-Rad) and 20% (v/v) methanol (VWR). The membranes were blocked in a 



69 

 

solution of 0.1% PBS-Tween (0.1% PBST, Sigma) supplemented with 5% (v/v) BSA 

(Sigma) for 1h at room temperature.  

The membranes were incubated with the primary antibodies: anti-PLCγ2 rabbit 

antibody (1:1000, Cell Signaling Technology), anti-PLCγ2 rabbit antibody (1:1000, 

ABclonal), anti-PLCγ2 rabbit antibody (H-160, 1:1000, Santa Cruz) or anti-PLCγ2 

rabbit antibody (1:1000, provided by our collaborator Dr. Todd Golde) for 16h at 4°C. 

The membranes were washed three times with 0.1% PBST, before being incubated in 

the dark with a donkey anti-Rabbit IgG secondary antibody, Alexa Fluor 680 (1:1000, 

Invitrogen) for 1h at room temperature. The membranes were washed three times with 

0.1% PBST before being imaged on the Odyssey CLx (LI-COR). All antibodies were 

diluted in a solution consisting of 0.1% PBST supplemented with 5% BSA. 

 WES – Western blot 

The WES was performed in accordance with the manufacturer’s instructions (Protein 

Simple). Protein lysates were run at 0.3-1µg/µL. The primary antibodies: anti-PLCγ2 

rabbit antibody (1:50, Cell Signaling Technology), anti-PLCγ2 mouse antibody (B-10, 

1:25, Santa Cruz), anti-Y759 PLCγ2 rabbit antibody (1:25, Cell Signaling Technology), 

anti-PLCγ1 mouse antibody (1:75, EMD Millipore), anti-GAPDH mouse antibody 

(1:100, Abcam), anti-GAPDH rabbit antibody (1:300, Cell Signaling Technology), anti-

EGFR rabbit antibody (1:50, Cell Signaling Technology), anti-NF-κB p65 rabbit 

antibody (1:40, Cell Signaling Technology) and anti-S536 NF-κB p65 rabbit antibody 

(1:40, Cell Signaling Technology) were used. The respective secondary antibody 

detection kit was used depending on the species specificity of the primary antibody. 

Quantification was performed by the WES (Protein Simple), with data analysis 

performed in the Compass software (Protein Simple).  

 RNA extraction 

5 million hiPSC/hESC derived-preMacs were harvested fresh from cultures. Adherent 

cells (HEK293T, COS-7, HeLa, hiPSC/hESC derived-macrophages and microglia) were 

plated onto 6 well plates until 80-90% confluent or until they were differentiated for 7 

days. RNA extraction via TRIzol (Invitrogen) was performed according to the 

manufacturer’s instructions. The RNA was re-suspended in 30µL of UltraPure 

DNase/RNase-free distilled water. RNA concentrations were quantified using a 

SpectraMax QuickDrop micro-volume spectrophotometer and stored at -80°C. 
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 Reverse transcription (RT) for two step qPCR 

Extracted RNA was diluted in UltraPure DNase/RNase-free distilled water to a final 

concentration of 3µg/13µL. 7µL of DNAse master mix (recipe shown in Table 2.29) 

was added to the RNA. The resulting solution was then incubated at 37°C for 30 

minutes, before 2µL of the RQ1 DNase stop solution was added. The solution was 

incubated at 65°C for 10 minutes to stop the reaction. 20µL of reverse transcription 

master mix (recipe shown in Table 2.30) was then added. The resulting solution was 

subjected to the thermal conditions shown in Table 2.31. The resulting cDNA was then 

stored at -20°C until needed. 

 Recipe for DNAse master mix 

Reagent Final Concentration Volume 

RQ1 (RNAse-Free) DNAse 

10x Reaction Buffer 

1x 2µL 

RQ1 (RNAse-Free) DNAse  1uL/µg of RNA 3µL 

RNAse Inhibitor (20 

Units/µL) 

40 Units 2µL 

 

 Recipe for reverse transcription master mix 

Reagent Final Concentration Volume 

10X RT Buffer 2x 4µL 

10X RT Random Primers 2x 1.6µL 

25X dNTP Mix (100 mM) 2x 4µL 

MultiScribe Reverse 

Transcriptase (50 Units/µL) 

5 Units/µL 2µL 

RNase Inhibitor (20 

Units/µL) 

2 Units/µL 2µL 

UltraPure DNase/RNase-

Free Distilled Water 

- 6.4µL 
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 Thermal cycling conditions for reverse transcription  

Temperature (°C) Duration (minutes) 

25 10 

37 120 

85 5 

 

 Two-step qPCR 

The qPCR detection master mix was composed according to Table 2.32. The forward 

and reverse primers are listed in Table 2.33. Reactions were plated onto a LightCycler 

multiwell 384 white plate (Roche), in triplicate, and subjected to the thermal conditions 

shown Table 2.34, using the LightCycler 480 System (Roche) to produce cycle 

threshold (Ct) values. Real-time data was analysed using the 2-(ΔΔCt) method254. 

 Two Step qPCR detection master mix composition 

Reagent Concentration Volume 

Water - 1.5µL 

Forward Primer  10uM 0.5µL 

Reverse Primer 10uM 0.5µL 

LightCycler 480 SYBR 

Green I Master (2X) 

1x 5µL 

cDNA - 2.5µL 

 

 RT-PCR primers 

Gene Primer Sequence 

EGFR 

EGFR_Fwd GTGGATGGCATTGGAATCA 

EGFR_Rev CAAAGGTCATCAACTCCCAAA 

GAPDH GAPDH_Fwd ACACCCACTCCTCCACCTTT 
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GAPDH_Rev TAGCCAAATTCGTTGTCATACC 

 

 Two Step qPCR thermal cycling conditions 

Step Temperature (oC) Duration (seconds) Cycles 

Enzyme Activation 95 300 1 

Denaturation 95 12 

35 Annealing 58 24 

Extension 72 36 

Melting Curve 

95 6 1 

65-97  12/°C 1 

 

 One-step qPCR 

TaqMan primers (2.1Table 2.15) were validated with 2-fold diluted concentrations of 

RNA, with the addition of ‘no reverse transcriptase’ (Table 2.36) and ‘no RNA’ 

controls. 25ng of sample RNA was added to each well, in triplicate, onto a LightCycler 

multiwell 384 white plate (Roche). 3uL of the qPCR detection master mix (Table 2.35) 

was added to each well before being subjected to the thermal conditions shown in Table 

2.37, using the LightCycler 480 System (Roche) to produce cycle threshold (Ct) values. 

Real-time data was analysed using the 2-(ΔΔCt) method254.  

 One-step qPCR detection master mix composition 

Reagent Concentration Volume 

Water - 0.125µL 

FAM Primer - 0.25µL 

RT-qPCR One step Master 

Mix  

- 2.5µL 

1 in 10 DNAse - 0.125µL 
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 No RT control master mix composition 

Reagent Concentration Volume 

Water - 0.125µL 

FAM Primer - 0.25µL 

RT-qPCR Master Mix - 2.5µL 

1 in 10 DNAse - 0.125µL 

 

 One-step qPCR thermal cycling conditions 

Step Temperature (oC) Duration (minutes) Cycles 

DNase Activation 37 25 1 

RT 55 10 1 

Taqman Hotstart 95 2 1 

Denaturation 95 0.1 

40 

Annealing/Extension 60 1 

 

 Immunocytochemistry (ICC) 

Plated cells were fixed with 4% paraformaldehyde (PFA, Sigma) for 15-30 minutes, 

followed by three PBS washes. Cells were blocked with a solution consisting of PBS 

supplemented with 0.1% (v/v) TritonX (Sigma) and 10% (v/v) FBS for 1h at room 

temperature. The cells were then incubated for 24h at 4°C with either anti-IBA1 rabbit 

antibody (1:500, Wako) or anti-NF-κB rabbit antibody (1:400, CST). Following three 

PBS washes, the cells were exposed to an Alexa Fluor 488 Goat anti-Rabbit IgG 

secondary antibody (1:1000, Invitrogen) and DAPI (1:1000, Invitrogen), for 1h in the 

dark. Following three PBS washes, the plate was imaged on an Operetta/Opera Phenix 

Plus high-content imaging system (Perkin Elmer). The percentage of GFP positive 

cells/DAPI stained cells, as well as the NF-κB nuclear translocation 

(Nuclear:Cytoplasm ratio), was calculated through the Harmony/Columbus software 
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(PerkinElmer). All antibodies were diluted in a solution consisting of PBS 

supplemented with 0.1% (v/v) TritonX and 10% (v/v) FBS. 

 IP1 (inositol monophosphate) HTRF accumulation assay 

HEK293T cells were transfected as previously mentioned in 2.2.18. Post-transfection, 

the media was removed and replaced with fresh media. Later that day, the media was 

removed and replaced with DMEM supplemented with 1% (v/v) FBS and 0.1% (v/v) 

penicillin-streptomycin solution, to cause a partial serum starve for 24h. Stimulation of 

EGFR was achieved by the addition of 150ng/µL of epidermal growth factor (EGF, 

Gibco) for 1-1.5h.  

The H9-derived microglia cells were differentiated for 7 days after an initial plating of 

50,000-150,000 preMac cells/24 well. The hiPSC-derived microglia cells were 

differentiated and re-plated onto a 96 well plate on day 4 of differentiation. Both 

protocols are described in 2.2.16. After 7 days of differentiation, both microglia derived 

cells were stimulated with 12.5-50ug/mL of TREM2 or Goat-IgG (Bio-Techne) for 2h. 

The IP1 protocol was performed in accordance with the manufactures instructions 

(Cisbio). A homogenous time-resolved fluorescence (HTRF) ratio was obtained through 

the PHERAstar FSX, with data analysis performed in GraphPad Prism 7 (GraphPad). 

Unless stated, the IP1 data was normalised to the PLCγ2 expression of the experimental 

lysates. 

 Calcium assay 

The H9-derived microglia cells were differentiated for 7 days after an initial plating of 

10,000 preMac cells/384 well. The hiPSC-derived microglia cells were differentiated 

and re-plated onto a 384 well plate on day 4 of differentiation. Both protocols are 

described in 2.2.16. 

Calcium 6 dye was diluted in HBSS assay buffer (1.4mM MgCl2, 2mM CaCl2, 10mM 

HEPES in HBSS) to achieve a 1X solution. Media was removed from the H9/hiPSC-

derived microglia cells so that only 20uL of media remains. 20uL of 1X Calcium 6 dye 

was added to the cells before being placed into the incubator for 2h. Baseline calcium 

signal was measured in FLIPR Tetra (Molecular Devices) before cells were exposed at 

set time points to either HBSS assay buffer, 10 µg/mL Goat IgG, 1.25/2.5/5/10 µg/mL 

of TREM2 or FcγRIIA/CD32a, 500 µM ATP or 5 µM Ionomycin. For the hiPSC-
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derived microglia, cells were re-stimulated with 5 µM Ionomycin once the calcium 

signal had returned to baseline. Area under the curve (AUC) data was analysed using 

Screenworks (Molecular Devices). hiPSC-derived microglia stimulation values were 

normalised to ionomycin re-stimulation values. 

 Preparation of pHrodo labelled SH-SY5Y cells  

Confluent SH-SY5Y cells were dislodged and pelleted (300g for 3 minutes) in a LoBind 

conical tube (Eppendorf). The pellet was washed with HBSS before being centrifuged 

again. The resulting pellet was re-suspended in live imaging solution (Invitrogen) 

supplemented with 2% paraformaldehyde (PFA) to induce apoptosis. The cells were 

then mixed for 10 minutes, before HBSS was added to dilute the PFA. The cells were 

washed twice with live cell imaging solution through centrifugation (1200g for 7 

minutes). For every million cells, 2µL of 5mg/mL pHrodo (Invitrogen) was added. The 

cells were mixed in the dark for 30 minutes before being pelleted (1200g for 10 minutes 

at 4°C). The cells were diluted to a concentration of 1.6 million cells/mL in live cell 

imaging solution supplemented with 5% (v/v) DMSO. The pHrodo SH-SY5Y cells 

were stored in the dark at -20°C. 

 Phagocytosis assay 

The H9-derived microglia cells were differentiated for 7 days after an initial plating of 

20,000 preMac cells/96 well. The hiPSC-derived microglia cells were differentiated and 

re-plated onto a 96 well plate on day 4 of differentiation. Both protocols are described in 

2.2.16. 

Negative controls consisted of ‘cell only’, ‘substrate only (pHrodo labelled SH-SY5Y 

cells)’ and cytochalasin D (1uM), a known phagocytosis inhibitor. 50,000 pHrodo 

labelled SH-SY5Y cells/well were added to the microglia cells before being placed into 

a IncuCyte S3 live-cell analysis system (Sartorius) chamber, with an image captured 

every 10 minutes for 5h, then 1h for a further 19h. Live cell imaging solution was used 

for the negative controls to ensure the total volume was equal. Image analysis was 

performed on the IncyCyte analysis software. 

 CellTiter-Glo luminescent cell viability assay  

H9 and hiPSC-derived microglia cells were differentiated and re-plated onto a white 

opaque 96 well plate at a density of 50,000 cells/cm2 as described in 2.2.16. After 7 
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days of microglial differentiation, the assay was performed in accordance with the 

manufacturer’s instructions. Briefly, CellTiter-Glo reagent was added to the cells in an 

equal volume and the cells were lysed for 2 min on a shaker in the dark. The plate was 

then incubated at room temperature for 10 minutes in the dark to stabilize luminescent 

signal before the luminescence signal was read on the PHERAstar FSX. Blank values 

were subtracted from the experimental measurements. 

 Cytokine assay 

H9 and hiPSC-derived microglia cells were differentiated and re-plated onto a 96 well 

plate at a density of 50,000 cells/cm2 as described in 2.2.16. After 7 days of microglial 

differentiation, cell culture supernatant was removed and immediately frozen. Cells 

were challenged with ± LPS (1 ng/mL) for 24h and the cell culture supernatant was 

removed and immediately frozen. IFN-γ, IL-1β, IL-4, IL-6, IL-8, IL-10, TNF-α 

cytokine concentration was quantified with the MSD V-PLEX Viral Panel 2 (human) 

kit (Meso Scale Discovery). Cytokine values were normalised to total cell number 

imaged on the IncuCyte S3 live-cell analysis system (Sartorius). 

 RNASeq  

RNA was extracted from PLCγ2 S707Y and WT hiPSC-derived microglia from three 

separately generated preMac factories, through the process outlined in 2.2.23. Libraries 

were prepared using the KAPA RNA HyperPrep Kit and sequenced on an Illumina 

HiSeq 4000 sequencer at a minimum of 25 million paired-end reads (75 bp) per sample 

performed by UCL Genomics (London, England). Raw counts per million (CPM) were 

obtained and processed through iDEP (integrated Differential Expression and Pathway 

analysis, http://bioinformatics.sdstate.edu/idep/)255 with the parameters of a minimum 

CPM of 25 in 3 libraries, a DESeq2 analysis with a min fold change ≥ 1.5 and a false 

discovery rate (FDR) ≤ 0.05. The top differential expressed genes (DEGs) were 

obtained and ranked by the log2 fold change. Gene Ontology (GO) enrichment and gene 

set enrichment analysis (GSEA) of the DEGs for biological process was performed and 

ranked by adj.Pval. STRING (Search Tool for the Retrieval of Interacting 

Genes/Proteins, https://string-db.org/)256 analysis was performed on the top DEGs (log2 

Fold Change > 2, high confidence > 0.7) to predict protein-protein interactions. 

http://bioinformatics.sdstate.edu/idep/
https://string-db.org/
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 Statistical analysis 

Results are expressed as mean ± standard deviation. All experiments were performed 

three times (biological replicates), with at least three experimental replicates per 

condition and for each biological replicate, unless stated otherwise. Statistical methods 

for analysing the various data sets are indicated directly in the figure legends. Data were 

analysed using Graphpad Prism 9 (GraphPad Software version 9.3.1, GraphPad, San 

Diego, CA, USA). 
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Chapter 3 - Development of a heterologous cell system for characterisation of 

PLCγ2 disease-linked variants 

3.1 Introduction 

Previous characterisation of PLCγ2 variant enzymatic activity has been performed in 

patient PBMCs215, COS-7139,147,216, HEK293T139, WEHI-231207, bone marrow-derived 

macrophages227, as well as hiPSC-derived microglia133 and macrophage183 cells. While 

some of these cell models express high levels of endogenous PLCγ2, others do not 

(Human Protein Atlas available from www.proteinatlas.org)139,183. Cell models that 

exhibit low levels of endogenous PLCγ2 expression, as well as other PLC enzymes, 

offer the opportunity for overexpression assays. Taking this into account, as well as the 

complexity and length for the generation of some of these different cell models, COS-7 

and HEK293T cell lines transfected with PLCγ2 cDNA constructs are classically used 

to characterise PLCγ2 variant enzymatic activity139,147,216. 

 

 Inositol monophosphate (IP1) assay schematic. Upon PLC activation, PIP2 is 

hydrolysed into DAG and inositol (1,4,5) trisphosphate (IP3). IP3 is rapidly degraded 

into inositol (1,4) bisphosphate (IP2), and subsequently inositol (4) monophosphate or 

inositol (1) monophosphate (IP1). The addition of lithium chloride (LiCl) inhibits 

inositol monophosphase (IMPase) dephosphorylation of IP1 causing it to accumulate.  
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PLC enzymatic quantification utilises IP3 production, by capturing the secondary 

metabolite of IP3, inositol monophosphate (IP1). Cells are incubated in the presence of 

lithium chloride (LiCl) that blocks the formation of both inositol (4) monophosphate 

and inositol (3) monophosphate by inhibiting inositol polyphosphate 1 phosphatase, as 

well as blocking the degradation of IP1, resulting in it to be the only inositol 

monophosphate to form and accumulate (Figure 3.1)257. The cells are then lysed, before 

IP1 is quantified. Previous enzymatic quantification had been carried out through the use 

of a radioactive [3H] myo-inositol assay, whereby tritium is incorporated into the 

inositol-lipids in the cells205. However, this procedure is complex to set up and has low 

throughput. To mitigate these issues, the Cisbio IP1 kit uses HTRF (homogeneous time 

resolved fluorescence) detection to quantify IP1 concentration, allowing for a greater 

throughput and safety than its radioactive counterpart. Briefly, the assay is a 

competitive immunoassay whereby free IP1 competes against IP1-d2 (acceptor) for 

binding to anti-IP1 Cryptate conjugate (donor)257. The resulting signal is inversely 

proportional to the concentration of IP1 in the sample, with a standard curve generated 

to convert raw data to an IP1 concentration, as exemplified in Figure 3.2257. 
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 Representative standard calibration curve for the HTRF IP1 assay. A 

standard curve is plotted using the 665/620 ratio vs IP1 concentration using non-linear 

least squares fit (sigmoidal dose response variable slope, 4PL). Fitting of HEK293T 
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cells co-transfected with EGFR and PLCγ2 WT constructs (1:1 cDNA ratio) exposed to 

± EGF (150 ng/ul) for 1.5h. 

Epidermal growth factor receptor (EGFR) stimulation though the use of epidermal 

growth factor (EGF) has been demonstrated to activate PLCγ2139. Therefore, the IP1 

assay can be utilised to characterise PLCγ2 disease-linked variant enzymatic activity 

under both basal and stimulated (via EGFR) conditions. When developing any assay, 

negative and positive controls are essential for validation. Previously characterised 

PLCγ2 variants can be utilised to act as controls for the development and optimisation 

of the assay as PLCγ2 loss-of-function and GOF variants have been 

documented139,171,232. 

3.2 Results 

 Generation and validation of PLCγ2 variants expression plasmids 

To understand the effect of the PLCγ2 disease-linked variants on enzyme activity, site 

directed mutagenesis was employed to introduce mutations into the full length PLCγ2 

WT-HIS/GFP plasmids. Both plasmids contain the cytomegalovirus (CMV) promotor, 

which allows for strong mammalian expression. The WT PLCγ2 vector was used as a 

template to create the R268W, H244R, P522R, S707Y, D993G, A708P, M1141K, 

V1103I, M28L, Δ845-848, H327/372F and ‘T753/759/1197/1217F + F897Q 

(4F/F897Q)’ variant constructs. The A708P and Δ845-848 constructs were generated 

and validated by Dr. Tom Bunney (Katan Lab). Successful mutagenesis was confirmed 

by Sanger sequencing (Source Bioscience, Figure S1). The expected molecular weights 

of the plasmids and the absence of degradation was confirmed by agarose gel 

electrophoresis (data not shown). 

 Development, optimisation and characterisation of a model cell system to assess 

expression and function of PLCγ2 variants 

3.2.2.1 Assessing and validating cellular models and tools 

Characterisation of PLC mutant activity has been well documented in COS-7 monkey 

kidney fibroblast cells139,147,216. The main advantage of the COS-7 cell line, is that the 

expression of EGFR, an activator of PLCγ2, is higher than that of other widely used cell 

lines (Figure 3.3). EGFR expression in COS-7 cells was demonstrated by qPCR to be 

>6500% fold higher than that of HEK293T cells (Figure 3.3). Additionally, comparing 

the individual EGFR cycle threshold (Ct) values (not normalised to the GAPDH 
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housekeeping gene) shows the same result (Figure 3.3). Hence, upon EGFR stimulation 

in COS-7 cells, PLCγ2 activation should be robust enough to detect changes in 

enzymatic activity across the various PLCγ2 variants. 
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 qPCR data comparing the EGFR mRNA levels of HEK293T, COS-7 and 

HeLa cells. EGFR cycle threshold (Ct, values displayed in the table) values were 

normalised to the GAPDH Ct values of each cell type before the fold ratio change for 

each cell type was normalised to the HEK293T cells (2-(ΔΔCt), values displayed in the 

table). Data is representative of one biological replicate with three experimental 

replicates (n=1). 

Testing this hypothesis, a transfection protocol for the COS-7 (using Lipofectamine 

3000 reagent) was developed and optimised (data not shown). Cells were transfected 

with the PLCγ2-GFP construct and GFP transfection efficiency assessed through the 

Harmony high-content imaging and analysis software (PerkinElmer). The transfection 

efficiency of the COS-7 cells was demonstrated to be 29 ± 4% (Figure 3.4). Other 

transfection reagents were also tested to try and improve the transfection efficiency. 

However, transfection efficiency did not sufficiently improve (data not shown). With 

the COS-7 cells exhibiting such a low transfection efficiency, it was hypothesised that 

small changes in PLCγ2 variant activity may not be detected due to low total PLCγ2 

expression. Because of this, a HEK293T transfection protocol (using jetPEI reagent) 

was also developed and optimised (data not shown), as HEK293T cells are known to 

exhibit high levels of transfection efficiency258. The HEK293T cells displayed a 

transfection efficiency of 80 ± 3%, considerably higher than that of the COS-7 cells 
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(Figure 3.4). However, because of the low endogenous EGFR expression in the 

HEK293T cells (Figure 3.3), concerns regarding inadequate receptor PLCγ2 activation 

were highlighted. Therefore, in addition to PLCγ2, EGFR would also need to be co-

transfected. 
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  Transfection efficiency of WT PLCγ2-GFP in HEK293T cells and COS-7 

cells. A) Representative images of transfected COS-7 cells with PLCγ2-GFP (green) 

and DAPI (blue) staining. B) Representative images of transfected HEK293T cells with 

PLCγ2-GFP (green) and DAPI (blue) staining. C) Quantitative analysis of the 

percentage of GFP positive cells/DAPI stained cells. Cells were imaged on the operetta 

high-content imaging system (Perkin Elmer) and GFP/DAPI quantified on the Harmony 

software (PerkinElmer). Data represents mean value ± SD. Data is representative of two 

biological replicates with at least three experimental replicates (n=2). 
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Due to lack of well validated antibodies to PLCγ2, a range were tested to determine 

antibody specificity to PLCγ2 to validate an antibody that could be used throughout the 

duration of the project. Comparing commercially available and collaborator generated 

(Prof. Todd Golde, University of Florida, USA) PLCγ2 antibodies on WT PLCγ2-GFP 

transfected HEK293T cells and PLCγ2 KO whole mouse brain lysate through western 

blotting, revealed some antibodies specific to PLCγ2 (Figure 3.5). The best and readily 

available antibody was the rabbit anti-PLCγ2 polyclonal antibody from Cell Signaling 

Technology (CST, Figure 3.5A). This antibody was raised against a synthetic peptide 

corresponding to residues surrounding the carboxy-terminus of human PLCγ2. The 

other antibodies were not selected as the Santa Cruz antibody had been discontinued 

(Figure 3.5D), the collaborator antibody was not readily available (Figure 3.5C) and the 

ABclonal antibody was not specific to PLCγ2 (Figure 3.5B). 

 

 Western blot validation of PLCγ2 antibodies. Lysates of PLCγ2 KO mice 

whole brain (1) and PLCγ2-GFP WT transfected HEK293T cell lysate (2) were stained 

for PLCγ2 (150kDa). A) anti-PLCγ2 (Cell Signaling Technology, 3872), B) anti-PLCγ2 

(ABclonal, A2182), C) anti-PLCγ2 (kindly provided by Todd Golde) and D) anti-
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PLCγ2 (Santa Cruz, SC9015). All antibodies used at 1:1000 dilution. The experiment 

consists of one biological replicate (n=1). 

With the validation of a PLCγ2 specific antibody, expression of EGFR and PLCγ2 in 

transfected HEK293T cells could be assessed. Western blot analysis shows good over-

expression of both EGFR and PLCγ2 in the transfected HEK293T cells (Figure 3.6). 

However, the optimal expression ratio of both constructs can only be determined once 

activity can be measured. 
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 Comparison of EGFR and PLCγ2 protein expression in HEK293T cells co-

transfected with EGFR and PLCγ2 (1:1 cDNA ratio). A) Relative EGFR protein 

expression normalised to GAPDH expression. B) Relative PLCγ2 protein expression 

normalised to GAPDH expression. Experimental WES Western blot is located in Figure 

S2. Expression analysis was performed in Compass (Protein Simple). Data is 

representative of one biological replicate with one experimental replicate (n=1). 
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 Expression of PLCγ2 and PLCγ1 in immortalised cell lines. Lysates from 

COS-7, HEK293T, Raji and HEK293T cells transfected with WT PLCγ2-GFP (PLCγ2 

positive control) were run through the WES Western blotting with expression quantified 

on the Compass software (Protein Simple). A) Staining of PLCγ2 (Cell Signaling 

Technology, 3872, 1:10) and GAPDH (Cell Signaling Technology, 2118s, 1:300) 

expression. PLCγ2 expression data was normalised to GAPDH expression. B) Staining 

of PLCγ1 (EMD Millipore, 05-163, 1:75) and GAPDH (Cell Signaling Technology, 

4267, 1:300) expression. PLCγ1 expression data was normalised to GAPDH expression. 

The experiment consists of one biological replicate with one experimental replicate 

(n=1). 

Endogenous PLCγ2 and PLCγ1 expression was also assessed in the HEK293T cells to 

determine if endogenous PLCγ expression was high enough to influence future 

experimental readouts. Western blot analysis revealed endogenous HEK293T PLCγ2 

expression to be low, whereas PLCγ1 expression was found to be moderate, relative to 

the COS-7 and Raji cells (Figure 3.7). The moderate expression of PLCγ1 could cause 

potential issues as EGFR stimulation also activates PLCγ1147. Therefore, this should be 

considered when interpreting experimental data. 

3.2.2.2 Assessing the sensitivity of the IP1 accumulation assay 

The HTRF IP1 accumulation assay has demonstrated to be sensitive enough to 

determine differences between TREM2 and PLCγ2 KO hiPSC-derived macrophages 

following TREM2 stimulation183. Although an optimised transfection protocol has been 

established, development and optimisation of an IP1 accumulation assay needs to be 

accomplished to be confident that differences in PLCγ2 variant activity can be 

measured, and that these differences are due to PLCγ2 variant activity alone.  

The PLCγ2 S707Y and D993G variants were selected as controls for experimental 

development as they are well characterised variants of PLCγ2 that increase enzymatic 

activity with high and moderate impact, respectively, under both basal and stimulated 

conditions139,171. The P522R variant was also selected as it has very low impact on 

enzymatic activity when activated139. Therefore if detected, provides evidence that the 

assay is sensitive. Finally, an empty plasmid (mock) acts as a negative control to 

quantify endogenous cellular IP1 production. Regulatory inactive PLCγ2 variants were 

not used to validate the assay as they had yet to be generated. 
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Preliminary experiments showed that EGFR and PLCγ2 co-transfected HEK293T cells 

produced significantly more IP1 when stimulated with EGF (Figure 3.8). Differences in 

IP1 production under both basal and stimulated conditions were also detected between 

the well-characterised GOF PLCγ2 variants (D993G and S707Y) and WT (Figure 3.8, 

statistics not shown). Also, under stimulated conditions the HEK293T endogenous PLC 

IP1 production was low relative to the transfected cells, as demonstrated in the Mock 

condition (Figure 3.8). Furthermore, Figure 3.2 demonstrates that the assay has been 

optimised for the 24 well plate format as the values of IP1 generated in PLCγ2 

transfected cells lie within the linear portion of the standard curve. 

Overall, the data indicates that the HTRF IP1 accumulation assay allows for the 

quantification of PLCγ2 variant activity under both basal and stimulated conditions 

when the variant exhibits a strong phenotype. However, as configured it appears that the 

assay is not sufficiently sensitive as the mild hypermorphic activity of the P522R 

variant is not observed under stimulated conditions (Figure 3.8)139. 
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 Comparison of PLCγ2 variant activity under basal and stimulated 

conditions. HEK293T cells were co-transfected with EGFR and PLCγ2-GFP constructs 

(1:1 cDNA ratio). The cells were exposed to ± EGF (150 ng/ul) for 1h. PLC variant 

activity was assessed using the HTRF IP1 accumulation assay in accordance with the 

manufactures instructions. The mock construct consisted of an empty peGFP-N1 

plasmid. The IP1 data has not been normalised to total PLCγ2 protein expression. Data 

displays the mean value ± SD, and is representative of one biological replicate with 
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three experimental replicates (Two-tailed unpaired t-test, p-values displayed on the 

graph, n=1). 

3.2.2.3 The effect of different protein tags on PLCγ2 activity 

Initial data appeared to suggest that there may be differences in PLCγ2 activity between 

the different PLCγ2-HIS and PLCγ2-GFP tagged constructs (data not shown). 

Comparing the IP1 activity of the HIS and GFP tagged constructs using HEK293T 

transfected cells revealed that the PLCγ2 HIS-tagged constructs had higher activity than 

that of their GFP counterparts (Figure 3.9). However, additional studies would be 

necessary to understand this observation. It should be noted that the plasmid peGFP-C1 

does not contain a C1 signalling domain. 
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 Comparison of PLC activity between PLCγ2-HIS and PLCγ2-GFP tagged 

constructs under basal and stimulated conditions. HEK293T cells were co-transfected 

with EGFR and PLCγ2-HIS/GFP constructs (1:1 cDNA ratio). The cells were exposed 

to ± EGF (150 ng/ul) for 1h. PLC variant activity was assessed using the HTRF IP1 

accumulation assay in accordance with the manufactures instructions. The mock 

construct consisted of an empty peGFP-N1 plasmid. The IP1 data has not been 

normalised to total PLCγ2 protein expression. Data displays the mean value ± SD, and 
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is representative of one biological replicate with three experimental replicates (Two-

tailed unpaired t-test, p-values displayed on the graph, n=1). 

3.2.2.4 IP1 assay normalisation 

Polyacrylamide gel based western blots have low throughput, require large sample 

volume, lack sensitivity and reproducibility, and are semi-quantitative. To overcome 

these issues, the WES (Protein Simple) automates the western blot process and is 

sensitive enough to generate quantitative data from small sample volume. The protein 

sample, separation matrix, stacking matrix, antibodies and reagents are manually loaded 

onto a specially designed plate. The WES begins by aspirating the separation and 

stacking matrix into each capillary, so that the proteins will stack tightly before they 

separate, similar to a sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE). Next, the protein lysate is loaded and voltage is applied to enable separation by 

molecular weight. Once the separation is complete, UV light immobilises the proteins to 

the capillary wall, followed by primary antibody immunoprobing and subsequent 

incubation of secondary horseradish peroxidase conjugate and chemiluminescent 

substrate. The chemiluminescent reaction gives off light that is recorded by a charge-

coupled device camera, resulting in quantitative size-based data. 

Literature states that the PLCγ2 D993G variant has higher enzymatic activity under both 

basal and stimulated conditions, compared to PLCγ2 WT139. However, experimental 

data from Figure 3.9 shows that under stimulated conditions, PLCγ2 D993G has 

reduced IP1 production compared to PLCγ2 WT. At this point in my research, no 

method of normalisation existed. In order for future IP1 data to be comparable so that 

disease-linked PLCγ2 variants can be characterised, every experimental condition needs 

to be equivalent in cell density, as well as PLCγ2 and EGFR expression.  

This prompted the generation of a normalisation technique for the IP1 assay. Firstly, 

PLCγ2-GFP constructs could be used to quantify total PLCγ2 expression though the use 

of a total GFP measurement. Secondly, experimental IP1 lysates could be analysed by 

WES Western blot to normalise to not only PLCγ2 expression, but also total cell 

number, through the use of a GAPDH loading control. However, given that the 

HEK293T endogenous PLC IP1 production is low relative to the overexpression IP1 

data (Mock condition: Figure 3.8 and Figure 3.9), small changes in cell number between 

experimental conditions should not drastically affect the IP1 experimental readout. 
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The IP1 assay was performed in HEK293T cells co-transfected with PLCγ2-GFP and 

EGFR constructs with both methods of normalisation implemented. Before 

experimentation, the total GFP fluorescence in each experimental well was quantified 

on the PHERAstar FSX (BMG Labtech). After the IP1 assay had been performed in 

accordance with the manufacturer’s instructions, part of the cell lysate was removed to 

quantify total PLCγ2 expression by Western blotting on the WES. Both normalisation 

techniques were implemented on the IP1 experimental data (Figure 3.10A). The Western 

blot normalisation technique produced more consistent data and the small hypermorphic 

change in activity of the PLCγ2 P522R variant was more distinctive under stimulated 

conditions (Figure 3.10B). Furthermore, the PLCγ2 D993G variant exhibited lower 

expression (Figure S3), but higher IP1 activity that that of PLCγ2 WT (Figure 3.10). It 

was encouraging to see that Western blot normalisation can differentiate between the 

protein expression of two different PLCγ2 constructs, so that direct comparisons in 

enzymatic activity can be made. Due to the IP1 variability experienced from GFP 

normalisation (Figure 3.10C), as well as the fact that the presence of the GFP tag 

dampens PLCγ2 enzymatic activity (Figure 3.9), both PLCγ2-HIS constructs and 

Western blot normalisation would be implemented for future HTRF IP1 

experimentation. 
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 Comparison of Western blot and GFP normalisation techniques for the 

HTRF IP1 assay. HEK293T cells were co-transfected with EGFR and PLCγ2-GFP 

constructs (1:1 cDNA ratio). The cells were exposed to ± EGF (150 ng/ul) for 1h. PLC 

variant activity was assessed using the IP1 accumulation assay. A) Non-normalised 

experimental IP1 data. B) Western blot normalised IP1 data. C) GFP normalised IP1 

data. The mock construct consisted of an empty peGFP-N1 plasmid. Data represents 

mean value ± SD, and is representative of one biological replicate with at least three 

experimental replicates for the stimulated conditions, but only one experimental 

replicate for the unstimulated condition (Two-tailed unpaired t-test, p-values displayed 

on the graph, n=1).  
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3.2.2.5 The impact of relative expression of EGFR and PLCγ2 relationship on IP1 

production 

With an experimental protocol established to measure PLCγ2 activity, it was imperative 

to understand the influence of the EGFR:PLCγ2 transfected cDNA ratio on IP1 

production, as all previous experiments had been performed using a EGFR:PLCγ2 ratio 

of 1:1. HEK293T cells were co-transfected with EGFR and PLCγ2-HIS constructs, with 

the ratio of DNA titrated (total amount of DNA fixed). Cells were exposed to ± EGF 

(150 ng/ul) for 1.5h to allow for more IP1 accumulation. The experimental results show 

a decrease in IP1 production when the cDNA was titrated in favour of PLCγ2 (Figure 

3.11). A 1:3 (EGFR:PLCγ2) ratio appears to be optimal for quantifying the activity of 

mild GOF PLCγ2 variants, as differences in IP1 production were observed for the 

PLCγ2 P522R variant under stimulated conditions (Figure 3.11), with comparable 

expression to PLCγ2 WT (Figure S4). 

Due to the high IP1 values experienced from the ‘EGFR Only’ and the 1:1 experimental 

conditions, it seems evident that high EGFR expression can cause sizable IP1 production 

(Figure 3.11). It is possible that with enough EGFR expression, endogenous PLC 

enzymes can significantly contribute to IP1 generation. As small changes in 

experimental EGFR expression could falsely be interpreted as differences in PLCγ2 

activity, in addition to PLCγ2 expression, attempts were made to normalise the 

experimental data to EGFR expression (Figure S4). Unfortunately, western blotting for 

EGFR was not possible post-experimentation as the resulting bands were weak at the 

low EGFR ratios (Figure S4).  

In order to mitigate the concern of EGFR mediated IP1 production through endogenous 

PLC enzymes, a ratio of 1:3 (EGFR:PLCγ2) would be used for future PLCγ2 variant 

characterisation experiments. Having the transfection cDNA favoured to PLCγ2 not 

only limits the effect of EGFR mediated IP1 production, but also results in more PLCγ2 

mediated IP1 production. The data from Figure 3.11 indicates that this ratio is optimal 

for maximising the IP1 assay signal window as the mild hypermorphic PLCγ2 P522R 

variant was detectable under stimulation. 
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 The relationship EGFR and PLCγ2 have on IP1 production. HEK293T cells 

were co-transfected with EGFR and PLCγ2-HIS constructs at different EGFR:PLCγ2 

DNA ratios (total DNA fixed) to compare the IP1 activity of PLCγ2 WT and P522R. 

The cells were exposed to ± EGF (150 ng/ul) for 1h. PLC variant activity was assessed 

using the HTRF IP1 assay. IP1 data has not been normalised to either total PLCγ2 and/or 

EGFR protein expression. Data represents mean value ± SD, and is representative of one 

biological replicate with at least three experimental replicates for the stimulated 

conditions, but only one experimental replicate for the unstimulated condition (Two-

tailed unpaired t-test, p-values displayed on the graph, n=1). PLCγ2 and EGFR protein 

expression complements these observations (Figure S4). 
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3.3 Discussion  

The COS-7 cells would have been the ideal cell model for experimentation due to the 

high endogenous EGFR expression and low endogenous PLCγ1 and PLCγ2 expression, 

relative to HEK293T cells (Figure 3.3 and Figure 3.7). Although a good transfection 

efficiency was achieved for the HEK293T cells (Figure 3.4), the dual transfection of 

both EGFR and PLCγ2 results in two experimental variables, that both influence IP1 

production, but could not both be normalised. Furthermore, as EGFR is endogenously 

expressed at a low level within HEK293T cells (Figure 3.3, Figure 3.6 and Figure S4) 

this could have implications for levels of co-transfection achieved simultaneously with 

PLCγ2 and EGFR. Perhaps the generation of a EGFR HEK293T stable cell line could 

have been used to keep EGFR expression consistent, removing this experimental 

variable. However as previously mentioned, IP1 production at a 1:3 ratio 

(EGFR:PLCγ2) would predominantly be generated from the transfected PLCγ2 

construct. 

Although PLCy2 can be directly activated by tyrosine phosphorylation, PLCy2 can also 

be activated through other mechanisms e.g. through Rac2150,174,175. Therefore, perhaps 

PLCy2 variants may influence different modes of activation resulting in their clinical 

phenotype. As a result, although EGF/EGFR activation provides an initial assessment of 

PLCy2 variant activity, other activation methods should also be explored. 

GFP-tagged proteins are a good method of visualising/quantifying protein expression, 

as well as observing the movement of proteins. However, the GFP motif (located on the 

C-terminal) is relatively large (26.9 kDa) and therefore has the potential to influence 

various factors including protein expression, protein function, as well as the ability of 

PLCγ2 to bind to the membrane to carry out its catalytic function. However, additional 

studies would be necessary to understand this observation. 

Only a 1 hour time point of was considered for experimentation as that is what has been 

previously reported in literature139. However, a time course experiment should have 

been implemented to potentially extended the assay signal window resulting in better 

characterisation of the PLCγ2 disease-linked variants.  

Furthermore, although JETpie transfection can be cytotoxic towards cells, this 

experimental design resulted in minimal transfection mediated cell death.  
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3.4 Conclusion 

The development and optimisation of an artificial HTRF IP1 accumulation assay to 

characterise PLCγ2 variant enzymatic activity has been established. During the process, 

it was determined that EGF stimulated HEK293T cells co-transfected with EGFR and 

PLCγ2 constructs elicit a robust IP1 response (Figure 3.8), PLCγ2-GFP-tagged 

constructs could not be used as they diminish IP1 production compared to their HIS-

tagged counterparts (Figure 3.9), a 1:3 (EGFR:PLCγ2) ratio of DNA is crucial for the 

quantification of mild GOF PLCγ2 variants e.g. P522R (Figure 3.11) and that an 

experimental PLCγ2 total protein normalisation technique, through the use of a PLCγ2 

selective antibody from CST (Figure 3.5), is essential for the correct interpretation of 

PLCγ2 variant enzymatic activity (Figure 3.10). 
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Chapter 4 - Comparative assessment of PLC activity for PLCγ2 disease-linked 

variants 

4.1 Introduction 

The HRTF IP1 assay allows for each PLCγ2 variant to be functionally compared and 

ranked accordingly. As mentioned previously in 1.6, literature has already identified and 

characterised various PLCγ2 engineered and disease-linked variants (Table 1.2). If the 

PLCγ2 variants exhibit the same phenotype within the HEK293T HTRF IP1 assay, as 

stated in literature, it will not only validate the assay but also provide confidence that 

the IP1 assay is sensitive and robust enough to characterise rare and novel disease-liked 

variants of PLCγ2. 

As previously mentioned in 1.6.2, an IBD GWAS identified novel PLCγ2 non-

synonymous SNPs, R268W and H244R138. However, to what effect each variant has on 

the properties of PLCγ2, if any, is yet to be fully characterised. Furthermore, 

collaborators Juan I. Arostegui (August Pi i Sunyer Biomedical Research Institute, 

Barcelona, Spain) and João Farela Neves (Primary Immunodeficiencies Unit, Hospital 

Dona Estefânia, Lisbon, Portugal) identified patients experiencing APLAID-like 

symptoms. Genotyping of these patients resulted in the identification of the PLCγ2 

A708P, Δ845-848 and V1103I variants (Figure 1.6), with the latter two being novel. 

Additionally, the PLCγ2 M1141K variant within the C2 domain has been demonstrated 

to cause an influx of external calcium in B cells when stimulated with IgM. However, to 

what effect PLCγ2 M1141K has on enzymatic activity has yet to be determined. It will 

be important to characterise each variants effect on PLCγ2 enzymatic activity to 

understand what impact each variant may have on disease initiation or progression. 

4.2 Results 

 PLC activity of characterised PLCγ2 variants 

Initial experiments using the 1:3 (EGFR:PLCγ2) ratio to characterise PLCγ2 variants 

resulted in considerable variability amongst the biological replicates (example shown in 

Figure S5) due to the protein expression between PLCγ2 WT and PLCγ2 variants being 

noncomparable. The PLCγ2 expression normalisation technique failed to mitigate this 

issue, as the assay was heavily reliant on WES Western blotting. As in Figure 3.11, the 

previous experimental design involved transfecting HEK293T cells with 100ng of 

EGFR and 300ng of PLCγ2 DNA (400ng total DNA) at a 1:3 (EGFR:PLCγ2) ratio. In 

order to combat the normalisation issue, EGFR DNA was fixed at 100ng and PLCγ2 
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DNA titrated so that the experimental IP1 production would be PLCγ2 dependent. 

Therefore, IP1 values that have comparable PLCγ2 expression would be matched, 

instead of normalised to expression. Protein matching would always be performed by 

comparing the two most similar protein band areas (as quantified by WES) between the 

PLCγ2 variant and PLCγ2 WT, regardless of where expression was similar from the 

cDNA titration. As a result, the experimental IP1 quantification would be true reflection 

of PLCγ2 variant activity as well as be non-subjective. 

Therefore, HEK293T cells were co-transfected with EGFR (100ng, fixed), as well as 

PLCγ2 (20-300ng, titrated) and/or a eGFP-C1 construct (0-300ng, titrated) to keep total 

cDNA fixed at 400ng. Cells were subjected to ± EGF stimulation for 1.5h before the 

HTRF IP1 assay was performed in accordance with manufactures instructions. Cell 

lysate from each well was run through the WES Western blotting to quantify PLCγ2 

expression for each experimental condition. As some PLCγ2 variants have differences 

in expression relative to WT, IP1 values that had comparable PLCγ2 expression were 

matched, with basal and stimulated conditions matched separately. These matched 

datasets allowed for the direct comparison of PLCγ2 WT and its variants in both basal 

and stimulated environments. Finally, the fold difference in IP1 production for each 

variant under basal and stimulated conditions would also be calculated. 
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4.2.1.1 PLCγ2 regulatory inactive variants: H327/372F and 4F+F847Q 
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Figure 4.1 PLCγ2 H327/372F variant has decreased PLC activity. A) Representative 

data comparing PLC activity of PLCγ2 WT and PLCγ2 H327/372F (titrated DNA) in 

transfected HEK293T cells under basal (-EGF) and stimulated (+EGF, 150 ng/ul for 

1.5h) conditions. PLC activity was assessed using the HTRF IP1 assay. The data is 

representative from one biological replicate. B) PLCγ2 (150kDa) expression for each 

IP1 datapoint (basal (-EGF) and stimulated (+EGF) conditions) was measured by WES 

Western blotting. PLCγ2 expression (arbitrary units) was: WT/-EGF = 360645, 

WT/+EGF = 362190, H327/372F/-EGF = 353281 and H327/372F/+EGF = 326073. The 

data is representative from one biological replicate. PLCγ2 protein expression levels 

were comparable. C) IP1 values that had comparable PLCγ2 expression were matched. 

Basal and stimulated conditions were matched separately. The graph represents the 

matched IP1 data from all biological replicates. Each graphical symbol shape (square, 

triangle, circle and diamond) represents each set of biological replicates (n=4). Data 

represents mean value ± SD. D) The PLCγ2 H327/372F IP1 values were normalised to 

the PLCγ2 WT IP1 values to represent the fold-change in PLCγ2 H327/372F IP1 

production under basal (-EGF) and stimulated (+EGF) conditions relative to PLCγ2 

WT. Each graphical symbol shape (square, triangle, circle and diamond) represents the 
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fold change in IP1 for each set of biological replicates (Two-tailed unpaired t-test, p-

values displayed on the graph, n=4). Data represents mean value ± SD. 
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Figure 4.2 PLCγ2 ‘4F + F897Q’ variant has decreased PLC activity. A) Representative 

data comparing PLC activity of PLCγ2 WT and PLCγ2 ‘4F + F897Q’ (titrated DNA) in 

transfected HEK293T cells under basal (-EGF) and stimulated (+EGF, 150 ng/ul for 

1.5h) conditions. PLC activity was assessed using the HTRF IP1 assay. The data is 

representative from one biological replicate. B) PLCγ2 (150kDa) expression for each 

IP1 datapoint (basal (-EGF) and stimulated (+EGF) conditions) was measured by WES 

Western blotting. PLCγ2 expression (arbitrary units) was: WT/-EGF = 434246, 

WT/+EGF = 625254, ‘4F + F897Q’/-EGF = 427544 and ‘4F + F897Q’/+EGF = 

626594. The data is representative from one biological replicate. PLCγ2 protein 

expression levels were comparable. C) IP1 values that had comparable PLCγ2 

expression were matched. Basal and stimulated conditions were matched separately. 

The graph represents the matched IP1 data from all biological replicates. Each graphical 

symbol shape (square, triangle and circle) represents each set of biological replicates 

(n=3). Data represents mean value ± SD. D) The PLCγ2 ‘4F + F897Q’ IP1 values were 

normalised to the PLCγ2 WT IP1 values to represent the fold-change in PLCγ2 ‘4F + 

F897Q’ IP1 production under basal (-EGF) and stimulated (+EGF) conditions relative to 
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PLCγ2 WT. Each graphical symbol shape (square, triangle and circle) represents the 

fold change in IP1 for each set of biological replicates (Two-tailed unpaired t-test, p-

values displayed on the graph, n=3). Data represents mean value ± SD. 

4.2.1.2 PLCγ2 hypermorphic variants: D993G, S707Y and P522R 
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Figure 4.3 PLCγ2 D993G variant has increased PLC activity. A) Representative data 

comparing PLC activity of PLCγ2 WT and PLCγ2 D993G (titrated DNA) in transfected 

HEK293T cells under basal (-EGF) and stimulated (+EGF, 150 ng/ul for 1.5h) 

conditions. PLC activity was assessed using the HTRF IP1 assay. The data is 

representative from one biological replicate. B) PLCγ2 (150kDa) expression for each 

IP1 datapoint (basal (-EGF) and stimulated (+EGF) conditions) was measured by WES 

Western blotting. PLCγ2 expression (arbitrary units) was: WT/-EGF = 447928, 

WT/+EGF = 270557, D993G/-EGF = 477621 and D993G/+EGF = 278755. The data is 

representative from one biological replicate. PLCγ2 protein expression levels were 

comparable. C) IP1 values that had comparable PLCγ2 expression were matched. Basal 

and stimulated conditions were matched separately. The graph represents the matched 

IP1 data from all biological replicates. Each graphical symbol shape (square, triangle 

and circle) represents each set of biological replicates (n=3). Data represents mean 

value ± SD. D) The PLCγ2 D993G IP1 values were normalised to the PLCγ2 WT IP1 

values to represent the fold-change in PLCγ2 D993G IP1 production under basal (-EGF) 
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and stimulated (+EGF) conditions relative to PLCγ2 WT. Each graphical symbol shape 

(square, triangle and circle) represents the fold change in IP1 for each set of biological 

replicates (Two-tailed unpaired t-test, p-values displayed on the graph, n=3). Data 

represents mean value ± SD. 
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Figure 4.4 PLCγ2 S707Y variant has increased PLC activity. A) Representative data 

comparing PLC activity of PLCγ2 WT and PLCγ2 S707Y (titrated DNA) in transfected 

HEK293T cells under basal (-EGF) and stimulated (+EGF, 150 ng/ul for 1.5h) 

conditions. PLC activity was assessed using the HTRF IP1 assay. The data is 

representative from one biological replicate. B) PLCγ2 (150kDa) expression for each 

IP1 datapoint (basal (-EGF) and stimulated (+EGF) conditions) was measured by WES 

Western blotting. PLCγ2 expression (arbitrary units) was: WT/-EGF = 622294, 

WT/+EGF = 884058, S707Y/-EGF = 604343 and S707Y/+EGF = 851419. The data is 

representative from one biological replicate. PLCγ2 protein expression levels were 

comparable. C) IP1 values that had comparable PLCγ2 expression were matched. Basal 

and stimulated conditions were matched separately. The graph represents the matched 

IP1 data from one experiment (n=1). Data represents mean value. D) The PLCγ2 S707Y 

IP1 values were normalised to the PLCγ2 WT IP1 values to represent the fold-change in 

PLCγ2 S707Y IP1 production under basal (-EGF) and stimulated (+EGF) conditions 
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relative to PLCγ2 WT. The data is representative of one experiment. Data represents 

mean value. 
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Figure 4.5 PLCγ2 P522R variant has increased PLC activity. A) Representative data 

comparing PLC activity of PLCγ2 WT and PLCγ2 P522R (titrated DNA) in transfected 

HEK293T cells under basal (-EGF) and stimulated (+EGF, 150 ng/ul for 1.5h) 

conditions. PLC activity was assessed using the HTRF IP1 assay. The data is 

representative from one biological replicate. B) PLCγ2 (150kDa) expression for each 

IP1 datapoint (basal (-EGF) and stimulated (+EGF) conditions) was measured by WES 

Western blotting. PLCγ2 expression (arbitrary units) was: WT/-EGF = 447928, 

WT/+EGF = 460299, P522R/-EGF = 446215 and P522R/+EGF = 477993. The data is 

representative from one biological replicate. PLCγ2 protein expression levels were 

comparable. C) IP1 values that had comparable PLCγ2 expression were matched. Basal 

and stimulated conditions were matched separately. The graph represents the matched 

IP1 data from all biological replicates. Each graphical symbol shape (square, triangle 

and circle) represents each set of biological replicates (n=3). Data represents mean 

value ± SD. D) The PLCγ2 P522R IP1 values were normalised to the PLCγ2 WT IP1 

values to represent the fold-change in PLCγ2 P522R IP1 production under basal (-EGF) 

and stimulated (+EGF) conditions relative to PLCγ2 WT. Each graphical symbol shape 

(square, triangle and circle) represents the fold change in IP1 for each set of biological 
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replicates (Two-tailed unpaired t-test, p-values displayed on the graph, n=3). Data 

represents mean value ± SD. 

4.2.1.3 PLCγ2 silent variants: M28L 
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Figure 4.6 PLCγ2 M28L variant causes no change in PLC activity. A) Representative 

data comparing PLC activity of PLCγ2 WT and PLCγ2 M28L (titrated DNA) in 

transfected HEK293T cells under basal (-EGF) and stimulated (+EGF, 150 ng/ul for 

1.5h) conditions. PLC activity was assessed using the HTRF IP1 assay. The data is 

representative from one biological replicate. B) PLCγ2 (150kDa) expression for each 

IP1 datapoint (basal (-EGF) and stimulated (+EGF) conditions) was measured by WES 

Western blotting. PLCγ2 expression (arbitrary units) was: WT/-EGF = 426187, 

WT/+EGF = 639772, M28L/-EGF = 413992 and M28L/+EGF = 672770. The data is 

representative from one biological replicate. PLCγ2 protein expression levels were 

comparable. C) IP1 values that had comparable PLCγ2 expression were matched. Basal 

and stimulated conditions were matched separately. The graph represents the matched 

IP1 data from one experiment (n=1). Data represents mean value. D) The PLCγ2 M28L 

IP1 values were normalised to the PLCγ2 WT IP1 values to represent the fold-change in 

PLCγ2 M28L IP1 production under basal (-EGF) and stimulated (+EGF) conditions 

relative to PLCγ2 WT. The data is representative of one experiment. Data represents 

mean value. 
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 Characterisation of novel and rare PLCγ2 disease-linked variants 

4.2.2.1 Δ845-848 
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Figure 4.7 PLCγ2 Δ845-848 variant has increased PLC activity. A) Representative data 

comparing PLC activity of PLCγ2 WT and PLCγ2 Δ845-848 (titrated DNA) in 

transfected HEK293T cells under basal (-EGF) and stimulated (+EGF, 150 ng/ul for 

1.5h) conditions. PLC activity was assessed using the HTRF IP1 assay. The data is 

representative from one biological replicate. B) PLCγ2 (150kDa) expression for each 

IP1 datapoint (basal (-EGF) and stimulated (+EGF) conditions) was measured by WES 

Western blotting. PLCγ2 expression (arbitrary units) was: WT/-EGF = 168750, 

WT/+EGF = 223020, Δ845-848/-EGF = 139830 and Δ845-848/+EGF = 204983. The 

data is representative from one biological replicate. PLCγ2 protein expression levels 

were comparable. C) IP1 values that had comparable PLCγ2 expression were matched. 

Basal and stimulated conditions were matched separately. The graph represents the 

matched IP1 data from all biological replicates. Each graphical symbol shape (square, 

triangle and circle) represents each set of biological replicates (n=3). Data represents 

mean value ± SD. D) The PLCγ2 Δ845-848 IP1 values were normalised to the PLCγ2 

WT IP1 values to represent the fold-change in PLCγ2 P522R IP1 production under basal 

(-EGF) and stimulated (+EGF) conditions relative to PLCγ2 WT. Each graphical 

symbol shape (square, triangle and circle) represents the fold change in IP1 for each set 
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of biological replicates (Two-tailed unpaired t-test, p-values displayed on the graph, 

n=3). Data represents mean value ± SD. 
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Figure 4.8 PLCγ2 M1141K variant has increased PLC activity. A) Representative data 

comparing PLC activity of PLCγ2 WT and PLCγ2 M1141K (titrated DNA) in 

transfected HEK293T cells under basal (-EGF) and stimulated (+EGF, 150 ng/ul for 

1.5h) conditions. PLC activity was assessed using the HTRF IP1 assay. The data is 

representative from one biological replicate. B) PLCγ2 (150kDa) expression for each 

IP1 datapoint (basal (-EGF) and stimulated (+EGF) conditions) was measured by WES 

Western blotting. PLCγ2 expression (arbitrary units) was: WT/-EGF = 372094, 

WT/+EGF = 649967, M1141K/-EGF = 426182 and M1141K/+EGF = 626735. The data 

is representative from one biological replicate. PLCγ2 protein expression levels were 

comparable. C) IP1 values that had comparable PLCγ2 expression were matched. Basal 

and stimulated conditions were matched separately. The graph represents the matched 

IP1 data from all biological replicates. Each graphical symbol shape (square, triangle 

and circle) represents each set of biological replicates (n=3). Data represents mean 

value ± SD. D) The PLCγ2 M1141K IP1 values were normalised to the PLCγ2 WT IP1 

values to represent the fold-change in PLCγ2 M1141K IP1 production under basal (-

EGF) and stimulated (+EGF) conditions relative to PLCγ2 WT. Each graphical symbol 
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shape (square, triangle and circle) represents the fold change in IP1 for each set of 

biological replicates (Two-tailed unpaired t-test, pvalues displayed on the graph, n=3). 

Data represents mean value ± SD. 
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Figure 4.9 PLCγ2 A708P variant has increased PLC activity. A) Representative data 

comparing PLC activity of PLCγ2 WT and PLCγ2 A708P (titrated DNA) in transfected 

HEK293T cells under basal (-EGF) and stimulated (+EGF, 150 ng/ul for 1.5h) 

conditions. PLC activity was assessed using the HTRF IP1 assay. The data is 

representative from one biological replicate. B) PLCγ2 (150kDa) expression for each 

IP1 datapoint (basal (-EGF) and stimulated (+EGF) conditions) was measured by WES 

Western blotting. PLCγ2 expression (arbitrary units) was: WT/-EGF = 168750, 

WT/+EGF = 223020, A708P/-EGF = 168292 and A708P/+EGF = 240725. The data is 

representative from one biological replicate. PLCγ2 protein expression levels were 

comparable. C) IP1 values that had comparable PLCγ2 expression were matched. Basal 

and stimulated conditions were matched separately. The graph represents the matched 

IP1 data from all biological replicates. Each graphical symbol shape (square, triangle 

and circle) represents each set of biological replicates (n=3). Data represents mean 

value ± SD. D) The PLCγ2 A708P IP1 values were normalised to the PLCγ2 WT IP1 

values to represent the fold-change in PLCγ2 A708P IP1 production under basal (-EGF) 
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and stimulated (+EGF) conditions relative to PLCγ2 WT. Each graphical symbol shape 

(square, triangle and circle) represents the fold change in IP1 for each set of biological 

replicates (Two-tailed unpaired t-test, p-values displayed on the graph, n=3). Data 

represents mean value ± SD. 
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Figure 4.10 PLCγ2 V1103I variant has increased PLC activity. A) Representative data 

comparing PLC activity of PLCγ2 WT and PLCγ2 V1103I (titrated DNA) in transfected 

HEK293T cells under basal (-EGF) and stimulated (+EGF, 150 ng/ul for 1.5h) 

conditions. PLC activity was assessed using the HTRF IP1 assay. The data is 

representative from one biological replicate. B) PLCγ2 (150kDa) expression for each 

IP1 datapoint (basal (-EGF) and stimulated (+EGF) conditions) was measured by WES 

Western blotting. PLCγ2 expression (arbitrary units) was: WT/-EGF = 168750, 

WT/+EGF = 223020, A708P/-EGF = 168292 and A708P/+EGF = 240725. The data is 

representative from one biological replicate. PLCγ2 protein expression levels were 

comparable. C) IP1 values that had comparable PLCγ2 expression were matched. Basal 

and stimulated conditions were matched separately. The graph represents the matched 

IP1 data from all biological replicates. Each graphical symbol shape (square, triangle 

and circle) represents each set of biological replicates (n=3). Data represents mean 
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value ± SD. D) The PLCγ2 V1103I IP1 values were normalised to the PLCγ2 WT IP1 

values to represent the fold-change in PLCγ2 V1103I IP1 production under basal (-EGF) 

and stimulated (+EGF) conditions relative to PLCγ2 WT. Each graphical symbol shape 

(square, triangle and circle) represents the fold change in IP1 for each set of biological 

replicates (Two-tailed unpaired t-test, p-values displayed on the graph, n=3). Data 

represents mean value ± SD. 
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Figure 4.11 PLCγ2 R268W variant causes no change in PLC activity. A) 

Representative data comparing PLC activity of PLCγ2 WT and PLCγ2 R268W (titrated 

DNA) in transfected HEK293T cells under basal (-EGF) and stimulated (+EGF, 150 

ng/ul for 1.5h) conditions. PLC activity was assessed using the HTRF IP1 assay. The 

data is representative from one biological replicate. B) PLCγ2 (150kDa) expression for 

each IP1 datapoint (basal (-EGF) and stimulated (+EGF) conditions) was measured by 

WES Western blotting. PLCγ2 expression (arbitrary units) was: WT/-EGF = 552980, 

WT/+EGF = 709258, R268W/-EGF = 539701 and R268W/+EGF = 685965. The data is 

representative from one biological replicate. PLCγ2 protein expression levels were 

comparable. C) IP1 values that had comparable PLCγ2 expression were matched. Basal 

and stimulated conditions were matched separately. The graph represents the matched 

IP1 data from all biological replicates. Each graphical symbol shape (square and circle) 
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represents each set of biological replicates (n=2). Data represents mean value ± SD. D) 

The PLCγ2 R268W IP1 values were normalised to the PLCγ2 WT IP1 values to 

represent the fold-change in PLCγ2 R268W IP1 production under basal (-EGF) and 

stimulated (+EGF) conditions relative to PLCγ2 WT. Each graphical symbol shape 

(square and circle) represents the fold change in IP1 for each set of biological replicates 

(Two-tailed unpaired t-test, p-values displayed on the graph, n=2). Data represents 

mean value ± SD. 
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Figure 4.12 PLCγ2 H244R variant causes no change in PLC activity. A) Representative 

data comparing PLC activity of PLCγ2 WT and PLCγ2 H244R (titrated DNA) in 

transfected HEK293T cells under basal (-EGF) and stimulated (+EGF, 150 ng/ul for 

1.5h) conditions. PLC activity was assessed using the HTRF IP1 assay. The data is 

representative from one biological replicate. B) PLCγ2 (150kDa) expression for each 

IP1 datapoint (basal (-EGF) and stimulated (+EGF) conditions) was measured by WES 

Western blotting. PLCγ2 expression (arbitrary units) was: WT/-EGF = 219722, 

WT/+EGF = 1363069, H244R/-EGF = 227290 and H244R/+EGF = 1335457. The data 

is representative from one biological replicate. PLCγ2 protein expression levels were 

comparable. C) IP1 values that had comparable PLCγ2 expression were matched. Basal 

and stimulated conditions were matched separately. The graph represents the matched 
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IP1 data from one experiment. Data represents mean value. D) The PLCγ2 H244R IP1 

values were normalised to the PLCγ2 WT IP1 values to represent the fold-change in 

PLCγ2 H244R IP1 production under basal (-EGF) and stimulated (+EGF) conditions 

relative to PLCγ2 WT. The data is representative of one biological replicate. Data 

represents mean value. 

4.3 Discussion 

PLCγ2 

Variant 

Basal IP1 

Fold 

Difference 

Variant vs. 

WT  

(mean ± 

SD) 

Basal 

Significant 

Difference 

(p-value) 

Stimulation 

IP1 Fold 

Difference 

Variant vs. 

WT 

(mean ± SD) 

Stimulation 

Significant 

Difference 

(p-value) 

Biological 

Replicates 

(N) 

4F + F897Q 0.94 ± 0.04 0.05 0.33 ± 0.06 <0.001 3 

H327/372F 0.96 ± 0.12 0.5 0.43 ± 0.11 <0.001 4 

H244R 0.92 - 0.90 - 1 

M28L 0.96 - 1.02 - 1 

R268W 0.98 ± 0.03 0.4 1.06 ± 0.13 0.6 2 

P522R 1.11 ± 0.07 0.07 1.39 ± 0.06 <0.001 3 

V1103I 1.10 ± 0.08 0.08 2.23 ± 0.65 0.03 3 

D993G 3.35 ± 0.62 0.003 3.23 ± 0.40 <0.001 3 

M1141K 8.04 ± 2.79 0.01 4.84 ± 1.45 0.01 3 

S707Y 5.00 - 6.30 - 1 

Δ845-848 16.49 ± 8.65 0.04 10.38 ± 3.38 0.009 3 

A708P 28.97 ± 

28.65 

0.2 12.10 ± 7.48 0.06 3 

Table 4.1 PLCγ2 variant ranking of IP1 activity. Values represent the mean ± SD fold 

difference in IP1 production for each PLCγ2 variant under basal and stimulated 

conditions. PLCγ2 variants are ranked in order of the IP1 fold difference observed under 

stimulated conditions. A two-tailed unpaired t-test was performed for each PLCγ2 

variant with two or more biological replicates (p-values displayed in the table). (-) 

symbol represents an inability to perform a statistical test due to lack of biological 

replicates. Orange boxes represent conditions where PLC activity was lower than WT. 
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Green boxes represent conditions where PLC activity was the same as WT. Blue boxes 

represent conditions where PLC activity was higher than WT. 

The experimental design worked well for the characterisation of the PLCγ2 variants. 

The titration of PLCγ2 cDNA vs. IP1 production made it relatively straightforward to 

determine if a PLCγ2 variant had altered enzymatic activity under basal or stimulated 

conditions. Matching the expression levels of the PLCγ2 variant and PLCγ2 WT 

resulted in reproducible data amongst the biological replicates, making it a superior 

normalisation technique than normalising the IP1 data to the expression of PLCγ2. 

Throughout the enzymatic characterisation of each variant, different amounts of PLCγ2 

cDNA were transfected, ranging from 0-300ng. During the assay validation of the well 

characterised PLCγ2 variants, 0ng was used as a negative control for the assay, but it 

provided no insight into PLCγ2 activity. Therefore, it was substituted with larger 

amounts of cDNA when the rare and novel PLCγ2 variants were investigated, as some 

PLCγ2 variants did not achieve expression comparable to PLCγ2 WT. However, for 

some of the variants 200ng and 300ng of PLCγ2 DNA resulted in a reduction of IP1 

production, also known as the ‘Hook effect’259. This was mostly due to cell death 

induced by strong hypermorphic IP1 production (data not shown). Furthermore, the 

PLCγ2 variants that exhibited a strong phenotype under both basal and stimulated 

conditions such as Δ845-848 and A708P, displayed a lot of variation between biological 

replicates. Due to the very strong GOF these variants possess, small changes in 

experimental design could result in significant changes to IP1 production, perhaps 

explaining the observed variability. Variants of PLCγ2 could influence protein stability, 

resulting in differences in protein expression relative to PLCγ2 WT. Therefore, the 

amount of cDNA needed to be increased for some variants to achieve comparable 

expression to the WT. Additionally, experimental differences e.g. plasmid purity, could 

also influence transfection efficiency, which is why the matching of protein expression 

between PLCγ2 variants and PLCγ2 WT was crucial to have comparable data.   

The IP1 fold changes for each PLCγ2 variant under basal and stimulated conditions 

between all biological replicates is summarised in Table 4.1. Variants were ranked in 

order of the IP1 fold difference observed under stimulated conditions. The experimental 

IP1 assay confirms that the PLCγ2 H327/372F and ’4F+F847Q’ variants are regulatory 

inactive forms of PLCγ2, as under stimulated conditions an IP1 fold difference of 0.43 ± 

0.11 and 0.33 ± 0.06 was observed, respectively (Table 4.1). The D993G and S707Y 
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PLCγ2 variants were hypermorphic in both a basal and stimulated environment, 

displaying an IP1 fold difference of 3.35 ± 0.62 (D993G) and 5.00 (S707Y) under basal 

conditions, and 3.23 ± 0.40 (D993G) and 6.30 (S707Y) under stimulated conditions, 

respectively (Table 4.1). The IP1 assay was also able to differentiate between the mild 

GOF P522R PLCγ2 variant, as under stimulated conditions an IP1 fold difference of 

1.39 ± 0.06 observed (Table 4.1). So far, the assay has been able to differentiate 

between variants that have had notable changes in PLCγ2 enzymatic activity. As 

mentioned previously, the PLCγ2 M28L variant has been characterised in literature 

before as a variant that has no effect on enzymatic activity176. When assessed in the IP1 

assay the same trend was observed (Table 4.1). This result provides confidence that not 

every variant tested in the IP1 assay will display an effect on enzymatic activity. 

Therefore, as the assay has demonstrated to be sensitive and robust enough to correctly 

characterise the enzymatic activity of documented PLCγ2 variants, the same 

experimental design can also be used for the characterisation of novel and rare disease-

linked variants of PLCγ2. 

Characterisation of the Δ845-848 variant demonstrated it to be hypermorphic under 

both basal (IP1 Fold difference: 16.49 ± 8.65) and stimulated (IP1 Fold difference: 10.38 

± 3.38) conditions (Table 4.1). Additionally, the A708P variant was also hypermorphic 

under both basal (IP1 Fold difference: 28.97 ± 28.65) and stimulated (IP1 Fold 

difference: 12.10 ± 7.48) conditions (Table 4.1). These two PLCγ2 variants were the 

strongest GOF variants characterised. Given that the Δ845-848 and A708P variants 

reside respectively at the spPH and cSH2 domains, both variants are likely disrupting 

the PLCγ2 autoinhibitory intramolecular interactions, resulting in the observed GOF 

phenotype147. Through the use of PLCγ2 deficient mice, PLCγ2 has been shown to play 

a key role in healthy B cell function209, as well as NK cell cytotoxicity and innate 

immunity260. Both patients exhibiting these PLCγ2 variants demonstrated reduced B cell 

numbers, as GOF PLCγ2 variants influence B cell development, resulting in 

agammaglobulinemia and immune deficits relative to healthy controls222. In contrast, 

Δ845-848 and A708P patient PBMCs stimulated with lipopolysaccharide (LPS) showed 

an increase in pro-inflammatory cytokine release, relative to healthy controls, 

suggesting that GOF PLCγ2 variants are causative of the APLAID phenotype. The 

experimental methodology and results described in section 4.2 contributed to a 

publication222. 
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The M1141K PLCγ2 variant was also demonstrated to be hypermorphic under basal 

(IP1 Fold difference: 8.04 ± 2.79) and stimulated (IP1 Fold difference: 4.84 ± 1.45) 

conditions (Table 4.1). Enzymatic characterisation of the M1141K PLCγ2 variant had 

not been performed until now (Table 1.1). This experimental data is consistent with the 

enhanced intracellular calcium influx and ERK phosphorylation reported in literature224. 

Furthermore, B cells numbers were also decreased in patients exhibiting the M1141K 

PLCγ2 variant, providing further evidence that PLCγ2 has a key role in B cell survival. 

The V1103I PLCγ2 variant is a novel variant of PLCγ2 that has only been identified in 

the clinic and is yet to be characterised (Genome Aggregation Database available from 

www.gnomad.broadinstitute.org). This thesis demonstrates that the V1103I PLCγ2 

variant was hypermorphic under stimulated (IP1 Fold difference: 2.23 ± 0.65) conditions 

only (Table 4.1). Both the M1141K and V1103I PLCγ2 are located within the PLCγ2 

C2 domain. Perhaps both variants also disrupt the autoinhibitory intramolecular 

interactions between the C2-cSH2 PLCγ2 domains. However, further studies would 

need to be performed to support this hypothesis.  

Interestingly, the V1103I PLCγ2 variant displays a similar phenotype to the P522R 

PLCγ2 variant in that an increase in enzymatic activity is only exhibited when PLCγ2 is 

activated (Table 4.1). Given the V1103I variant has been associated with APLAID, but 

the P522R variant has been demonstrated to protect against LOAD, as well as increased 

longevity, it is interesting to see how small changes in PLCγ2 enzymatic activity can 

have such drastic effects on clinical phenotypes. However, PLCγ2 variants may be also 

affecting different mechanisms such as allosteric networks, membrane interactions, 

domain stability or interactions with regulatory proteins, not only the level of PLC 

activity, which can also influence the phenotype. 

Some of the PLCγ2 variants tested had less than three biological replicates. The IP1 

DNA titration showed the R268W and H244R PLCγ2 variants to have equivalent IP1 

production to that of the WT control (Figure 4.11A and Figure 4.12A). Furthermore, 

when PLCγ2 expression was matched no fold-change in IP1 production was observed. 

Because of these two factors, biological replicates were not deemed necessary. The 

M28L and S707Y PLCγ2 variants were only assayed once to validate the IP1 assay, as 

the enzymatic activity of each variant had already been well characterised in literature. 

Throughout each western blot a band of ~50kDa is present. Due to the PLCγ2 antibody 

being polyclonal perhaps the antibody is cross-reacting with other proteins with similar 

http://www.gnomad.broadinstitute.org/
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epitopes or even a fragment of PLCγ2. This band is also apparent in the other polyclonal 

antibodies tested in Figure 3.5. However, this does not influence experimental 

interpretation as cDNA titrations support the FL PLCγ2 matching normalisation. 

Furthermore, perhaps a FL PLCγ2 expression to cDNA ratio matching could have been 

implemented to normalise the data. However, similar to before (3.2.2.4) normalising the 

raw IP1 data to this ratio would result in less reproducible data amongst the biological 

replicates as the raw data is being manipulated. 

4.4 Conclusion 

Through the use of characterised PLCγ2 variants, the HTRF IP1 assay was demonstrated 

to be sensitive enough to detect PLCγ2 variants that influence enzymatic activity, as 

well as differentiate between variants that had no effect on enzymatic activity. With 

confidence in the assay established, rare and novel disease-linked PLCγ2 variants were 

introduced into the assay and characterised. The Δ845-848, A708P and M1141K PLCγ2 

variants exhibited hypermorphic activity under basal and stimulated conditions, whereas 

the V1103I variant was only hypermorphic under stimulated conditions. Additionally, 

the H224R and R268W PLCγ2 variants exhibited no impact on enzymatic activity.  

This thesis provides a foundation to bridge the gap between the genotyping of disease-

linked PLCγ2 variants and their associated clinical phenotype. However, further work is 

still needed to understand each variants effect on cell signalling and how this ultimately 

leads to clinical observations such as depleted B cell numbers, agammaglobulinemia 

and pro-inflammatory cytokine release. 
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Chapter 5 - H9-derived microglia 

 Modelling neuroinflammation with stem cell-derived microglia 

As mentioned previously in 1.7.2, rodent models cannot always recapitulate human 

genetics. Therefore, doubt has been cast into whether rodent models are able to 

accurately model human disease261. Primary human microglia are hard to obtain, 

especially in ample numbers for statistical power246. Additionally, the moment 

microglia leave the brain and are cultured in vitro, they undergo rapid transcriptomic 

and phenotypic changes that transition the microglia away from the in vivo state27,53,250. 

In order to combat this issue, researchers have begun to use microglia cells derived from 

hiPSCs and hESCs, resulting in the development of numerous protocols262. As 

microglia have been implicated in the neuroinflammatory component of AD aetiology, 

this cell model could enable insight into the role of microglia in neurodegeneration as 

these cells have demonstrated to be functionally active, with many key microglial 

processes such as phagocytosis and cytokine/chemokine secretion, able to be 

characterised242,253.  

Microglia are shaped from the microenvironment in the CNS. Once removed, they no 

longer have astrocyte, neuronal and oligodendrocytes interactions, causing them to 

display a more activated phenotype and progressively die. In order to combat this issue, 

serum is often used to supplement microglial cultures as it is rich in growth factors and 

metabolites. Although serum has been shown to increase microglial proliferation, it 

contains blood-borne molecules that microglia are not normally exposed to in the CNS. 

As a result, microglia cultured in serum display an activated phenotype250,263. In order to 

investigate microglial biology, cells need to display a more homeostatic phenotype, in a 

serum free setting. As a result, Bohlen et al., defined the main cytokines secreted by 

astrocytes, that promote microglia survival while maintaining their homeostatic state250. 

These are M-CSF, interleukin-34 (IL-34), transforming growth factor beta (TGF-β) and 

cholesterol.  

In the brain, M-CSF is primarily secreted by astrocytes, oligodendrocytes and 

microglia, while IL-34 is predominantly secreted by neurons264,265. Although both M-

CSF and IL-34 have very low sequence similarity, they have very similar tertiary 

structures that overlap266,267. It is thought that both ligands have complimentary roles in 

the activation of the M-CSF receptor268. As a result, M-CSF and IL-34, as well as TGF-

β1, supplementation in vitro have all been demonstrated to be key for microglia 
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survival, proliferation and maturation27,250,269–272. Bohlen et al., also found that 

microglia express lower levels of cholesterol biosynthesis genes than astrocytes and 

mature oligodendrocytes250. Therefore, they proposed that microglia are deficient at 

producing cholesterol autonomously, but instead rely on other CNS cells in vivo or 

require cholesterol supplementation in vitro250. The addition of cholesterol to their in 

vitro murine microglia cultures aided in restoring the expression of the microglial 

specific gene, TMEM119, while also reducing the activated phenotype250. 

 The role of PLCγ2 in microglial cell function 

As mentioned in 1.6.3, several genes linked to LOAD, such as PLCG2, are highly 

expressed within microglia99,116. H9-derived preMacs exposed to M-CSF, IL-34, TGF-β 

and cholesterol have been demonstrated to differentiate into microglia ‘like’ cells250,273. 

Through the use of the H9-derived microglia, assays can be developed and optimised to 

characterise the role that PLCγ2 has in enzymatic activity, cell signalling and 

functionality, to better understand its overall role within microglial function. 

5.2 Results 

 Generation and characterisation of H9-derived microglia 

 

Figure 5.1 Timeline of the H9-derived microglia protocol. Schematic showing the 

process of differentiation from stem cells, through the mesoderm lineage (days 0-3), as 

well as promotion of hematopoiesis (days 4-31). Primitive hematopoietic progenitor 

cells begin to be appear and are collected before being resuspended into new medium to 

induce microglial differentiation. Day 39 immunofluorescence image of H9-derived 
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microglia with ionized calcium-binding adaptor molecule 1 (IBA1, green) and DAPI 

(blue) staining. 

The protocol used to generate H9-derived microglia is based on the Haenseler et al., 

protocol and is outlined in Figure 5.1242. Briefly, H9 hESCs are cultured before being 

aggregated to induce spontaneous mesoderm differentiation via EBs. The EBs are 

subjected to bone morphogenetic protein 4 (BMP4), vascular endothelial growth factor 

(VEGF) and stem cell factor (SCF) to induce the hematopoietic transition of the EBs. 

Subsequently, the EBs are exposed to X-VIVO15 media supplemented with interleukin-

3 (IL-3) and M-CSF to promote myeloid differentiation. Most EBs adhere, developing 

cystic, yolk-sac-like structures with surrounding adherent stromal cells. After a few 

weeks, macrophage progenitors (preMacs) emerge into the supernatant as a population 

of large round cells. These cells are collected and subjected to DMEM/F-12 media 

supplemented with cholesterol, M-CSF, IL-34 and TGF-β1 that together promote 

microglial differentiation and maturation, with a half media change every 2/3 days. 

After 7 days of differentiation, the microglia ‘like’ cells express ionized calcium-

binding adaptor molecule 1 (IBA1) and display ramified morphology (Figure 5.1). For 

the differentiation of H9-derived macrophage cells, H9-derived preMacs were collected 

and cultured in X-VIVO15 media supplemented with M-CSF for 7 days.  

Although multiple protocols exist for the generation of stem cell-derived microglia, 

microglial gene expression has been shown to vary depending on the protocol 

used251,273. Therefore, it is crucial to characterise the H9-derived microglia cellular 

system in order to make sure that the microglia exhibit the relevant morphology, 

express the relevant microglia specific markers and are functionally active.  
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5.2.1.1 Gene expression of the H9-derived microglia 
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Figure 5.2 qPCR comparison of the difference in gene expression between the H9 

derived-microglia (blue), macrophage (green) and preMac (red) cells. Ct values were 

normalised to the average expression of the Ubiquitin C (UBC), Actin Beta (ACTB) 

and ATP Synthase F1 Subunit Beta (ATP5B) housekeeping genes as these were most 

equal amongst the derived cell types. Values displayed were normalised to H9-derived 

microglia AIF1 (IBA1). The experiment consists of one biological replicate with three 

experimental replicates (n=1). Mean values are represented as a coloured bar.  

RNA was extracted from the H9 derived-microglia, macrophage and preMac cells, and 

gene expression characterised through a one-step RT qPCR. Relative to the H9-derived 

preMac and macrophage cells, the H9-derived microglia cells displayed an upregulation 

in microglia differentially expressed genes (allograft inflammatory factor 1 (AIF1 or 

IBA1), solute carrier family 2 member 5 (SLC2A5, or glucose transporter type 5 

(GLUT-5)), purine-rich box-1 (PU.1, or Spi-1 proto-oncogene (SPI1)), cluster of 

differentiation 45 (CD45, or protein tyrosine phosphatase receptor type C (PTPRC)), 

cluster of differentiation 68 (CD68) and MER proto-oncogene tyrosine kinase 

(MERTK)) and genes associated with the TREM2 signalling pathway (TREM2, BTK, 

SYK, LYN and PLCγ2) as shown from the qPCR analysis (Figure 5.2)110,274,275 . 

However, no observable difference in gene expression of purinergic receptor P2Y12 

(P2RY12), CX3C chemokine receptor 1 (CX3CR1), cluster of differentiation 14 

(CD14), cluster of differentiation molecule 11b (CD11b, or Integrin alpha M 

(ITGAM)), BLNK and PLCγ1 was found between the different cell types (Figure 5.2). 

All taqman primers used were validated and had amplification efficiencies ranging from 
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90-110% (data not shown). The upregulation of IBA1/AIF1, TREM2, CD68 and 

MERTK, known markers of phagocytosis, suggests that the H9-microglia possess 

phagocytic capability276–279. SLC2A5 is known to be highly expressed within microglia 

cells274. The high SLC2A5 upregulation observed for the H9-derived microglia, relative 

to the macrophage and preMac cells, suggests that the differentiated cells can be 

considered microglial ‘like’ (Figure 5.2). 

TMEM119 transcript was also quantified for each derived cell type but the primers 

failed the amplification efficiency validation (data not shown). Furthermore, several 

housekeeping genes were tested for qPCR normalisation (data not shown). Ubiquitin C 

(UBC), Actin Beta (ACTB) and ATP Synthase F1 Subunit Beta (ATP5B) were selected 

as the main housekeeping genes as the Ct values were most equal between each of the 

different cell types (microglia, macrophage and preMacs). Therefore, differences in 

microglial and TREM2 signalling gene expression between the different cell types was 

not due to housekeeping normalisation differences. 

5.2.1.2 TREM2 activated PLCγ2 phosphorylation 

PLCγ2 has been demonstrated to mediate TREM2 signalling in hiPSC-derived 

macrophages when stimulated with a commercial TREM2 antibody183. Using the same 

approach, H9-derived microglia were stimulated with the same TREM2 antibody 

resulting in elevated PLCγ2 Y759 phosphorylation (~20%), relative to the IgG control 

(Figure 5.3). The data demonstrates that in H9-derived microglia activation of PLCγ2 

can be achieved by TREM2 pathway stimulation, correlating with what is known in the 

literature183. 
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Figure 5.3 TREM2 stimulated H9-derived microglia causes PLCγ2 phosphorylation. 

H9-dervied microglia were treated with 100µM of Pervanadate for 50 min before being 

stimulated for 10 min with 5ug/mL of either IgG or TREM2 antibody. A) WES Western 

blots of phosphorylated PLCγ2 Y759 (150 kDa) and GAPDH (42 kDa) from control 

IgG and TREM2 antibody stimulation. WES Western blots shown are representative of 

two independent biological experiments. B) Quantification of the relative expression of 

PLCγ2 Y759 normalised to GAPDH expression from each biological replicate. Values 

displayed were normalised to the control IgG condition. Data represents mean 

value ± SD, with each graphical symbol shape (square and circle) representing each set 

of biological replicates (unpaired t-test, p-value displayed on the graph, n=2). 

 PLCγ2 enzymatic activity 

5.2.2.1 HTRF IP1 Assay 

Having established a protocol for the generation of H9-derived microglia, as well as 

validating that the H9-derived microglia display the relevant morphology, express the 

correct microglia markers and that activation of PLCγ2 can be achieved by TREM2 

stimulation, the development and optimisation of functional assays to characterise the 

role of PLCγ2 within microglia function was initiated. 

The first aim was to characterise PLCγ2 enzymatic activity in H9-derived microglia. 

We know that PLCγ2 is the main isoform of PLCγ expressed within H9-derived 

microglia (Figure 5.2). However, other PLC isoforms are likely expressed within H9-

derived microglia. RNAseq of hiPSC-derived microglia shows PLCγ2 to be the most 

highly expressed PLC isotype, with PLCβ2 second displaying 2-fold lower 

expression242. Therefore, perhaps other endogenous PLC isoforms can also contribute to 

IP1 production in microglia. However, TREM2 activation has been demonstrated to be 

PLCγ2 specific, as PLCγ2 deficient hiPSC-derived macrophages demonstrate no IP1 

and no calcium response upon TREM2 stimulation183. 

Based upon experience gained from the HEK293T IP1 accumulation assay, it was 

important to establish the correct cell density of H9-derived microglia needed to 

generate the best signal-window possible. 50,000, 100,000 and 150,000 H9-derived 

preMacs/well were plated in microglia differentiation media for 7 days, before being 

stimulated with a TREM2 antibody and the IP1 production quantified in accordance 

with the manufacturer’s instructions. A cell density dependent effect on IP1 production 
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was observed, plateauing at 100,000 cells/well (Figure 5.4A). An approximate 2-fold 

increase in IP1 production was observed for all cell densities through TREM2 

simulation, relative to the IgG control (Figure 5.4A).  

Having determined the optimum cell number of 100,000 cells/well for the IP1 assay, it 

was important to determine if a concentration dependent response for TREM2 

stimulation could also be established. Using the same experimental design as described 

previously, a TREM2 antibody dose dependent response in IP1 production was observed 

(Figure 5.4B), providing further evidence that PLCγ2 IP1 production is TREM2 

dependent. 
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Figure 5.4 TREM2 antibody stimulated H9-derived microglia results in increased IP1 

production. A) Within a 24 well plate 50,000 (50k, blue), 100,000 (100K, red) and 

150,000 (150K, green) H9-derived preMacs were plated in microglia differentiation 

media for 7 days before being stimulated with 50µg/mL of control IgG or TREM2 

antibody for 2h before IP1 production was quantified in accordance with the 

manufacturer’s instructions. Data represents mean value ± SD (one biological replicate 

with four experimental replicates per condition, unpaired t-test (IgG vs. TREM2) for 

each cell density, p<0.001, n=1), B) 100,000 H9-derived preMacs/24 well were plated 

in microglia differentiation media for 7 days before being stimulated with 

12.5/25/50µg/mL of control IgG or TREM2 antibody for 2h before IP1 was quantified 

in accordance with the manufacturer’s instructions. Data represents mean value ± SD 

(one biological replicate with two experimental replicates per condition, unpaired t-test 

(IgG vs. TREM2), p values on graph, n=1). 

 PLCγ2 mediated intracellular signalling 

5.2.3.1 Calcium Assay 

It is well documented that IP3 produced from PLCγ2 enzymatic function binds to the 

IP3R on the endoplasmic reticulum contributing to intracellular calcium flux189. 

Furthermore, as mentioned previously TREM2 stimulated PLCγ2 deficient hiPSC-

derived macrophages exhibit no calcium flux, suggesting that calcium release via the 

TREM2 pathway is PLCγ2 dependent183. As the magnitude of PLCγ2 mediated calcium 

flux is dependent on enzymatic activity, a calcium assay could be utilised to further 

characterise the role that PLCγ2 has in microglial function.  

FLIPR Calcium 6 dye has a similar binding affinity to calcium (Kd = ~320nM) 

compared to the ratiometric Fluo-3 (Kd = ~325nM) and Fluo-4 (Kd = ~345nM) dyes, 

but has a higher fluroscence quantum yield, increased signal window and is better 

retained inside the cell280. Therefore, compared to ratiometric calcium dyes, use of the 

calcium 6 dye results in a more sensitive quantification of intracellular calcium release. 

Similar to the IP1 assay, the optimum cellular density would need to be established in 

order to generate the greatest signal window possible. From the IP1 experimental design 

it was concluded that a confluent well was essential for generating a good signal 

window. Therefore, applying the same IP1 assay cell density of 50,000 cells/cm2 equates 

to a cell density of approximately 5,000 cells/384 well for the calcium assay. However, 
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due to the miniature size of the wells in a 384 well plate, media changes are likely to lift 

cells over the 7 day differentiation timeline. Therefore, 10,000 cells/384 well was also 

included in the experimental comparison. An initial plating of 10,000 cells/384 well 

resulted in a confluent well on the day of experimentation (Figure S6). Therefore, this 

cell density would be used for future calcium flux experiments. 

In addition to TREM2, Fc gamma receptor IIa (FcγRIIa) stimulation has also been 

demonstrated to produce a PLCγ2 mediated calcium response183,226. For microglial 

calcium assays, ATP and ionomycin are classically used as positive controls as they 

promote robust calcium release226,281,282. Thus for the calcium assay, 10,000 

preMacs/384 well were plated in microglia differentiation media for 7 days. The cells 

were incubated for 2h in calcium dye before being stimulated with either HBSS, 10 

µg/mL control IgG, 1.25/2.5/5/10µg/mL of TREM2 antibody or FCγRIIa antibody, 500 

µM ATP or 5 µM Ionomycin, before calcium fluorescence was measured by the FLIPR 

Tetra (Molecular Devices). 

TREM2 and FcγRIIa stimulated H9-derived microglia both elicited a strong calcium 

response relative to the control IgG and HBSS negative controls (Figure 5.5), 

suggesting that the calcium assay is suitable for characterising PLCγ2 mediated calcium 

flux for future experimentation. Variation between the stimulated TREM2 and 

ionomycin biological replicates was observed for the calcium assay (Figure 5.5). Due to 

the high sensitivity of the calcium assay, as well as the strong response both stimuli 

produced, perhaps small changes in the experimental set up e.g. cell density differences 

in each well, could explain such variation. To mitigate against this issue, the IncuCyte 

S3 platform offers a way to quantify the cell number/well that can be utilised to 

normalise experimental data. Perhaps this technique could be implemented for future 

experiments. 
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Figure 5.5 TREM2 and FcγRIIa antibody stimulated H9-derived microglia results in 

elevated calcium flux. 10,000 preMacs/384 well were plated in microglia differentiation 

media for 7 days before calcium 6 dye was added to the cells. The cells were stimulated 

with either HBSS, 10 µg/mL control IgG, 1.25/2.5/5/10µg/mL of TREM2 or FCγRIIa 

antibody, 500µM ATP or 5µM Ionomycin before the relative fluorescence units (RFU) 

were measured on a FLIPR Tetra (Molecular Devices). Area Under Curve (AUC) data 

was generated for each condition. Data represents mean value ± SD, with each graphical 

symbol shape (square and circle) representing each set of biological replicates (Two 

biological replicates with four experimental repeats per condition, n=2). Figure S7 

displays the mean AUC traces for each stimulus, representative of one biological 

replicate.  

 Microglia functionality 

5.2.4.1 Phagocytosis assay 

Microglia cells use phagocytosis as a way of maintaining CNS homeostasis through the 

clearance of debris, microbes, apoptotic or necrotic cells283. PLCγ2 signalling, mediated 

by TREM2 activation, has been demonstrated to be pivotal for phagocytosis133,183. pH-

sensitive pHrodo dyes can be linked to different particles to enable a kinetic 

measurement of phagocytosis. Dead human neuroblastoma SH-SY5Y cells stained with 

pHrodo have been shown to fluoresce weakly at neutral pH and more strongly inside the 

acidic environment of phagolysosomes of hiPSC-macrophages during phagocytosis284. 
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Therefore, a phagocytosis assay can be established for the H9-derived microglia to 

characterise the effect PLCγ2 disease-linked variants have on phagocytosis in future 

experiments. 

For the phagocytosis assay, 20,000 H9-derived preMacs/96 well (50,000 cells/cm2) 

were plated and differentiated into microglia. After 7 days, H9-derived microglia were 

challenged with pHrodo labelled apoptotic SH-SY5Y cells, with phagocytosis 

(fluorescence) measured in real time using a IncuCyte S3 live-cell analysis system 

(Sartorius, Figure 5.6). Peak phagocytosis was observed at around 1.5h, with the well-

known phagocytosis inhibitor Cytochalasin D acting as a negative control for analysis 

(Figure 5.6)284. The experimental results show that phagocytosis can be recorded in real 

time, and thus the assay can be utilised to measure the effect PLCγ2 disease-linked 

variants have on microglia phagocytosis. 
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Figure 5.6 H9-derived microglia phagocytose pHrodo-labelled apoptotic SH-SY5Y 

cells. 1µM Cytochalasin D (0.01% DMSO (v/v)) pre-incubation prevents phagocytic 

uptake. 0.01% (v/v) DMSO was used as a control for the Cytochalasin D. ‘No SH-

SY5Y’ condition acted as a no substrate control. Images were captured on the IncuCyte 

S3 live-cell analysis system (Sartorius) for 5h with the total red object integrated 

intensity (RCU x µm2/Image) analysed on the IncuCyte analysis software. Data 

represents mean value ± SD (Area fill). Data represents one biological replicate with 

three experimental replicates per condition, n=1. Representative experimental images of 

phagocytosis located in Figure S8. 
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5.2.4.2 Cytokine secretion 

Microglia have been touted as key mediators of neuroinflammation63,72. LPS is 

commonly used to induce microglia into a neuroinflammatory state by activating the 

toll-like receptor 4 (TLR4) pathway, initiating the innate immune response by releasing 

a battery of pro-inflammatory and anti-inflammatory cytokines and chemokines285. 

With the exception of interferon gamma (INF-γ), secretion of interleukin-1 beta (IL-1β), 

interleukin-6 (IL-6), interleukin-8 (IL-8), interleukin-10 (IL-10) and tumour necrosis 

factor alpha (TNF-α) have all been shown to be dependent on either NF-κB, NFAT or 

ERK activation286–289. Given the association that PLCγ2 has within these signalling 

pathways (Figure 1.4 and Figure 1.5), as well as the fact that PLCγ2 APLAID variants 

upregulate pro-inflammatory cytokine production upon LPS stimualtion222, cytokine 

quantification may provide further insight into the role that PLCγ2 has within microglial 

function. 

As a result, 20,000 H9-derived preMacs/96 well (50,000 cells/cm2) were plated and 

differentiated into microglia. After 7 days, H9-derived microglia were stimulated with 

1ng/mL LPS for 24h, before cytokine concentration was quantified with the MSD V-

PLEX assay platform in accordance with the manufacturer’s instructions. Apart from 

INF-γ, the cytokines IL-1β, IL-6, IL-8, IL-10 and TNF-α levels were all elevated 

following LPS stimulation (Figure 5.7). 
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Figure 5.7 H9-derived microglia secrete elevated levels of cytokines upon LPS 

challenge. H9-derived microglia were challenged with ± LPS (1 ng/mL) for 24h, before 
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cell culture supernatant was removed and cytokine concentration quantified with the 

MSD V-PLEX Viral Panel 2 (human) kit in accordance with the manufacturer’s 

instructions. Data represents mean value ± SD, with each graphical symbol shape 

(square, triangle and circle) representing each set of biological replicates (three 

biological replicates with three experimental repeats per condition, unpaired t-test, p-

values displayed on the graph, n=3). 

5.3 Discussion 

qPCR analysis shows that the H9-derived microglia display an upregulation in 

microglia differentially expressed genes (AIF1 (IBA1), SLC2A5, PU.1 (SPI1), CD45 

(PTPRC), CD68, MERTK and TREM2 (Figure 5.2)110,274,275. However, for the H9-

derived cells no observable difference in P2RY12 and CX3CR1 gene expression was 

observed, perhaps highlighting some potential issues with the cell model. Stem cell-

derived microglia have been reported to best resemble foetal or early postnatal human 

microglia290. During foetal brain development, microglia exhibit an more ameboid 

morphology291. Within the brain, P2RY12 is expressed on the ramified processes of 

microglia292. Due to their foetal nature, perhaps the lack of difference in P2RY12 

expression is due to the H9-derived microglia exhibiting smaller ramifications 

compared to their in vivo counterparts, as shown from the ICC staining (Figure 5.1). 

However, data presented here shows that the macrophage and preMacs also express 

P2RY12. There is conflicting reports on whether P2RY12 is expressed in 

macrophages293. However, a meta-analysis of murine transcriptional datasets shows 

P2RY12 to be a robust microglia marker, suggesting that expression of P2RY12 should 

be higher in the H9-derived microglia274. 

CX3CR1 is prominently expressed by monocytes, subsets of natural killer and dendritic 

cells, as well as brain microglia294. Banerjee et al., performed transcriptional analysis of 

hiPSC-derived macrophages and microglia to characterise relevant markers295. They 

found that hiPSC-derived microglia express more CX3CR1, MERTK, P2RY12 and 

TREM2 than hiPSC-derived macrophages, but express less CD11b. Their data is 

broadly consistent with data presented in Figure 5.2. However, they do not compare the 

levels of expression to hiPSC-derived preMacs. CX3CR1 has been demonstrated to not 

be exclusively expressed by either microglia or macrophages274. Therefore, the lack of 

upregulation displayed in the H9-derived microglia is most likely not a concern. 
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Taking everything into account, the fact that the H9-derived microglia display an 

upregulation of known microglia markers such as TREM2 and SLC2A5, suggests that 

the model is physiologically relevant, with the lack of P2RY12 upregulation likely due 

to the foetal nature of the microglia. Longer differentiation times of 14 days have been 

shown to further mature hiPSC-derived microglia and even increase P2RY12 

expression296. However, an extra 7-day differentiation would be costly and more time 

consuming for little benefit. It has also been demonstrated that the differentiation age of 

the preMacs harvested contributes to significant gene variation136. Therefore, additional 

biological replicates for qPCR analysis would also provide additional insight. 

A limitation of the phagocytosis assay is the use of PFA fixation to prepare the 

phagocytic cargo as it does not fully recapitulate the process of apoptosis, since fixation 

prevents the cells from splitting into apoptotic bodies, which are likely to be 

phagocytosed more rapidly due to their smaller size284. It is not known what effect 

fixation has upon the secretion of nucleotide "find me" signals from the target cell that 

attract phagocytes. 

Although LPS exposure elicited a mild (non-significant) neuroinflammatory response in 

the H9-derived microglia (Figure 5.7), given that bacterial infection is highly unlikely 

within the brain, other pro-inflammatory stimuli will likely be more relevant. Perhaps 

stimuli such as IFNγ and TNF-α could be used in order to address questions related to 

neuropathological changes observed in neurodegenerative disease disorders as both 

cytokines are elevated within the CNS in numerous pathologies and damage models297. 

5.4 Conclusion 

Development and optimisation of a H9-derived microglia differentiation protocol and 

functional assays showed that the microglia display the relevant morphology, express 

microglia specific markers and are functionally active via TREM2, FCγRIIA, ATP, 

Ionomycin, apoptotic SH-SY5Y cell and LPS stimulation. To characterise the role of 

PLCγ2 within microglia, four assays: IP1, calcium, phagocytosis and cytokine secretion, 

have been developed and optimised. The IP1 assay can be used to directly assess PLCγ2 

enzymatic functionality, and the calcium assay utilised to assess PLCγ2 mediated 

calcium release. Additionally, the phagocytosis and cytokine secretion assays can be 

applied to measure the role that PLCγ2 has on a key microglial functions. 
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Chapter 6 - PLCγ2 S707Y hiPSC-derived microglia  

6.1 Introduction 

Literature and data presented here (Figure 4.4) show the PLCγ2 S707Y disease-linked 

variant to be hypermorphic under both basal and stimulated conditions171. Patient 

PBMCs harbouring the PLCγ2 S707Y variant have also demonstrated increased 

calcium flux and LPS mediated pro-inflammatory cytokine secretion217. However, this 

PLCγ2 variant has never been characterised within the context of microglia. Given that 

the role of PLCγ2 within microglia function still requires further quantification, 

especially that of the LOAD protective P522R variant, the use of a strong hypermorphic 

variant could be used to push the cellular system to a phenotype that may be easier to 

observe, and therefore provide novel insight into the role of PLCγ2 in microglial 

function. 

hiPSC lines containing a CRISPR/Cas9 edited heterozygous and homozygous form of 

the PLCγ2 S707Y variant, as well as the unedited WT line, were obtained via Dr. 

Rebecca McIntyre and Julie Matte at the Wellcome Sanger Institute (Cambridge, 

England). Having already established a protocol for the differentiation of H9-derived 

microglia, in addition to assays that characterise PLCγ2 mediated microglia 

functionality, the same protocols and assays could be applied to the hiPSC PLCγ2 WT 

and S707Y lines. 

Due to the experimental variability observed between the biological replicates for the 

H9-derived microglia calcium assay (Figure 5.5), changes to the experimental protocol 

would need to be implemented to reduce such variability. Previously, preMacs were 

differentiated for 7 days in the assay plate to form microglia ‘like’ cells. However, this 

protocol would require media changes every 2/3 days, which could result in the cells 

progressively lifting, and thus the total cell number being variable come the day of 

experimentation. To mitigate against this issue, preMacs were plated into a flask for the 

first 4 days of differentiation, before being lifted into suspension by Accutase treatment 

and replated onto the assay plate at 50,000 cells/cm2. The cells were then further 

differentiated for another 3 days (7 days total) before experimentation. Due to the cells 

being plated later in the differentiation protocol and post-replating not requiring any 

media changes, less variability in the total cell count on the day of the experiment 

would be predicted. Furthermore, prior to experimentation the cells would also be 
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placed into the IncuCyte S3 live-cell analysis system for quantification of cell numbers 

so that experimental data generated could be normalised to total cell number. 

6.2 Cell line characterisation 

 Genotyping 

hiPSC lines were SNP genotyped to confirm the presence of the heterozygous and 

homozygous PLCγ2 S707Y (rs397514562) variant. DNA was extracted from the PLCγ2 

WT and S707Y hiPSC-derived microglia and sent to GVG Genetic Monitoring GmbH 

(Leipzig, Germany) for genotyping. SNP genotyping successfully confirmed the correct 

homozygous PLCγ2 S707Y (forward nucleotide: A, reverse nucleotide: T) and PLCγ2 

WT (forward nucleotide: C, reverse nucleotide: G) nucleotides (Figure 6.1). 

Furthermore, the genotyping also established that the heterozygous line contains both 

WT and mutant alleles (Figure 6.1).  

Additionally, the parental hiPSC kolf2 line from which the PLCγ2 WT and S707Y 

mutants were generated in, exhibit an heterozygous 19-bp deletion in the AT-Rich 

Interactive Domain-Containing Protein 2 (ARID2) gene298. ARID2 is one subunit of the 

chromatin remodelling complex and is involved in various biological processes 

including transcriptional regulation, cell cycle modulation, embryonic development and 

DNA damage repair299. However, it is unclear what effect, if any, this deletion in one 

allele of ARID2 has on the generation and functionality of hiPSC-derived microglia. 
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Figure 6.1 SNP genotyping of the PLCγ2 WT and S707Y hiPSC lines confirms the 

correct PLCγ2 WT and S707Y (rs397514562) nucleotides. Forward genotyping (TCC) 

characterises between the C (WT) and A (mut) nucleotides, while the reverse 

genotyping characterises between the G (WT) and T (mut) nucleotides. 

 PLCγ2 expression 

Prior to phenotypic characterisation, PLCγ2 expression of the PLCγ2 WT and S707Y 

hiPSC-derived microglia needs to be quantified, as expression differences could 

influence future experimental interpretation. PLCγ2 WT and S707Y hiPSC-derived 

microglia were differentiated, lysed and PLCγ2 expression quantified through WES 

Western blotting. Compared to WT, the homozygous line appears to have a decrease 

(15 ± 7%) in PLCγ2 expression, whereas the heterozygous line has an increase (46 ± 

13%) in PLCγ2 expression (Figure 6.2).  
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Figure 6.2 PLCγ2 expression of PLCγ2 WT, S707Y heterozygous (HET) and 

homozygous (HOMO) hiPSC-derived microglia. A) Representative WES Western blot 

of the PLCγ2 (150 kDa) and GAPDH (42 kDa) expression in each microglial derived 

line (WT, heterozygous (HET) and homozygous (HOMO)), as well as HEK293T cells 

(negative control). B) Quantification of the relative PLCγ2 expression normalised to a 

GAPDH loading control. Graphical values displayed are normalised to the WT hiPSC-

derived microglia expression from each biological replicate. Data represents mean 

value ± SD, with each graphical symbol shape (square, circle and triangle) representing 
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each set of biological replicates (Multiple comparisons one way ANOVA, p-value 

displayed on the graph, n=3). 

 Metabolic Activity 

CellTiter-Glo assay can directly measure the amount of ATP present in the culture. As 

ATP is an indicator of metabolically active cells, this assay can provide insight into the 

overall health of each cell line. Given that the kolf2 hiPSC PLCγ2 WT and S707Y lines 

were generated externally, it was important to compare if the microglia metabolic 

activity differed to the H9-derived microglia, as that is the cell line that the assays had 

been developed and optimised for. Stem cell-derived microglia were differentiated for 7 

days before the CellTiter-Glo assay was performed in accordance with the 

manufacturer’s instructions. Relative light units (RLU) were normalised to the total cell 

number (on the day of the assay) from a sister plate. The PLCγ2 WT and S707Y-

derived microglia display a reduction in metabolic activity compared to the H9-derived 

microglia (Figure 6.3).  
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Figure 6.3 PLCγ2 WT, S707Y heterozygous (HET) and homozygous (HOMO) hiPSC-

derived microglia display deficits in ATP production compared to their H9-derived 

microglia counterparts. Microglia were differentiated for 7 days before the CellTiter-

Glo assay was performed in accordance with the manufacturer’s instructions. Relative 

light units (RLU) were normalised to total cell number from a sister plate, captured on 

the IncuCyte S3 live-cell analysis system. Data represents mean value ± SD of three 
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experimental replates for one biological replicate (Multiple comparisons one way 

ANOVA, p-value displayed on the graph, n=1). 

6.3 IP1 Assay 

As TREM2 stimulation of the H9-derived microglia has been demonstrated to elicit a 

strong IP1 response (Figure 5.4), the same protocol could be applied to the PLCγ2 WT 

and S707Y hiPSC-derived microglia. IP1 production of both the S707Y heterozygous 

and homozygous hiPSC-derived microglia under basal (control IgG) and stimulated 

(TREM2 antibody) conditions was significantly elevated compared to PLCγ2 WT 

hiPSC-derived microglia (Figure 6.4). This experimental result confirms the PLCγ2 

S707Y hypermorphic phenotype within microglia215. 
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Figure 6.4 PLCγ2 S707Y heterozygous (HET) and homozygous (HOMO) hiPSC-

derived microglia display heightened IP1 production. Microglia were differentiated for 7 

days before being stimulated with 25µg/mL of IgG or TREM2 for 2h before IP1 

accumulation was quantified in accordance with the manufacturer’s instructions. IP1 

values were normalised to the total cell number captured on the IncuCyte S3 live-cell 

analysis system. Data represents mean value ± SD, with each graphical symbol shape 

(square, triangle, circle and diamond) representing each set of biological replicates with 

each biological replicate having at least three experimental replicates (Dunnett multiple 

comparisons one-way ANOVA, p-value displayed on the graph, n=4). 
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6.4 Calcium assay 

Given the PLCγ2 S707Y hypermorphic phenotype observed in the IP1 assay, the 

increase in enzymatic activity should directly correlate with an increase in intracellular 

calcium flux under both basal and stimulated conditions, as reported in literature217. 

Stimulation of the H9-derived microglia with TREM2 and FcγRIIa antibodies, as well 

as ionomycin resulted in a robust calcium response (Figure 5.5). From this experiment, 

considerable variation was observed between the AUC values from each biological 

replicate. In order to mitigate this issue, PLCγ2 WT and S707Y hiPSC-derived 

microglia were first activated with the experimental stimulus e.g. TREM2 antibody, 

before being re-stimulated with ionomycin once the calcium signal had returned to 

baseline. Experimental stimulated area under curve (AUC) data generated was then 

normalised to the ionomycin AUC data, providing a normalisation technique for cell 

number and cell health. This normalisation technique is commonly used in the analysis 

of calcium flux assay data300. Under basal and stimulated conditions, the PLCγ2 S707Y 

heterozygous and homozygous microglia have elevated calcium release compared to 

PLCγ2 WT (Figure 6.5), consistent with patient PBMCs harbouring the PLCγ2 S707Y 

variant, as documented in literature215,217. Additionally, H9-derived microglia were run 

in parallel to validate the normalisation technique (Figure S9). 
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Figure 6.5 PLCγ2 S707Y heterozygous (HET) and homozygous (HOMO) microglia 

display increased calcium flux. Microglia were differentiated for 7 days before calcium 

6 dye was added to the cells. Microglia were stimulated with either HBSS, 10 µg/mL 

Goat IgG, 10 µg/mL of TREM2 or FCγRIIa before the relative fluorescence units 

(RFU) were measured on a FLIPR Tetra (Molecular Devices). After the calcium traces 

had returned to baseline, each well was re-stimulated with 5uM Ionomycin and RFU 

measured. Experimental area under curve (AUC) calcium data was generated for each 

condition and normalised to the AUC of the ionomycin re-stimulation. Data represents 

mean value ± SD, with the graphical symbol shape (triangle, square and circle) 

representing each set of biological replicates with each biological replicate having at 
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least three experimental replicates (Dunnett multiple comparisons two-way ANOVA, p-

value displayed on the graph, n=3).  

6.5 Phagocytosis 

Intracellular calcium signalling is important for microglial functions including 

ramification, migration, phagocytosis and release of cytokines301. It is currently unclear 

to what effect chronic GOF PLCγ2 enzymatic activity, and subsequent calcium flux, has 

on key microglia functions such as phagocytosis. To explore this, PLCγ2 WT and 

S707Y hiPSC-derived microglia were challenged with pHrodo labelled apoptotic SH-

SY5Y cells (mimicking apoptotic neurons) for 24h, with the experimental data 

normalised to the total cell number before experimentation (Figure 6.6A). Compared to 

the initial H9-derived microglia phagocytosis experiment (Figure 5.6), the duration of 

the assay was increased to 24h so that a greater difference in phagocytosis could be 

captured. The 24h total red object integrated intensity from the PLCγ2 S707Y 

heterozygous and homozygous hiPSC-derived microglia was normalised to the WT 

hiPSC-derived microglia as a percentage change in phagocytosis (Figure 6.6B). The 

PLCγ2 S707Y derived-microglia showed reduced phagocytosis activity, compared to 

PLCγ2 WT (Figure 6.6). 
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Figure 6.6 PLCγ2 S707Y heterozygous (HET) and homozygous (HOMO) hiPSC-

derived microglia exhibit diminished phagocytic activity. A) Representative kinetic 

phagocytosis data of the PLCγ2 S707Y and WT hiPSC-derived microglia from one 

biological replicate. 1µM Cytochalasin D (0.01% DMSO (v/v)) pre-incubation prevents 

phagocytic uptake. 0.01% (v/v) DMSO was used as a control for the Cytochalasin D. 

‘No SH-SY5Y’ and ‘No microglia cell’ experimental conditions were also included 

(data not shown). Images were captured on the IncuCyte S3 live-cell analysis system 

(Sartorius) for 24h with the total red object integrated intensity (RCU x µm2/Image) 

analysed on the IncuCyte analysis software. Kinetic data was normalised to total cell 
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number. Data represents mean value ± SD (Area fill). B) Quantification of the RCU x 

µm2/Image for the PLCγ2 S707Y and WT hiPSC-derived microglia at 24h. Values were 

normalised to the PLCγ2 WT hiPSC-derived microglia RCU x µm2/Image. Data 

represents mean value ± SD, with each graphical symbol shape (triangle, square and 

circle) representing each set of biological replicates, with each biological replicate 

having at least three experimental replicates (Dunnett multiple comparisons one-way 

ANOVA, p-value displayed on the graph, n=3). Representative experimental images of 

microglia phagocytosis is located in Figure S10. 

6.6 Cytokine Secretion 

Similar to Figure 5.7, PLCγ2 WT and S707Y hiPSC-derived microglia were stimulated 

with 1ng/mL LPS for 24h, before cytokine concentration was quantified with the MSD 

V-PLEX assay platform in accordance with the manufacturer’s instructions. Comparing 

the secreted amounts of INF-γ, IL-1β, IL-6, IL-8, IL-10 and TNF-α from basal 

(unstimulated) PLCγ2 WT and S707Y hiPSC-derived microglia before LPS stimulation, 

revealed a subtle increase in IL-1β and TNF-α secretion, as well as a substantial 

increase in IL-8, for the homozygous variant (Figure 6.7). However, when the cells 

were challenged with 1ng/mL of LPS for 24h, a reduction in IL-10, IL-6 and TNF-α 

secretion was observed for the PLCγ2 S707Y hiPSC-derived microglia, compared to 

PLCγ2 WT (Figure 6.8). 
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Figure 6.7 Homozygous (HOMO) PLCγ2 S707Y hiPSC-derived microglia secrete 

elevated levels of basal IL-1β, IL-8 and TNF-α. After 7 days of differentiation, cell 

supernatant was removed from the PLCγ2 S707Y heterozygous (HET), homozygous 

(HOMO) and WT hiPSC-derived microglia, before INF-γ, IL-1β, IL-6, IL-8, IL-10 and 
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TNF-α cytokine concentration was quantified with the MSD V-PLEX Viral Panel 2 

(human) kit in accordance with the manufacturer’s instructions. Cytokine values were 

normalised to total cell number captured on the IncuCyte S3 live-cell analysis system. 

Data represents mean value ± SD, with each graphical symbol shape (square, triangle 

and circle) representing each set of biological replicates with at least three experimental 

replicates (Dunnett multiple comparisons one-way ANOVA, p-value displayed on the 

graph, n=3).  
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Figure 6.8 LPS challenged PLCγ2 S707Y heterozygous (HET) and homozygous 

(HOMO) hiPSC-derived microglia secrete lower levels of IL-10, IL-6 and TNF-α. After 

7 days of differentiation, cells were stimulated with ± LPS (1 ng/mL) for 24h. Cell 

supernatant was removed from the PLCγ2 S707Y heterozygous (HET), homozygous 

(HOMO) and WT hiPSC-derived microglia, before INF-γ, IL-1β, IL-6, IL-8, IL-10 and 

TNF-α cytokine concentration was quantified with the MSD V-PLEX Viral Panel 2 

(human) kit in accordance with the manufacturer’s instructions. Cytokine values were 

normalised to total cell number captured on the IncuCyte S3 live-cell analysis system. 

Data represents mean value ± SD, with each graphical symbol shape (square, triangle 

and circle) representing each set of biological replicates with at least three experimental 

replicates (Dunnett multiple comparisons two-way ANOVA, only statistically relevant 

p-values are displayed on the graph, n=3). 

6.7 Nuclear factor-kappa B (NF-κB) activation 

It has been well documented that microglia exposed to LPS induces IL-6 and TNF-α 

cytokine production302. Although it is not clear which specific pathways mediate the 

production of these cytokines, the activation of the TLR4-NF-κB classical pathway 

almost always appears to be implicated287. The NF-κB complex (p50 and p65 

heterodimer) is sequestered in the cytoplasm by IkappaB (IκB) inhibitory proteins303. 

Phosphorylation and subsequent degradation of IκB proteins, releases the NF-κB 

complex resulting in phosphorylation of the p65 subunit, allowing the NF-κB complex 

to be translocated to the nucleus where it regulates gene expression303. Given the 

reduction in LPS mediated cytokine production observed for the PLCγ2 S707Y hiPSC-

derived microglia in Figure 6.8, perhaps these phenotypic differences could be 

explained by differences in NF-κB activation and translocation. WES Western blot 

analysis displays a reduction in p-NF-κB activation for the PLCγ2 S707Y hiPSC-

derived microglia under LPS stimulated conditions (Figure 6.9), with nuclear 

translocation quantification of NF-κB also displaying a similar pattern (Figure 6.10) 
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Figure 6.9 NF-κB activation is diminished in the PLCγ2 S707Y hiPSC-derived 

microglia under stimulated conditions, compared to the PLCγ2 WT hiPSC-derived 

microglia. Quantification of the relative expression of p-NF-κB p65 normalised to the 

total NF-κB p65 expression. Cells were stimulated with ± LPS (100ng/mL, 20 min) 

before being lysed and quantified on the WES Western blot. Expression values were 

normalised to the PLCγ2 WT hiPSC-derived microglia, without LPS exposure. Data 

represents mean value ± SD, with each graphical symbol shape (square and circle) 

representing each set of biological replicates (Dunnett multiple comparisons one-way 

ANOVA, p-value displayed on the graph, n=2). Representative western blot used for 

quantification is located in Figure S11.  
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Figure 6.10 NF-κB translocation is diminished in the PLCγ2 S707Y hiPSC-derived 

microglia under stimulated conditions, compared to the PLCγ2 WT hiPSC-derived 

microglia. A) Representative images of NF-κB (1:400, CST) nuclear translocation of 

the PLCγ2 S707Y and WT hiPSC-derived microglia, following ± LPS (100ng/mL, 

20min) exposure. B) Quantification of NF-κB nuclear translocation after ± LPS 

(100ng/mL, 20min) exposure. Cells were stained for NF-κB before being imaged on the 

Opera Phenix plus high-content imaging system (Perkin Elmer). NF-κB nuclear and 

cytoplasm intensity, as well as the NF-κB nuclear/cytoplasm ratio, was measured and 

calculated through the Columbus software (PerkinElmer). Data represents mean 

value ± SD, performed from one biological replicate with three experimental replicates 

(n=1).  

6.8 Discussion 

When PLCγ2 expression was evaluated in transfected HEK293T cells, the PLCγ2 

S707Y variant displayed a reduction in expression relative the PLCγ2 WT (Figure S12). 

This pattern was also the case for the homozygous PLCγ2 S707Y hiPSC-derived 

microglia (Figure 6.2). Perhaps the PLCγ2 S707Y variant is influencing the stability of 

the PLCγ2 cSH2 domain, resulting in a reduction of expression. However, a thermal 
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shift assay (used to study thermal stabilisation of proteins) would need to be performed 

in order to confirm this147. It was anticipated that the heterozygous PLCγ2 S707Y-

derived microglia would also display a similar PLCγ2 expression deficit. However, this 

was not the case as PLCγ2 expression was significantly increased (Figure 6.2). This 

result was unexpected and cannot be explained at this time. However, throughout the 

phenotypic analysis of the hiPSC-derived microglia, this increase in expression did not 

seem to influence the experimental outcome as mutant-dependent effects were 

observed.  

The PLCγ2 S707Y variant, as well as other PLCγ2 APLIAD variants, have 

demonstrated elevated inositol phosphate and intercellular calcium release after 

stimulation due to activation of IP3R on the endoplasmic reticulum through PLCγ2 

mediated IP3 production215,224. The IP1 and calcium assays show that under basal (HBSS 

and/or IgG) and stimulated conditions (TREM2 and/or FcγRIIa antibodies) the 

heterozygous and homozygous PLCγ2 S707Y hiPSC-derived microglia have elevated 

IP1 production and intracellular calcium flux relative to PLCγ2 WT (Figure 6.4 and 

Figure 6.5). Previous IP1 and calcium experiments with the H9-derived microglia 

showed TREM2 stimulation to elicit a strong response (Figure 5.4 and Figure 5.5). 

However, when these experiments were repeated for the H9-derived microglia, as well 

as the PLCγ2 WT and S707Y hiPSC-derived microglia, TREM2 stimulation elicited a 

weaker response (Figure 6.4, Figure 6.5 and Figure S9), and as a result dampened the 

assay signal-window. The manufacturer confirmed that recent batches of TREM2 

antibody had insufficient sensitivity in some validated applications. Perhaps with a 

previous batch of TREM2 antibody, greater simulation differences in the IP1 and 

calcium assay would have been observed between the PLCγ2 WT and S707Y hiPSC-

derived microglia (Figure 6.4 and Figure 6.5). 

The key events in recognition and clearance of dying cells is broadly classified into four 

steps: recruitment, recognition, engulfment and processing304. Perhaps the initial spike 

of 0-4h in Figure 6.6 is more indicative of the responsive nature (recruitment, 

recognition, engulfment) of the hiPSC-derived microglia in their ability to “react”. 

However, the 4-24h timepoints may be more characteristic of the processing 

(degradation) of the substrate and induced gene expression changes. Therefore, perhaps 

there are multiple interpretations from the experimental data. As a result, the data in 

Figure 6.6 suggests that the PLCγ2 S707Y hiPSC-derived microglia may lack the ability 

to recruit, recognise, engulf and process the SH-SY5Y substrate. Furthermore, a 24h 
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time point was chosen as this is when the greatest differences were observed between 

the PLCγ2 WT and S707Y hiPSC-derived microglia. 

Although apoptotic neurons are one hallmark of AD, Aβ plaques and tau tangles also 

play significant roles towards neuronal death284. As a result, other physiologically 

relevant substrates such as pHrodo labelled Aβ and tau should also be tested to 

determine is the same conclusion is reached with different substrates. However, 

different substrates might activate different pathways. Therefore, it may not be possible 

to extrapolate conclusions from one substrate to another. 

PLCγ2 deficient hiPSC-derived macrophages and hiPSC-derived microglia have 

demonstrated reduced phagocytic activity when challenged with myelin and apoptotic 

SH-SY5Y cells133,183. Given the hypermorphic nature of the PLCγ2 S707Y variant, it 

may be expected that an increase in enzymatic activity would result in increased 

phagocytosis. However, similar to the PLCγ2 KO lines, both the heterozygous and 

homozygous PLCγ2 S707Y hiPSC-derived microglia displayed deficits in phagocytosis. 

PIP2, the substrate of PLCγ2, plays a crucial role in regulating a number of cellular 

processes or molecules, such as endocytosis, exocytosis, ion channel regulation, actin 

polymerisation, and more importantly phagocytosis305–307. Overexpression of PLCδ-PH 

domain in RAW macrophage cells resulted in a reduction of phagocytic activity due to 

the reduced availability of PIP2
307. Due to the hypermorphic nature of PLCγ2 S707Y 

variant under basal conditions, PIP2 may be depleted in the hiPSC-derived microglia 

cells, so much so that the cells cannot effectively form phagocytic cups and clear 

debris306. However, further experiments would need to be performed to confirm this. 

Before the PLCγ2 WT and S707Y hiPSC-derived microglia were exposed to LPS, cell 

media was removed, and cytokines quantified. IL-1β and TNF-α were shown to be 

mildly elevated in the homozygous PLCγ2 S707Y hiPSC-derived microglia, whereas a 

large increase in IL-8 production was observed for the variant line (Figure 6.7). TNF-α 

functions to restore brain homeostasis during acute inflammation, acting as a defensive 

guard to protect against CNS injury, infection, neurodegeneration, and neurotoxicity308. 

However, if secretion of TNF-α becomes chronic, it causes glutamatergic toxicity, 

excessive gliosis and synaptic loss308. Chronic TNF-α secretion has been observed 

within many degenerative disorders such as AD and Multiple Sclerosis (MS). IL-8 is 

produced in CNS by neurons, microglia, and astrocytes in response to pro-inflammatory 

signals. It has been found to be increased in the CSF and brains of AD patients309. 
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Furthermore, IL-1β is a master regulator of inflammatory reactions in the immune 

system, capable of activating innate immunity by inducing the expression of numerous 

inflammatory cytokines and chemokines310. Therefore, given the basal increase in the 

secretion of IL-8, IL-1β and TNF-α (Figure 6.7), perhaps PLCγ2 APLAID patients are 

more susceptible to neurodegenerative disorders due to the upregulation of these pro-

inflammatory cytokines evoking neuroinflammation. Within microglia and B cells, 

PLCγ2 has been implicated as a key mediator of NF-κB signalling (Figure 1.4 and 

Figure 1.5)286,287. In fact, PLCγ2 co-expression network analysis of LOAD human 

microglia identified pathways related to the inflammatory response including regulation 

of IκB/NF-κB signalling311. However, p-NF-κB protein expression and NF-κB nuclear 

staining confirm that NF-κB activation is unchanged under basal conditions for the 

PLCγ2 S707Y hiPSC-derived microglia (Figure 6.9 and Figure 6.10), suggesting that 

perhaps the basal increase in IL-8, IL-1β and TNF-α secretion is mediated through other 

PLCγ2 cell signalling pathways.  

When the PLCγ2 WT and S707Y hiPSC-derived microglia were challenged with LPS, 

significant decreases in IL-6, IL-10 and TNF-α secretion were observed for the PLCγ2 

S707Y hiPSC-derived microglia, compared to PLCγ2 WT (Figure 6.8). LPS activates 

the TLR4-NF-κB signalling cascade, responsible for the production of the TNF-α and 

IL-6 pro-inflammatory cytokines, as well as the immunomodulatory cytokine, IL-10287. 

PLCγ2 has been implicated as a key mediator of LPS-TLR4-NF-κB signalling286. It is 

clear from the p-NF-κB protein expression and NF-κB nuclear staining that NF-κB 

activation and translocation is severely reduced in the S707Y hiPSC-derived microglia 

upon LPS exposure, compared to the PLCγ2 WT control (Figure 6.9 and Figure 6.10). 

This reduction in NF-κB activity is likely causative of the decrease in IL-6, IL-10 and 

TNF-α secretion exhibited in Figure 6.8, demonstrating that perhaps the LPS-TLR4-NF-

κB signalling cascade is responsible for IL-6, IL-10 and TNF-α secretion within 

microglia, and is mediated by PLCγ2. Furthermore, literature has shown TREM2 to 

regulate TLR4 inflammatory signalling in BV2 cells312,313. Perhaps the hypermorphic 

PLCγ2 S707Y variant facilitates chronic TREM2 signalling, irrespective of TREM2 

activation, resulting in the downregulation of TLR4 signalling and subsequent cytokine 

production. 

Upon LPS stimulation, IL-10 secretion was also demonstrated to be diminished from 

patient PBMCs harbouring the PLCγ2 S707Y variant216. Perhaps the lack of secreted 

IL-10 is causative of the chronic pro-inflammatory state responsible for the APLAID 
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clinical phenotype, as IL-10 is an anti-inflammatory cytokine responsible for the 

resolution of inflammation314. Furthermore, increased IL-1β secretion was reported in 

LPS stimulated human PBMCs harbouring the PLCγ2 S707Y variant217,222. However, 

data shown in Figure 6.8 does not correlate with these results. Perhaps this discrepancy 

could be explained by differences that might exist in PLCγ2 signalling in different cell 

types. 

A limitation of this study is the heterozygous loss of ARID2 has been demonstrated to 

impair hematopoietic stem and progenitor cell differentiation, as well as upregulate 

genes associated with inflammatory pathways315. Therefore, this heterozygous deletion 

may have some effect on microglia generation and functionality. Additionally, genomic 

alteration analysis e.g. g-banding or copy number variation, should also have been 

performed on the hiPSC lines to confirm that each line is comparable and that any 

experimental phenotypes are due to the PLCγ2 S707Y variant and not genomic 

alteration of the hiPSC lines. 

6.9 Conclusion 

Overall, this chapter demonstrates that the PLCγ2 S707Y variant has hypermorphic 

enzymatic activity within hiPSC-derived microglia under both basal and stimulation 

conditions (Figure 6.4), resulting in increased calcium flux (Figure 6.5). However, when 

then PLCγ2 S707Y hiPSC-derived microglia were challenged with pHrodo labelled 

apoptotic SH-SY5Y cells, a reduction in phagocytosis was observed (Figure 6.6). 

Additionally, cytokine secretion of IL-1β, IL-8 and TNF-α was demonstrated to be 

elevated under basal conditions (Figure 6.7). However, when challenged with LPS 

PLCγ2 S707Y hiPSC-derived microglia exhibit a reduction in IL-10, IL-6 and TNF-α 

secretion (Figure 6.8), likely due to decreased NF-κB activation (Figure 6.9). Therefore, 

this chapter demonstrates that PLCγ2 is a key signalling node for microglial 

functionality. 
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Chapter 7 - PLCγ2 influence on microglial gene expression 

7.1 Introduction 

RNASeq uses next generation sequencing (NGS) to measure the levels of mRNAs in a 

biological sample to provide insight into the transcriptome of a cell type316. Bulk 

RNASeq of AD human and mouse models has identified transcriptional differences in 

microglial specific genes, relative to WT controls317,318. In fact single cell RNASeq of 

AD human microglia has identified many subsets of microglia, with each cluster 

experiencing unique differences in gene expression110. Bulk RNASeq of TREM2 and 

PLCγ2 deficient hiPSC-derived microglia has revealed differences in gene expression 

related to chemotaxis, specific immune response families, lipid processing and cell 

survival pathways133,319. Moreover, RNASeq has also demonstrated the protective 

PLCγ2 P522R variant to influence antigen presentation, chemokine signalling and T 

cell proliferation pathways320. 

RNASeq is clearly a valuable tool for providing insight into a protein, or protein 

variants role within cellular function. Given that the hypermorphic PLCγ2 S707Y 

variant influences microglial functionality (Chapter 6), it will be beneficial to 

characterise what influence the variant has on the microglial transcriptome to support 

the functional data generated, as well as potentially provide additional insight into the 

role PLCγ2 has within microglial function. 

7.2 Results 

 Data Analysis 

RNA was extracted from PLCγ2 WT and S707Y hiPSC-derived microglia from three 

separate hematopoietic inductions, at different preMac differentiation ages (early, 

middle and late). RNA samples were processed by UCL Genomics (UCL, London, 

England) with RNA integrity number of all samples established to be ≥ 7.8, suitable for 

NGS. Differentially expressed genes (DEGs) between the PLCγ2 WT and homozygous 

S707Y samples were analysed through iDEP.951 (integrated Differential Expression 

and Pathway analysis)255, as the homozygous variant exhibits the strongest phenotype. 

A total of 780 DEGs were identified (Figure 7.1A, upregulated in HOMO vs WT: 401 

and downregulated in in HOMO vs WT: 379) that crossed the threshold of adjusted p-

values (Adj.Pval) ≤ 0.05 and log2 fold change ≥ 0.5, represented in a volcano plot 

(Figure 7.1B). 
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Additionally, RNASeq data from Andreone et al., comparing PLCγ2 WT and KO 

hiPSC-derived microglia was also analysed through the same methodology133. A total of 

927 DEGs were identified (Figure S13A, upregulated in KO vs WT: 473 and 

downregulated in KO vs WT: 454), with the DEGs visualised in a volcano plot (Figure 

S13B). The PLCγ2 KO RNASeq dataset provides a good reference point to compare the 

data in this study. Of the total 780 DEGs identified in this study, 144 of those hits were 

also identified in the Andreone et al., study. It should be mentioned that the Andreone et 

al., study implemented a different media composition to differentiate their hiPSC-

derived microglia. Therefore, both studies are not truly comparative. Principle 

component analysis (PCA) of both datasets is located in Figure S14. 
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Figure 7.1 PLCγ2 S707Y hiPSC-derived microglia differentially expressed genes 

(DEGs). A) Heatmap of the DEGs downregulated (Green) and upregulated (Red) in the 

homozygous PLCγ2 S707Y hiPSC-derived microglia, compared to PLCγ2 WT hiPSC-

derived microglia. B) Volcano plot displaying the DEGs downregulated and 

upregulated in the homozygous PLCγ2 S707Y hiPSC-derived microglia, compared to 

PLCγ2 WT hiPSC-derived microglia. 
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 Pathway analysis 

Gene ontology (GO) biological process enrichment analysis of the top 10 pathways in 

homozygous PLCγ2 S707Y hiPSC-derived microglia (compared to PLCγ2 WT hiPSC-

derived microglia, Figure 7.2A), shows a upregulation in cell adhesion, but a 

downregulation in immune processes such as the immune system regulation, as well as 

immune and inflammatory responses (adj.Pval < 4.20E-10). Using the same analysis 

process for the Andreone et al., dataset, PLCγ2 KO hiPSC-derived microglia (compared 

to PLCγ2 WT hiPSC-derived microglia, Figure 7.2B) also displayed an downregulation 

in immune system processes and responses, as well as leukocyte processes and 

responses (adj.Pval < 4.70E-35). 
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Figure 7.2 Gene Ontology (GO) biological process enrichment analysis of the top 10 

upregulated (blue) and downregulated (red) pathways in PLCγ2 S707Y and KO hiPSC-

derived microglia. A) GO of the homozygous PLCγ2 S707Y hiPSC-derived microglia, 

compared to PLCγ2 WT hiPSC-derived microglia (adj.Pval < 4.20E-10). B) GO of the 

PLCγ2 KO hiPSC-derived microglia, compared to PLCγ2 WT hiPSC-derived microglia 

(adj.Pval < 4.70E-35). 

Gene Set Enrichment Analysis (GSEA) is a computational method that determines 

whether a defined set of genes shows statistically significant, concordant differences 

between two different samples. GSEA quantification of the top 10 pathways in the 

homozygous PLCγ2 S707Y hiPSC-derived microglia (compared to PLCγ2 WT hiPSC-

derived microglia, Figure 7.3A), shows a downregulation of inflammatory and 

bacterium response (adj.Pval < 9.20E-03). When performing the same GSEA on the 

Andreone et al., dataset, PLCγ2 KO hiPSC-derived microglia (compared to PLCγ2 WT 

hiPSC-derived microglia, Figure 7.3B) displayed changes in cell migration, 

responsiveness and immunity (adj.Pval < 1.80E-03). 
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Figure 7.3 Gene Set Enrichment Analysis (GSEA) of the top 10 upregulated (blue) and 

downregulated (red) GO biological processes in PLCγ2 S707Y and KO hiPSC-derived 

microglia. A) Homozygous PLCγ2 S707Y hiPSC-derived microglia, compared to 

PLCγ2 WT hiPSC-derived microglia (adj.Pval < 9.20E-03). B) PLCγ2 KO hiPSC-

derived microglia, compared to PLCγ2 WT hiPSC-derived microglia (adj.Pval < 1.80E-

03)133. 

 

 



159 

 

  Top differentially expressed genes (DEGs) 

Gene Name 

hiPSC-derived 

microglia 

PLCγ2 S707Y 

vs. WT 

log2 Fold 

Change 

hiPSC-derived 

microglia 

PLCγ2 S707Y 

vs. WT 

adj.Pval 

Description 

RPS4Y1 

Ribosomal 

Protein S4 Y-

Linked 1 

13.28 4.41E-26 

The role of RPS4Y1 is unclear. 

It was demonstrated to be 

upregulated in pro-inflammatory 

monocytes321 

CD163L1 

Cluster 

Differentiation 

163 Molecule 

Like 1 

-4.37 5.64E-07 

CD163L1 is an endocytic 

macrophage protein strongly 

regulated by mediators in the 

inflammatory response322 

SIGLEC1  Sialoadhesin -4.33 4.11E-24 

Cell adhesion molecule that 

participates in antigen 

presentation and induction of 

adaptive immune 

responses323,324 

FOLR2  

Folate 

Receptor Beta 

(FRβ) 

-3.72 2.02E-04 

Mediates the uptake of folate in 

oxidized form into the cells via 

endocytosis325 

SERPINF1  

Serpin Family 

F Member 1 / 

Pigment 

Epithelium-

Derived 

Factor (PEDF) 

-3.59 8.06E-46 

In microglia it is thought PEDF 

induces pro-inflammatory 

cytokine production326 

Table 7.1 Top 5 DEGs (ranked by log2 Fold Change) of the homozygous PLCγ2 

S707Y hiPSC-derived microglia, compared to PLCγ2 WT hiPSC-derived microglia. 

Values > 0 represent upregulation, and < 0 represent downregulation in the homozygous 

PLCγ2 S707Y hiPSC-derived microglia. 
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Figure 7.4 STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) 

analysis of the top 73 DEGs (log2 Fold Change > 2, high confidence > 0.7) for the 

homozygous PLCγ2 S707Y hiPSC-derived microglia, compared to PLCγ2 WT hiPSC-

derived microglia. Protein-protein interaction (PPI) enrichment p-value = 1.81E-12. 

The log2 fold change values and Adj.Pval for the top 5 DEGs (ranked by log2 Fold 

Change) identified in the homozygous PLCγ2 S707Y hiPSC-derived microglia, 

compared to PLCγ2 WT hiPSC-derived microglia, are summarised in Table 7.1. The 

raw counts of the top 5 DEGs are located in Figure S15. Additionally, STRING (Search 

Tool for the Retrieval of Interacting Genes/Proteins) analysis of the top 73 DEGs (log2 

Fold Change > 2) predicted multiple protein–protein interactions (PPI, Figure 7.4). 
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 DEGs of interest 

Gene 

hiPSC-

derived 

microglia 

PLCγ2 S707Y 

vs. WT 

log2 Fold 

Change 

hiPSC-

derived 

microglia 

PLCγ2 S707Y 

vs. WT 

adj.Pval 

hiPSC-

derived 

microglia 

PLCγ2 KO 

vs. WT 

log2 Fold 

Change 

hiPSC-

derived 

microglia 

PLCγ2 KO 

vs. WT 

adj.Pval 

CD163 -2.18 2.59E-12 -0.94 7.06E-07 

IFIT1 -2.70 1.56E-04 - - 

IFITM3 -2.26 3.25E-08 - - 

MX1 2.36 4.54E-03 - - 

GAS6 -2.41 1.05E-12 - - 

AXL -2.26 1.60E-13 - - 

MERTK -0.81 1.53E-03 - - 

P2RY6 -2.42 4.69E-06 - - 

C1QA -2.07 4.04E-09 -0.72 4.04E-02 

C1QB -1.90 1.21E-06 - - 

C1QC -2.10 3.23E-10 - - 

C3 -1.24 1.52E-08 - - 

C3AR1 -0.97 1.46E-06 -1.22 4.58E-04 

LPL 1.20 4.85E-02 -2.55 9.78E-26 

PLIN2 -1.63 1.37E-06 - - 

Table 7.2 DEGs of interest from homozygous PLCγ2 S707Y hiPSC-derived microglia, 

compared to PLCγ2 WT hiPSC-derived microglia. Function colour coded - Orange: 

Type I interferon signalling, Green: Phagocytosis receptors and proteins, Yellow: 

Complement proteins, and Grey: Lipid processing. (-) abbreviation indicates that the 

gene did not pass the threshold of analysis. The raw counts of the DEGs are located in 

Figure S16. 
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PLCγ2 KO hiPSC-derived microglia and macrophages display a reduction in 

phagocytic activity, compared to their PLCγ2 WT counterparts133,183. Additionally, 

PLCγ2 S707Y hiPSC-derived microglia also displayed similar deficiencies (Figure 6.6). 

Growth arrest specific 6 (GAS6) and its binding to the TAM family of receptor tyrosine 

kinases (TYRO3, AXL and MERTK) is crucial for cytoskeletal rearrangement and the 

phagocytic engulfment of apoptotic cells and Aβ plaques327,328. Additionally, the 

purinergic receptor P2Y6 (P2RY6) has been demonstrated to play a crucial role in the 

phagocytosis of stressed and damaged neurons329. Given the downregulation of GAS6, 

AXL, MERTK and P2RY6 observed for the PLCγ2 S707Y hiPSC-derived microglia, 

perhaps this downregulation is causative of the lack of phagocytosis observed (Table 

7.2), as the cells are unable to respond effectively. 

Network analysis of APOE, TREM2 and PLCγ2, known AD risk genes, revealed shared 

co-expression of biological processes related to immune system processes including the 

complement cascade activation: complement component 1qA (C1QA), complement 

component 1qB (C1QB) and complement component 3 (C3), suggesting that the 

complement pathway plays a role in AD pathogenesis228. PLCγ2 KO primary mouse 

microglia and hiPSC-derived microglia have also demonstrated downregulation in 

complement protein expression133,311. It is demonstrated here that the PLCγ2 S707Y 

variant also downregulates (C1QA, C1QB, C3, complement component 1qC (C1QC) 

and complement C3a receptor 1 (C3AR1)) complement protein expression (Table 7.2), 

suggesting that perhaps PLCγ2 plays a role in regulating the expression of complement 

proteins. As the complement pathway has been demonstrated to be vital for the 

phagocytosis of apoptotic cells330, the downregulation of these proteins in the PLCγ2 

S707Y hiPSC-derived microglia also could explain the effect on phagocytosis observed 

(Figure 6.6). 

 Microglial Identity 

Mirroring the same genetic markers from Figure 5.2, the PLCγ2 WT and S707Y hiPSC-

derived microglia were assessed for known microglia and myeloid markers. Overall, 

there appears to be good expression of known microglia and myeloid markers for the 

PLCγ2 WT and S707Y hiPSC-derived microglia, validating the model as 

physiologically relevant (Figure 7.5). iDEP analysis identified differences in SLC2A5, 

CD14, ITGAM and PLCγ2 expression between the PLCγ2 S707Y and WT hiPSC-

derived microglia (Figure 7.5). Although differences in PLCγ2 RNA expression were 
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identified, it should be stated that RNA differences do not always correlate to protein 

expression331,332. It is clear from Figure 6.2 that the PLCγ2 protein expression does not 

correlate with the RNASeq data, as the homozygous S707Y hiPSC-derived microglia 

has decreased PLCγ2 expression relative to the WT. However, for SLC2A5, CD14 and 

ITGAM, protein expression would need to be characterised in order to validate the 

RNASeq findings. 
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Figure 7.5 Comparison of the difference in gene expression between the PLCγ2 WT 

and S707Y heterozygous (HET) and homozygous (HOMO) hiPSC-derived microglia. 

The graphical line indicates the mean for three biological replicates (n=3). (*) symbol 

indicates statistical difference (adj.Pval < 5E-02) between the homozygous PLCγ2 

S707Y and WT hiPSC-derived microglia. 

7.3 Discussion 

GO biological process enrichment analysis and GSEA of both PLCγ2 S707Y and KO 

hiPSC-derived microglia clearly show changes in pathways related to immune cell 

function (Figure 7.2 and Figure 7.3). This downregulation may explain the observed 

decreases in microglial response to apoptotic cells and LPS for the PLCγ2 S707Y 

hiPSC-derived microglia (Figure 6.6 and Figure 6.8), implicating PLCγ2 as a key 

mediator of microglia functionality.  

Of the top 5 DEGs, the functions of ribosomal protein S4 Y-linked 1 (RPS4Y1), folate 

receptor beta (FOLR2) and serpin family F member 1 (SERPINF1) are not well 
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characterised, especially in the context of macrophage and microglial biology. Folate 

Receptor Beta (FRβ) has been suggested to act as a receptor or co-receptor for 

recognition of bacterial microbiota, similar to CD14, but further investigation is still 

needed333. Ribosomal proteins play an essential role in ribosome biogenesis and protein 

production334. However, it is believed that ribosomal proteins have ribosome-

independent functions334. Although the specific ribosome-independent function of 

RPS4Y1 has yet to be characterised, other ribosomal proteins have been demonstrated 

to participate in the innate immune response by regulating NF-κB transcription334. 

Given the significant upregulation of RPS4Y1 in the PLCγ2 S707Y hiPSC-derived 

microglia, perhaps RPS4Y1 also plays a role in NF-κB regulation as p-NF-κB and NF-

κB translocation was shown to be diminished (Figure 6.9 and Figure 6.10). 

Even though cluster of differentiation 163 molecule like 1 (CD163L1) was identified as 

one of the top DEGs, STRING analysis also identified CD163 (cluster of differentiation 

163) as an influential gene (Figure 7.4). CD163L1 exhibits similarities to CD163 in 

terms of structure and expression, but distinct differences in functionality e.g. bacterial 

binding do exist322. CD163 has long been considered a myeloid specific marker with an 

anti-inflammatory role, by regulating the secretion of IL-10 upon activation335,336. 

CD163 expression was shown to be downregulated by pro-inflammatory cytokines such 

as IL-1β, IL-8 and TNF-α337. Perhaps the increased secretion of these pro-inflammatory 

cytokines exhibited by the PLCγ2 S707Y hiPSC-derived microglia at the basal level 

(Figure 6.7), results in the downregulation of CD163 (Table 7.1), subsequently resulting 

in less IL-10 secretion upon activation, as observed in Figure 6.8. As mentioned 

previously, perhaps the decrease in secreted IL-10, mediated presumably by the 

downregulation of CD163, is indicative of the chronic pro-inflammatory state 

responsible for the peripheral APLAID clinical phenotype, as IL-10 is an anti-

inflammatory cytokine involved in the resolution of inflammation314. Additionally, 

PLCγ2 KO hiPSC-derived microglia also exhibit similar downregulation of CD163 

(Table 7.2), suggesting that perhaps CD163 expression is modulated by PLCγ2. 

Additionally, sialic acid-binding immunoglobulin-type of lectin 1 (SIGLEC1, also 

known as sialoadhesin) was also identified as one of the top DEGs (Table 7.1). 

Sialoadhesin contains a long immunoglobulin domain that is thought to be important for 

cell adhesion and pathogen recognition338. Sialoadhesin expressing microglia have been 

suggested to serve as antigen-presenting cells that interact with CD8+ T cells to initiate 

the adaptive immune response338. Perhaps the downregulation of sialoadhesin exhibited 
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by the PLCγ2 S707Y hiPSC-derived microglia is causative of a lack of CD8+ T cell 

response, due to the lack of antigen presentation, resulting in a reduced adaptive 

immune response. Given that the PLCγ2 P522R LOAD protective variant has been 

reported to promote the recruitment of CD8+ T cells to the brain, perhaps PLCγ2 plays 

a role in the recruitment of CD8+ T cells to the brain320. However, it is not clear if this 

increased recruitment of CD8+ T cells is protective or damaging in the context of 

neurodegenerative disease, especially given that CD8+ T cells are also elevated in 

human AD brains320,339. 

STRING analysis identified a good correlation between interferon-induced protein with 

tetratricopeptide repeats 1 (IFIT1), interferon-induced transmembrane protein 3 

(IFITM3) and MX dynamin like GTPase 1 (MX1), all of which are commonly induced 

by type I interferon signalling (Figure 7.4 and Table 7.2)340,341. Given that type I 

interferon signalling has been demonstrated to drive neuroinflammation and synapse 

loss in AD, perhaps PLCγ2 is a key mediator of this pathway342. However, further 

experiments would need to be performed.  

With the cholesterol carrier APOE being an important genetic risk factor for AD, 

defective lipid clearance has been implicated as a central driver of AD pathogenesis343. 

RNASeq analysis of TREM2 KO and PLCG2 KO hiPSC derived-microglia showed 

downregulation of lipid processing genes, such as lipoprotein lipase (LPL) and perilipin 

2 (PLIN2), resulting in an inability to clear cholesterol esters133. Contrary to the PLCγ2 

KO hiPSC-derived microglia study, the PLCγ2 S707Y hiPSC-derived microglia 

displayed an upregulation of LPL (Table 7.2). Given the linear upregulation pattern of 

LPL gene transcription, PLCγ2 HOMO>WT>KO (Table 7.2), perhaps heightened basal 

PLCγ2 enzymatic activity results in greater lipoprotein processing due to the 

upregulation of LPL. However, PLIN2 was downregulated in PLCγ2 S707Y hiPSC-

derived microglia (Table 7.2). Deficits in PLIN2 expression around Aβ plaques have 

also been reported in TREM2 R47H hiPSC-derived preMacs transplanted into mouse 

brain344, suggesting that PLIN2 is a potential mediator of AD. Given that PLCγ2 

appears to influence PLIN2 expression, perhaps its relationship needs to be further 

explored. Furthermore, Andreone et al,. cited the downregulation of multiple lipid 

processing genes for the PLCγ2 KO hiPSC-derived microglia. However, reanalysis of 

the RNASeq data only confirmed downregulation of LPL. 
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During development, C1q and C3 localise to neuronal synapses and mediate synapse 

elimination by phagocytic microglia345. Inhibition of C1q and C3 has been 

demonstrated to reduce the phagocytic capability of microglia, rescuing synaptic loss 

and dysfunction346. Moreover, C3aR1 has been suggested to be a major regulator of 

microglia reactivity and neuroinflammatory function, with expression of C3aR1 and C3 

positively correlated with cognitive decline347,348. Interestingly, both PLCγ2 KO and 

S707Y hiPSC-derived microglia displayed significant downregulation of complement 

genes (Table 7.2). However, it is not clear from literature if this downregulation is 

beneficial or detrimental in the context of neurodegeneration349. In the case of the 

PLCγ2 S707Y hiPSC-derived microglia, perhaps the decreased phagocytic activity and 

cytokine production as shown in Figure 6.6 and Figure 6.8 is due to the downregulation 

of these complement proteins. 

CD14 has been demonstrated to be essential for transporting LPS to the TLR4 

signalling complex, as well as regulate TLR4 endocytosis178. Given the lack of cytokine 

secretion observed for the PLCγ2 S707Y hiPSC-derived microglia upon LPS 

stimulation (Figure 6.8), perhaps the downregulation of CD14 for the PLCγ2 S707Y 

hiPSC-derived microglia (Figure 7.5) is responsible for this phenotype. Additionally, 

PLCγ2 KO hiPSC-derived macrophages have been demonstrated to possess deficits in 

ITGAM expresison183. However, ITGAM was shown to be upregulated for the PLCγ2 

S707Y hiPSC-derived microglia (Figure 7.5). Given that ITGAM expression is 

correlated with the activation state of microglia, it could suggest that hypermorphic 

PLCγ2 variants place microglia into a chronically activated state350.  

7.4 Summary  

RNASeq pathway analysis clearly demonstrates that PLCγ2 has a regulatory role on 

microglia immune pathways and responses (Figure 7.2 and Figure 7.3). Analysis of the 

DEGs illustrates that PLCγ2 can influence many microglial cellular processes, 

specifically phagocytosis and the complement pathway (Table 7.2). As a result, the 

reduction in phagocytosis observed for the PLCγ2 S707Y hiPSC-derived microglia 

(Figure 6.6) may be due to the downregulation of complement proteins and TAM 

receptors, which are required for phagocytic function. Furthermore, the downregulation 

of genes related to bacterium response is perhaps causative of the reduction in cytokine 

production observed for PLCγ2 S707Y hiPSC-derived microglia (Figure 6.8). Other 

transcriptome differences were also identified from the PLCγ2 S707Y hiPSC-derived 

microglia, which require further confirmation and exploration. 
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Chapter 8 - Concluding remarks 

 Thesis overview 

The aim of this thesis was to investigate the effect that disease-linked PLCγ2 variants 

have on enzymatic activity, as well as explore the role PLCγ2 has within microglia cell 

function. Recently, several rare and novel disease-linked PLCγ2 variants have been 

identified. However, there has been minimal characterisation into what effect each 

variant has on enzymatic activity and how this results in the APLAID phenotype. 

Through the use of a standard transient transfection assay to assess PLC mediated IP1 

accumulation, the enzymatic activity of the rare and novel Δ845-848, M1141K and 

V1103I PLCγ2 variants was assessed. Furthermore, as multiple PLCγ2 variants were 

assessed through same assay, it allowed for each tested PLCγ2 variant to be ranked 

based on activity (Table 4.1). The Δ845-848 and M1141K PLCγ2 variants displayed 

strong hypermorphic activity, whereas the PLCγ2 V1103I variant caused a mild 

increase in PLC activity. These findings, together with clinical data, support the concept 

that the increase in variant enzymatic activity contributes to the clinical APLAID 

phenotype.  

From the generation of PLCγ2 KO and P522R hiPSC-derived microglia, PLCγ2 has 

been shown to have a key role within microglial functionality133,226. Recent publications 

have shown PLCγ2 to mediate microglial calcium signalling, cytokine production, 

phagocytosis and motility133,183,204. Characterisation of the LOAD protective PLCγ2 

P522R variant shows it to be mildly hypermorphic under stimulated conditions, 

resulting in increased calcium flux139,226. However, how this increased enzymatic 

activity influences key microglial functions, such as phagocytosis, is still not clear as 

substrate-dependent phagocytic differences have been observed226,227. Despite the recent 

studies, there are still further questions regarding the effect the PLCγ2 P522R variant 

has on microglia, and more importantly, how it is protective against LOAD. 

In order to better understand the role that hypermorphic PLCγ2 variants have within 

microglia function, as well as complement other studies, a human stem cell-derived 

microglia differentiation protocol was established to allow for the development and 

optimisation of functional assays to assess PLC enzymatic activity and PLC-mediated 

microglia functionality. As there are currently no specific small molecule compounds to 

selectively modulate PLCγ2 activity, the hypermorphic PLCγ2 S707Y variant was 

introduced into stem cell-derived microglia through genetic manipulation, to study the 
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effects of promoting chronic enzymatic activity on microglia function, as this variant 

elicits a more hypermorphic effect than the subtle effect produced by the PLCγ2 P522R 

variant.  

Through the use of PLCγ2 WT and S707Y (heterozygous and homozygous) hiPSC-

derived microglia, it was confirmed that enzymatic activity and calcium flux was 

elevated in PLCγ2 S707Y hiPSC-derived microglia under both basal and stimulated 

conditions (Figure 6.4 and Figure 6.5), as demonstrated in human PBMCs harbouring 

the polymorphism215. Furthermore, IL-1β, IL-8 and TNF-α secretion was shown to be 

elevated for the PLCγ2 S707Y hiPSC-derived microglia under basal conditions (Figure 

6.7). However, following LPS exposure a reduction in IL-10, IL-8 and TNF-α secretion 

(Figure 6.8) was observed for the PLCγ2 S707Y hiPSC-derived microglia, likely due to 

the lack of NF-κB activation and translocation (Figure 6.9 and Figure 6.10). 

Additionally, a decrease in phagocytosis was observed for the PLCγ2 S707Y hiPSC-

derived microglia following exposure to apoptotic pHrodo labelled SH-SY5Y cells 

(Figure 6.6) 

RNASeq was performed to provide insight into the transcriptome differences between 

the PLCγ2 WT and S707Y hiPSC-derived microglia to suggest molecular changes 

underpinning functional differences, as well as enhance the interpretation of the 

phenotypic results. RNASeq analysis showed a downregulation in immune system 

regulation and responses in the PLCγ2 S707Y hiPSC-derived microglia compared to 

WT (Figure 7.2 and Figure 7.3), supporting the functional results. Together, this thesis 

demonstrates several novel phenotypic findings, and further emphasises the important 

role that PLCγ2 plays within microglia function.  

 The spectrum of protective vs. detrimental PLCγ2 polymorphisms 

Literature shows that within the periphery strong hypermorphic PLCγ2 variants (e.g. 

S707Y) cause detrimental phenotypes that result in APLAID216. Perhaps the increased 

basal secretion of the IL-1β, IL-8 and TNF-α pro-inflammatory cytokines observed 

from the PLCγ2 S707Y hiPSC-derived microglia (Figure 6.7) could also translate to the 

PBMCs, whereby chronic inflammation caused by these pro-inflammatory cytokines 

results in the associated APLAID phenotype. Additionally, the lack of IL-10 cytokine 

secretion upon activation displayed from the PLCγ2 S707Y hiPSC-derived microglia 

(Figure 6.8) could result in an inability to control inflammation, thus facilitating chronic 

inflammation. Therefore, perhaps the combination of both the basal and activated 
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phenotypes contributes to APLAID for patients harbouring the PLCγ2 S707Y variant, 

as documented in the periphery215. 

RNASeq pathway analysis demonstrates that both the PLCγ2 S707Y and KO hiPSC-

derived microglia display deficits in immune system processes and responses (Figure 

7.2 and Figure 7.3), providing further evidence that PLCγ2 is a central node for immune 

cell function204. Given the partial overlap in effects produced by both the PLCγ2 KO 

and S707Y variant, perhaps strong hypermorphic PLCγ2 variants also place microglia 

in an unresponsive state, similar to the PLCγ2 KO. Literature has shown PLCγ2 KO 

hiPSC-derived microglia and macrophages to display deficits in IP1 production, calcium 

response, CD11b (ITGAM) expression, cell adhesion, phagocytosis and lipid processing 

(e.g. downregulation of LPL)133,183. Amongst these phenotypes, PLCγ2 S707Y hiPSC-

derived microglia also exhibit deficits in phagocytosis, despite the increased IP1 

accumulation and calcium flux. However, RNASeq analysis shows ITGAM and LPL 

expression (Figure 7.5 and Table 7.2), as well as cell adhesion pathways (Figure 7.2A) 

to be upregulated, suggesting that the PLCγ2 S707Y variant does not completely 

overlap with the PLCγ2 KO phenotype. However, the increase in mRNA expression 

may not correlate to protein expression351, and as such further work into the role PLCγ2 

S707Y has on lipid processing (through liquid chromatography-mass spectrometry), as 

well as cell adhesion needs to be investigated. 

The question remains, given that PLCγ2 APLAID GOF variants promote a peripheral 

autoinflammatory phenotype, why when the PLCγ2 S707Y variant is introduced into 

hiPSC-derived microglia it appears to dampen the immune response upon activation? 

The majority of hypermorphic PLCγ2 variant characterisation has been performed in the 

context of the periphery, specifically B-cells, where the blocking of B-cell 

differentiation, as well as chronic inflammation accompanied by expansion of innate 

inflammatory cells, has been documented204,207,215,352. However, microglial machinery 

most likely differs from peripheral myeloid cells and leukocytes. For instance, increased 

IL-1β and TNF-α secretion was reported in LPS stimulated human PBMCs harbouring 

APLAID variants217,222. However, when repeated in the hiPSC-derived microglia, no 

change in IL-1β secretion, as well as a decrease in TNF-α secretion was observed 

(Figure 6.8). Therefore, PLCγ2 could be influencing different signalling cascades within 

microglial function compared to peripheral immune cells, or PLCγ2 modulation could 

be dependent on a different cellular environment and/or cell state. 
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RNASeq identified the downregulation of several complement pathway proteins 

(C1QA, C1QB, C1QC, C3 and C3AR1) and phagocytic receptors (AXL, MERTK and 

P2RY6) in the PLCγ2 S707Y hiPSC-derived microglia (Table 7.2). The complement 

pathway has been recognised as an essential component of microglial synaptic pruning 

and therefore brain development353. It has been postulated that a downregulation of 

synaptic pruning during development could contribute to neuronal hyperconnectivity 

and behavioural changed353. However, inhibition of C1q, C3 or the microglial 

complement receptor CR3 (consisting of ITGAM and CD18) has been shown to reduce 

the number of phagocytic microglia, as well as rescue synaptic loss and dysfunction in 

neurodegeneration346. Furthermore, activation of P2YR6 has been demonstrated to 

contribute to neurodegeneration through the phagocytosis of viable neurons, induced by 

Aβ and Tau354. P2YR6 knockout mice models have shown to counteract this effect, 

reducing neuronal loss and memory deficits induced by Aβ and Tau354. Due to the rarity 

of PLCγ2 GOF variants, the cognitive phenotypes of patients harbouring these variants 

has not been documented, nor explored204. Perhaps the drastic downregulation of 

proteins involved in the complement pathway, as well as P2YR6, exhibited from the 

PLCγ2 S707Y hiPSC-derived microglia might be protective against synapse loss. 

However, perhaps this dampened functional phenotype could also be detrimental as it 

could lead to ineffective toxic protein aggregate clearance, as well as dysfunctional 

brain development. 

As mentioned previously in 1.6.3, the PLCγ2 P522R variant has been demonstrated to 

be protective against LOAD, as well as to correlate with human longevity. However, the 

mechanisms underlying the protective function are still not well understood. Substrate 

dependent differences in phagocytosis have been demonstrated for the PLCγ2 P522R 

variant226. Moreover, both an increase and a decrease in pHrodo-labelled-zymosan 

phagocytosis has been documented for the PLCγ2 P522R variant from two separate 

studies, further adding to the confusion226,227. Golde et al, suggested that perhaps 

pushing any system too far in one direction has the potential to do more harm than good 

for the treatment of neurodegenerative disorders355. Therefore, perhaps the PLCγ2 

P522R variant lies in the “Goldilocks” zone (Figure 8.1), whereby the mild 

hypermorphic activity benefits immune function, but is not detrimentally impacting the 

immune response as observed for the strong hypermorphic PLCγ2 S707Y variant and 

the PLCγ2 deficient hiPSC-derived microglia (Figure 7.2 and Figure 7.3). Based off the 

experimental data generated for the PLCγ2 S707Y hiPSC-derived microglia, it may be 
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that the P522R variant protects by downregulating phagocytosis and inflammation. 

However, further studies would be needed. 

It is well documented that the S707Y variant disrupts the PLCγ2 autoinhibitory 

mechanism, resulting in observed GOF enzymatic activity155. Although the P522R 

variant also demonstrates GOF activity, it is situated within the spPH-nSH2 linker 

region which does not lie on the autoinhibitory interface. Therefore, it is currently not 

clear how the P522R variant achieves its GOF activity. Given the potential difference in 

GOF mechanism, perhaps the data generated for the PLCγ2 S707Y cannot be 

extrapolated to the PLCγ2 P522R variant. 

 

Figure 8.1 The disease spectrum of PLCγ2 variants. Summary of main PLCγ2 variants 

and the reported phenotypic consequences in both mouse models and humans. Filled 

lines represent characterised data from literature, whereas dotted line represents 
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unknown phenotype. Abbreviations: APLAID, autoinflammation and PLCγ2-associated 

antibody deficiency. Figure adapted from Magno et al204. 

8.2 Experimental/technical limitations of the work 

Transient transfection efficiency can be influenced by factors such as the quantity of the 

nucleic acid, cell line health, number of passages, degree of confluency etc., and as a 

result variability between biological replicates is often observed. Therefore, statistical 

differences between PLCγ2 variant and PLCγ2 WT enzymatic activity were difficult to 

establish for some PLCγ2 variants. 

The transient transfection of the HEK293T cells is a convenient system to characterise 

PLCγ2 variant enzymatic activity. However, this cellular system is artificial and clearly 

does not fully recapitulate the cellular machinery of physiologically relevant cells. 

Therefore, PLC activity could differ in a more relevant cell model, such as B cells or 

microglia. Although the differences in PLCγ2 expression were accounted for, the 

expression of the co-transfected EGFR was an experimental variable that could not 

adequately be normalised for, and as such was assumed to have equal expression for 

each experimental condition. 

The reprogramming of human cells to generate hiPSCs can result in genetic alterations, 

and thus should be characterised356. Furthermore, it is unclear what influence the 

ARID2 heterozygous deletion to the kolf2 hiPSC line had on the experimental outcome 

and thus needs to be investigated further. Finally, it would be beneficial to evaluate 

multiple clones of each hiPSC line to be unequivocally sure that the phenotypic 

observations are due to the PLCγ2 variant alone.  

Although hiPSC-derived microglia do recapitulate certain aspects of their native 

counterparts, there is currently no consensus on a unique proteomic, genetic or 

functional signature required to consider hiPSC-derived microglia truly representative 

of endogenous human microglia251. Additionally, the heterogeneity of hiPSC-derived 

microglia is still not currently known. Thus, it is unclear how close the hiPSC-derived 

microglia model is to their native human counterparts, especially as they are derived in 

isolation (monoculture). Moreover, hiPSC-derived microglia have been demonstrated to 

more closely resemble foetal than adult microglia, which may hinder the study of age-

related neurodegeneration251. 
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8.3 Future work  

PIP2 has been demonstrated to be vital for regulating actin binding proteins for actin 

cytoskeleton dynamics, as well as aid in the recruitment of proteins for endocytosis and 

exocytosis306. The PLCγ2 P522R variant has been shown to reduce PIP2 availability 

following exposure to physiologically relevant stimuli226. Quantification of the 

availability of PIP2 in the S707Y hiPSC-derived microglia could shed light into what 

role strong GOF PLCγ2 variants have on PIP2 availability, as well as add further 

explanation of the observed experimental phenotypes. PIP2 quantification through ICC 

fluorescence and liquid chromatography–mass spectrometry has been performed in 

literature and could be utilised226,357. Furthermore, the majority of experimental work 

has been focused on the PLCγ2-IP3 pathway. Given that the PLCγ2-DAG-PKC pathway 

also likely influences microglia functionality204, DAG sensors and p-PKC quantification 

through Western blotting should be utilised to better understand what effect strong GOF 

PLCγ2 variants have on microglial signalling and thus functionality. 

Like any other brain cell monoculture model, hiPSC-derived microglia fail to fully 

recapitulate microglial biology due to the lack of interaction with other brain cell types. 

Perhaps more complex models, such as hiPSC-derived organoids, the transplantation of 

hiPSC-derived microglia in the brains of WT, as well as AD (e.g. 5xFAD) mouse 

models could provide better insight into what role strong PLCγ2 GOF variants, as well 

as the P522R variant, have on brain function and development e.g. synaptic pruning, 

and in AD262. Moreover, studying what role PLCγ2 GOF variants have on brain 

development and function in patients harbouring strong hypermorphic PLCγ2 variants 

will ultimately lead to better characterisation of the role PLCγ2 has within microglia 

functionality within the brain. 

Further characterisation of the PLCγ2 P522R variant is still needed to better understand 

how this variant is protective against LOAD. It has been suggested that gene edited 

hiPSCs may not fully reproduce human pathology, as certain factors e.g. complicated 

genetic modifiers can only be provided by relevant donors358. Because of this, hiPSCs 

derived from donors harbouring the PLCγ2 P522R variant is necessary in order to better 

understand the protective function of the variants, with siblings or offspring that do not 

elicit the variant used as functional controls for experimentation. Therefore, future work 

should aim to profile the PLCγ2 P522R variant in donor-derived hiPSCs, performing 

the same phenotypic assays documented in this thesis to provide greater insight into the 

role of the variants within LOAD pathophysiology. 
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Further work is also required to address structural, mechanistic and signalling aspects of 

PLCγ2 function and dysregulation.  Although there are good structural models of the 

PLCγ2 (AF-P16885-F1), based on PLCγ1 structures, further application of X-ray 

crystallography or cryo-electron microscopy should be utilised to solve the PLCγ2 

structure and facilitate the development of drugs that either inhibit PLCγ2 functionality 

for people who harbour strong GOF PLCγ2 variants, or mimic the protective function of 

the P522R variant. Additionally, various unbiased proteomic approaches need to be 

performed to understand which adapter proteins and tyrosine kinases interact with 

PLCγ2 in microglia, to better understand the overall role PLCγ2 has within microglia 

signalling. 

8.4 Conclusion 

This thesis demonstrates a comprehensive enzymatic activity ranking of rare and novel 

PLCγ2 variants, leading to a greater understanding of how hypermorphic disease-linked 

PLCγ2 variants may be driving pathogenesis. Furthermore, despite the increase in 

enzymatic activity exhibited from the S707Y hiPSC-derived microglia, it would appear 

that strong GOF PLCγ2 variants dysregulate microglia cell function by altering cytokine 

secretion, decreasing phagocytosis, dampening NF-κB activation and translocation, as 

well as downregulating microglia immune pathways and responses, all of which has 

never been documented before. Furthermore, these findings highlight that therapies 

which aim to alter PLCγ2 enzymatic activity need to be able to precisely modulate 

function to promote beneficial and not detrimental effects. 
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Chapter 9 - Supplementary Information 
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372: CAT (H) 

H327/372F 

 

327: TTT (F) 
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Figure S2 Comparison of EGFR and PLCγ2 protein expression in HEK293T 

transfected cells. Experimental WES Western blot from Figure 3.6. Transfection of a 

1:1 EGFR:PLCγ2-GFP WT DNA ratio. A) Staining of PLCγ2 (150kDa, 1:50, Cell 

Signalling Technology, 3872s) and GAPDH (42kDa, 1:100, Cell Signalling 

Technology, 2118s) transfected HEK293T cells. B) Staining of EGFR (175KDa, 1:50, 

Cell Signalling Technology, 4267s) and GAPDH (42KDa, 1:100, Cell Signalling 

Technology, 2118s) staining of transfected HEK293T cells. The experiment consists of 

one biological replicate, with one experimental replicate (n=1). 
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Figure S3 Experimental Western blot for IP1 protein normalisation. PLCγ2 antibody 

(1:50, 150kDa, Cell Signaling Technology) staining of experimental IP1 lysates, with 

expression normalised to GAPDH loading control (1:300, 42KDa, Cell Signaling 

Technology). Lysates were run through the WES Western blot and analysed using 

Compass (Protein Simple). Each lane represents each experimental replicate for EGF 

(150 ng/ul) stimulation. Comparison of PLCγ2/GAPDH expression displayed in the bar 

graph. Data represents mean value ± SD. The experiment consists of one biological 

replicate (n=1). 
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Figure S4 PLCγ2 and EGFR protein expression for titrated EGFR:PLCγ2 co-

transfected HEK293T cells. DNA was fixed to a total volume of 0.4ug, with 

EGFR:PLCγ2-HIS titrated in favour of PLCγ2. A) Lysates were run through WES 

Western blotting and stained with a PLCγ2 antibody (1:50, 150kDa, Cell Signaling 

Technology), with expression normalised to GAPDH loading control (1:300, 42KDa, 

Cell Signaling Technology). B) Lysates were run through WES Western blotting and 

stained with a EGFR antibody (1:50, 150kDa, Cell Signaling Technology), with 

expression normalised to GAPDH loading control (1:300, 42KDa, Cell Signaling 

Technology). EGFR, PLCγ2 and GAPDH expression was analysed using Compass 

software (Protein Simple) and GAPDH normalised protein expression visualised in the 

bar graphs .The experiment consists of one biological replicate (n=1). 
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Figure S5 Example of the IP1 variation observed for the PLCγ2 WT vs. P522R from 

protein normalisation between each biological replicate. Graphical symbol shape 

(triangle, square and circle) represents each set of biological replicates (Dunnett 

multiple comparisons two-way ANOVA, p-value displayed on the graph, n=3). Each 

biological replicate had at least three experimental replicates. Data represents mean 

value ± SD. 
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Figure S6 Cell confluency images of H9-derived microglia after 7 days of 

differentiation with an initial seeding density of A) 5k B) 10K. Images were captured on 

the IncuCyte S3 live-cell analysis system (Sartorius). 
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Figure S7 Representative calcium traces observed from stimulated H9-derived 

microglia. The cells were stimulated with either HBSS, 10 µg/mL control IgG, 

1.25/2.5/5/10µg/mL of TREM2 or FCγRIIa antibody, 500µM ATP or 5µM Ionomycin 

before the relative fluorescence units (RFU) were measured on a FLIPR Tetra 

(Molecular Devices). 
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Figure S8 Representative images of H9-derived microglia phagocytosing pHrodo-

labelled apoptotic SH-SY5Y cells after 1.5h and 5h. Brightfield and red fluorescence 

images were captured on the IncuCyte S3 live-cell analysis system (Sartorius). 
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Figure S9 Validation of the calcium normalisation methodology with H9-derived 

microglia. Microglia were stimulated with either HBSS, 10µg/mL control IgG, 

10µg/mL of TREM2 or FCγRIIa antibodies. After the calcium traces had returned to 

baseline each well was restimulated with 5uM Ionomycin. Experimental stimulated area 

under curve (AUC) calcium data was generated for each condition and normalised to 

the AUC of the Ionomycin re-stimulation. Graphical symbol shape (triangle, square and 

circle) represents each set of biological replicates (Dunnett multiple comparisons one-

way ANOVA, p-value displayed on the graph, n=3). Each biological replicate had at 

least three experimental replicates. Data represents mean value ± SD. 
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Figure S10 Representative images of PLCγ2 S707Y and WT hiPSC-derived microglia 

phagocytosing pHrodo-labelled apoptotic SH-SY5Y cells at 24h. Brightfield and red 

fluorescence images were captured on the IncuCyte S3 live-cell analysis system 

(Sartorius).  
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Figure S11 Representative image of the WES Western blot used for NF-κB p65 (1:40, 

Cell Signaling Technology) and S536 p-NF-κB p65 (1:40, Cell Signaling Technology) 

quantification of the homozygous and heterozygous PLCγ2 S707Y and WT hiPSC-

derived microglia, following ± LPS (100ng/mL, 20min) exposure. The experiment 

consists of one biological replicate (n=1). 
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Figure S12 PLCγ2 expression of WT and S707Y variant from the HEK293T IP1 assay. 

Lysates were run through WES Western blotting and stained with a PLCγ2 antibody 

(1:50, 150kDa, Cell Signaling Technology) and a GAPDH loading control (1:300, 

42KDa, Cell Signaling Technology). PLCγ2 expression was normalised to GAPDH 

expression and represented as a heat map. The experiment consists of one biological 

replicate (n=1). 
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Figure S13 PLCγ2 S707Y hiPSC-derived microglia differentially expressed genes 

(DEGs). A) Heatmap of the DEGs downregulated (Green) and upregulated (Red) in the 

PLCγ2 KO hiPSC-derived microglia, compared to PLCγ2 WT hiPSC-derived 

microglia. B) Volcano plot displaying the DEGs downregulated and upregulated in 

PLCγ2 KO hiPSC-derived microglia, compared to PLCγ2 WT hiPSC-derived 

microglia. RNASeq dataset was acquired from Andreone et al133.  
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Figure S14 Principle component analysis (PCA) of A) PLCγ2 WT and S707Y 

(heterozygous and homozygous) hiPSC-derived microglia, and B) PLCγ2 WT and KO 

hiPSC-derived microglia, with RNASeq data taken from Andreone et al133. 
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Figure S15 The raw counts per million (CPM) of the top 5 DEGs of the PLCγ2 S707Y 

hiPSC-derived microglia (compared to PLCγ2 WT). 
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Figure S16 The raw counts per million (CPM) of the DEGs of interest from the PLCγ2 

S707Y hiPSC-derived microglia (compared to PLCγ2 WT). 
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