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Summary  
Patients with Alzheimer’s Disease (AD) represent over 60 % of all dementia cases and current 

treatments cannot slow disease progression. Multiple AD-risk genes suggest microglia contribute 

to AD pathophysiology. This thesis investigates two AD-risk genes, SPI1 and ABI3. 

SPI1 encodes the transcription factor PU.1, essential in myeloid populations. SPI1/PU.1 is thought 

to affect AD-risk gene expression and an earlier AD-onset is predicted in individuals with high SPI1-

expression polymorphism. Current literature suggests increased SPI1/PU.1 expression alters the 

transcriptome of microglia and increases AD risk. PU.1 is essential for the survival of macrophages 

(MØ) raising concerns that treatment reducing PU.1 may affect peripheral MØ in the 

immunocompromised elderly. This thesis confirmed low PU.1 expression reduced microglial 

phagocytic capacity. 

RNA-Sequencing analysis identified over 162 microglia genes controlled by the amount of PU.1 

expressed. Some genes were only detected in a Spi1 over-expression dataset. 21 genes with 

significant expression-alterations showed an enriched signal for the IGAP (human AD-risk) dataset. 

Increased microglial Spi1 expression did result in increased expression of several AD-risk genes. 

Microglia Spi1 RNA-Seq datasets may provide a ‘map’ for future work to investigate how Spi1 

affects microglia function. 

ABI3 is thought to inhibit actin-cytoskeleton reorganisation impacting several MØ functions. Newly 

developed Abi3 KO mice were used to investigate the function of Abi3 in pMØ and in cell lines 

derived from these mice. Abi3 appeared to be expressed by a subset of peritoneal MØ (pMØ) and 

Abi3 KO pMØ had a moderately-reduced phagocytic capacity ex vivo. In vitro work suggested that 

M-CSF induced cell morphology changes are also subtly changed in cells lacking Abi3. Therefore, 

Abi3 KO did appear to modify the function of the actin cytoskeleton in MØs. 

Overall, this thesis demonstrated the AD-risk genes SPI1 and ABI3 can impact microglia/MØ 

physiology and provides some insights into how these changes might contribute to AD pathology. 
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 Overview 

As the most common form of dementia, Alzheimer’s Disease (AD) has become a worldwide health 

concern, affecting over 520, 000 people in the UK. Currently dementia care costs the UK over £26 

billion every year, and the number of patients has been predicted to increase dramatically within 

the next century [1]. Thus, there is a drive to find a disease-modifying treatment for AD. Multiple 

clinical trials have failed to treat AD, likely due to a poor understanding of AD aetiology. As AD 

pathology is thought to occur up to 20 years before clinical symptoms appear it makes the 

pathophysiology difficult to investigate. As a result there are multiple theories of and lots of 

conflicting evidence which has slowed understanding of the disease.  

In the past decade genome sequencing has been used to take a more unbiased approach to 

discover which genes contribute to AD risk. Multiple large-scale genetic studies of AD cases and 

controls produced a list of AD risk single nucleotide polymorphisms (SNPs). These SNPs were then 

attributed to genes and mapped onto biological pathways. These Genome Wide Association 

Studies (GWAS) purported that many of these AD risk genes were linked to immune system 

function [2,3]. This has led to an increased interest in the immune system of the brain, with a 

special focus on microglia. There is now a drive to understand how microglia might contribute to 

AD pathophysiology, but also how these individual AD risk SNPs/genes might alter the function of 

microglia.  

This thesis will focus on two protein-encoding AD risk genes identified by genetic association 

studies; SPI1/PU.1 and ABI3/ABI3 [4,5]. SPI1 encodes PU.1, an essential transcription factor in all 

macrophage (MØ) populations [6–8] that is known to alter the MØ transcriptome in a dose-

dependent manner [9,10]. Less is known about the functional role of ABI3 but it is suspected to 

play a role in cell motility and phagocytosis [11]. Thus the aim of this thesis was to investigate 

these proteins in knock-out/knock-down or over-expression models to determine the impact on 

microglial/MØ function.  
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 Alzheimer’s Disease 

The first recorded case of AD was described in 1907 by Alois Alzheimer. The 1995 translation of his 

work states the case of a 51-year-old woman who suffered memory loss and a lack of awareness 

of the date or time [12]. The clinical features of AD include impaired spatial navigation, short term 

memory loss and difficulty making decisions resulting from progressive neuronal loss in brain 

regions such as the hippocampus and pre-frontal cortex. Despite there being over 112 drugs 

currently in clinical trials for AD there are only a very few clinical treatments available and these 

only temporarily manage the symptoms [13]. These treatments are unable to alter disease 

progression and as increasing numbers of neurones are lost in AD, often making these drugs 

ineffective as AD progresses. 

Other pathological features of AD have been well described in post-mortem where brains 

commonly have shown enlarged ventricles, a consequence of the erosion of grey matter, Amyloid-

β (Aβ) plaques and tangles of hyper-phosphorylated Tau [14]. 

AD cases are normally categorised as early-onset AD (EOAD) or late-onset AD (LOAD). A proportion 

of EOAD carry familial autosomal dominant mutations (fAD) in the Amyloid Precursor Protein 

(APP) gene or in the Presenilin 1 (PSEN1) or Presenilin 2 (PSEN2) genes, which form part of the γ-

Secretase complex [15–17]. APP is first processed by β-Secretase before being further cleaved by 

the γ-Secretase into Amyloid-β (Aβ). Cleavage by the γ-Secretase enzyme will result in the 

production of multiple Aβ species but the most abundant isoforms end at position 40 (Aβ1-40) or 

position 42 (Aβ1-42) [18]. The PSEN1/ PSEN2 AD-risk mutations are thought to alter the structure of 

the γ-Secretase complex favouring production of the longer Aβ1-42 isoform which are more prone 

to aggregation [18]. In AD patients the ratio between Aβ1-42: Aβ1-40 is significantly increased, and 

the clearance of Aβ1-42 is reduced [19].The discovery of these early-onset AD risk genes led to the 

development of the Amyloid Cascade Hypothesis (ACH) which prevailed over the field for ~20 

years [20,21]. The ACH postulated that an accumulation of the Aβ protein due to an increased 

production of the stickier Aβ1-42 isoform and a reduced clearance, resulted in oligomers which 

eventually formed neurotoxic plaques [20].  

Multiple in vitro studies have shown that oligomeric Aβ and Neurofibrillary Tau Tangles (NFTs) are 

neurotoxic, it is not yet clear why these aggregated proteins appear in AD pathology [22,23]. 

However, recent evidence suggests that Tau pathology better correlates to AD progression [24–

27]. Tau production is increased in active neurones [28]. Mice which over-expressed Tau in the 

entorhinal cortex showed that NFTs formed here and were transferred to other neurons through 
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synaptic transmission [26]. As neuronal activity increases the release of Tau [28] excitatory 

neurones were particularly vulnerable to tau-induced death [29]. Aβ may also exacerbate this 

effect by further increasing neuronal activity in the brain [30]. Also hAPP AD model mice had a 

slower disease progression compared to hAPP mice that also over-expressed Tau [31]. Further 

studies using optogenetic technology are being done to look at how Tau and Aβ contribute to 

these hyper-excitable circuits, and to see if reducing the activity of the circuits has any influence 

on AD progression [32]. 

Thus present-day understanding of AD aetiology suggests that dysregulated Aβ/Tau can result in 

aberrant excitatory activity within neuronal networks (reviewed in Huang & Mucke 2012). Over 50 

% of family members with fAD mutations experienced seizures [34]. Seizures have been observed 

early on in AD patients [35] and AD patients with epileptiform activity had a steeper decline in 

cognitive tests [36].  

In transgenic mouse models hAPPFAD mice had spontaneous seizure activity in cortical and 

hippocampal neural networks [37], and in APP/PS1 mice seizures coincided with Aβ plaque 

development [38]. Bi-photon imaging of APP23/PS45 mutant mice found all hyperactive neurones 

were within 60 µM of an Aβ plaque [39]. Fu et al. (2017) noted that at 30 months of age mice 

over-expressing Tau in the entorhinal cortex lost excitatory neurones in the entorhinal cortex, and 

experienced deficits in spatial memory as a consequence of altered neuronal circuitry [29]. 

Martinez-Losa et al. (2018) developed interneuron progenitor cells that had been genetically 

altered improve regulatory function. When these cells were transplanted into the brains of J20 AD 

transgenic mice they lessened the abnormal neuronal activity and restored performance in spatial-

memory tasks [40]. Consequently, it appeared as though Tau and Aβ pathology are linked to 

aberrant neuronal circuits. Interestingly microglia can both influence and be influenced by 

neurotransmission and are altered by epileptic seizures, reviewed in [41] and [42]. 

Microglia express receptors for most neurotransmitters and microglial can influence synaptic 

transmission [43,44]. Loss of two key microglia receptors, Cx3cr1 and CD200, can impair Long 

Term Potentiation (LTP) which is the molecular mechanism underlying learning and memory 

[45,46]. Lipopolysaccharide (LPS), part of the outer membrane of gram-negative bacteria, 

stimulates microglia through Toll-Like Receptor (TLR) 4. LPS stimulated microglia could induce 

neuronal signalling from excitatory neurones which was not observed in mice lacking microglia 

[47]. Moreover TNFα, which is released by reactive microglia, inhibited astrocytic-uptake of 

glutamate in primary human glial cultures potentiating the excitotoxic environment [48]. Thus, it 
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follows that microglia are able to influence neuronal signalling. As microglia are thought to 

contribute to AD pathophysiology it is possible reactive microglia add to the hyperexcitable 

circuitry observed in pathology.  

More work is required before our understanding of AD pathophysiology is sufficient to inform drug 

design. In the last 10 years understanding of the genetic contribution in AD has improved, as well 

as environmental risk factors such as obesity and gender. Age remains the most significant 

environmental risk factor, and therefore much effort has gone into researching how aging affects 

the brain, especially as the immune system is thought to become senescent in the elderly 

reviewed in [49]. Therefore the following will focus genetically associated risk genes in AD. 

1.2.1 Insights from Genetic Association Studies 

1.2.1.1 Early onset AD (EOAD) risk genes 

The most extreme form of EOAD originates from heritable APP, PSEN1 or PSEN 2 mutations [15–

17]. These mutations converge on the APP processing pathway, as shown in Figure 1.1.  

 

Figure 1.1 The Amyloidogenic APP Processing pathway. APP is cleaved by β-Secretase to release a soluble 
APPβ fragment. The C99 fragment is further cleaved by γ-Secretase to produce various Aβ isoforms and the 
APP intracellular domain (AICD). The longer Aβ1-42 form is more prone to aggregate in plaques. Mutations 
in the APP gene normally lie in the cleavage sites for β-Secretase (highlighted by the first star) or γ-Secretase 
(indicated by the second star) enzymes which results in inappropriate cleavage. PSEN1 and PSEN2 encode 
parts of the γ-Secretase complex. 

PSEN1 and PSEN2 encode parts of the γ-Secretase complex which is responsible for the cleavage of 

APP into the various Aβ isoforms. These AD risk mutations are thought to result in the preferential 

cleavage of the longer Aβ isoforms which are more prone to aggregation [18]. As reviewed in [50] 

these mutations have provided insight into the role of the Aβ pathway in AD pathology. The next 

sections will discuss LOAD risk genes which are thought to affect a wider range of pathways.  

1.2.1.2 Apolipoprotein E risk genes 

LOAD risk is thought to be between 65 to 70 % heritable [51]. The Apolipoprotein E (APOE) is the 

most well-known LOAD risk gene and has three allele variants, ε2, ε3 and ε4 which are each 

associated with a different level of risk as reviewed in [52]. The most common variant is ε3, and ε4 
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is associated with the highest AD risk. The predicted increase in risk is 2-3 times with one copy of 

the ε4 allele and up to 12-fold higher if an individual has two copies of the ε4 [53]. The ε2 allele 

variant is thought to be protective against AD but could result in an increased risk of vascular 

dementia, which is caused by Aβ deposits in the vasculature. Approximately 12 % of the European 

population has at least one copy of the ε4 allele, 79 % have an ε3 allele whereas only 7 % have one 

or more copies of the ε2 allele [54]. 

Many in vitro studies are trying to determine the exact function of ApoE in the brain and believe it 

to have a role in lipid transport and potentially in microglial phagocytosis [55,56]. Induced 

Pluripotent Stem Cell (iPSC) cultures have shown each APOE allele alters the physiology of multiple 

CNS cell types [56,57]. For example, iPSC neurones with the ε4 allele produce far more Aβ 

compared to iPSC neurones with an APOE ε3 genotype. Moreover, astrocytes and microglia-like 

cells derived from the APOE ε4 iPSC line tend to a more inflammatory state than the APOE ε3 

controls [56].  

APOE is thought to act with another AD-risk gene TREM2 to form a molecular trigger for Disease-

Associated Microglia (DAM) [58]. Krasemann et al. (2017) proposed that apoptotic neurones 

activate the Trem2-Apoe signalling pathway, which suppresses homeostatic Transforming Growth 

Factor-β (TGF-β) signalling resulting in a more inflammatory phenotype. Microglia did not respond 

in this manner to exogenous immune stimuli such as e. coli or zymosan [58]. Recent developments 

in genome sequencing technology have made undertaking large populations screening for AD risk 

genes feasible.  

1.2.1.3 Other Late Onset AD risk genes 

Several large-scale studies have investigated genetic loci associated with LOAD risk. CLU, PICALM 

and CR1 [59–62] were quickly identified as LOAD risk loci. Later investigations also identified 

MS4A4/MS4A6E, CD2AP, CD33, EPHA1 and ABCA7 as loci conferring an increased AD risk [63,64].  

Lambert et al. (2013) performed the largest publicly available genome wide screen of AD patients 

and controls as part of the International Genomics of Alzheimer’s Disease Project (IGAP) [3]. The 

comparison of the AD patients and controls allowed risk SNPs to be assessed in an unbiased 

manner. Several novel risk loci were identified in this study including INPP5D, MEF2C and HLA-

DRB5 which are linked to immune function and three others were validated CD33, CR1 and 

TREM2. Recent work by Sims et al. 2017 identified rare coding AD variants in PLCG2, ABI3 and 

TREM2 [5]. ADAM10 and ACE have been independently confirmed as AD risk loci [65,66]. 
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Furthermore, the data gained from these large-scale genetic association studies has been 

interrogated to identify risk genes from these loci. In 2014 Escott-price et al. identified SPI1 as a 

LOAD risk gene using a mathematical modelling approach [4]. 

Overall the understanding of the genetic causes underlying LOAD is sufficient that a polygenic risk 

score can be used to correctly predict over 90% of LOAD cases [67]. This discovery means that 

studies could now investigate changes in the brain before symptoms appear, and clinical trials 

could intervene earlier on in AD. Therefore, some focus is moving to align the risk loci to genes link 

these genes with pathways to improve the biological understanding of AD.  

1.2.1.4 Linking Genetics to Biological Understanding 

The first in silico analyses of these AD risk loci by Jones et al. (2010) who used gene ontology 

databases to try and predict possible biological pathways with a role in AD pathophysiology. The 

results showed the most significant pathways associated with AD pathology were related to the 

immune system, endocytosis and cholesterol metabolism [2]. In a later paper the same group 

combined the GWAS and gene expression data to confirm immunity to be a relevant process in AD 

pathology, in addition to identifying cholesterol transport and protein ubiquitination as other 

important processes [68]. 

Other studies have taken a different approach to link the genetic results to our biological 

understanding. Karch et al. (2012) measured mRNA expression of AD-risk genes in AD and control 

brains and found there to be alterations in AD brains [69]. However a problem with measuring 

gene expression in whole-tissue AD samples is the disease pathophysiology results in neuronal loss 

and microgliosis meaning that the microglia genes are likely over-represented in AD cases 

compared to controls, so expression of microglia always appears higher. There are several 

obstacles that make studying these genes in a more biological context including; identifying which 

cell type these risk SNPs exert their biological effect, developing appropriate in vitro and in vivo 

models and determining how these changes might influence the final phenotype of the whole 

organism. 

Gjoneska et al. (2015) compared epigenetic data taken from AD patient samples and the CK-p25 

AD mouse model. They found an enriched active promoters/enhancer signal in immune-related 

genes, which was conserved between species. Moreover this study concluded SPI1/PU.1 may have 

a role in AD pathology [70]. As many of the AD-risk genes seem to implicate the immune system in 

AD pathology several in silico have looked at the immune-related genes as a network.  
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The indication that immunity appears to play a role in AD pathology has led to several 

immunotherapeutic drugs being re-purposed for AD and are currently in phase I/II and III trials 

[13]. In conclusion LOAD genetic association studies have prompted several new investigative lines 

of research, including the role of the immune system in AD. The next section will discuss what is 

presently known about the contribution of the immune system in AD. 

1.2.2 The Immune System in AD 

Several pieces of evidence suggest microglia are implicit in AD aetiology, as reviewed in [50]. 

Firstly, immune-related LOAD risk gene networks have been identified [2]. The individual LOAD risk 

genes will be discussed in section 1.4.4.  

Secondly, evidence collected from post-mortem investigations has shown that there is an 

expanded microglia population (microgliosis) in the brains of AD patients and that these microglia 

are in a more reactive state compared to controls [72,73]. It is not known if microgliosis is 

contributing to AD or helps alleviate AD pathology. The ‘double-edged sword’ theory is most 

widely accepted, proposing that microglia are beneficial in early AD but become pathogenic after 

chronic exposure to an inflammatory environment. AD is thought to prime microglia for activation, 

so a second immune stimulation results in an exaggerated inflammatory response [74]. In AD 

patients microgliosis has also been observed in some PET imaging studies, though these results 

have not been consistent [75]. Most studies measure TPSO to infer the status microglia however, 

immunohistochemical analysis has shown TSPO is expressed on astrocytes and neurones in 

addition to microglia [76] so is not a suitable marker of microglia activation. 

Thirdly, work in transgenic mouse models has indicated microglial have a role in AD 

pathophysiology [77], as discussed below. 

1.2.2.1 Assessing Microglia impact in AD mouse models 

Historically the impact of microglia in disease models has been assessed by removing the microglia 

population. The most common approaches to ablate the native microglia population were 

irradiation or the thymidine kinase enzyme (TK) gene under the CD11b promoter and treating with 

ganciclovir to induce death in cells expressing CD11b [78]. When the TK-ganciclovir approach was 

used to temporarily deplete microglia in the APP/PS1 AD mouse model the Aβ plaque load was 

unaltered [78]. This could have been due to the short depletion time (2-4 weeks) that occurred too 

far into disease progression. However even when microglia were depleted for 1-3 months Aβ 

deposition in APP/PS1 mice was unaltered [78]. When microglia were imaged in vivo to observe 

interactions with Aβ over time it was found that microglia could not prevent Aβ plaque formation, 
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but did restrict plaque growth [79]. As previously discussed (section 1.2) Aβ deposition might not 

accurately represent the stage of AD, which could make it an inaccurate measure of the outcome 

in these studies [27]. By depleting the microglia in these models the impact of how microglia 

contribute to disease progression cannot be assessed. Thus, multiple experiments opted to utilise 

AD transgenic models where microglia lacked a functional receptor instead. Cx3cr1 and CD200 

receptors are expressed on microglia and contribute to a homeostatic phenotype, see section 

1.4.2.1 for full discussion [46,80–82]. 

In 2010 Fuhrmann et al. bred mice without the Cx3cr1 receptor to the 5xTg-AD mouse model [83]. 

Complete removal of Cx3cr1 in 5xTg-AD model prevented the extensive neuronal loss that was 

observed in 5xTg-AD/Cx3cr1-heterozygous mice. Thus, more responsive microglia helped slow AD 

progression in this model [83]. 

Mice lacking CD200, a CNS ligand which signals through the CD200 receptor on microglia, have a 

higher baseline expression of reactive microglia markers associated with an inflammatory state 

[84]. While it does not appear that the CD200 KO mice have yet been bred to AD transgenic mice, 

work in Wistar rats showed microglia activation correlated to a reduced CD200 expression, CD200 

was also reduced following Aβ injections [85]. As CD200 knock-out mice have a higher 

inflammatory this may also slow disease progression in AD mouse models [46].  

Macrophage-Colony Stimulating Factor (M-CSF) and IL-34 signal through the Colony Stimulating 

Factor 1 receptor (CSF1R) to maintain MØ and microglial populations and drive MØ/microglial 

proliferation [86–88]. CSF1R antagonism can prevent microglia in response to an LPS challenge 

[89]. Recently, CSF1R inhibitors have been used to prevent microgliosis in AD mouse models.  

9-month-old APP/PS1 mice had CSF1R inhibitor (GW2580) incorporated in their diet for 3 months. 

The Csf1R inhibitor treated APP/PS1 mice had a reduced number of microglia due to a lower 

microglial proliferation compared to APP/PS1 mice on a control diet [73]. This was associated with 

a reduction in several microglia specific genes, such as Spi1, C/ebpα and CSF1R. Treatment with 

the CSF1R inhibitor did not alter the Aβ plaque load, though the synapses of these mice were 

more preserved than in APP/PS1 mice on a control diet. This likely explains why CSF1R inhibitor 

treated APP/PS1 mice performed better on several cognitive tests designed to test short-term 

memory, which was impaired in control APP/PS1 mice [73].  

Similar observations were made in 3xTg-AD model mice treated with a different CSF1R inhibitor 

(PLX5622) for up to 3 months [90]. Treatment with this inhibitor caused a ~30 % reduction in the 
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number of microglia compared to untreated 3xTg-AD mice [90]. After 3 months of treatment Aβ 

pathology was unchanged, though fewer microglia were associated with Aβ plaques compared to 

untreated mice. More importantly, CSF1R inhibitor treated 3xTg-AD mice performed better on 

cognitive tests than untreated mice [90].  

When 5xTg-AD model mice were treated with the PLX3397 CSF1R inhibitor at 2 months it reduced 

Aβ plaque pathology [91]. These 5xTg-AD mice were treated with the CSF1R inhibitor for 3 months 

and had a 70-80 % reduction in the number of microglia population which resulted in an improved 

performance in cognitive tests compared to untreated controls [91]. A shorter CSF1R inhibitor 

treatment in older 5xTg-AD mice also reduced the number of microglia compared to [92]. While 

both untreated and treated 5xTg-AD mice had a similar Aβ plaque load, though CSF1R inhibitor 

treatment again prevented deficits in cognitive performance that were seen in untreated 5xTg-AD 

mice [92]. 

These CSF1R inhibitor experiments suggest that reducing microgliosis ameliorates cognitive-

deficits associated with AD pathology, even at later disease stages. However, Cx3cr1 knock-out 

studies suggests that reactive microglia are beneficial in AD pathology. It could be that microglia 

become less reactive in AD so the population expands to try and offset the impact of having less 

reactive microglia. These studies also suggest Aβ plaque pathology does not accurately represent 

behavioural changes in these mice (as discussed in section 1.2). However, these microglia 

depletion experiments do not account for the impact of the peripheral immune system in AD 

which will be discussed in the following section.  

1.2.2.2 Recruitment of Peripheral Immune Cells in health and AD 

If the native microglia population has been depleted then peripheral monocytes are thought to be 

recruited to the brain and differentiate into microglia-like (MDML) cells [8,93–96]. It has been 

proposed that, in mice, Ly6Chigh monocytes are preferentially recruited following CNS lesions, in a 

CCR2-dependent manner [95]. Induction of a peripheral interferon-γ (IFN-γ) response has been 

shown to increase trafficking of Ly6ChighCCR2+ monocytes through the choroid plexus, slowing 

disease progression in both 5xfAD and hTAU expressing mouse models [97–99]. Recent work has 

proposed that T-cells located in the choroid plexus are able to impact the immune system of the 

CNS both short-term and long-term [100]. The choroid plexus is the site of the Blood-

Cerebrospinal-fluid Barrier (BCSFB), which is slightly different from the rest of the Blood-Brain 

Barrier (BBB), and is the sight of immune-cell trafficking in the brain [101].  
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Multiple studies have suggested that these MDML cells are present in transgenic mouse models 

[102] and help slow AD progression [103–105]. It has been observed that MDML have a higher 

phagocytic capacity than native microglia in AD [78,103] which may be due to MDML having a 

more inflammatory basal state, observed in APP/PS1 mice [106]. However, others believe that the 

presence of MDML is dependent on the transgenic mouse model as another study found MDML 

did not interact with Aβ plaques in 5XfAD and APP/PS1 mice [107]. The discovery of better 

microglia specific markers, such as Tmem119, should help determine if MDML are present in all 

transgenic AD mouse models, and in human AD pathology [108].  

As reviewed in [109] the BBB is now thought to be compromised early on in AD pathology. High 

resolution MRI showed the BBB around the hippocampus begins to breakdown with age, and 

individuals with Mild Cognitive Impairment (MCI), which precedes most AD cases, had a more 

overt hippocampal BBB breakdown [110]. Patients with early AD have also been shown to have 

leakier BBB than healthy controls in multiple brain regions [111]. Moreover, there is some 

evidence that a compromised hippocampal BBB is independent of Aβ and Tau pathology changes 

[112]. A similar breakdown of the BBB has been seen in some transgenic mouse models, as 

reviewed in [109]. This likely alters monocyte and T-cell CNS entry in AD, especially as the normal 

entry site, the choroid plexus, is thought to be suppressed in AD [110,113,114].  

An age-dependent immunosuppression of the choroid plexus was observed in humans and mice. 

Increased type-I IFN (IFN-I) was thought to lower peripheral IFN-γ reducing monocyte trafficking 

and resulting in deficits in hippocampal learning and memory in mice [115,116]. More recent work 

suggested that IFN-I downregulates the microglial Mef2C transcription factor, which is known to 

collaborate with Spi1, and is another LOAD associated risk gene [117,118].  

When a mIFNγ expressing virus injected in the cerebral ventricle of 2-day-old APP-TgCRND8 mice 

the Aβ load at 5 months was reduced in these mice compared to mice who received a control virus 

[119]. This was accompanied by an increased number CD11b+/Iba-1+ cells and increased 

MHCI/MHCII gene expression and a larger population of non-Aβ plaque associated MDML [119]. 

Together this suggests that IFN-γ expression results in immune activation and a reduction in 

plaque load, though the lack of behavioural testing meant the impact on AD progression could not 

be determined.  

24-month-old APP/PS1 had higher cortical expression of Cd68, Il1b and Ifnγ mRNA and higher 

phosphorylated (functional) STAT1 than wild-type (WT) littermates [120]. On a cellular level there 

were a higher number of CD11b/IFN-γ receptor double-positive cells in APP/PS1 transgenic mice. 
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The BBB was thought to be more permeable in these AD model mice, as assessed by MRI staining 

and a higher percentage of infiltrating monocytes [120]. 

Recent work has also shown T-cells, part of the adaptive immune system, enter a healthy CNS 

through the choroid plexus and may have a beneficial role in immune surveillance and repair 

[101,115]. This T-cell recruitment is thought to require signalling cues from both the periphery and 

the brain [121]. In AD pathology the choroid plexus is immunologically suppressed in the 5xfAD 

mouse model as both peripheral IFN-γ production and ICAM-1 expression were both reduced and 

FoxP3+ regulatory T-cells (T-regs) were present in higher numbers [98]. Both transient depletion of 

T-regs and PD-1 inhibition, which impairs T-reg signalling through the checkpoint PD-1, restored 

systemic IFN-γ signalling in in 5xfAD and APP/PS1 AD model mice. This restored T-cell trafficking 

through the choroid plexus, reduced Aβ load and improved performance on behavioural tests in 

5xfAD and APP/PS1 AD model mice [98].  

Additionally Marsh et al. (2016) bred Rag2/IL2rƴ knock-out mice to the 5xfAD transgenic model to 

remove the adaptive immune system (T-cells, B-cells and NK cells) [122]. It was observed that 

5xfAD mice with no adaptive immune system had higher levels of Aβ, which was attributed to 

impaired Aβ clearance. Moreover, the microglial gene expression and phagocytic capacity was 

altered in the 5xfAD mice with no adaptive immune system. Further investigation suggested that 

this disparity was due in part to a lack of immunoglobulin (IgG) antibody secretion from the 

adaptive immune arm [122]. 

However Togo et al. (2002) thought T-cells were detrimental as T-cells were present in higher 

numbers in late stage AD especially in the hippocampus and entorhinal cortex, which are regions 

affected by AD pathology [123]. Though hippocampal T-cells were also present in the control 

cases, often at similar levels to the AD cases [123]. 

Overall these studies suggest multiple AD mouse models have an immunosuppressed choroid 

plexus and relieving this suppression increases monocyte and T-cell trafficking which is beneficial. 

While IFN-I has been shown to be higher in aged humans as it was in mice [116], alterations to the 

choroid plexus in human AD pathology are not as easily assessed. There are several recently 

developed human in vitro BBB models that could be adapted to investigate the choroid plexus 

(BCSFB) in AD [124,125]. It is not only peripheral cells that have been shown to impact microglia 

physiology as peripheral infections have been shown to impact AD progression, as discussed 

below. 
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1.2.2.3 Microglial response to Peripheral Infection and Inflammation 

Clinicians observed AD patients with an infection experienced an acceleration in cognitive decline, 

supported by evidence that inflammatory proteins were associated with an increased AD-risk 

[126]. Moreover, PET scans of patients with a high level of peripheral C-Reactive Protein (CRP, 

denoting inflammation) had an increased TSPO binding potential compared to low-CRP patients, 

suggesting that systemic inflammation is linked to neuroinflammation [127]. Holmes et al. (2009) 

later demonstrated AD patients with a higher baseline TNFα expression had a faster cognitive 

decline over 6-months compared low-TNFα patients [128]. 

Moreover, Rheumatoid arthritis (RA) patients are over 7 times more likely to develop AD than 

patients without this inflammatory disease [129]. RA patients treated with TNF inhibitors, like 

Etanercept, had a lower risk of developing AD. Therefore, following successful safety trials [130], 

Etanercept is being tested as a potential AD therapeutic [131]. 

In mice peripheral LPS injections induced microglia activation in multiple mouse strains [132]. In a 

mouse prion disease model a LPS-challenge resulted in a more aggressive CNS inflammatory 

response and cognitive impairment that was not observed when non-diseased mice were given 

LPS [133]. It was hypothesised that the neurodegenerative disease primes microglia which then 

respond in an exaggerated manner to a peripheral immune challenge [133]. 

1.2.2.4 Non-Microglial CNS MØ populations 

While microglia are the best characterised population of myeloid cells, other functionally distinct 

populations such as perivascular MØ, meningeal MØ, choroid plexus MØ and resident monocytes 

exist in the CNS [134]. Research into the potential role of each CNS myeloid population in AD 

pathology has only just begun. One study found perivascular MØ play an important role in Aβ1-42 

clearance in vessels, which could be beneficial in vascular dementia. The perivascular MØ were 

depleted in TgCRND8 AD mouse model, resulting in an increased deposition of Aβ1-42 in the 

vasculature. When the perivascular MØ were stimulated this Aβ1-42 deposition was reduced [135], 

which was observed in another mouse model (Tg2674-APPSWE) [136]. The advent of single cell 

sequencing technology should enable these CNS myeloid populations to be studied independently, 

pending the discovery of identifying markers. 

1.2.2.5 Astrocyte Activation in AD 

As the brain contains multiple cell types the potential contribution of other glial cells such as 

astrocytes in AD has also been investigated. Liddelow et al. (2017) found that microglia could 

activate a subset of astrocytes following LPS stimulation via secretion of IL-1a, TNF or C1q. This 
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subset of astrocytes was not activated in LPS-challenged mice lacking microglia. The activated 

astrocytes were found to reduce synapse number and became neurotoxic [137]. 

In 2013 Serrano-Pozo et al. found an increased GFAP expression, a marker of astrocyte activation, 

in AD patients compared to non-demented controls [138]. Activated microglia and astrocytes were 

found to surround Aβ plaques in 15-month-old APP/PS1 transgenic mice [139], which has been 

independently observed in humans [140].  

Work in the APP/PS1 model mice suggested that astrocyte activation may surpass microglia 

activation in AD [139]. It has been proposed that microglia have evolved to quickly shut-off 

production of inflammatory, to protect neurones, but as astrocytes do not normally contribute to 

cytokine production they are unlikely to have a well-regulated off-switch [141]. As reviewed in 

[142] astrocytes support neurones by maintaining the extracellular environment, uptake of 

neurotransmitters like Glutamate, and the production of various growth factors. Therefore, the 

astrocytic contribution to AD pathology could severely affect neuronal function. 

 Tissue Resident Macrophages 

Macrophages (MØ) are part of the leukocyte family and the innate immune system and  were first 

described by Eli Metchnikoff in the late 19th century [143]. MØ have an important role in pathogen 

defence, clearance of debris and tissue repair as reviewed in [144]. Tissue resident MØ (trMØ) are 

highly specialised populations of MØ that are mostly seeded in a tissue early on in development 

[145]. The trMØ were first studied using transgenic mice with GFP or Cre expressed under the 

Cx3cr1 promoter, which is expressed on MØ populations [146,147]. The diversity of trMØ 

populations was investigated by sequencing the mRNA of multiple tissue MØ populations [148]. 

trMØ have been shown to have a separate transcriptional identity from other MØ, which likely 

aids their niche-specific functions [148–151]. Lavin et al. (2014) profiled multiple trMØ populations 

using a combination of RNA-sequencing (RNA-Seq), Chromatin Immunoprecipitation-sequencing 

(ChIP-Seq) and ATAC-sequencing (ATAC-Seq) to try and elucidate epigenomic and transcriptomic 

differences in these trMØ. In microglia the tissue specific enhancer has been reported to be Mef2C 

[118], though Sall1 is also considered to be important for microglia identity [152]. Compared to 

other trMØ populations microglia showed a more distinctive gene expression pattern, suggesting 

these populations were more distantly related [153]. Moreover, it has been found that tissue 

specific enhancers collaborate with C/EBP and PU.1 to produce the trMØ transcriptomic signature 

[153].  
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Lavin et al. (2014) also investigated if the transcriptomic signature is partly determined by the local 

tissue environment. Irradiated mice that endogenously express CD45.2 received bone marrow 

transplants from mice expressing CD45.1 and trMØ populations were isolated 4 months later. It 

was observed that the CD45.1 bone-marrow derived MØ (BMDM) replaced the lost trMØ subset 

and acquired some of the enhancer landscape of trMØ taken from untreated mice [118]. In 

another experiment CD45.1+ pMØ were transplanted into the lungs of CD45.2+ mice had a partial 

loss their old transcriptomic profile to favour of more alveolar MØ specific genes, though a lot of 

cells were lost in the transplantation and this adaptation was not complete [118]. This was 

supported by Gosselin et al. (2014) who found environmental signals were required to maintain 

expression of certain genes. When comparing freshly isolated microglia and pMØ to cultured 

microglia and pMØ they noted the loss of expression in several genes in the cultured MØ.  

In the brain environmental signals include M-CSF, cholesterol and TGF-β [153–155]. It is likely 

other signals are required as once murine microglia are removed from the brain TGF-β dependent 

genes such as Tmem119 are halved within a matter of hours [154,155]. Mouse and human 

microglia transcriptomes have been shown to be largely conserved [156] 

Further evidence for the CNS providing specific signals that contribute to microglia identity comes 

from MDML cells, described in 1.2.2.2. Monocytes adopt a microglia-like phenotype (MDML) in 

the brain, upregulating expression of Cx3cr1 and Iba-1 while reducing CD45 expression [95]. 

Tmem119 is thought to only be expressed in vivo by the native microglia population and not on 

MDML cells, in mice and humans, though some in vitro work suggests iPSC cells can also express 

Tmem119 [108,157,158]. 

 Microglia  

1.4.1 Origin and Lifetime of Microglia 

Microglia were first described by Nissl in 1899 were first referred to as microglia by del Rio-

Hortega in 1932, who described them as a potential disposal system within the brain [159]. For 

many years the developmental origin of the microglia population was a matter of debate, as 

reviewed in [160]. As the Cx3cr1 receptor is highly expressed in microglia throughout development 

Ginhoux et al. (2010) were able to trace the development of microglia in vivo using Cx3cr1GFP 

reporter mice [146]. As a result of this study microglia are now known to be derived from the 

embryonic yolk sac and are seeded around day 10.5 in murine embryonic development [88]. 

Transcriptomic work has determined that microglia have three distinct developmental phases 

[161]. Recent evidence has suggested microglia density varies between brain regions. Erö et al. 
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2018 produced a cell atlas for the mouse brain and noted more microglia were present in the 

cortex of these mice compared to the cerebellum or fibre tracts [162]. The microglia density was 

also found to vary between different parts of the basal ganglia [163]. 

Microglia are a long lived self-renewing population. In 2015 Bruttger et al. found that microglia 

were able to repopulate the CNS within 4 days after ablation [164]. Askew et al. (2017) built on 

this work to show that microglia number was maintained by a tightly regulated balance between 

proliferation and apoptosis The standard rate of microglial proliferation was determined to that 

0.69 % of microglia were in the S-phase of the cell cycle at any given time [165]. As the density of 

microglia was similar in mice aged 4 to 24 months, it was evident that a high rate of apoptosis was 

required. Two-photon imaging studies showed that after a microglia died the nearest 

neighbouring microglia proliferated suggesting that microglia turnover was spatially and 

temporally linked [165].  

These findings were confirmed in the “Microfetti” mouse model whose microglia randomly 

expressed one of four fluorescent proteins, enabling “daughter” microglia cells to be tracked after 

cell division. In these mice microglia density was stable, though there were regional differences in 

the rate of microglia turnover [166].  

Microglia are thought to be long lived within the mouse CNS, as 26-months later approximately 50 

% of the imaged microglia were still present [167]. Following proliferation the daughter cell moves 

~40 µM away from the parent microglia. This distance ensures they are able to interact with the 

established microglia network while maintaining their own "territory" [167]. 

Réu et al. (2017)suggested that murine microglia had a much higher turnover than human 

microglia [168]. They calculated that approximately 0.08 % of human microglia were undergoing 

division on any given day. This differed from the calculations by Askew et al. (2017) who estimated 

2 % of human microglia were dividing in post-mortem tissue samples [165]. As human microglia 

gene expression has been shown to increase with age which could explain the disparity between 

these studies meaning a greater samples size could improve these calculations. 

While the development of new reporter mouse lines has allowed researchers to reliably determine 

the microglia turnover in murine models, there is a lot of work remaining to gain an accurate 

microglia proliferation rate in human, in health and disease. It is important to remember that the 

function of microglia is not solely reliant on the cell number, as discussed in the next section. 
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1.4.2 Important Microglia Receptors 

Microglia identity is controlled by both transcriptional regulator and environmental cues, such as 

TGF-β (section 1.3). The function of several key receptors, shown in Figure 1.2, will be discussed 

below, with a focus as to how they are able to influence microglia function. A thorough review of 

microglia physiology can be found in [43]. 

 

Figure 1.2 Summary of key Quiescent and Effector microglia receptors adapted from [169]. CD200R and 
Cx3cr1 receptor signalling maintains microglia in a quiescent state. Trem2/Dap12 signalling is one of the 
phagocytic signalling receptors. Purinergic receptors aid in microglia chemotaxis and Csf1R signalling 
promotes microglia survival and proliferation. 

1.4.2.1 Quiescent receptors 

Microglia help maintain neuronal function and preserve CNS tissue by surveying their territory to 

detect any damage or debris. As neurones are metabolically active this often means phagocytosing 

of debris. While some stimuli trigger an inflammatory response, this is promptly resolved under 

normal physiological conditions. In vivo imaging has demonstrated microglia have very motile 

processes even when they are in a “quiescent” state, so they should not be considered resting 

[170,171].  

Receptors expressed on neurones, astrocytes and oligodendrocytes help maintain microglia 

homeostasis. There are two principal receptor pairings that are considered to induce a quiescent 

signalling cascade in microglia, CD200-CD200R and CX3CL1-CX3CR1 (Figure 1.2). 



18 
 

The CD200 ligand is expressed by neurones, astrocytes and oligodendrocytes  while the receptor is 

only found on microglia [81,82] Hoek et al. (2000) demonstrated that removing the CD200 ligand 

prevents microglia from becoming fully quiescent. The microglia were found to have a higher 

baseline expression of CD11b and CD45 which is known to indicate that the cells are in a more 

reactive state.  

Justin et al. (2011) investigated the effect of Cx3cr1 knock-out on CNS physiology under non-

pathological conditions. Mice with a complete Cx3cr1 knock-out had impaired several forms of 

hippocampal dependent learning compared to mice that were heterozygous for Cx3cr1 deficiency 

[45]. These Cx3cr1-related memory deficits were determined to be caused by an increased 

expression of the inflammatory cytokine IL-1β [45].  

Cardona et al. (2006) found that microglia which are deficient in Cx3cr1 were more sensitive to 

immune stimuli. Cx3cr1 knock-out mice showed a higher microglial activation following a 

peripheral LPS injection compared to Cx3cr1 heterozygous mice [172]. The paper does not 

mention if the Cx3cr1 knock-out microglia had an altered baseline inflammation compared to the 

heterozygous mice. It was determined that Cx3cr1 suppression of microglia is at least partly 

mediated by IL-1, preventing a widespread activation [172].  

Taken together these experiments demonstrate the importance of maintaining the quiescent 

signalling pathways in homeostasis that exist between microglia and other CNS cells. The next 

section will move onto discuss which receptors are involved in enabling microglia to perform 

functions such as chemotaxis, recruitment of other cells and phagocytosis (Figure 1.3).  

1.4.2.2 Effector receptors 

In addition to quiescent signalling molecules, there are also several receptors expressed on non-

microglial cells that provoke a microglial response, often described as “reactive” or “effector” 

state. The branched, ramified morphology of quiescent microglia is lost once microglia become 

reactive. In this conversion the cell processes become shorter and thicker resulting in microglia 

with a rounder more ameboid morphology (Figure 1.3). These morphological changes were seen 

by Nissl in 1899, reviewed in [159], and are still used to study microglia activation today. 

Reactive microglia express higher levels of CD45, CD68 and MHCII which is often accompanied by a 

reduction in Iba-1, Tmem119 and P2Y12 receptor (P2ry12). The advent of microglia transcriptomic 

studies has meant a more unbiased approach can be taken when characterising microglia 

phenotype.  
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In 2013 Hickman et al. defined a set of proteins that allowed microglia to sense changes in their 

environment, termed “sensome” [173]. A later transcriptomic study characterised the microglia 

“reactome” following multiple immune challenges [174]. These studies will enable researchers to 

accurately identify the profile of microglia, following validation experiments. The following 

sections will discuss the receptors that are critical in the microglia effector response namely, 

chemotaxis and phagocytosis (Figure 1.3). 

 

Figure 1.3 Overview of Effector and Quiescent signalling cues in Microglia. Quiescent signals help microglia 
maintain a homeostatic surveying state (purple). Effector signals such as detection of apoptotic cells results 
in reactive microglia (red). These effector microglia then migrate to the area of injury and phagocytose 
apoptotic cells.  

1.4.2.2.1 Chemotactic Receptors 

Microglial need to quickly migrate to the site of any damage. The development of 2-photon 

imaging allowed microglia responses to be imaged in vivo. In 2005 Davalos et al. used a small laser 

to injure the CNS and observe how microglia respond. Microglia were found to respond to the site 

of injury within a matter of minutes and remained there for at least 30 minutes [171]. Further 

investigations confirmed ATP acts as a chemotactic signal to quickly recruit microglia. Microglia 

detect ATP and other similar stimulants through purinergic receptors such as P2X ion channels and 

P2Y G-protein coupled receptors (Figure 1.2). These receptors are also found on neurones and the 

core ligand ATP can be released by both neurones and astrocytes [175].  

In 2006 Haynes et al. focused on the role of P2ry12 in the microglial activation response. In 

primary microglial cultures ATP induced an ameboid morphology and cell migration. While in vivo 

studies showed the microglia without P2ry12 were still able to migrate to the site of injury, though 

there was a greater response time compared to wild-type mice [176] suggesting other cues can 

initiate microglia chemotaxis. There is some evidence that soluble CX3CL1 [177], neuronal 

glutamate release [178], the C5a complement protein [179] and TREM2 [180] can also induce 

chemotaxis in microglia.  
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While multiple signals can initiate microglial chemotaxis it is thought these signals converge on 

intracellular calcium signalling pathways, as reviewed in [181]. Intracellular calcium signalling is 

important in helping microglia move through the extracellular matrix to migrate to the site of 

injury [182]. Once the reactive microglia arrive at the signal origin respond by the secretion of 

chemokines and cytokines but also begin to clean up the damage through phagocytosis. 

1.4.2.2.2 Phagocytotic Receptors 

Phagocytosis is the process by which microglia engulf debris, apoptotic cells or pathogens over 0.5 

µM in size [183] (Figure 1.4). Microglia are more sensitive to endogenous damage, detected 

through danger-associated molecular pattern (DAMP) receptors, than exogenous pathogens 

detected by pathogen-associated molecular pattern (PAMP) receptors [173]. As microglia are a 

highly specialised MØ population, and it has been proposed that the phagocytic process may be 

slightly adapted [184].  

 

Figure 1.4 An Overview of the Phagocytic Process, adapted from [185]. The target particle (blue) can by 
opsonised with complement proteins or IgG which aids in detection. The particle is then bound receptors 
engulfed, which is mediated by the actin cytoskeleton (red lines). The phagosome then detaches from the cell 
surface where the particle is surrounded. Lysosomal enzymes (red circle) then fuse to the phagosome, which 
is acidified through hydrogen ion (H+) to ensure the particle is completely destroyed. 
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Therefore, it follows that microglia phagocytosis needs to be studied independently and, where 

possible, in situ studies are needed rather than in vitro. Known receptors involved in microglial 

phagocytosis include TREM2, Fc receptors and complement receptors [186]. 

Microglia in Trem2 knock-down in primary mouse microglia cultures could not phagocytose 

apoptotic neurones as well as control cultures [187]. When Trem2 was over-expressed in microglia 

cultures increased the amount of apoptotic neurones that were phagocytosed [187]. TREM2 

mediated phagocytosis has received a lot of attention in this field of AD research TREM2 is an AD-

risk gene [58]. 

The TLR family are key to several innate immune processes, including phagocytosis. TLR4 is 

suspected to alter microglial phagocytosis in neurodegenerative diseases [188]. Work by Fellner et 

al. (2013) observed that TLR4 knock-out microglia cultures were not able phagocytose as 

efficiently as their WT counterparts [189]. 

Fc Receptor mediated phagocytosis is more efficient if the target particle has been opsonised, 

coated with immunoglobulins, IgGs, found in serum. In 1994 Ulvestad et al. showed that Fc 

receptors (FcRs) are expressed at very low levels on microglia under normal conditions, but 

expression was increased during pathological conditions [190].  

The role of the complement system in microglial phagocytosis is known to be important in 

development and in AD [191]. C1q and C3 accumulate on synapses located near amyloid-β (Aβ) 

plaques, tagging these synapses for disposal by microglia [191]. In vitro the receptor for C3 (CR3) is 

key in the phagocytosis of myelin debris [192]. Overall more in vivo studies are needed to confirm 

earlier in vitro work, as cultured microglia are exposed to serum which affects phagocytic function 

[155]. It was demonstrated that cultured rat microglia exposed to serum resulted in a higher 

expression of complement proteins than microglia cultured without serum. It was concluded that 

in vivo microglia would only be exposed to serum if the BBB had been breached, meaning that in 

vitro microglia exposed to serum may respond differently to in vivo microglia [155]. The need for 

further studies of microglia phagocytosis under physiological conditions has led to the publication 

of protocols for direct assessment of phagocytosis in vivo [193]. 

1.4.2.3 The Importance of TGF-β signalling 

Several studies have confirmed the importance of TGF-β in maintaining a ‘quiescent’ microglia 

phenotype. In 2003 Paglinawan et al. stimulated microglia with a combination of TNFα/IFNγ 

stimulation and observed an increased production of inflammatory genes. If the microglia cultures 
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were pre-treated with TGF-β then a smaller number of genes were up-regulated following 

TNFα/IFNγ  stimulation, suggesting TGF-β lessened the inflammatory response [194].  

Butovsky et al. (2014) observed a high expression of the genes encoding TGF-β (Tgfb1) and its 

receptor (Tgfbr1) on microglia. By using RNA sequencing they were able to determine a set of 

genes that form a fresh microglial ‘signature’ [154]. These signature genes were highly expressed 

by freshly isolated microglia and reduced on microglia cultured with M-CSF. When microglia 

cultures were supplemented with both M-CSF and TGF-β the gene expression signature became 

increasingly similar to freshly isolated microglia [154]. These ‘signature’ genes included Tmem119, 

P2ry12 and Siglech. 

In 2017 Bohlen et al. built upon this study by determining what other factors are secreted by 

astrocytes to maintain microglia in vitro. Primary rat microglia cultures identified IL-34, M-CSF, 

TGF-β and cholesterol [155] as key reagents. They observed that these three factors made serum-

supplementation redundant and serum-free cultured cells better represented in vivo microglia. 

However cultured microglia still had a higher expression of inflammatory genes compared to 

freshly isolated cells, meaning it is most appropriate to study microglia in vivo [155]. 

TGF-β has been known to promote an anti-viral response that reduces the efficacy of some viral 

infections [195]. In tissue resident MØ this anti-viral effect was purported to be due to the 

immunoregulatory role TGF-β has, as reviewed in [196]. Specific examples of how TGF-β maintains 

tissue resident MØ homeostasis include the regulation of inflammatory cytokines like IL-1 and the 

suppression of nitric oxide synthase (iNOS) [196].  

1.4.3 Microglial Function 

The next few sections will provide a brief overview of the primary functions of microglia in 

physiological and pathological settings, see [43,197] for detailed reviews.  

1.4.3.1 In Health 

Microglia are thought to have indispensable functions within the CNS. Patients with Nasu-Hakola 

disease have dysfunctional microglia and develop an aggressive form of Frontotemporal Dementia 

(FTD) leading to a premature death, as reviewed in [198]. The main physiological roles microglia 

play in both development and in the adult brain will be discussed below.  

1.4.3.1.1 Phagocytosis and Synaptic Refinement  

During brain development surplus neurones undergo programmed cell death to ensure that only 

the required number remain. Microglia are engulf apoptotic neurones which express activated 
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caspcase-3 [199]. When microglia were removed from ex vivo cerebellar slices it was observed 

that microglia promote neuronal apoptosis in this phase of development [199] thought to be 

mediated, at least in part, by the release of reactive oxygen species (ROS). Following phagocytosis, 

microglia have been shown to respond by stimulating phagocyte NAPDH oxidase to produce ROS 

and superoxides in a process termed respiratory burst [200]. The release of these superoxides 

results in neuronal death, as reviewed by [201]. In development excess synapses are also removed 

by microglia. Synaptic pruning has been shown to be essential for proper brain development, as 

without this loss neurones electrophysiology is abnormal [202].  

The visual cortex is often used to investigate how microglia influence neurones under 

physiologically conditions as it is quite plastic, and it is easy to control the input (light). In 2007 

Stevens et al. found that the complement protein C1q was localised to certain synapses in the 

retinal neurones of the developing visual cortex, activating the complement system to remove 

excess synapses [203]. Recent in vivo studies of TREM2 knock-out mice have confirmed that 

TREM2 is also essential for microglia synaptic removal in development [204]. 

While some synapses are “tagged” for removal by C1q others are protected by CD47 expression 

which prevents microglial engulfment in visual cortex development [203,205]. The CD47 

protective signalling was preferentially found on more active synapses [205]. This suggests that 

more active synapses are protected from removal and less active synapses are targeted for 

removal, which has been supported by others [206,207].  

The adult CNS is a highly metabolically active tissue which microglia constantly monitor the CNS to 

ensure any potential damage is quickly removed [170]. There is some debate as to whether 

microglia maintain the same degree of phagocytosis and synaptic refinement in an adult brain.  

Following birth very few areas of the brain constantly produce new neurone, so many studies 

focus on the sub-ventricular zone of the hippocampus. Here many of these new-born neurones 

are surplus to requirements so undergo apoptosis and are quickly cleared by microglia [208]. 

Microglia have been shown to restrict the number of neural precursor cells in the hippocampus 

through phagocytosis [209]. Further work is needed to see if microglia also quickly clear apoptotic 

cells in other regions. 

1.4.3.1.2 Neurogenesis, Axonal Growth and Neurotransmission 

In cortical development microglia ensure survival of particular neurones partially through 

secretion of Insulin-like Growth Factor [210]. Squarzoni et al. (2014) showed microglia moderate 
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dopaminergic axon outgrowth and some interneuron positioning in forebrain development [211]. 

Cx3cr1GFP reporter mice show that Cx3cr1 signalling in microglia is critical in recruiting microglia to 

the appropriate sites of development, reviewed by [212] . 

Work by Wake et al. (2009) demonstrated that in quiescent microglia processes preferentially 

contact synapses that have a higher basal activity [213]. This was also seen in the visual cortex 

where microglia processes were near developing dendritic synapses [206].  

It has also been suggested that microglia are able to influence neurones through secreted factors. 

At glutamatergic synapses the neurotransmitter glutamate signals through post-synaptic NMDA-

receptors. Microglia conditioned media was able to induce a larger NMDA-receptor post-synaptic, 

suggesting microglia also secrete factors which are able to alter neurotransmission. In a follow up 

study glycine was proposed as the main factor in microglia conditioned media which increased 

NMDA-receptor evoked potentials [214]. 

In an in vivo model microglia depletion was found to alter function at glutamatergic synapses and 

impair hippocampal-dependent learning [215]. It was later determined that some of these 

microglial driven changes to synaptic plasticity were mediated by secretion of Brain Derived 

Neurotrophic Factor (BDNF) [215]. 

Microglia have also been shown to be necessary for hippocampal LTP, which is thought to be the 

physiological mechanism underlying learning and memory. When Cx3cr1 expression is absent in 

microglia mice have impaired LTP and deficits in hippocampal-dependent memory formation [45]. 

LTP was also impaired in mice where the microglia had a higher baseline inflammatory state [46]. 

Microglia can also influence neurotransmission via astrocytes [47]. It was observed that LPS-

stimulated microglia released more ATP which activated purinergic signalling in astrocytes. These 

activated astrocytes increased the excitatory post-synaptic current in neurones [47].   

1.4.3.1.3 Angiogenesis 

Angiogenesis is the process in which new blood vessels develop from the existing vasculature. 

Most studies explore the role of microglia in angiogenesis in the developing retina. In 2010 

Ginhoux et al. showed that microglia precursor cells appeared to be closely related to blood 

vessels [88].  

Moreover, microglia closely associate with the vessel tip and that depleting microglia in the 

developing retina results in a sparse vessel network [216]. The endothelial cell tip is critical to the 
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formation of a new vessel [216]. In vitro studies confirmed that microglia stimulate vessel 

sprouting, likely through a combination of direct contact and secreted factors. Further 

investigations showed that microglia secrete several angiogenic factors, though not the most 

common Vascular Endothelial Growth Factor-A (VEGF-A) [216]. However microglia co-cultured 

with retinal microvascular endothelial cells can secrete VEGF-A and Platelet Derived Growth 

Factor-BB (PDGF-BB) [217] 

These findings have been independently corroborated. Fantin et al. (2010) demonstrated that 

ramified microglia closely associate with the developing vessel tip. In genetic models where 

microglia were ablated, mice had a reduction in vascular complexity but the deficiency appeared 

to be different from VEGF-A mutants [218]. Imaging studies in zebrafish embryos suggest that 

microglia act as “cellular chaperones” linking different vessel tips and bridging contacts with other 

cells [218].  

As reviewed in [219], there is very little evidence as to what role microglia might play in 

maintaining the vasculature of the adult brain. It has been suggested microglia may contribute to 

the maintenance of the BBB [170] but this has yet to be confirmed in a non-pathological setting. 

1.4.3.1.4 Immune surveillance 

This section will discuss the role of microglia in CNS immune surveillance. Recently it was 

discovered that in vivo microglia monitor a defined territory roughly situated 50-60 µM apart. The 

soma remains static while the processes rapidly expand and contract, at a rate of ~1.47 

µM/minute [170]. Microglia were observed to contact astrocytes, neurones and blood vessels. The 

more active the neurones the more microglial contact the cells receive, suggesting that microglial 

surveillance is adaptable.  

It has also been suggested that microglia may collaborate with other immune cells. Microglia 

within the circumventricular organs monitor cerebrospinal fluid and were at higher densities 

express a higher level of “effector” receptors such as CD86, which is linked to antigen presentation 

pathways [220]. Other work has suggested microglia may be capable of antigen presentation [221] 

In summary, microglia are constantly monitoring the CNS for any perturbations which could result 

in damage. With technological developments in microglia Imaging these cells can now be studied 

in situ however, many of the studies infer function from the impact of microglia in pathology.  
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1.4.3.2 In AD Pathology 

As previously discussed, microglial are now thought to be connected to AD pathology. The 

complement system has been shown to mediate synaptic removal by microglia during CNS 

development [203] and genetic studies have linked multiple complement genes AD risk [3]. This 

led Hong et al. (2016) to investigate the potential role of the complement system in AD pathology. 

It was discovered that C1q synaptic tagging preceded synaptic loss by several months in the J20 

mouse model of AD [191]. Further work showed that oligomeric Aβ was able to induce synaptic 

C1q deposition. The complement protein C3 was also shown to be important in mediated 

microglia-driven synaptic loss [191]. Taken together these results suggest that the complement 

system may drive microglia to inappropriately prune synapses in AD.  

In vitro studies have shown microglia preferentially phagocytosed Aβ fibrils over oligomeric Aβ 

[222]. In this study oligomeric Aβ caused microglia to expel several pro-inflammatory mediators, 

including IL-1β, TNFα, NO and PGE2. This led Pan et al. (2011) to conclude that failure to 

phagocytose oligomeric Aβ causes perturbs microglia causing them to become more 

neuroinflammatory, at least in vitro.  

In a later study Meyer-Luehmann et al. (2008) performed longitudinal imaging in APP/PS1 and 

Tg2576 mice. While microglia did not eliminate Aβ plaques they prevented the plaques from 

growing. Individual Aβ plaques were formed within 24 hours and surrounded by microglia.  

Füger et al. (2017) imaged APP/PS1 transgenic mice microglia every two weeks for 6 months. It 

was noted that APP/PS1 mice had a lower microglia number in Aβ-plaque free areas. However, the 

non-plaque associated microglia were found to divide approximately 3 times as often as plaque 

associated microglia, therefore new microglia migrated to Aβ plaques in APP/PS1 mice [167].  

In 2016 Bisht et al. observed that there appear to be a subset of highly dystrophic microglia 

associated with CNS pathology. In the APP/PS1 mouse model this pathological subset of microglia 

were associated with dystrophic neurites. Later a single cell sequencing study in the 5xFAD 

transgenic model confirmed the existence of pathological subset of microglia, termed Disease-

Associated Microglia (DAM) [223]. DAM microglia were closely associated to Aβ plaques and had 

an increased expression of AD-associated genes such as ApoE and TyroB. This was accompanied by 

a reduced expression of homeostatic genes such as Cx3cr1, Tmem119 and P2ry12. The conversion 

from healthy microglia to DAM is thought to be a two-part process. In the first stage increased 

APOE signalling is thought to reduce TGF-β-dependent gene expression [58]. The second stage was 
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thought to be TREM2 and resulted in an increased activation of lipid metabolism and phagocytosis 

pathways [223]. 

The DAM population has also been observed in post-mortem human tissue [224]. Again, plaque-

associated microglia had a higher level of inflammatory markers compared to microglia which 

were not associated with plaques.  

It is now thought that the DAM subset of microglia are most harmful in AD pathology and this 

population expands as the disease progresses [223]. This is in-keeping with the ‘double-edged 

sword’ hypothesis, which suggest microglia become detrimental in late-stage. As the DAM 

microglia conversion is mediated by APOE-TREM2 signalling it raises the question of how other 

LOAD genes might impact the phenotype of microglia. 

1.4.4 How LOAD risk effect Microglial Physiology 

TREM2 and DAP12 are known to collaborate during signalling [58] (Figure 1.2) and have associated 

AD risk mutations [225]. The expression data shown in [226] demonstrates that many LOAD risk 

genes are only expressed by microglia. CD33, PILRA and PLCG2 have mutations which are 

considered to lower AD-risk [227–229]. In a recent review Hansen et al. (2018) summarised what is 

currently known about each LOAD risk gene [226]. The following sections will focus on the impact 

of transcription factors associated with AD risk and LOAD genes thought to affect the cytoskeleton, 

which are relevant to this thesis. 

1.4.4.1 Transcription Factors 

There are two microglial transcription factors associated with LOAD risk, PU.1 and MEF2C [3,4]. 

Both of these transcription factors establish microglia identity in development, to produce a 

transcriptomic profile unique to microglia [118,153].  

Microglia lacking Mef2C had a higher expression of CD45 and CD11b, indicative of inflammation. 

Moreover, the higher levels of IFN-I associated with age downregulates Mef2C expression [117]. 

Therefore, it is possible that Mef2C is reduced as a response to AD-related inflammation which 

leads to microglia with a “primed” phenotype. 

Spi1 encodes the PU.1 transcription factor which likely affects many genes in microglia. When PU.1 

was knocked-down in the BV-2 cell line, expression of several genes and the phagocytic capacity of 

these cells was reduced [230]. Later work in human microglia has suggested there are potential 

PU.1 binding sites upstream of several other AD-risk genes [231]. In human microglia cultures a 

reduction in PU.1 also altered the microglia transcriptome and phagocytic capacity [232,233], see 
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section 1.5.2 for full discussion. Overall alterations to either of these transcription factors appear 

to alter microglia in a manner associated with AD pathology. 

1.4.4.2 Cytoskeletal Dynamic Signalling related genes 

Chemotaxis and phagocytosis (Figure 1.4) are two microglial functions which rely on cyteoskeletal 

changes. Several LOAD-risk genes have been linked to pathways regulating the actin cytoskeleton 

namely, PICALM, SHIP-1, CD2AP, RIN3, BIN1 and ABI3 [226].  

PICALM was one of the first LOAD genes identified through a GWAS approach [60,62,234]. In post-

mortem cortical tissue PICALM was higher in LOAD and EOAD patients compared to controls and 

PICALM staining was associated with NFTs, a hallmark of AD pathology [235]. In the APP/PS1 

mouse model Picalm knock-down was found to reduce Aβ pathology [236], suggesting that a 

reduction in Picalm was beneficial.  

SHIP-1, CD2AP, RIN3 and BIN1 have all been linked to DAP12, the signalling partner for TREM2 

(Figure 1.2)[237]. Kamen et al. (2007) found that Ship-1 is recruited to the phagosome during 

phagocytosis in a reporter MØ cell line [238]. In 2012 Bao et al. demonstrated that SHIP-1 binds to 

another risk gene CD2AP and together these proteins complex to potentiate Fc Receptor mediated 

phagocytosis in Dendritic Cells [239]. The CD2AP protein has also been shown to associate with 

BIN1, another AD associated risk gene that is known to have a role in endocytosis.  

Primary cortical neuronal cultures with artificially reduced Bin1 and Cf2ap had higher Aβ42 levels 

than controls. These proteins were thought to collaborate with APP and Bace1 at the surface of a 

phagosome [240]. Another study has suggested that a loss of neuronal BIN1 increased the speed 

of Tau deposition in vitro [241]. BIN1 has also been shown to be recruited some vesicles during 

endocytosis [242].  

The frontal cortices of AD patients had an increased expression of BIN1 compared to non-

demented controls [243] and suggested that BIN1 is primarily expressed by neurones in 

immunohistochemical analysis of post-mortem human AD and controls brains. This conflicts with 

transcriptomics data presented in [226] which suggests BIN1 expression is highest in microglia. 

These differences could be attributed to detection of different BIN1 isoforms, but requires further 

study of both BIN1 RNA and protein, in a complete system.  

In a recent report Sims et al. (2017) identified a rare coding variant in PLCG2 associated with a 

lower AD risk gene [5]. PLCG2 is an enzyme linked to intracellular calcium signalling in microglia 
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and the variant associated with a reduced AD risk, P522R, has a slightly stronger enzyme activity 

compared to the common form of PLCG2 [229].  

The final AD risk gene that will be mentioned in this section is ABI3. Again recently a rare coding 

mutation of ABI3 was linked to AD pathology [5]. ABI3 is known to be highly expressed in microglia 

and preliminary analysis of post-mortem AD brain tissue suggests ABI3 expression is present on a 

subset of microglia [244]. The exact function of ABI3 remains largely unknown, though ABI3 can 

form part of the WAVE regulatory complex [245], which suggests ABI3 may be able to influence 

actin remodelling in the microglial cytoskeleton. This discussion will be continued in section 1.6.2. 

Overall, several LOAD-risk genes suggest there is a deficit in microglial phagocytosis may 

contribute to AD aetiology. Preliminary work in cell lines supports these findings, though further 

work is required to fully elucidate the part these proteins play. These studies should focus more on 

microglia models and, wherever possible, rely on in vivo systems to ensure a holistic approach.  

 Spi1/PU.1 

The Spi1 gene encodes the transcription factor PU.1 which is a member of the ETS family and is 

conserved between species [246]. PU.1 is highly expressed in myeloid cells such as MØ, and 

present at a lower level in B-Cells, as ratified by Immgen [247,248].The level of PU.1 transcription 

factor is altered in hematopoietic progenitor cells and drives differentiation of multiple immune 

cells (Figure 1.5). Early in vitro experiments have shown that in hematopoietic progenitor cells a 

lower amount of PU.1 drives B-cell development whereas a high level of PU.1 commits cells to a 

myeloid lineage [249]. In T-cell and NK-Cell development PU.1 expression is lost early in 

development [9]. This was confirmed in a Spi1GFP reporter mouse where GFP was fused onto exon 

1 of the Spi1 gene [250]. Again a high level of PU.1 activity was needed for myeloid cell 

differentiation, a lower level of PU.1 resulted in B-cell differentiation [251]. 

Therefore, the amount of PU.1 within a hematopoietic stem cell helps determine its fate. Recent 

work by Heinz et al. (2010) reviewed the location of PU.1 binding sites throughout the mouse 

genome in pMØ and splenic B-cells. PU.1 is thought to bind near other lineage-determining factors 

such as C/EBP in MØ and Oct-2 in B-cells, which suggests that PU.1 works closely with other 

transcription factors to determine cell lineage [252].  
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Figure 1.5 Diagram summarising the level of PU.1 in differentiating immune cells adapted from [253]. This 
highlights that PU.1 is important in both Myeloid/MØ and B-Cell differentiation and is suppressed in T-cell 
differentiation. MØ had a larger expression of PU.1 compared to B-Cells.  

After development PU.1 contributes to MØ proliferation and survival. Microglia strongly express 

the PU.1 protein, and the pattern of PU.1 binding has been linked with the MØ activation [254]. 

PU.1 also contribute to the epigenetic signature of cells via monomethylation of histone 3 lysine 4 

(H3K4) [252]. 

In 1996 Celada et al. found that bone marrow derived-MØ (BMDM) transfected with an anti-sense 

PU.1 had a reduced proliferation when exposed to M-CSF compared to non-transfected controls 

and PU.1 sense transfected cells [255]. This was attributed to the fact that PU.1 controls the 

expression of the M-CSF receptor also known as CSF1R (Figure 1.6) [256]. The contribution of PU.1 

to microglia proliferation was confirmed when Smith et al. (2013) showed that siRNA targeting of 

PU.1 reduced the viability of cultured microglia. Moreover, Kueh et al. (2013) showed there is a 

positive feedback loop between the level of PU.1 and the length of the cell cycle, once the level of 

PU.1 passes a critical threshold cells differentiate into MØ [257].  
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Figure 1.6 Graphic depiction of M-CSF dependent PU.1 Feedback Loop. M-CSF activates the CSF1R and 
which results in an increased Spi1 transcription and production of the PU.1 protein. PU.1 has been shown to 
also increase CSF1R expression [255,256]. 

Several mouse models of disrupted PU.1 confirm PU.1 is essential for the survival and normal 

function of myeloid cells. The first reported transgenic models attempted to knockout PU.1 by 

disrupting exon 5, which contains the DNA binding domain of PU.1 [258]. Scott et al. (1994) failed 

to produce a homozygous PU.1 mutant mouse finding that embryos did not survive past day 18 of 

development due to severe disruptions to the immune system. Another group did breed 

homozygous mutant PU.1 mice but these died of septicaemia within 48 hours, though antibiotic 

treatment prolonged survival for 2 weeks [7]. PU.1 mutant embryos had no MØ, neutrophils, B-

cells or T-cells. Despite the severe phenotype of PU.1 null mice no phenotypic differences have 

been reported in PU.1 heterozygous null mice [7]. Another model disrupted Spi1 by mutating the 

first coding exon, these mice survived 1- 3 weeks post birth though both myeloid and B-cell 

differentiation was impaired [259]. Beers et al. (2000) found that several immune populations, 

including MØs, were restored in PU.1 mutant mice following wild-type bone-marrow transplants 

[8]. However, in the brain these cells were likely MDML rather than native microglia.  

Rosenbauer et al. (2004) discovered that when the -14 kB URE was deleted from the Spi1 gene 

PU.1 expression in the bone-marrow reduced by 80 % compared to wild-type cells. These mice 

were able to breed and appeared to be functionally normal until approximately 3 months of age. 

Then the mice with reduced PU.1 had an expanded population of progenitor cells and neutrophils 

compared to wild-type mice. This neoplastic phenotype worsened until the mice eventually died 

within 8 months, which was compared to Acute Myeloid Leukemia (AML) [260]. 
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Taken together these PU.1 knock-out/mutant mouse models have conclusively shown that PU.1 is 

essential to a functional immune system, especially in myeloid cells. The next section will focus on 

how the Spi1 gene is laid out and regulated. 

1.5.1 Spi1 Layout and Regulation 

As previously mentioned PU.1 is a prominent member of the ETS transcription factor family [246]. 

A general review of the ETS transcription factors can be found here [261]. Due to its essential role 

in the development of the immune system the Spi1 gene is highly conserved between mice and 

humans. Protein sequence alignment shows that mouse and human PU.1 protein sequences were 

over 85 % identical, as shown in Figure 1.7.  

 

Figure 1.7 Comparison of protein sequences between mouse and human PU.1. The mouse protein sequence 
(RefSeq ID NP_035485) and human protein sequence (RefSeq ID NP_003111.2) were over 88 % identical, 
using BLAST analysis, suggesting PU.1 is highly conserved between species. 

As this thesis primarily focuses on the Spi1 gene in mice the rest of this section will focus on 

murine Spi1/PU.1. Early In vitro studies suggested the DNA binding domain of PU.1 was found to 

be in exon 5 of Spi1 [247]. PU.1 is now known to bind DNA in a loop-helix-loop manner, as 

demonstrated by the crystal structure work done by Pio et al. 1996 [262]. 

A recent report explored how PU.1 can bind in a variety of ways, which likely helps PU.1 act as a 

master regulator of myeloid cell function [10]. In addition to combining with other transcription 

factors at PU.1 binding sites it was proposed that there were transcription sites that were 

dependent on the concentration of PU.1 within the cell [10].  



33 
 

Spi1/PU.1 regulation is complex and contains multiple feedback loops. Zhang et al. (1999) found 

that GATA-1 and GATA-2 can both repress PU.1 activity by blocking other transcription factors 

binding to the Spi1 promoter [263]. RUNX1 has also been suggested as forming a negative 

feedback loop with PU.1 [264–266].  

Additionally, there are several distal regulatory elements of PU.1. Li et al. (2001) identified 3 

potential regulatory elements within 35 kB upstream or downstream of the Spi1 gene sequence. 

This included the -14 kB Upstream Regulatory Element (also referred to as URE in this thesis).  

The -14 kB URE was inserted into myeloid cell lines the promoter function was enhanced, whereas 

this URE had no effect when transfected into a T-cell line [267]. The function of this URE was 

further studied in vivo when a GFP reporter was inserted under the URE. This URE was found to 

have a higher expression in myeloid cells and a lower expression in B-cells [268].  

Other Spi1 regulatory elements have since been discovered (Figure 1.8) including myeloid-cell 

specific enhancer sites at -10.3 kB and -12.2 kB [269]. Zarnegar et al. 2012 found the -10.3 kB and -

12.2 kB sites upstream of Spi1 were specifically utilised by myeloid cells such as MØ whereas -13.7 

kB, -14 kB and -17.8 kB regulatory elements were thought to help maintain B-Cell PU.1 protein 

levels [269].  

In T-cell development runx1 is known to suppress PU.1 by binding to the -14 kB Spi1 URE. However 

in myeloid cells Runx1 binds both the -14 kB and -10.3 kB Spi1 URE to induce a high expression of 

PU.1 [266].  

When C/EBPα binds at the -14 kB Spi1 URE site in myeloid cells it induces reorganisation of 

chromatin which activates an enhancer at the -12 kB site, allowing other PU.1-driven transcription 

factors to bind and further increase PU.1 expression [270]. In human microglia cultures M-CSF has 

been shown to increase the level of C/EBPα [271]. 

Ikaros has been shown to bind at the myeloid specific Spi1 regulatory sites -10.3 kB, -12.2 kB and -

14 kB which again increases PU.1 expression [269]. Ikaros requires the presence PU.1 to increase 

Spi1 expression though this is more essential at the -10.3 kB and -12.2 kB regulatory sites rather 

than the -14 kB URE. In pre-B-Cells Ikaros and PU.1 binding at the -14 kB URE acts with other 

unknown factors to suppress Spi1 expression [269].   
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Figure 1.8 Overview of distal Spi1 regulatory elements or enhancers, and how the binding of transcription 
factors at these sites can increase PU.1 protein expression in MØ, adapted from [269]. The Spi1 regulatory 
elements (top) include the -14 kB Upstream Regulatory Element (URE, red). In myeloid cells, like MØ, when 
Runx1 binds the -14 kB and -10.3 kB regulatory sites production of PU.1 protein is increased. PU.1 expression 
is also increased in myeloid cells via Ikaros and PU.1 binding at the -10.3 kB, -12.2 kB and -14 kB URE sites. 
When C/EBPα binds to the -14 kB URE it causes chromatin reorganisation activating another the -12.2 kB 
enhancer, opening up binding sites for other transcription factors (TFs), further promoting PU.1 protein 
expression [264,265,268].  

Overall multiple mechanisms exist to ensure PU.1 is highly expressed in myeloid cells, many of 

which involve the -14 kB URE. This led Rosenbauer et al. (2004) to investigate if the removal of this 

URE could lead to a reduced PU.1 expression in the myeloid cell subset, providing a model to study 

the functional role of PU.1 in MØ [260], which will be discussed in the next section. 

1.5.2 CNS Function and role in AD 

As previously described the PU.1 transcription factor plays a critical role in MØ identity, and PU.1 

controls the expression of several key functional MØ receptors, as reviewed in [246]. This includes 

expression of CSF1R which is linked to proliferation [255], CD11b which is involved in phagocytosis 

[272] and the CD45 phosphatase [273].  

Primary human microglia cultures treated with M-CSF had an increased expression of the PU.1, 

which was observed alongside an increase in proliferation and phagocytosis [271]. This was later 

confirmed to be a direct result of the PU.1 level within the cells after an siRNA targeting PU.1 

reduced the viability and phagocytosis of human microglia in vitro [232].  

In recent years the PU.1 transcription factor has been well studied in the context of AD and other 

diseases, reviewed in [274]. Walton et al. (2000) demonstrated that PU.1 is increased the brain 

following a hypoxic-ischemia insult, though suspected this was partly due to microgliosis rather 
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than an increase on the individual cell level [254]. There have been several transcriptomic studies 

in recent years which have also implicated PU.1 in MØ inflammation. One study performed PU.1 

ChIP-seq in LPS-stimulated and unstimulated RAW264.7s, a MØ cell line. Particular enhancers 

were activated following LPS stimulation, and within many of the enhancer regions PU.1 binding 

sites were located near the binding site for inflammation-related transcription factors such as NF-

κB and IRF [275]. Das et al. 2016 performed transcriptome analysis on primary microglia cultures 

that had been stimulated with LPS and unstimulated controls. The genes expressed after LPS-

stimulation were enriched for PU.1 binding sites in the promoter regions, alongside NF-κB, IRF1, 

IRF2, STAT1 and STAT2 [276]. In a MØ cell line PU.1 binds to the IFN Regulator Factor 4 (IRF-4) and 

the IFN Consensus Binding Protein (ICSBP) to induce activity at the IL-1β [277]. Taken together 

these studies show that PU.1 is able to impact several key MØ functions like proliferation, 

phagocytosis and inflammatory response.  

ChiP-Seq of histone modifications in CK-p25 AD mice and hippocampal grey matter of AD patients 

suggested that the immune response was enriched, and there were more potential PU.1 binding 

sites in many of the promoter/enhancer regions in this set [70]. This has been supported by 

others. In 2018 Tansey et al. showed that the AD risk SNPs were more commonly found in open 

chromatin regions in MØ and microglia and that a portion of these open chromatin sites had 

binding motifs for SPI1 [231]. Huang et al. (2017) showed that several LOAD risk SNPs were 

thought to affect PU.1 binding motifs and again showed that PU.1 is likely bound to nearby 

regulator elements in 10 other AD-associated genes in human MØ [230]. Sierksma et al. (2019, 

pre-print only) compared genes altered in APP/PS1 transgenic mice aged 4 and 10 months and a 

genome wide analysis performed by Marioni et al. 2018 [65]. The top 18 genes in the ‘species-

conserved risk’ set were thought to have adjacent Spi1 binding sites [278]. 

Genomic studies have shown multiple microglia AD risk variants have upstream promoter regions 

that are likely to bind SPI1 [231]. SPI1 binding accounts for a significant amount of heritability in 

LOAD [230,231]. Additionally, a rare allele in the SPI1 locus (rs1057233g) has been associated with 

a lower risk of AD, a higher age of onset and an improved clearance of Aβ42 from the brain (Figure 

1.9). This rare allele was associated with a lower level of SPI1 expression [230]. In another in vitro 

study the AD-risk associated SNP (rs1377416c) was found to increase the luciferase reporter when 

inserted upstream of PU.1 in the BV-2 cell line [70].  
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Figure 1.9 Depiction of risk SNPs (rs) associated with SPI1 and how they are thought to impact the level of 
the PU.1 transcription factor and AD risk. The rare allele (g) of the rs1057223 SNP is associated with a 
reduced PU.1 expression and an increased age of AD onset and the common allele (a) was associated with an 
increased level of PU.1 [230]. A separate AD-risk SNP rs1377416c was also predicted to increase activity at 
the SPI1 promoter site [70].  

When PU.1 was over-expressed and knocked-down in the BV-2 cell line phagocytosis was found to 

increase and decrease respectively [230]. Moreover there several key inflammatory genes were 

altered in response to these alterations to PU.1 including genes implicated in LOAD pathology such 

as Apoe, Cx3cr1 and ccl2 [230].  

In human microglia cultures a lower PU.1 reduces the phagocytic capacity of microglia, as well as 

influencing DAP12 and CX3CR1 expression, though some of these results may be as a result of the 

influence of PU.1 on microglia viability [232]. A later study performed a microarray on primary 

cultured microglia where PU.1 was suppressed by siRNA. The biological processes that were 

affected by a reduction in PU.1 include the immune response, and antigen processing and 

presentation.  

When the all the genes were analysed as a network SPI1 was found to be a central hub gene [233], 

which was validated in another study [5]. Post-mortem analysis of human tissue has also shown 

Spi1 expression to be increased in AD compared to non-demented controls, though it is unknown 

if this is due to an increased expression within the individual cells or a global increase as a 

consequence of microgliosis in AD [73]. 

PU.1 has been implicated in AD pathology and it is thought some of the Spi1/PU.1 pathology is 

conserved between mice and humans [70]. As discussed in section 1.2.2.1 CSF1R inhibitors have 

been successfully in vivo to treat AD pathology in mouse models [73,90–92] but there are concerns 

that these inhibitors would have negative side-effects in the periphery. 
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The Histone Deacetylase (HDAC) inhibitors Valproic Acid (VPA) can reduce PU.1 levels in both MØ 

[279] and microglia [280,281]. VPA has been shown to act by increasing the acetylation of Histone 

3 and Histone 4 and likely blocks the catalytic site in HDAC enzymes [282]. In the mouse BV-2 cell 

line VPA treatment enhanced phagocytosis of Aβ [280] though the opposite was seen in human 

microglia cultures, where VPA reduced the microglial phagocytic capacity [281]. When VPA was 

trialled in AD patients the progress of the disease was accelerated, suggesting HDAC inhibitors 

may not be a suitable treatment for AD. Further work in human microglia cultures has proposed 

another HDAC inhibitor, Vorinostat, also reduces PU.1 and the number of microglia [233]. While 

Vorniostat is only in phase I clinical trials [283] there are concerns that a similar acceleration of AD 

pathology will occur. If HDAC inhibitors are going to be used to treat AD more information about 

the genes and pathways downstream of the PU.1 transcription factor is needed, to ensure 

reducing PU.1 is beneficial in AD.   
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 ABI3 

The Abl Interactor (ABI) family has three members, Abi1, Abi2 and Abi3. The ABI family are known 

to bind to the WASP-family verprolin homologous protein 2 (WAVE2) to form part of the Wave 

Regulatory Complex (WRC) and have a role in actin cytoskeleton remodelling [245,284]. In the 

brain actin cytoskeleton remodelling is critical for both neuronal plasticity and immune cell 

activation and chemotaxis, reviewed in [285].  

The ABI family has been shown to have a role in membrane ruffling, podosome and lamellipodia 

formation which are critical to the process of cell motility [286]. As mentioned in section 1.4.2.2.1 

the ability of microglia to migrate towards chemotactic signals is an essential part of the microglia 

response. In vitro work has shown podosomes are on the leading edge of the cell and contribute 

to cell migration by adhering to the extracellular matrix and partially degrading the extracellular 

matrix [182,287]. Following a M-CSF signalling cue WAVE2 contributed to the formation of small 

actin protrusions called podosomes which aid in MØ migration [288,289]  

ABI3 was first identified by Miyazaki et al. (2000) alongside it’s binding protein [290]. The Immgen 

RNA-Seq database suggests Abi3 is highly expressed in murine microglia, though Abi3 mRNA 

expression was still detected in peritoneal MØ (pMØ, Figure 1.10).  

 

Figure 1.10 Abi3 Immgen RNA-seq Gene Skyline database, as normalised by DESeq2 [248]. Abi3 is highly 
expressed in microglia, though is still expressed by pMØ and splenic MØ populations. Abi3 expression is 
barely detectable in Alveolar MØ. 

Work by Sjöstedt et al. (2015) confirmed ABI3 was strongly expressed in both microglia and lymph 

nodes, with a lower expression in bone marrow [291]. In post-mortem human brain sections ABI3 
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protein expression appears to be restricted to microglia and is detected in the cytoplasm near the 

cell membrane [244]. 

While little has been discovered about the role of ABI3 in microglia there are a few clues that 

suggest ABI3 might be involved in microglial function. One study demonstrated that ABI3 is 

dependent on TGF-β signalling which as discussed in section 1.4.2.3 is important in maintaining a 

surveying microglial phenotype [154]. In vitro work in the human microglia cell line HM06 have 

shown that TGF-β will increase ABI3 expression, but ABI3 is not induced by any inflammatory 

mediators such as LPS or IFNγ.  

ABI3 and ABI1 have been shown to have mutually exclusive roles within the WAVE2 complex, as 

summarised in Figure 1.11. Sekino et al. (2015) forcibly over-expressed Abi3 in the murine 

fibroblast cell line NIH3T3 and found that this reduced endogenous levels of Abi1 [245]. Moreover, 

it was observed that when ABI3 was ectopically expressed WAVE2 did not translocate to the cell 

membrane and lamellipodia formation was disrupted [245]. 

 

Figure 1.11 Wave Regulatory Complex (WRC) adapted from [292]. The WRC is made up of Rac1-GTP 
(green), Rac1-associated protein 1(Sra-1, grey), Nck-associated protein 1 (Nap1, yellow), WAVE2 (red), 
Haematopoietic Stem/Progenitor Cell Protein 300 (HSCP300, light blue) and Abi1 (orange) or Abi3 (blue). The 
Abi1-WRC is activated by phosphorylation (P, black). Once activated the WRC translocate to the cell surface 
and alters the actin cytoskeleton. As Abi3 cannot phosphorylate WAVE2 it is thought that an Abi3-WRC 
complex is inhibitory and does not result in alterations to the actin cytoskeleton [245,293].  

This could explain earlier observations by Hirao et al. (2006) in comparison of all three ABI family 

members localised with the WAVE2 complex. Both ABI1 and ABI2 were able to phosphorylate the 

WAVE2 complex whereas ABI3 could not. Once phosphorylated ABI1/WAVE2 complexes localised 

to the leading edge where the lamellipodia form [284]. Later work showed that ABI3 could be 

phosphorylated through the PI3K/AKT pathway, though phosphorylated ABI3 was not able to form 

a WRC complex with WAVE2 and CYFIP-1 [294]. The PI3K/AKT signalling pathway has been 
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associated with cell growth, proliferation and cytoskeleton remodelling. Figure 1.12 shows that 

Abi3 likely interacts with multiple proteins in the actin cytoskeletal pathway. 

 

Figure 1.12 IPA diagram of experimentally observed protein-protein interactions with the Abi3 protein. 
Proteins highlighted in orange are linked to actin cytoskeleton signalling.  

Most of the knowledge regarding ABI3 function has come from cancer cell models. In 2011 Latini 

et al. found that the ABI3 protein was reduced in malignant thyroid cancer cells. When ABI3 was 

re-introduced into these cells proliferation was reduced and cells appeared to become more 

senescent [295]. This validated earlier work by the same group which showed similar results but 

with the ABI3-BP [296]. In other cancer cell lines ABI3 was found to inhibit cancer cell migration 

[11]. In vivo work has demonstrated that the presence of ABI3 within tumours prolonged mouse 

survival, compared to those who were given wild-type tumours [11]. Latini et al. 2011 also 

demonstrated that forced expression of ABI3 reduced tumour growth in vivo [295]. The structure 
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of the ABI3 protein and what is known about its intracellular signalling pathways will be the focus 

of the next section. 

1.6.1 ABI3 Layout and Signalling 

The functional domains within the ABI3 protein are detailed in Figure 1.13. The layout of the other 

members of the ABI family has been reviewed here [286]. In both mice and humans ABI3 is an 8-

exon protein and the SH3 is thought to be the critical signalling domain through which most of 

ABI3 functions are mediated.   

 

Figure 1.13 Mouse Abi3 Exon and Protein structure. The 8-exon structure of Abi3 is and the Abi3 protein 
structure (RefSeq ID NP_079935.1) where the Abl-interactor HHR domain (blue) and Src Homology 3 (SH3) 
domain (green) and the known phosphorylation sites (red) at position 216, 219 and 343.  

The ABI3 protein does appear to be well conserved between mice and humans. BLAST comparison 

of the protein sequences demonstrated that the sequence homology between mice Abi3 and 

human ABI3 is over 80 % (Figure 1.14).   
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Figure 1.14 Comparison of protein sequences between mouse Abi3 and human ABI3. The mouse protein 
sequence (RefSeq ID NP_079935.1) and human protein sequence (RefSeq ID NP_057512.2) were over 82 % 
identical, using BLAST analysis. 

As mentioned in the previous section PI3K/AKT signalling is responsible for the phosphorylation 

and dephosphorylation of ABI3 [294]. In vitro work has shown ABI3 signalling is mediated through 

its Src Homology 3 (SH3) domain via the binding of PAK [11].  

1.6.2 CNS Function and proposed role in AD 

In 2017 Sims et al. discovered a missense mutation in ABI3 that conferred LOAD risk. The AD risk 

mutation, recorded as SNP rs616338, is at position 209 where a serine residue was mutated into a 

phenylalanine residue (S209F) [5].  

In silico analyses of a 151 network of AD-related proteins included ABI3 [5]. Little experimental 

work has been done to elucidate the role of ABI3 in microglia, other than to confirm it is expressed 

specifically in microglia [244,291]. In a small pilot study the area of ABI3 staining was not 

significantly altered in post-mortem human sections taken from 10 AD cases and 4 non-demented 

controls [244]. 

However a study by Bae et al. (2012) suggested that ABI3 may also have a role in synaptic 

remodelling due to its interactions with F-actin. During learning and memory, alterations to the 

actin cytoskeleton is required at the dendritic synapses. In this instance both ABI3 over-expression 

and knock-down prevented synapse formation in the hippocampus [297]. Taken together this 

suggests that ABI3 may play a role in neuronal function.  
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 Project Aims and Hypothesis 

The broad objective of this thesis was to better understand how two individual GWAS AD risk 

genes can impact microglia or macrophage physiology to better elucidate how they may impact 

AD pathophysiology. As a transcription factor Spi1 is known to modulate many pathways including 

phagocytosis, a key function of macrophages and microglia. While relatively little is known about 

the role of Abi3 in the MØ function, evidence from other family members such as Abi1 and in silico 

pathway analysis suggest that Abi3 likely has a role in actin cytoskeleton formation or reformation. 

As an example, both Spi1 and Abi3 have been suggested to alter phagocytosis which is an effector 

macrophage response. It is likely that Spi1 is one of the first steps in the phagocytic pathway and 

Abi3 one of the last. It was predicted that both Spi1 and Abi3 would be able to impact 

microglia/macrophage physiology individually, though Spi1 likely has a variety of downstream 

effects given the extensive number PU.1 transcription factor binding sites in MØs. As previously 

mentioned Spi1/PU.1 is essential to survival of the myeloid cell population and therefore complete 

removal of PU.1 is not feasible to investigate PU.1 function in MØ. However the impact of 

Spi1/PU.1 levels on MØ function can be studied established transgenic models with reduced 

Spi1/PU.1 in MØs or de novo lentiviral manipulations. Recently Abi3 KO mice have been derived as 

part of the KOMP2 mouse consortium to allow research into the function of Abi3 in myeloid cells.  

The individual results chapter objectives and rationale behind the approach will be discussed in 

the following sections. 

Chapter 3. To see if removal of the -14 kB URE of Spi1 results in an altered PU.1 expression 

in microglia and peritoneal macrophages. 

Multiple mouse models have shown that complete PU.1 knock-out is not possible as this mutation 

is lethal to several myeloid populations [7,8,258,259]. Consequently, for this project the model 

developed by Rosenbauer et al. (2004) was utilised. In this model removal of the -14kB URE (URE) 

resulted in a 80 % PU.1 knockdown in total bone marrow cells [260] and later URE function was 

suggested in splenic MØ [298]. This model meant that PU.1 expression should be lower in 

microglia without having a great reduction in cell number. As the URE was floxed in the transgenic 

mouse line (B6;129-Spi1tm1.2Dgt/J) Cre-recombinase expression was required. This thesis aimed to 

restrict any off-target effects using mice where the Cre-recombinase (Cre) gene under control of a 

Cx3cr1 promoter, thus restricting Cre to cells of a myeloid lineage. Figure 1.15 provides a summary 

of the -14 kB Spi1 URE floxed mice used in this thesis. 
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Figure 1.15 Graphic Summary of the -14 kB Spi1 URE floxed mice model used in this thesis. These Spi1 
floxed mice were bred to one of two mouse lines where Cre recombinase expression was restricted to Cx3cr1 
expressing cells. In the Spi1-ERT mice the Cre was tamoxifen-inducible and in the Spi1-CONST mice the Cre 
was constitutively expressed. It was predicted that in the absence of tamoxifen the Spi1-ERT mice would 
retain all their PU.1 expression. In the Spi1-CONST mice PU.1 expression was thought to be reduced by 80 % 
in Cx3cr1 expressing cells, based on work published by Rosenbauer et al. 2004.  

It was predicted that mice which perpetually express an active Cre would lack the Spi1 – 14 kB URE 

and should have a reduction in PU.1 protein expression when compared to mice that require 

tamoxifen to activate Cre expression (and therefore have an intact URE). Any reduction to PU.1 

had the potential to diminish the microglial population, so during this experiments cell number 

was assessed.  

Chapter 4. To develop an accurate in vitro system where microglia could be cultured and 

manipulated with customised lentiviruses to knock-down and over-express PU.1 

protein. 

As there were no suitable transgenic models available, then a primary microglia culture model can 

be utilised in combination with custom lentiviruses to manipulate protein levels. As mentioned in 

section 1.4.2.3 TGF-β can improve the transcriptome of cultured microglia ensuring a greater 

similarity to freshly isolated microglia [154,155]. Therefore one aim of this chapter was to optimise 

a primary microglia culture model that incorporates TGF-β and lentiviruses to allow for 

manipulation of primary microglia. Another aim was to develop and test lentiviruses designed to 

knock-down or over-express Spi1 and to incorporate these into the primary microglia culture 

model. Once developed the microglia cultures with altered Spi1 would be processed for RNA-

Sequencing analyses to assess the impact of Spi1 dose on the microglia transcriptome. 
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Chapter 5. To utilise RNA-sequencing data gained from Spi1 in vitro manipulations to 

elucidate which genes are differentially expressed following a reduction or over-

expression of Spi1.  

Exploring which signalling pathways are under the control of Spi1/PU.1 could improve 

understanding of how microglia physiology may be altered in AD where an increased Spi1 

expression is thought to result in an earlier age of disease onset [230]. Therefore this chapter 

aimed to analyse two RNA-Seq datasets where Spi1 has been either reduced or over-

expressed. Genes altered following a reduction in Spi1 may provide some insight as to how 

drugs reducing Spi1/PU.1 expression impact the microglia transcriptome. 

The second RNA-Seq dataset focused on increasing Spi1/PU.1 in microglia to mimic the 

microglia phenotype associated Spi1 AD risk SNPs. One AD risk SNP (rs1377416c) is thought to 

cause increased SPI1 expression in microglia [70], thus it seemed prudent to observe how 

increases to PU.1 alone may affect microglial phenotype without the added complexity of AD 

pathology. Currently there are no commercially available transgenic mice over-expressing 

PU.1, so it became necessary to develop a lentiviral vector to over-express Spi1/PU.1.  

Transcriptomic analysis using RNA-sequencing data was predicted to show which genes were 

relatively unaffected by the amount of PU.1 but more importantly which genes, if any, were 

only expressed when PU.1 expression was considerably augmented or reduced. However, it 

was also anticipated that there might be genes whose expression depended on the amount of 

PU.1 in the microglia, termed Spi1 dose-sensitive genes. It was expected that some of the 

altered pathways would influence microglia functions such as proliferation and phagocytosis, 

which could then be measured experimentally. 

Chapter 6. To assess the usefulness of the Abi3 knock-out mice and perform basic 

phenotyping on conditionally-immortalised bone marrow MØ precursor cells and 

exploratory functional experiments on ex vivo peritoneal macrophages. 

More needs to be understood about the function of ABI3 in MØ, especially microglia, to better 

understand how alterations to ABI3 may contribute to AD pathophysiology. Recently an  

Abi3tm1.1(KOMP)Vlcg/J (ABI3 KO) mouse line was made by the Jackson Laboratory [299]. As detailed in 

the Figure 1.16 a 9515 base pair (bp) fragment of Abi3 was removed and instead inserting a LacZ 

reporter gene.  
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Figure 1.16 Abi3 KO model. These mice were made by replacing exons 2-7 and part of exon 1 (9515 bp 
fragment) with a LacZ sequence (green) terminated by a Poly-A-tail (purple). The sequence for the Abi3 KO 
mice is ENSMUST00000059026. 

These novel Abi3 knock-out mice provide an unparalleled opportunity to study the function of 

ABI3 both in vitro and in vivo. From the studies mentioned above it was predicted that MØ that 

lacking ABI3 may have an altered proliferation and response to M-CSF cytokine stimulation, 

resulting from alterations to the actin cytoskeleton. 
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Chapter 2  Methods 
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2.1 Buffers and Solutions 

Table 2.1 List of Buffers and Solutions used in the thesis. Unless otherwise stated all reagents were provided 
by Fisher Scientific or Sigma Aldrich. 

Buffer/Solution Name Ingredients 

Mammalian Cell Lysis Buffer 

100 mM Tris pH 8.5 

5 mM EDTA 

200 mM NaCl 

0.2 % (v/v) Sodium Dodecyl Sulphate (SDS) 

Nuclease free water 

Tris-Acetate-EDTA (TAE) Buffer 
50X TAE stock solution  

Distilled water 

MUSE Staining Solution 

625 ng/mL Propidium Iodide (PI) 

500 ng/mL LDS 751 (Thermofisher)  

1X DPBS (Gibco) 

Freezing Media 
10 % (v/v) Dimethyl Sulfoxide (DMSO) 

90 % (v/v) Heat-Inactivated filtered FBS (Gibco) 

Ammonium-Chloride-

Potassium (ACK) Lysis Buffer 

(pH 7.2) 

150 mM NH4Cl 

10 mM KHCO3 

0.1 mM Na2EDTA 

2 % Formaldehyde 
36.5-38 % Formaldehyde solution with methanol 

1X DPBS (Gibco) 

4 % Paraformaldehyde 
4 % (w/v) Paraformaldehyde powder 

1X PBS 

0.1 % Triton-X-100 Buffer and 

0.3 % Triton-X-100 Buffer 

Triton-X-100 

1X DPBS (Gibco) 

RIPA Buffer 

1 % NP-40 

0.5 % Deoxycholate (DOC) 

0.1 % SDS 

150 mM NaCl 

50 mM Tris-Cl pH 8.0 

Sodium Bicarbonate Buffer (pH 

8.3) 

0.2 M Sodium Bicarbonate 

Distilled water 

FACS Block 
5 % (v/v) filtered Rabbit Serum  

 4 µg/mL Rat Anti-Mouse FcγRII/III (2.4G2 clone) 
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FACS Wash 

FACS Wash 

0.5 % (w/v) BSA 

5 mM EDTA 

2 mM NaN3 

1X DPBS (Gibco) 

MACS Buffer 
0.5 % (w/v) BSA 

1X DPBS (Gibco) 

MACS Buffer with EDTA 

0.5 % (w/v) BSA 

2 mM EDTA 

1X DPBS (Gibco) 

MACS Block 

5 % (v/v) filtered Rabbit Serum  

4 µg/mL Rat Anti-Mouse FcγRII/III (2.4G2 clone) 

MACS Wash 

MACS Wash 

0.5 % (w/v) BSA 

 5 mM EDTA 

1X DPBS (Gibco) 

0.5 % Saponin FACS Block 

5 % (v/v) filtered Rabbit Serum  

4 µg/mL Rat Anti-Mouse FcγRII/III (2.4G2 clone) 

0.5 % Saponin FACS Wash 

0.5 % Saponin FACS Wash 

0.5 % (w/v) Saponin 

0.5 % (w/v) BSA 

5 mM EDTA 

2 mM NaN3 

1X DPBS (Gibco) 

Staining Medium (pH 7.2) 

5 % (v/v) Heat-Inactivated filtered FBS (Gibco) 

10mM HEPES  

1X DPBS (Gibco) 

Lavage Fluid 
5 mM EDTA 

1X DPBS (Gibco) 

10 % APS 
10 % (w/v) Ammonium Persulphate 

Distilled water 

10 % SDS 
10 % (w/v) SDS 

Distilled water 

1.5 M Tris-HCl 1.5 M Tris base 
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Sufficient HCl to get pH 8.8 

Distilled water 

0.5 M Tris-HCl 

0.5 M Tris base 

Sufficient HCl to get pH 6.8 

Distilled water 

Laemmli Buffer 

250 mM Tris pH 6.8 

4 % (v/v) SDS 

40 % (v/v) Glycerol 

20 % (v/v) β-Mercaptoethanol 

0.02 % (w/v) Bromophenol Blue 

Distilled water 

Running Buffer 
10X Tris/Glycine/SDS Stock Solution (Biorad) 

Distilled water 

Transfer Buffer 

10X Tris/Glycine Stock Solution (Biorad) 

20 % (v/v) Methanol 

Distilled water 

10X TBS (pH 7.6) 

200 mM Tris base 

1.5 M NaCl 

Sufficient HCl to get pH 7.6 

Distilled water 

1X TBST 
0.1 % (v/v) Tween 20 

1X TBS 

Blocking Buffer 

5 % (w/v) Skimmed Milk Powder (Tesco) 

0.1 % (v/v) Tween 20 

1X TBS 

Stripping Buffer 

62.5 mM Tris-HCl pH 6.8 

10 % (w/v) SDS 

100 µM β-Mercaptoethanol 

Distilled water 
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2.2 Mice 

All mice used in this thesis were maintained at Cardiff University’s JBIOS facility in accordance with 

the 1986 Animals (Scientific Procedures) Act Guidelines [300]. All experiments were performed 

under the UK Home Office licenses 30/2938 (2015-2016) or PO5D6A456 (2017-2019). Mice were 

culled via asphyxiation with a slow rising level of CO2 and death was confirmed via dislocation of 

the neck. Mice were matched in experiments by age and gender whenever possible. Details of the 

age, gender and number of mice used in each experiment can be found in the figure legends. Most 

experiments were performed using mice aged 8-16 weeks and involved a mix of male and female 

mice. 

The pilot in vivo studies carried out in this thesis were performed using the minimum number of 

mice (usually 1-2 mice per group) to gain insight into the biological effect size providing 

justification for any potential follow up studies. All mice were group housed in conventional cages 

according to genotype and were provided chow and water ad libitum. The only exception to this 

involved any in vivo experiments involving lentiviruses. In lentivirus experiments mice were 

injected in a biological safety cabinet and housed in scantainers where each cage was individually 

ventilated, chow/water were still provided ad libitum.   

The transgenic mice strains used in this thesis, listed in Table 2.2, were purchased from Jax 

Laboratory and bred in house. C57BL/6J wild-type mice were ordered from Charles River as 

required. All microglia cultures used for RNA-sequencing (See chapter 4) were derived from 8-

week-old female C57BL/6J mice order from Charles River to try and minimise variation between 

cultures. 

 

Table 2.2 Official and abbreviated names of the transgenic mice strains used in this thesis. 

2.2.1 Spi1-URE floxed Mice 

An active Cre recombinase (Cre) is required to remove a 3.4 kB fragment of the -14 kB Spi1 URE in 

B6;129-Spi1tm1.2Dgt/J (Spi1 URE floxed) mouse line [260,267]. It was decided the best method to 

adopt in this investigation was to restrict Cre expression to cells expressing Cx3cr1, which is 
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primarily expressed by myeloid cells [146,147]. Microglia are lost in models where PU.1 was 

knocked out or disrupted, and there were concerns removing the -14 kB Spi1 URE would also 

reduce the population [7,8,258]. To abate these concerns the Spi1 URE floxed mice were bred to 

two mouse strains. The B6J.B6N(Cg)-Cx3cr1tm1.1(cre)Jung/J (Cx3cr1CONST) strain constitutively 

expressed an active Cre whereas the B6.129P2(C)-Cx3cr1tm2.1(cre/ERT2)Jung/J (Cx3cr1ERT) strain express 

an tamoxifen-inducible Cre recombinase [147].  

The experiments in this thesis did not expose the Spi1 URE floxed-Cx3cr1ERT (Spi1-ERT) mice to 

tamoxifen but were instead used to control in experiments using the Spi1 URE floxed-Cx3cr1CONST 

(Spi1-CONST) mice to negate any effects resulting from the transgenic background of these mice. 

Figure 2.1 summarises predicted differences between the Spi1-ERT and Spi1-CONST mouse strains.  

 

 

Figure 2.1 Graphic depiction of predicted outcome to -14 kB URE following Spi1-ERT and Spi1-CONST 
transgenic mouse strains in Cx3cr1+ cells. The Spi1-ERT mice express a tamoxifen inducible Cre that cannot 
enter the nucleus (blue) in the absence of tamoxifen, so the -14 kB URE (red) is intact and Spi1 expression 
should not be altered. In the Spi1-CONST mice Cre can enter the nucleus where it causes recombination of the 
loxP sites (purple) and removal of ~3.4 kB of the -14 kB URE reducing expression of the Spi1 gene. This Cre 
mediated loxP recombination is restricted to the nuclei of Cx3Cr1 expressing cells which express Cre.  

2.2.2 ABI3 Knock-Out Mice 

The Abi3 B6N(Cg)-Abi3tm1.1(KOMP)Vlcg/J (Abi3-KO) mouse colony was generated by the Jackson 

Laboratory [299]. In the Abi3 KO mice exons 2-7 were replaced with a LacZ gene encoding β-

Galactosidase as a reporter, as depicted in Figure 2.2 [299]. Mice that were heterozygous for the 

Abi3 KO mutation were used to establish separate Abi3 KO and Abi3 WT colonies which were 

derived on a C57BL/6NJ background. 
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Figure 2.2 Graphic depiction of the Abi3 WT and Abi3 KO mouse strains in all Abi3 expressing cells. The 
Abi3 WT mice have all 8 exons intact and will express Abi3 mRNA. In the Abi3 KO mice exons 2-7 have been 
replaced with an Escherichia coli (E. coli) LacZ gene (green) and a poly-A-tail (purple) to terminate 
transcription. Therefore, in the Abi3 KO mice LacZ mRNA is expressed in the place of Abi3, which is translated 
into a detectable β-galactosidase reporter. 

 

2.3 Genotyping 

Genomic DNA (gDNA) was isolated from individual ear-punch biopsies taken by JBIOS staff for 

genotyping purposes. Biopsies were digested with 50 µL of mammalian lysis buffer and 100 µg/mL 

of proteinase K (from Tritirachium album, Sigma P4850) in a 1.5 mL microcentrifuge tube 

(STARLAB) at 52 °C for 1 hour being shaken in a Thermo-Shaker at 1200 rpm (Grant-bio, PSC24N). 

The proteinase K was deactivated after heating to 72 °C for 30 minutes. Tubes were cooled before 

400 µL of nuclease free water (Life Technologies) was added to each sample and briefly vortexed. 

The GoTaq® G2 Flexi kit (Promega) was used for genotyping per manufacturers direction, the 

volumes for one reaction are summarised in Table 2.3. Each reaction was placed in a 0.2 mL PCR 

tube (STARLAB) before the addition of 1 µL of gDNA. These tubes were then placed in a 

Mastercycler® Nexus Gradient (Eppendorf) PCR machine and run using the PCR protocol detailed 

in Figure 2.3. 
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Table 2.3 Volumes of each GoTaq® G2 Flexi DNA Polymerase kit component needed for one standard 25 µL 
reaction. 1µL of genomic DNA was added to this reaction mix. dNTPs were purchased separately from 
Promega and all primers were provided through Sigma. 

  

Figure 2.3 Touchdown PCR program used for genotyping, based on standard Jackson Laboratory protocol. 
The temperature is shown in °C above the black line and the duration given in minutes and seconds below the 
line. *During the touchdown cycles (steps 2-4) the annealing temperature was decreased by one degree in 
each cycle.  

All genotyping primer sequences, listed in Table 2.4, were provided by the Jackson Laboratory and 

were purchased through Sigma Aldrich. 

  

Table 2.4 All genotyping primer sequences needed for genotyping PCR reactions and the expected product 
size in base-pairs (bp). 

Component Volume (µL)

5x Green GoTaq® Flexi buffer 5

25 mM MgCl2 3.6

10 mM dNTPs 0.5

Forward primer (500 nM) 0.125

Reverse primer (500 nM) 0.125

GoTaq DNA polymerase 0.1

Nuclease-free water 14.55

Total Reaction Volume 24

Forward Primer (5’ to 3’) Reverse Primer (5’ to 3’) Product Size (bp)

Wild-Type 250

Mutant 480

Wild-Type AGCTCACGACTGCCTTCTTC ACGCCCAGACTAATGGTGAC  151

Mutant GTTAATGACCTGCAGCCAAG ACGCCCAGACTAATGGTGAC  230

Wild-Type AGCTCACGACTGCCTTCTTC GCAGGGAAATCTGATGCAAG  816

Mutant GACATTTGCCTTGCTGGAC GCAGGGAAATCTGATGCAAG  380

Wild-Type ACCCAGATCCCTGAGAATTT CAAGTCCTGAAGGGAGAACG  334

KO CGGTCGCTACCATTACCAGT CAGCCCAAGAGGTAGACAGG  473

Cx3cr1CONST

Abi3

Mouse

Spi1- URE 

floxed
GGCCTCAGTTTTCTCACCTG CCTTCCTGGTTTGGGAGAAT

Cx3cr1ERT 
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The resulting PCR reaction was electrophoresed on a 2 % agarose gel. The gels were made by 

dissolving an appropriate amount of agarose powder (Thermofisher) in 1X TAE buffer with heat 

and gentle agitation. To visualise the DNA approximately 0.5 µg/mL of Ethidium Bromide (one 

drop) or 1:20, 000 dilution SYBR™ Safe (from 10,000X stock in DMSO) was added to the dissolved 

agarose and gently mixed before the mixture was poured into an appropriate Fisherbrand™ 

mould, and a comb (Thermofisher) was inserted to form individual wells once the gel had set. The 

samples were then loaded alongside the 100 bp DNA ladder (Promega) and run using the 

Fisherbrand™ gel system (Thermofisher) at 100 V until for ~45 minutes. The gels were then 

transferred to a UV transilluminator where they were imaged. 

2.3.1 Spi1 URE removal PCR 

To ensure the -14 kB URE was removed, as depicted in Figure 2.1, genomic PCR was used to assess 

the presence or absence of the -14 kB Spi1 URE. Briefly genomic DNA was isolated in accordance 

with the instructions of the GenElute™ Mammalian Genomic DNA Miniprep Kit and eluted in 

nuclease-free water. The PCR reactions were performed as described in Section 2.3, using all three 

primers listed in Table 2.5. These primers were used to genotype the Spi1tm1.3Dgt/J transgenic mice, 

a slightly altered version of the mice used in this project that lack the -14 kB URE and the 

neomycin cassette [298,301].  

 

Table 2.5 Primers used to determine if the URE has been excised by Cre.   

As indicated in Figure 2.4 the -14 kB URE was intact then a PCR band would only form between 

primer 1 and primer 2, as the extension time would not allow the larger band between primer 1 

and primer 3 to form. If the -14 kB URE has been removed by Cre then the distance between 

primer 1 and primer 3 would be short enough to allow a PCR band to form. As primer 2 binds to 

the sequence in floxed URE region it would have been lost in the Cre mediated recombination, 

ensuring only one PCR fragment would be formed in each reaction. As the exact sequences for this 

region of the Spi1-URE floxed or the Spi1tm1.3Dgt/J mouse strains have not been published [260,298] 

the exact fragment size of the PCR fragment generated by primers 1 and 2 could not be predicted. 

However due to the design of the PCR reaction it was determined that the PCR fragment 

generated by primers 1 and 3 in the absence of the -14 kB URE was would be ~200 bp larger. 
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Figure 2.4 Diagram indicating the approximate binding sites of each of the primers to measure URE 
recombination in the Spi1 URE floxed mice. As described in the text above the Spi1tm1.3Dgt/J genotyping 
primer 1 and 2 combine to form a PCR product of “x” bp in the Spi1tm1.2Dgt/J mice used in this thesis, which are 
slightly different meaning the band size was unknown. When these mice were in the presence of an activated 
Cre causes recombination of the LoxP sites, meaning the site binding primer 2 was lost, though primer 1 and 
3 were now able to form the larger PCR band in the extension time (“x”+ 200bp). 

2.3.2 Abi3 Genomic PCR  

The Abi3 KO mice should lack exons 5-7 of the Abi3 gene. To assess this genomic DNA was isolated 

in accordance with the instructions of the GenElute™ Mammalian Genomic DNA Miniprep Kit and 

eluted in nuclease-free water. Two separate PCR reactions were then performed as described in 

Section 2.3, using either the primers targeting Abi3 exon 5-7 or exon 8, listed below in Table 2.6.  

 

Table 2.6 Primers used to assess the presence of Abi3 exons and predicted band sizes. 

2.4 General Cell Culture and Maintenance 

2.4.1 Incubation and Media Preparation  

Cells were incubated at 37°C in a humid incubator with 95% air 5% CO2 unless otherwise stated. 

Dulbecco's Modified Eagle Medium (DMEM) and Roswell Park Memorial Institute 1640 (RPMI) 

were supplemented with heat-inactivated Foetal Bovine Serum (FBS) and Penicillin-Streptomycin 

antibiotics (100X), as described in Table 2.7. All the reagents listed above were produced Gibco® 

(Thermofisher). Unless stated otherwise the cell lines were maintained in Nunc™ T75 or T175 

flasks with filters (Thermofisher). 
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Table 2.7 The RPMI and DMEM medias used in these experiments. The reagents show in blue were added 
to the media separately.   

2.4.2 Cryopreservation and Thawing 

Cells were centrifuged at 350 x g for 5 minutes, the supernatant discarded and the pellet 

resuspended 1 mL of in freezing media per 3-5 x 106 cells. The media was divided into 1 mL 

aliquots and frozen down in either a Mr. Frosty™ (Thermofisher) or a CoolCell® LX (Biocision) 

overnight at -80 °C. Aliquots were then stored at - 80 °C or moved into liquid nitrogen for longer 

term storage. 

Cells were thawed by transferring the aliquots into a 37 °C water bath until the ice crystals 

disappeared.  The defrosted aliquots were quickly transferred into 10 mL of the appropriate media 

and centrifuged at 350 x g for 5 minutes. The supernatant was removed and the cells resuspended 

in the correct culture media, as detailed below.  

2.4.3 Cell counting 

Cells were counted with the Muse® Cell Analyzer (Merk Millipore) per manufacturer’s instructions. 

Briefly, samples were prepared by diluting cells between 1:10 and 1:40 with MUSE staining 

solution. Following a 5-minute incubation at room temperature (RT) these samples were run on 

the Muse® Cell Analyzer. Cells were also counted using a 4 x 4 haemocytometer, cells were first 

diluted 1:1 ratio with 0.4 % Trypan Blue solution (Gibco). 

Culture Media Contents

2 g/L D-glucose

2 mM L-Glutamine

10 % (v/v) FBS

100 (v/v) units/mL Penicillin

100 (v/v) µg/mL Streptomycin

4.5 g/L D-glucose

4 mM L-Glutamine

10 % (v/v) FBS

100 (v/v) units/mL Penicillin

100 (v/v) µg/mL Streptomycin

4.5 g/L D-glucose

GlutaMAX™

15 % (v/v) FBS

100 (v/v) units/mL Penicillin

100 (v/v) µg/mL Streptomycin

Microglia DMEM

Standard DMEM

Standard RPMI



58 
 

2.4.4 Jurkat Cell Line 

The Jurkat immortalised human T-lymphocyte line was established from the peripheral blood of an 

acute T-cell Leukaemia patient [302]. These non-adherent cells were maintained in standard RPMI 

media were passaged twice-weekly at a 1:20 or 1:40 dilution pre requirements. 

2.4.5 Human Embryonic Kidney 293T Cells 

The Human Embryonic Kidney 293T cell line (293T) was originally derived from human embryonic 

kidney cells that were virally transformed to stably express the SV40 large T-antigen [303]. The 

293T cells were cultured in standard DMEM media and passaged every 4 days. These cells were 

passaged after the old media was aspirated and the cell monolayer was gently washed with 

Dulbecco’s Phosphate Buffered Saline (DPBS). The cell monolayer was then covered with 0.05 % 

Trypsin-EDTA (Thermofisher) and incubated at 37°C for 5 minutes to detach the cells. The 

detached cells were then collected into a 50 mL falcon tube and ~10 mL of standard DMEM was 

added to neutralise the trypsin. The cells were then centrifuged for 5 minutes at 350 x g, the 

supernatant was removed before the cells were resuspended and diluted 1:20 in standard DMEM 

before being added to a new culture flask. 

2.4.6 Macrophage Precursor (MØP) Cell lines 

The polyclonal conditionally immortalised Macrophage Precursor (MØP) cell lines were derived 

from transfecting CD117+ mouse bone marrow cells with a retrovirus carrying an oestrogen 

inducible HoxB8 gene, as previously described [304]. Table 2.8 lists the origin of the MØP cell lines 

used in this thesis. My thanks to Dr Marcela Rosas for producing the Spi1 URE floxed MØP cell line.  

 

Table 2.8 List of the age and gender of the mice that were used to generate the MØP cell lines. The Abi3 
KO and Abi3 WT lines were made in parallel to minimise the risk of experimental differences. 

The MØP cells were maintained in standard RPMI media supplemented with 1 µM oestrogen (10 

mM β-estradiol (w/v) in absolute ethanol; Sigma) and 10 ng/mL recombinant murine Granulocyte-

Macrophage Cytokine Stimulating Factor (GM-CSF; Peprotech) and were passaged every 3-4 days 

at a 1:20-1:40 dilution as required.  

Mouse Strain Age Gender

Spi1  URE floxed 10 weeks Female

ABI3 KO 8 weeks Female

ABI3 WT 8 weeks Female
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2.4.6.1 Differentiation of MØP Cells 

Following oestrogen withdrawal these MØP cells could be differentiated with GM-CSF or 

recombinant Macrophage Cytokine Stimulating Factor (M-CSF; Peprotech). Oestrogen was 

depleted from the cultures by washing the cells in 10 mL standard RPMI media three times where 

the 50 mL falcon tubes were centrifuged at 350 x g for 5 minutes to pellet the cells between 

washes. After the final wash cells were counted (see section 2.4.3) and resuspended in standard 

RPMI media containing either M-CSF or GM-CSF, as required. To get differentiated cells like bone-

marrow derived MØ (BMDM) 1x106 MØP cells were resuspended in 3mL of RPMI with 20 ng/mL of 

M-CSF per well of a 6-well-plate. To differentiate DC-like cells 3x105 MØP cells were differentiated 

in 3 mL of RPMI media supplemented with 10 ng/mL GM-CSF. These differentiating MØP cells 

were incubated 3-4 days, where the M-CSF or GM-CSF differentiation media was replenished on 

day 2/3. The differentiated MØP cells were harvested using Accumax™. The media was discarded, 

and cells were washed with DPBS before sufficient Accumax™ was added to cover the bottom of 

the well. The 6-well-plates were then incubated for 5 minutes at 37 °C before the wells were 

gently scraped with a plastic scraper. The cell suspension was then transferred to a 50 mL falcon 

tube containing ~10 mL standard RPMI and centrifuged at 350 x g for 5 minutes to pellet the cells 

before downstream applications.  

2.4.7 RAW 264.7 Cell line 

The RAW 264.7 (RAW) cell line was originally derived from murine tumours BALB/C mice 

transformed with Abelson leukaemia virus [305]. RAW cells were cultured in standard DMEM and 

were passaged twice-weekly by gently scraping with a plastic cell scraper. Cell suspension was 

then transferred to a 50 mL flacon tube and centrifuged at 350 x g for 5 min. Supernatant was 

discarded, and cells were resuspended in at a 1:20 dilution in standard DMEM before being 

transferred to a new culture flask.  

2.4.8 Bone-Marrow Derived MØ (BMDM) 

The femur and tibia bones were harvested from sacrificed mice and placed into 50 mL falcon tube 

containing ice-cold DPBS. The bones were then sterilized in 70 % absolute ethanol (in DPBS) for 1 

minute before being washed twice with DPBS. The ends of each bone were removed. The marrow 

was flushed out using a 25G needle on a 10 mL syringe filled with standard DMEM media onto a 40 

µM strainer placed in a 50 mL falcon tube. Cells were centrifuged at 350 x g for 5 minutes. At this 

point cells were either cryopreserved, as described in Section 2.4.2 for a few months or underwent 

a red-blood-cell (RBC) lysis step if being directly cultured. The cell pellet was resuspended in 1 mL 
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of ACK lysis and incubated for 1 minute before 9 mL of DPBS was added. An FBS layer was carefully 

added below the cell suspension before centrifuged at 350 x g for 5 minutes. Frozen bone-marrow 

aliquots did not require this step as freeze/thawing results in lysed the RBCs. The bone-marrow 

cells were resuspended in 5 mL of standard DMEM and counted as described in Section 2.4.3. Cells 

were plated in 100 mm x 20 mm (diameter x height) Cellstar® plate (Greiner Bio-one) at 1x107 per 

plate in DMEM with 20 ng/mL of M-CSF. 25 mL of the cell-media suspension was transferred to a 

and incubated for 7 days at 37 °C. Differentiation media was refreshed after 3-4 days before being 

harvested with Accumax™ (Sigma) as described in section 2.4.9. 

2.4.9 Primary Microglia Cultures 

The brains were digested to obtain a single-cell suspension, as described in Section 2.6. The cells 

suspension was washed in 10 mL of microglia DMEM media and centrifuged at 300 x g for 7 

minutes. The supernatant was carefully removed, and the pellet was resuspended in 6 mL per 

brain of microglia DMEM media supplemented with 10 ng/mL M-CSF. The resulting cell suspension 

was then transferred to a 6-well-plate at 3 mL per well and incubated overnight at 37 °C to allow 

the microglia to adhere. The myelin debris from the brains was resuspended in the culture media 

on the subsequent day following gentle agitation. The myelin-media was then removed before the 

well was washed with 3 mL of microglia DMEM. Following the removal of this wash 4 mL of 

microglia DMEM supplemented with 10 ng/mL M-CSF was added to each well. Microglia were 

maintained in culture for 7-21 days with M-CSF supplemented media replaced every 3 days. To 

harvest the media was removed and enough AccumaxTM was added to cover the bottom of the 

well before being incubated at 37 °C for 20 minutes. The bottom of the plate was gently scraped 

with a plastic cell scraper (Greiner) to ensure all cells were dislodged. The cell suspension was 

transferred to a 50 mL falcon tube and centrifuged at 300 x g for 7 minutes before the cells were 

used in other applications. When necessary this protocol was scaled up in 100 mm x 20 mm 

(diameter x height) plates, T-25cm2 and T-75cm2 flasks where the culture volumes were increased 

proportionally. 

2.4.9.1 Addition of TGF-β and Lentivirus  

When required microglia culture media was supplemented with 50 ng/mL recombinant murine 

transforming growth factor β1 (TGF-β, eBioscience™). In Chapter 4 any pilot experiments using 

TGF-β have been clearly labelled and all microglia cultures in Chapter 5 were supplemented with 

TGF-β. An schematic overview of the optimised microglia culture protocol used for RNA-

Sequencing (RNA-Seq) experiments and in Chapter 5 is shown in Figure 2.5.  
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Figure 2.5 Schematic diagram summarising the culture protocol used for RNA-sequencing experiments. On 
Day 0 brains were digested and plated as described in 2.4.9. On Day 1 in culture the myelin was removed by 
gentle agitation to re-suspend the myelin in the media. After 5 days in culture the microglia DMEM media 
was supplemented with 50 ng/mL TGF-β in addition to 10ng/mL M-CSF. On day 10 lentiviruses were added to 
the cultures. On day 21 the cells were harvested and stained ready for flow cytometric sorting with BD FACS 
Aria II. Finally RNA was extracted from the sorted cells, as described in section 2.14.1.  

After Day 1 media was replenished every 2 days, and 5 days after the cultures were established 

the media was supplemented with 50 ng/mL TGF-β in addition to 10 ng/mL M-CSF (supplemented 

microglia DMEM). Microglia cultures in a 6-well-plate were infected with lentivirus on Day 10 of 

culture. The media was removed and replaced with 3 mL supplemented microglia DMEM lentivirus 

was then added at a 1:10 dilution and incubated for 6 hours. Following this incubation an 

additional 3 mL of supplemented microglia DMEM was added to each culture well. This was 

scaled-up in larger flasks when required according to the surface area of the culture dish. The 

culture media was changed every 2 days, until Day 21 when microglia were harvested as described 

in the preceding section. 

2.5 Functional MØ Assays 

2.5.1 Adhesion assay 

Lavages (described in Section 2.7) were counted (see section 2.4.3) before tubes were centrifuged 

at 350 x g for 5 minutes at room temperature. Cells were plated at a density of 0.5x106 per well in 

1 mL standard DMEM media. Plates were incubated at 37˚C to allow the cells to adhere, 

incubation times are indicated in results. At the end of each time-point the wells were washed 

three times with 1 mL DPBS before the cells were fixed with 2 % formaldehyde for 10 minutes at 

RT. Following incubation the fixative was aspirated and cells were permeabilised with 1 mL 0.1 % 

(v/v) Triton-X-100 in DPBS for 3 minutes cells at RT.  The wells were then stained with 25 ng/mL of 

4',6-Diamidino-2-Phenylindole Dilactate (DAPI; Thermofisher) in 1 mL of DPBS for 5 minutes before 

the DAPI staining was imaged using the 10X magnification lens on the EVOS™ FL Imaging System 

(Life Technologies).  
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2.5.2 pMØ Phagocytosis assay 

Lavages were counted (section 2.7) before being centrifuged at 350 x g for 5 minutes. Following 

this lavage cells were resuspended at 1x106 cells per mL in standard DMEM and 500 µL was 

transferred to each well of a 24-well Costar® Ultra-low attachment plate (Corning) with an 

additional 1.5 mL of standard DMEM. FITC labelled Zymosan (Life Technologies) was added at a 

concentration of 20 µg per well (~4.5x106 particles) before plates were incubated for 30 minutes at 

37 °C. Zymosan is a cell wall extract of the yeast Saccharomyces cerevisiae (S. Cerevissiae). Media 

was removed from the plate before cells were recovered with 1 mL of Accumax™ and a 20-minute 

incubation. The detached cells were then transferred to 1.5 mL microcentrifuge tubes before 

centrifugation at 350 x g for 5 minutes at 4 °C. Samples were kept on ice until they were run on 

the Amnis Imagestream®X Mark II Imaging Cytometer, as described in section 2.16.2. 

2.5.3 Primary Microglia Phagocytosis assay 

Microglia were cultured in T-25cm2 flasks for 21 days prior to the assay (section 2.4.9.1). Media 

was removed and the cells were gently washed in DMEM containing 2 % FBS. As described in 

2.5.3.3 30 µg (approximately 6.75x106 particles) of zymosan was opsonised and resuspended in 15 

mL of 2 % FBS DMEM media supplemented with 10 ng/mL M-CSF and 50 ng/mL TGF-β. Each T-

25cm2 flask was incubated with 5mL of this zymosan-media for 1 hour at 37 °C. The media was 

removed and the cell monolayer was carefully rinsed three times with ice-cold DPBS before 

microglia were harvested with Accumax™ as described in section 2.4.9. The harvested cells were 

then fixed with 2 % formaldehyde for 20 minutes on ice. The cells were centrifuged at 350 x g for 5 

minutes to remove the fixative. The cells were stained for surface markers, as described in section 

2.9.4 prior to being resuspended in 50 µL FACS wash and run on the Amnis Imagestream®X Mark II 

Imaging Cytometer. 

2.5.3.1 Collection of Mouse Serum 

Mice were cardiac punctured using 1 mL syringe with a 23G needle. The collected blood was then 

transferred to a 1.5 mL microcentrifuge tube and transported on ice. The tubes were centrifuged 

at 2000 x g for 20 minutes at 4 °C and the serum was carefully removed from the cell pellet. The 

serum was aliquoted and stored at – 80 °C until required. 

2.5.3.2 Fluorescent Labelling of Zymosan 

Unlabelled zymosan was resuspended at 20 mg/mL (Life Technologies). One 10 mg aliquot was 

then diluted at a 1:1 in 0.2 M Sodium Bicarbonate buffer. In accordance with kit guidelines 1 mg of 

AlexaFluor™ 405 NHS Ester (Life Technologies) was dissolved in 35 µL of Dimethyl Sulfoxide 
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(DMSO) and added to the zymosan- and incubated at RT for 1 hour on a tube roller before the 

roller was moved to 4 °C and incubated overnight. The zymosan was then washed by adding 30 mL 

DPBS and centrifuged at 3000 x g for 5 minutes. The supernatant was then discarded. This wash 

step was repeated an additional 3 times before the AF405 labelled zymosan was resuspended at a 

4 mg/mL concentration (~9x108 particles by MUSE counts) and aliquoted before storage at -80 °C 

until needed. 

2.5.3.3 Opsonisation of labelled Zymosan 

Labelled zymosan was opsonised using mouse serum. Briefly, 30 µg (approximately 6.75x106 

particles) of zymosan was added to FBS-free DMEM supplemented with 30 % (v/v) mouse serum 

to give a total volume of 200 µL in a 1.5 mL microcentrifuge tube. The tube was then incubated at 

37 °C for 20 minutes in the dark. The zymosan particles were then washed by the addition of 1 mL 

of DPBS and centrifuging the tubes at 1000 x g for 5 minutes. This wash step was repeated twice 

more to ensure unbound serum was removed.  

2.5.4 M-CSF Stimulation assay 

The M-CSF stimulation assay was adapted from published work [289] to use M-CSF differentiated 

MØP cells. Briefly, following the protocol outlined in section 2.4.6.1, 5x103 MØP cells were 

differentiated in 200 µL of standard RMPI supplemented with 20 ng/mL M-CSF in Nunc™ Lab-Tek™ 

II 8-well Chamber Slide™ (Thermofisher). Another 200 µL of this media was added on the second 

day of culture. In accordance with the experimental layout shown in Figure 2.6, M-CSF was 

depleted from all experimental chambers except the ‘original’ control samples by gently washing 

the cell monolayer with standard RPMI before adding 200 µL of standard RPMI. The slide was then 

returned to the incubator for 3 hours.  

 

Figure 2.6 Experimental layout of Chamber Slide used in M-CSF stimulation assay. Abi3 WT and Abi3 KO 
MØP cells were differentiated on the same slide in separate wells. Both the M-CSF stimulated and 
unstimulated samples were depleted of cytokines and serum, whereas ‘original’ samples were left untouched 
until fixation.  

Media was carefully removed, and the cell monolayer was then washed once with serum-free 

RPMI and replaced with 100 µL of serum-free RPMI and incubated for a further hour. At this point 

M-CSF stimulated samples received 50 µL of serum-free RPMI supplemented with 60 ng/mL M-

M-CSF 

Stimulated

M-CSF 

Stimulated
Unstimulated OriginalAbi3 WT

Abi3 KO
M-CSF 

Stimulated

M-CSF 

Stimulated
Unstimulated Original
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CSF, to give a final dilution of 20 ng/mL, for 5 minutes. Following stimulation the media was 

removed from all chambers and washed twice with DPBS. Cells were fixed with 100 µL 4 % 

paraformaldehyde for 10 minutes at RT. The fixative was aspirated and each chamber was washed 

twice with DPBS. Cells were then permeabilised with 100 µL of 0.1 % Triton-X-100 in DPBS for 4 

minutes at RT and washed twice more in DPBS. The cells were then stained for phalloidin in 

accordance with manufactures directions (Invitrogen). Methanolic phalloidin stock was diluted 

1:40 in 0.5 % BSA in DBPS and 100 µL of this staining solution was placed in each chamber. The 

solution was incubated on the slides for 20 minutes at RT in the dark. The staining solution was 

removed and 100 µL of DPBS containing 0.5 ng/mL of DAPI (1:100 from 50 µg/mL stock) was 

incubated in each chamber for 5 minutes. The DAPI solution was removed and the chamber were 

detached from the slide, as per manufacturer’s instructions (Thermofisher). The slides were then 

mounted with ProLong® Gold reagent (Thermofisher) and covered with a 24 x 50 mm Menzel™ 

coverslip (Thermofisher). These slides were then imaged using the 20X magnification lens on the 

Zeiss Apotome Axio Observer microscope using the Axiocam506 camera (Carl Zeiss Microscopy 

GmbH). Exemplar images to demonstrate cell morphology changes were taken using the 63X 

magnification lens on the Zeiss Cell Observer Spinning Disk Confocal Microscope, taken with the 

AxioCam 503. Images were captured as Z-stacks, whereby upper and lower limits were manually 

set and the optimal number of slides determined by Zen software. Following capture the Z-stacks 

were processed using the orthogonal projection feature and exported as TIFF files, thus ensuring 

fine processes were not lost by focusing on one plane. The 20X images were used for all ImageJ 

analyses. 

2.6 Microglia Isolation for Flow Cytometry 

Mice were culled before the brains were removed and kept in 1 mL Hank’s Balanced Salt Solution 

without Ca2+ and Mg2+ (HBSS w/o; Gibco) on ice. The brains were then digested using the Neural 

Tissue Digest Kit P (NTDK; Miltenyi Biotec) as per manufacturer’s guidelines. Briefly, the weight of 

the brains was used to calculate the volume of buffers and enzymes required, the specific contents 

of which are proprietary knowledge. Buffer X and Enzyme P (confirmed to contain papain) were 

then added to a GentleMACS™ C-tube (Miltenyi) followed by the brain and 1 mL HBSS (w/o) 

followed by addition of Buffer Y and Enzyme A. The C-tubes were then placed in the 

GentleMACSTM OctoDissociator with heaters (Miltenyi) and run on the program 37C_ABDK, 

summarised in Figure 2.7. 
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Figure 2.7 Diagram summarising the 37C_ABDK program on the GentleMACS™. Briefly, the C-tube was 
inverted and placed in the GentleMACS™ OctoDissociator with a heater. The program guide states that the 
C-tube was then heated to 37 °C for 30 minutes while being gently rotated at 840 rpm. 

The resulting single-cell suspension was passed through a 70 µM strainer on a 50 mL falcon tube 

containing 10 mL HBSS with Ca2+ and Mg2+ (with), before being centrifuged at 300 x g for 7 min. 

The supernatant was carefully removed, and the pellet was resuspended in 1800 µL MACS buffer 

before the addition of 200 µL of myelin removal beads per brain (Miltenyi). These samples were 

incubated at 4°C for 15 minutes. Unbound beads were removed with the addition of 20 mL of 

MACS buffer and centrifugation at 300 x g for 7 min. After the supernatant had been removed 

each sample was resuspended in 2 mL MACS buffer and then run on the AutoMACS® Pro-

Separator using the ‘DepleteS’ program to remove the myelin, as shown in Figure 2.8 (Miltenyi).  

 

Figure 2.8 Summary of AutoMACS® Myelin Depletion using the ‘DepleteS’ program. The sample containing 
magnetic beads bound to myelin were placed in row A of the sample rack. Empty tubes were placed in rows B 
and C to collect the myelin ‘negative’ and myelin ‘positive’ fractions respectively. The myelin negative 
fraction contains the microglia among other cell types. The ‘DepleteS’ program has been optimised to 
remove myelin from the other cells to give a negative fraction with a high purity.  
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When required an additional bead separation was performed to purify CD11b+ cells. In this 

instance a small sample of the myelin-negative cell fraction was taken to calculate the cell number 

(see 2.4.3). The remaining cell fraction was centrifuged at 300 x g for 7 min. The supernatant was 

aspirated and the cells were resuspended in 90 µL per 107 total cells of MACS buffer with EDTA. 

Then 10µl per 107 total cells of CD11b (Microglia) MicroBeads (Miltenyi) were added to the 

samples before they were incubated at 4 °C for 15 minutes. The samples were washed by adding 

1-2 mL of MACS buffer with EDTA and centrifuged at 300 x g for 7 min. Following this the 

supernatant was aspirated and the cells were resuspended in 1 mL MACS buffer with EDTA before 

being run on the ‘Possel’ program of the AutoMACS® Pro-Separator. This program is used to 

isolate cells with a robust CD11b expression that make up more than 5 % of the cell population. As 

in the ‘DepleteS’ program the labelled fraction was collected in row C. 

2.7 Peritoneal Lavage 

Mice were sacrificed and the peritoneum was exposed. Following this 5 mL of ice-cold lavage fluid 

was carefully injected into the peritoneal cavity using a 21-gauge hypodermic needle (BD 

Bioscience), avoiding any organs. The needle was withdrawn ensuring the injection site was 

blocked with abdominal fat. The mice were then gently rocked to ensure a maximum cell harvest 

and the needle re-inserted to withdraw cell-containing fluid. Following this recovery, the needle 

was removed and the fluid was transferred to a 15 mL falcon tube and placed on ice. Any lavages 

containing excessive blood or other contamination were discarded from further analysis. 

2.8 In vivo Intraperitoneal (I.P.) Injections 

All I.P. injections were performed by injecting mice in the lower right quadrant at a 45 ° angle.  

2.8.1 Lentivirus Injection 

Lentiviruses were produced as described in section 2.12. The resulting lentiviruses were thawed 

on ice before up to 300 µL was drawn into a 29-gauge insulin needle (Fisher Scientific). The 

injection site was gently washed with Hydrex Surgical Scrub (4 % (w/v) Chlorhexidine Gluconate; 

Ecolab) diluted 1:1 in water.  

2.8.2 Lipopolysaccharide (LPS) Injection 

LPS is found on the peripheral membrane of gram-negative bacteria and can thus, in appropriate 

doses, be used to provide a mild immune challenge. A recent meta-analysis purported that an I.P. 

injection of 100 µg/kg LPS was sufficient to elicit an immune response microglia [132]. The average 
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weights of C57BL/6 mice were used to calculate the LPS dose for male and female mice [306] and 

injections were carried out with a 29-gauge insulin needle (Fisher Scientific). 

2.9 Flow Cytometry 

Samples were run on either a 3-colour Cyan ADP Analyser (Beckman-Coulter), Fluorescence-

activated cell sorting (FACS)-Fortessa or FACS-Canto (BD Biosciences), although the majority of 

samples were run on the Attune NxT flow cytometer (Thermo Fisher Scientific). Each experiment 

used internal single colour controls and where possible photo multiplier tube (PMT) voltage 

settings were kept constant between experiments. 

 

Table 2.9 Summary table of commonly used antibodies including the clone name, final dilution and the 
type of permeabilization, if required. *This Cell Signalling Technology® (CST) antibody was used in 
preliminary experiments in the Spi1 floxed MØP cell lines. This was replaced with the Biolegend® anti-PU.1 
antibody which was used in all subsequent experiments. Any experiments that used the CST anti-PU.1 
antibody will clearly state it in the figure legend. **This Tmem119 antibody did not work on brains digested 
with papain and required a customised FACS block with 5 % Goat serum instead of Rabbit serum, due to the 
secondary antibody. If primary conjugated antibodies were also used in this staining panel then a second 
FACS block step with 5 % rabbit serum was performed after incubation with the secondary antibody but 
before the primary conjugated antibodies were applied. 

2.9.1 Intra-nuclear Staining 

Cells (0.2 x106 per well) were fixed with equal volumes of 8 % formaldehyde in DPBS (to give a final 

concentration of 4 %) for 30 minutes at RT. The fixative was then removed by centrifuging samples 

at 350 x g for 5 min and removing the supernatant. The cell pellet was resuspended in 90% ice cold 

methanol (Fisher Scientific) and left on ice for 30 minutes. Following this samples were centrifuged 
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at 350 x g for 5 minutes and the supernatant was carefully removed. The cells were then 

resuspended in 50 µL FACS wash before being transferred to one well of a V-bottom 96 well plate 

(Greiner). The plate was then centrifuged at 350 x g for 5 minutes and the supernatant was 

carefully removed. The cells were then resuspended in 50 µL of FACS block and incubated for 20-

30 minutes on ice. During this incubation desired antibodies were diluted in FACS wash at twice 

(2X) the required final concentration, the final concentration of the most commonly used 

antibodies can be seen in Table 2.9. 50 µL per well of 2X concentrated antibodies were added to 

the FACS block in appropriate wells, resulting in a 1X final concentration, and incubated for 30-60 

minutes in the dark on ice. For unstained samples 50 µL of FACS wash were added per well. The 

plate was then centrifuged at 350 x g for 5 minutes. The supernatant was removed and cells were 

resuspended in 100 µL FACS wash per well before being centrifuged again at 350 x g for 5 minutes. 

This washing step was repeated twice more. The cells were then centrifuged at 350 x g for 5 

minutes one final time before being resuspended in ≥ 300 µL FACS wash and transferred to the 

appropriate microtiter tubes (Biorad). If DAPI staining was required, for example in Ki67 staining, 

then before the final re-suspension 100 µL of DAPI diluted 1:100 from a 50 µg/mL stock (Life 

Technologies) was added to each well and incubated in the dark for 20 minutes. The contents of 

each well were then transferred to a separate microtiter tube cell and ≥ 200 µL of FACS wash was 

added to each tube. 

2.9.2 Intra-cellular Staining  

For each sample 0.2 x106 cells were fixed in equal volumes of 2 % formaldehyde, to give a final 

concentration of 1 % formaldehyde for 20 minutes at RT before being centrifuged at 350 x g for 5 

minutes. The fixative was removed before the pellet was resuspended in 50 µL of 0.5 % Saponin 

FACS wash. The suspension was then transferred to a single well of a V-bottom 96-well-plate. The 

plate was then centrifuged at 350 x g for 5 minutes. The supernatant was discarded and the pellet 

resuspended in 50 µL of 0.5 % Saponin-FACS block before incubation on ice for 30 minutes. During 

this incubation the antibodies were prepared in 50 µL Saponin-FACS wash at 2X the desired 

concentration. 50µl of 2X antibodies were then added to the desired wells to give a 1X 

concentration in a final volume of 100 µL per well, before being incubated on ice in the dark for 

30-60 minutes. The plate was then centrifuged at 350 x g for 5 minutes. The cells were then 

washed three times with standard FACS wash as described in the previous section, before samples 

were resuspended in ≥ 300 µL FACS wash and transferred to microtiter tubes. If desired DAPI 

staining was performed as described in section 2.9.1. Some antibodies required permeabilization 
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with 0.3 % Triton-X-100 in which case this protocol was used with 0.3 % Triton-X-100 in DPBS in 

place of 0.5 % Saponin FACS wash, as highlighted in Table 2.9. 

2.9.3 β-Galactosidase Staining 

To confirm LacZ reporter activity the FluoReporter™ LacZ flow cytometry kit was used to detect β-

galactosidase activity as per manufacturers direction (Thermofisher). Nonfluorescent FDG is 

sequentially hydrolysed by β-galactosidase to highly fluorescent fluorescein. To summarise, 1x106 

cells were resuspended in 100 µL of staining medium containing 3 mM Chloroquine diphosphate 

(SM+C) which inhibits lysosomal β-galactosidase [307]) and transferred into a 5 mL polypropylene 

tube (Greiner). Each tube was then incubated in a 37 ˚C water-bath for 20 minutes.  

The fluorescein diβ-D-galactopyranoside (FDG) substrate was diluted to 2 mM in de-ionised water 

and warmed at 37 ˚C for 10 minutes. To start the FDG loading 100 µL of the warmed FDG substrate 

was added per tube, and the tubes were returned to the water-bath for 1 minute. The tubes were 

quickly placed on ice and 1.8 mL of ice-cold SM+C with 1.5 µM propidium iodide (SM+C+PI) was 

added to each tube, trapping the loaded FDG via osmotic shock. The tubes were left on ice for at 

least 5 minutes before cell marker stains were added, as described in the section below. The 

samples were resuspended in 500 µL of SM+C+PI and kept cold before being promptly analysed on 

the flow cytometer to avoid premature processing of the FDG substrate.  

2.9.4 Surface Marker Staining 

Tubes were centrifuged at 350 x g for 5 minutes at 4 ˚C and the supernatant removed. The cell 

pellets were resuspended in 50 µL of FACS Block and incubated on ice for 10-20 minutes. As 

previously described, antibodies were diluted to a 2X concentration in 50 µL FACS wash and 50 µL 

was added to each sample. The samples were then incubated on ice for 15-30 minutes and 

washed three times in the 5 mL tubes using centrifugation as described in 2.9.1. After the wash 

steps each sample was resuspended in ≥ 500 µL of FACS wash. If this staining was performed on 

live cells then MACS block and MACS wash, without sodium azide (NaN3), were utilised in place of 

FACS block/wash respectively. This was mainly required for fluorescence-activated cell sorting on 

the FACS Aria TM III (BD Biosciences) and β-Galactosidase staining protocols.  

2.9.5 NIM-DAPI Staining 

Cells were counted and transferred to 1.5 mL microcentrifuge tubes and centrifuged at 350 x g for 

5 minutes. The suspension was discarded and the pellet was thoroughly resuspended in 400 µL of 

Nuclear Isolation Media containing DAPI (NIM-DAPI; Beckman Coulter) before a 30 minute 
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incubation in the dark at 4°C. The top 350 µL was carefully removed from each tube and placed 

into a clean 1.5 mL microcentrifuge tube before being analysed through flow cytometry. 

2.9.6 Imaging Cytometry 

Certain experiments benefitted from visual assessment such as phagocytosis assays. These 

experiments were analysed on the Amnis Imagestream®X Mark II (Merck) imaging cytometer. 

Samples were resuspended in a small volume of 30 µL in 1.5 mL microcentrifuge tubes. The 

magnification used in the data collection will be clearly stated in the necessary figure legends.  

2.10 Immunohistochemistry Staining for β-Galactosidase 

The expression of LacZ β-galactosidase was also confirmed by immunohistochemistry (IHC). The 

M-CSF differentiated MØP cells were generated as described in 2.4.6.1, where 5x105 MØP cells 

were differentiated onto 50 mm glass-bottomed tissue-culture dishes (MatTek corp). β-

galactosidase staining was also assessed in lavage cells by another PhD student (Elena Simonazzi). 

Briefly mice were lavaged (section 2.7) and 5x105 cells were incubated on autoclaved 13 mm 

Circular Coverslips (VWR) overnight in standard RPMI media to allow the pMØ to adhere.  

The β-galactosidase staining kit IHC staining was used per manufacturer’s directions (Sigma). In 

short, the media was removed, and the cell monolayer was washed twice with DPBS. The cells 

were then covered with 1X fixative solution which was incubated for 10 minutes at RT. This 

solution was removed and the cells washed twice more with DPBS. The cells were covered with 

sufficient staining solution to cover the dish; 10 µL reagent-A, 10 µL reagent-B, 10 µL reagent-C, 50 

µL of 20 mg/mL X-gal solution in 920 µL DPBS per mL and incubated at 37 °C for a minimum of 1 

hour. The exact time used will be stated in the figure legend for each experiment. Staining solution 

was removed and the cells were rinsed once with DPBS. The bottom of the 50 mm glass-bottomed 

tissue culture dishes (MatTek corp) were covered with 70 % glycerol (Thermofisher) in DPBS. 

Alternatively, coverslips were mounted onto SuperFrost™ Plus™ glass slides (Thermofisher) with 

~10 µL of Pro-long anti-fade gold mounting medium (Thermofisher) and secured using clear nail 

varnish. Brightfield images were taken using the 20X magnification lens on the Zeiss Apotome Axio 

Observer microscope using the AxiocamIC (Carl Zeiss Microscopy GmbH). 

2.11 Cloning 

A visual summary of the entire cloning process can be seen in Figure 2.9. The steps will be 

discussed in detail in the subsequent sections. All DNA concentrations were measured using the 

Nanodrop™ 2000 Spectrophotometer (Thermofisher Scientific). 
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Figure 2.9 An overview of the cloning process. A Custom primers were used to amplify DNA from a 
template, namely another plasmid or directly from cDNA, using PCR. The resulting product was 
electrophoresed on an agarose gel and purified. B The plasmid vector was linearised with the appropriate 
restriction enzymes and purified. C In the final step the insert and linearised vectors were combined using the 
infusion enzyme to generate a new plasmid.  

2.11.1 Preparation of Plasmid Stocks 

Prior to cloning vector plasmids containing an ampicillin resistance gene were grown-up overnight. 

For each plasmid a Luria Bertani (LB) broth tablet (Lennox; Sigma) was added to 48.3 mL distilled 

water and autoclaved. Once cool the LB broth was transferred to a 250 mL conical flask (Fisher 

Scientific) and 100 µg/mL of Ampicillin (Sigma) was added to ensure only the desired vector 

plasmid was grown. A clean pipette tip was used to scrape a small amount of the plasmid glycerol 

stock into the flask which was then loosely covered with foil and incubated overnight at 37 °C with 

225 rpm in an a SI500 orbital shaking incubator (Stuart). The following day each amplified plasmid 

was prepared using the Maxiprep Kit per manufacturer’s direction (Qiagen). Plasmids were eluted 

in nuclease-free water (Thermofisher) and stored at -20 °C until required. 

2.11.2 Insert Preparation 

2.11.2.1 shRNA Construction  

Target Spi1 shRNA sequences were designed against the principle isoform shown on the Ensemble 

genome browser (release version 95) using the primer Basic Local Alignment Search Tool  (BLAST; 

National Institute of Health) in accordance with previously published guidelines [308] as shown in 

Figure 2.10. In short, each selected sequence started with a guanine residue which is optimal for 

the U6 promoter and was terminated with five thymine nucleotides to ensure RNA polymerase III 

disassociation. Specificity was confirmed using BLAST. The non-silencing (NS) control shRNA had 
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already been tested and developed by a previous lab member [309]. The final shRNA sequences 

can be seen in Table 2.10. 

 

Table 2.10 The shRNA sequences used in this thesis (5’→ 3’) direction without the 15 bp overhang 
sequences. The Non-Silencing (NS) shRNA sequence was designed and tested by a previous lab member 
[309].  

This shRNA insert was ordered along with a reverse complement shRNA sequence, 25 µL of each 

primer pair were mixed (100 µM; Sigma) in a 0.2 mL PCR tube (STARLAB) and heated to 95 °C for 5 

minutes. After the reaction mixture had cooled 10 µL was diluted 1:100 with nuclease-free water. 

shRNA 1 GAGCTATACCAACGTCCAATGCTCGAGCATTGGACGTTGGTATAGCTCTTTTT   

shRNA 2 GATGTGCTTCCCTTATCAAACCTCGAGGTTTGATAAGGGAAGCACATCTTTTT

Spi1  shRNA Insert Sequence (5'→3') 

Non-Silencing shRNA Insert Sequence (5'→3')

GTCTCGCTTGGGCGAGAGTAAGTAGTGAAGCCACAGATGTACTTACTCTCGCCCAAGCGAGACTTTTT
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Figure 2.10 Summary of shRNA sequence design. The BLAST primer sequence (light green) against the 
desired mRNA target was aligned to a reverse complement sequence of the BLAST primer (dark green) with 
an Xho I cut site sequence (purple) inserted between the two primer sequences, with a termination sequence 
(TTTTT; yellow) appended to the second primer sequence. Finally the shRNA sequence was flanked with a 15 
bp sequence homologous to the region upstream and downstream of the restriction enzyme cut site (orange) 
on the vector plasmid. This sequence should allow the shRNA to be easily inserted into the vector during the 
infusion reaction. 

2.11.2.2 From complementary DNA (cDNA) or plasmid DNA 

Inserts were also amplified from other plasmids or cDNA. Firstly Infusion primers were designed 

with a 15 base-pair (bp) overlap between the vector and insert, as per manufacturer’s direction 

(Clontech) and shown in Figure 2.11.  
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Figure 2.11 Summary of Infusion primer design. Infusion Primer 1 (red) was made by taking the final 15 bp 
sequence preceding the restriction enzyme cut site (black) and the first 15 bp of the insert sequence (blue). 
The second Infusion Primer (2; red) was made of the final 15 bp sequence of the insert (blue) and 15 bp 
immediately downstream of the restriction enzyme cut site (black). Thus when the insert was amplified by 
PCR using these primers the insert sequence would be flanked by 15 bp of the vector sequence either side of 
the restriction site. These flanking sequences enable an easier insertion into the vector during the infusion 
reaction.  

As the Cre sequence was amplified from another plasmid the sequence did not need to be altered, 

as it already was preceded by a Kozak sequence (CCACC) before the start codon to improve 

translation and the stop codon had been removed to ensure both Cre and GFP were produced. 

The murine Spi1 (see Ensemble CCDS 16425.1 for sequence) was amplified from cDNA from the 

pMØ of C57BL/6 mice using Infusion primers designed to add the 15 bp overhang and a Kozak 

sequence before the start codon. The stop codon was maintained in the SIEW plasmid to ensure 

GFP was produced separately from the insert protein. The final Infusion primer sequences can be 

seen below in Table 2.11. 
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Table 2.11 Final Infusion primer sequences. The regions that overlapped with the plasmids are shown in 
black, the Kozak sequence and start codon in green and the regions overlapped with the insert sequences in 
blue. 

Multiple PCR reactions were performed using the high fidelity Taq Phusion® enzyme in accordance 

with manufacturer’s recommendations (NEB) to amplify the insert. Each insert required different 

annealing temperatures to generate the optimal PCR band. Figure 2.12 below shows the 2-step 

and 3-step PCR protocols that were used to generate the inserts in this thesis.  

 

Figure 2.12 The 2-step and 3-step Phusion PCR reactions used to generate inserts. The 2-step PCR was used 
to generate inserts where the predicted annealing temperature of the primers was 72 °C or higher. The 3-
step PCR was most commonly used to generate inserts.*Indicates the annealing temperature which was 
adjusted based on the primers.  

The resulting PCR reactions were pooled and electrophoresed on a 1 % agarose gel, as described in 

2.3. The gel was then placed on a UV transilluminator and the correct sized band was carefully 

excised from the gel then purified using the NucleoSpin™ PCR clean-up kit (Macherey-Nagel) and 

eluted in nuclease-free water.  

2.11.3 Vector Layouts 

All vectors were made by a previous PhD student in the lab, Dr Luke Davies [151,310]. Figure 2.13 

summarises the main features between the long terminal repeats of the three vectors used in this 

thesis, adapted from [310], the key functional features are described below. In the SU6EW-

plasmid (pSU6EW) vector the shRNA sequence is inserted under a U6 promoter which ensures the 

sequence is transcribed by a RNA polymerase III [308]. The pSFEW vector is a fusion plasmid, 

Forward GGATCCCGGGCTCGAGCCACCATGTTACAGGCGT

Reverse TACCAGGCCTCTCGAGCTATCAGTGGGGCGGGAG

Forward GGATCCCGGGCTCGAGCCACCATGTCCAATTTACTG

Reverse CGCTGCCGCTCTCGAGCAAGTCTTCTTCAGAAATAAG

Spi1 pSIEW Primer Sequences  (5'→3')

Cre pSFEW Primer Sequences (5'→3')
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meaning both the inserted protein and the eGFP reporter are under the same promoter but the 

proteins are produced separately due to the T2A site in-between the coding sequences which 

causes ribosomal skipping. In the final plasmid, pSIEW, expression of the desired protein is 

controlled by the Spleen Focus Forming Virus (SFFV) promoter and the eGFP expression by the 

Internal Ribosome Entry Site (IRES) sequence which binds ribosomes to initiate transcription of the 

eGFP.  The IRES sequence is fairly inefficient at recruiting the ribosomal complex compared to the 

SFFV promoter so when another protein is inserted under the SFFV promoter there is a reduction 

in the transcription of the eGFP reporter [311]. 

 

Figure 2.13 Summary of basic lentiviral vectors used in this thesis, adapted from [310]. The features 
between the two long terminal repeats are as follows: The cPPT (grey) denotes the central polypurine tract 
sequence. The mU6 (pink) is the mouse U6 promoter exclusively used for promoting shRNA sequences. The 
SFFV (light blue) is the spleen focus forming virus promoter. eGFP (green) is the GFP reporter sequence. The 
pSFEW plasmid has a T2A fusion sequence which precedes the eGFP sequence. WRPE (dark blue) is the 
sequence for a woodchuck post-transcriptional regulatory element, which enhances post-transcriptional 
gene expression. The IRES (orange) is the internal ribosome entry site sequence promoter. The location of the 
insert/enzyme restriction sites are also shown, where *denotes a PmeI restriction site and **a XhoI cut site.  

2.11.4 Vector Linearisation 

The vector was linearised by the addition of 3 µg of the desired plasmid to the appropriate amount 

of restriction enzyme, as listed in Table 2.12, and 1X CutSmart® buffer adjusted to give a final 

reaction volume of 50 µL as per manufacturer’s direction (NEB) in a 0.2 mL PCR tube (STARLAB). 

The reaction mixture was incubated at 37°C for at least 1 hour before the enzyme was inactivated 

at 65 °C for 15 min in a Mastercycler® Nexus Gradient PCR machine (Eppendorf). 
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Table 2.12 The restriction enzymes used to linearise plasmids to open the desired insert site and the primer 
sequences required for plasmid DNA sequencing. Including the amount of enzyme used per reaction in 
Units. As per manufacturers instructions “1 Unit equates to the amount of enzyme to digest 1 µg of λ DNA 
fragments in 1 hour at 37 °C in 50 µL” (NEB). 

The successfulness of the linearisation was confirmed by comparing the linearised PCR product to 

the circular plasmid on a 1 % agarose gel, as described in section 2.3). The remaining reaction mix 

was purified using the NucleoSpin™ PCR clean-up kit (Macherey-Nagel) and eluted in nuclease-free 

water. The linearised vector was then be stored at -20 °C until required. 

2.11.5 Cloning and Transformation 

The insert and vector were combined according to the Infusion Cloning kit (Clontech). Briefly, 200 

ng of the linearised vector and the calculated molar ratio of 3:1 amount of insert, 61.8 ng for the 

plasmids generated in this thesis, were added to 2 µL of the Infusion enzyme premix in a 0.2 mL 

PCR tube. Nuclease-free water was used to make the total reaction volume 10 µL. The resulting 

reaction mix was incubated at 50 °C for 15 minutes before being cooled on ice and stored at -20 

°C. The newly generated plasmid was transformed into the NEB® 10-β Competent Escherichia coli 

(E. coli; 10-β) cells in accordance with manufacturer’s instructions (NEB). In short, 1 µL of the 

cloning reaction mix was added to one 50 µL aliquot of 10-β cells and gently mixed before being 

incubated on ice for 30 minutes.  The 10-β cells were heat shocked at 42 °C for 30 seconds before 

being put back on ice for 5 minutes. Once cooled 950 µL of stable outgrowth media (NEB) was 

added to each reaction which was then incubated at 37 °C while being shaken at 250 rpm for 1 

hour in a Thermo-Shaker (Grant-bio, PSC24N). LB broth was then used to serially-dilute the 

transformed 10-β cells. Following this 100 µL of each 10-β dilution were spread onto pre-warmed 

LB agar plates (Sigma) containing 100 µg/mL Ampicillin with a plastic spreader. These plates were 

incubated at 37 °C for 20 minutes before the plates were inverted and incubated at 37 °C 

overnight. The following day the resulting bacterial colonies were screened using colony PCR.  

2.11.6 Colony PCR 

Colonies were selected using individual clean pipette tips and added to a 1X KAPA2G Fast Ready-

Mix PCR reaction (Sigma) containing primers designed to target either side of the insert site (Table 

2.12), as per manufactures’ instructions. Over 15 colonies were screened for each transformation 
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and the resulting PCR products were electrophoresed on a 2 % agarose gel, as described in section 

2.3. Colonies that resulted in a PCR band of the predicted size, and thus contained the insert, were 

again selected with a clean pipette tip and incubated overnight in 10 mL of LB broth with 100 

µg/mL of Ampicillin while being shaken at 225 rpm at 37 °C in a SI500 orbital shaking incubator 

(Stuart). On the subsequent day if colonies had been successfully grown then the LB broth would 

appear cloudy. At this point glycerol stocks of each colony were made by adding 400 µL of the 

cloudy LB broth to 600 µL of autoclaved glycerol (Fisher Scientific) and thoroughly mixed before 

the stocks were stored at – 80 °C until required. The plasmid present in the remaining broth was 

purified using the PureLink® Quick Plasmid Miniprep Kit according to manufacturer’s instructions 

(Invitrogen). The plasmid was eluted in nuclease-free water and sent to Eurofins Genomics 

(Wolverhampton, UK) for Sanger sequencing using primers specific to the vector located on either 

side of the insert site. The resulting sequences were checked against the predicted template. Once 

confirmed the plasmids were prepared as detailed in 2.11.1. 

2.12 Lentivirus Production  

All lentivirus work was performed in a category II laminar flow hood and all waste was bleached as 

per safety requirements. The protocol used has been scaled up from a previously published 

protocol [309]. 

2.12.1 Transfection 

Firstly 12x106 recently passaged 293T cells were seeded in a T175 cm2 flask in 15 mL standard 

DMEM media and incubated overnight to ensure a confluency of 70-80 %. The following day the 

cells were transfected using the Effectene® transfection reagent (Qiagen). In short, the required 

amount viral packaging/envelope plasmids were added to the custom lentivirus plasmid in a 1.5 

mL microcentrifuge tube, as shown in Table 2.13, using a previously published method [151,310]. 

Buffer EC was added to give a total volume of 600 µL in each tube 36 µL of the enhancer buffer 

was then thoroughly mixed into each tube, and incubated for 5 minutes at RT. Following this 120 

µL of the Effectene reagent was added to each tube, which was then vortexed for 10 seconds and 

incubated at RT for 10 minutes.  

 

pCMV-δ8.91 packaging plasmid (containing Gag/Pol virus 

structural proteins, Tat and Rev viral regulatory proteins)
1.5

pMD2.G viral envelope plasmid (encoding VSV-G coat) 1

Lentiviral plasmid (e.g. SU6EW) 2

Plasmid
Amount 

(µg)
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Table 2.13 The amount of each plasmid required to transfect the lentiviruses using the Effectene® 
transfection system. 

During this incubation the 293T media was aspirated, then the cells were carefully washed with 

DPBS, to avoid disturbing the cell monolayer, before being replaced with 15 mL of standard 

DMEM. The final Effectene mix was added to 4.2 mL standard DMEM in a 15 mL falcon tube and 

the 1.5 mL tube was rinsed with an additional 1 mL of standard DMEM. The Effectene-DMEM mix 

was then added dropwise to the T-175cm2 flask, avoiding disrupting the cells, before the flasks 

were incubated for 48 hours. The following two methods were used to harvest the virus, the Lenti-

X concentrator (Clontech) was mainly used to test newly sequenced plasmids and sucrose 

purification for in vivo and RNA-Sequencing experiments. 

2.12.2 Sucrose Purification 

The virus-infected media was carefully removed from the culture flask and passed through a 0.45 

µM filter (Sartorius) and serum-free DMEM was added to give a final volume of 25 mL. If a second 

virus harvest was required then 15 mL of standard DMEM was added to the culture flask, without 

disturbing the cell monolayer, and returned to the incubator for another 24 hours. The 25 mL of 

virus-containing media was transferred into a 28 mL thin-walled polypropylene konical tube 

(Beckman Coulter) and 3 mL of RT 20 % (w/v) sucrose solution in DPBS was carefully underlaid. 

The konical tubes were then centrifuged at 26,000 rpm for 90 minutes at 4 °C in a SW28Ti 

swinging-bucket ultracentrifuge rotor assembly in a Optima XPN-80 Ultracentrifuge (Beckman 

Coulter). Following ultracentrifugation liquid was carefully poured-off into bleach and the tubes 

were inverted on paper-towels for 10 minutes. Any remaining medium was carefully removed 

before the addition of 1 mL Aim VTM media (Gibco). Following a 20-minute incubation the viral 

pellet was gently resuspended with a pipette and the virus was then aliquoted and stored at -80 °C 

for up to 3 months. For the second virus harvest then the pellet was resuspended in 0.5 mL of Aim 

VTM media. 

2.12.3 Lenti-X Concentrator 

The virally infected media was transferred to a 50 mL falcon tube and centrifuged at 500 x g for 10 

minutes to remove any cells. Sufficient lenti-X concentrator was added to a clean 50 mL falcon 

tube to give a final concentration of 1-part lenti-X concentrator to 3-parts viral supernatant.  The 

supernatant was carefully poured into the falcon tube containing Lenti-X concentrator and gently 

mixed by inversion. These tubes were stored at 4 °C for at least 4 hours, normally the incubation 

was overnight. The virus/concentrator mixture was centrifuged at 1500 x g for 45 minutes at 4 °C. 
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The supernatant was poured into bleach and the viral pellet was resuspended in 1mL AimV media. 

The virus was then aliquoted and stored at -80 °C for a maximum of 3 months.  

2.12.4 Lentiviral Titration 

To assess the efficiency of each batch of virus small amounts were used to infect Jurkat cells [310]. 

Firstly, Jurkat cells were counted (see Section 2.4.3) and 2x105 cells were added to each well of a 

24-well-plate in 200 µL of standard RPMI. Following this 0.5 µL, 1 µL, 2.5 µL, 5 µL or 10 µL of 

lentivirus was added to individual wells and standard RPMI media was added to give a total 

volume of 400 µL per well. One well on each plate contained no lentivirus to provide a non-

infected baseline control. The plates were incubated overnight before the addition of another 600 

µL standard RPMI per well. The plates were then returned to the incubator for a further 2-3 days 

before the infection was stopped by the addition of an equal volume (1 mL) of 2 % formaldehyde 

plates were incubated for 20 minutes at room temperature. From each well 1.5 mL was 

transferred to a microcentrifuge tube and the tubes were centrifuged at 350 x g for 5 minutes. The 

supernatant was carefully removed and the cell pellet resuspended 400 µL of FACs wash and the 

percentage of infected (GFP+) cells was determined via flow cytometric analysis. The original 

volume of lentivirus was then plotted on a graph alongside the percentage of infected cells to 

determine the strength of lentivirus, an example can be seen in Figure 4.16B (Section 4.2.3.1).  

2.13 Western Blot 

2.13.1 Cell Lysis 

Cells were pelleted in a 1.5 mL microcentrifuge tube after centrifugation at 350 x g for 5 minutes. 

The supernatant was removed and the cells were lysed with RIPA buffer and a 1:100 dilution of 

Halt™ Protease and Phosphatase Inhibitor Cocktails (100X; Thermo) and thoroughly mixed with a 

pipette. The tubes were then centrifuged at 12, 000 x g for 10 minutes at 4 °C. The supernatant 

was carefully removed and transferred to a new 1.5 mL microcentrifuge tube and stored at – 80 

°C. 

2.13.2 Bicinchoninic acid (BCA) assay  

Total protein levels were calculated for each sample using the Pierce BCA assay (Thermofisher). 

First 5 µL of each protein sample and BSA standard, seven serial dilutions from 2 mg/mL to 15.625 

µg/mL were added to individual wells of a 96 well flat-bottomed ELISA plate (Coring®). Next the 

working BCA solution was made by adding one part of reagent B to 50 parts of reagent A, which 

was then distributed across at 100 µL per well. The plate was sealed with clingfilm before being 

incubated at 37 °C for 30 minutes. The plate was then read at 562 nm using a Multiskan® 
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Spectrum Microplate reader (Thermo). The standard curve was used to interpolate the protein 

concentration of the samples in PRISM software (see 2.16.5). 

2.13.3 Sample Preparation 

For each sample 40 µg of protein was added to 10 µL of reducing sample buffer (4X Laemmli 

buffer with β-Mercaptoethanol) and DPBS was added to give a final volume of 40 µL. These 

samples were then heated at 70 °C for 10 minutes. 

2.13.4 Gel Electrophoresis 

First a 10 % acrylamide SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) separating gel was 

made using the components and volumes stated in Table 2.14. The 1.5 M Tris-HCl (pH8.8), water, 

30 % (Poly-) Acrylamide and 10 % SDS were added to a 50 mL falcon tube. The 10 % APS and 

N,N,N,N’-Tetra-methyl.ethylenediamine (TEMED) were the last ingredients added to the 50 mL 

falcon tube as they catalyse the polymerisation reaction. The resulting gel mixture was quickly 

poured into 1.5 mm gel cassette (Biorad) were filled up leaving an approximate gap of ~1.5 cm and 

the top of the gel was covered with distilled water (dH2O) saturated butanol to level the gel before 

it was left to set for 30 minutes.  

 

Table 2.14 The volumes of each reagent needed to make one 10 % acrylamide separating gel. 

The butanol was removed from the top of the gel and the gel was rinsed with distilled water. The 

stacking gel was made as before using the components listed in Table 2.15 before the mixture was 

carefully pipetted on top of the set separating gel and the comb was inserted. This was left to set 

for an hour. 

 

1.5 M Tris-HCl pH8.8 2.6 mL

30 % (Poly-) Acrylamide 3.4 mL

dH2O 3.8 mL

10 % SDS 100 µL

10 %  APS 100 µL

TEMED 10 µL

10 % Separating gel 

0.5 M Tris-HCl pH6.8 1.25 mL

30 % (Poly-) Acrylamide 0.670 mL

dH2O 3 mL

10 % SDS 50 µL

10 % APS 50 µL

TEMED 5 µL

Stacking Gel
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Table 2.15 The volumes of each reagent required for one acrylamide stacking gel.  

The final set gel was transferred to the running chamber (Mini-PROTEAN® Tetra Cell System; 

Biorad) which was then filled with running buffer before the comb was carefully removed. The 

previously prepared samples (as shown in section 2.13.3) were loaded into the wells alongside 4 

µL of the Amersham™ Rainbow™ marker ladder (GE Healthcare). Any spare wells were filled with 

40 µL of 1X non-reducing Laemmli buffer (without β-Mercaptoetanol). The gel was 

electrophoresed at 90 V for 10 minutes, to allow the samples to reach the separating gel. The 

voltage was then increased to 120 V and the gel was run until the loading dye was ~1cm from the 

bottom of the cassette. Each protein was detected using a separate gel.   

2.13.5 Semi-Dry Gel Transfer 

Gels were transferred onto a PVDF membrane using the semi-dry method. First two pieces of thick 

blotting paper (Biorad) were soaked in transfer buffer for 5 minutes. The gel was berifly rinsed in 

water before being left in transfer buffer to 5 minutes. The Immun-Blot® PVDF membrane (Biorad) 

was dipped in 100 % methanol before being soaked in transfer buffer for 5 minutes. 

 

Figure 2.14 Set-up of components in Semi-Dry Transfer Cell. One transfer-buffer soaked piece of blotting 
paper was placed on the Anode, followed by the prepared PVDF Membrane. The gel was carefully placed 
on top of the membrane and another piece of soaked blotting paper put on top. All air bubbles were 
removed from these layers before the Cathode was replaced.  

As shown in Figure 2.14 the Trans-Blot® Semi-Dry Transfer Cell (Biorad) set-up was as follows; a 

pre-soaked piece of blotting paper was placed on the anode and topped with the PVDF 

membrane. The gel was then carefully placed onto the membrane and a second piece of soaked 

blotting paper and after ensuring there were no air bubbles the cathode was replaced. The gel was 

then transferred onto the membrane by setting the Trans-Blot® Semi-Dry Transfer Cell (Biorad) at 

20 V for 45 minutes. The PVDF membrane was briefly washed in 1X Tris-Buffered Saline (TBS).  
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2.13.6 Antibody Staining 

The PVDF membrane was transferred to a 50 mL falcon tube, so that the proteins faced the inside 

of the tube. The membrane was then blocked by adding 10 mL of blocking buffer to the 50 mL 

falcon tube before it was placed on a mechanical tube-roller for 60 minutes at rt to minimise 

background staining. During this incubation time the primary antibodies were was diluted in 5 mL 

of blocking buffer, using the concentrations shown in Table 2.16.  

 

Table 2.16 The Primary and Secondary antibodies used to detect proteins in western blotting. 

Following blocking buffer was removed and replaced with the primary antibody buffer. The 50 mL 

falcon was then incubated overnight on the tube-roller at 4 °C. The following day the membrane 

was transferred to a clean 50 mL falcon tube and washed three times with 5 mL of blocking buffer 

at rt for 10 minutes per wash. The primary antibody was stored at – 20 °C for future use. During 

these wash steps the secondary antibody was diluted to the desired concentration, as stated in 

table 11, in 5 mL blocking buffer. After the last wash had been discarded the secondary antibody 

was added to the 50 mL falcon tube and incubated for 60 minutes on the mechanical roller at rt. 

The membrane was then transferred to a new 50 mL falcon tube washed for 10 minutes with 5 mL 

of TBS-Tween 20 (TBST) at rt on the tube-roller. This wash step was repeated twice more before a 

brief wash in TBS. The ECL™ prime (GE Healthcare) detection reagent was prepared as per 

manufacturer’s instructions by mixing equal parts of reagent A and B in a 50 mL tube. The 

membrane was added to the 50 mL tube containing the ECL™ prime and incubated in the dark for 

5 minutes. After this incubation the membrane was transferred to a exposure cassette covered 

with clingfilm before all air bubbles were removed. The exposure cassette was then taken into the 

dark room where a piece of RX NIF X-ray film (Fujifilm) was placed on top of the membrane for 1 

minute. The exposed film was then developed using the Compact X4 imaging system (Xograph). 

The exposure time was adjusted based on the strength of the signal detected at 1 minute.  

2.13.7 Stripping and Re-Blotting for Actin 

Each membrane was re-blotted at least once to probe for actin to confirm an equal loading of 

protein. Firstly the membrane was briefly washed in 1X TBS to remove any remaining ECL. The 

Clone/Catalog 

Number 
Company Dilution

Primary Rabbit anti-Cre Recombinase IgG D3U7F CST 1:4000

Primary Purified Rat anti-GFP IgG2a,κ FM264G Biolegend 1:1000

Secondary Goat anti-rat IgG HRP AP183P Merck 1:2500

Secondary Donkey anti-rabbit IgG HRP NA934 GE Healthcare 1:10000

Antibody
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membrane was then transferred to a clean 50 mL falcon tube and incubated with 10 mL of 

stripping buffer for 30 minutes at 50 °C with gentle agitation. The stripping buffer was discarded 

and the membrane was moved into a new 50 mL falcon tube where it was washed three times 

with 5 mL TBST for 10 minutes per wash. The membrane was then blocked again with 5 mL 

blocking buffer for 60 minutes described in the previous section. The blocking buffer was then 

discarded and replaced with the anti-mouse β-actin-HRP conjugated antibody (clone 8H10D10; 

Cell Signalling Technology®) at a 1:2000 dilution in 5 mL blocking buffer which was incubated on 

the tube-roller overnight at 4 °C. The following day the membrane was washed in TBST before 

incubation with ECL™ prime and detection using film, as described in the previous section. 

2.14 Quantitative PCR (qPCR) 

2.14.1 RNA Extraction 

Samples were prepared accordance with the Qiagen RNeasy Mini kit (Qiagen), most the cell pellet 

was thoroughly resuspended in the correct amount of RLT buffer. RNA extracted directly from 

brain tissue was homogenised in the correct amount of RLT being transferred to a QIAshredder 

(Qiagen) and centrifuged at x 13, 000 g for 2 minutes to ensure a maximum yield of RNA. At this 

point samples were often stored at – 80 °C for a few days before the RNA was extracted. The 

samples were then defrosted on ice were mixed then processed in accordance with manufacturers 

instructions (Qiagen). The RNA was eluted in 30 µL of nuclease-free water in a 1.5 mL 

microcentrifuge tube and kept on ice. The concentration of RNA was measured using the 

Nanodrop™ 2000 (Thermofisher Scientific). Following this the RNA tubes were stored at – 80 °C or 

were directly converted to complementary DNA (cDNA). 

2.14.2 Conversion to cDNA  

The RNA was converted to cDNA using the Precision™ Reverse-Transcription Premix 2 kit 

(PrimerDesign LTD). As per manufacturer’s directions 20 µL of the Premix was added to a 0.2 mL 

PCR tube between 1-10 µL of RNA was then added to each tube. In each experiment the amount 

of RNA, in ng, was kept consistent. These samples were then heated in the Mastercycler® Nexus 

Gradient (Eppendorf) PCR machine to 42 ˚C for 20 minutes and then 72 ˚C for 10 minutes. If 

required, nuclease-free water was added to make a total volume of 30 µL before samples were 

stored at -20˚C.  

2.14.3 qPCR reaction 

All qPCR reactions were performed using the 2X Precision®FAST qPCR Master Mix (with SYBR-

green and low ROX) according to manufactuers instructions (PrimerDesign LTD). To summarise 5 
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µL of the Precision®FAST master mix was added to 300 nM of forward and reverse primers and 

12.5 ng cDNA. Nuclease-free water was used to ensure the reaction mix had a total volume of 10 

µL, which was transferred to one well of a 0.1 mL MicroAmp™ Fast Optical 96-well reaction plate 

(Applied Biosystems™). The qPCR primer sequences can be seen in Table 2.17. 

 

Table 2.17 qPCR primer sequences used in this thesis. *This sequence is proprietary knowledge as the primer 
was taken from the GeNorm endogenous control comparison kit (PrimerDesign LTD).  

Each qPCR reaction was run in triplicate where possible or duplicate if this was not possible. 

Primer pairs targeting an endogenous control gene were also included in each qPCR plate and 

were either mouse UBC, GAPDH or YWHAZ, or human YWHAZ and will be clearly stated in the 

figure legend. Control samples without a cDNA template were also included on each plate. Plates 

were then sealed with an adhesive PCR plate seal (Thermo) and centrifuged at 350 x g for 1 

minute. The plates were run on the ViiA™ 7 Real-Time PCR system (Applied Biosystems™) using 

the 40-cycle ΔΔCT method, according to the Precision®FAST guidelines, described in Table 2.18. 

 

Target Species Forward Primer Sequence (5'→3') Reverse Primer Sequence  (5'→3')

Abi3 mouse TCAAAACCCAGCAGGCTCCC CTTGTCTGTGGCCTGCAAGTAGT

Aif1 mouse GGAAAGTCAGCCAGTCCTCC TCCACATCAGCTTTTGAAATCTCC

Apoe mouse AGATGGGGTTCTCTGGGTGG TAGGCATCCTGTCAGCAATGT

Cd34 mouse GGAGTTCTGCTGGCCATCTT TAAGGGTCTTCACCCAGCCTT

Csf3r mouse CTGTCATTAACGACGGGGCT TGTCTCAGCAATGACTGGGG

Fcrls mouse GTCGCTGGGGCACTGTATGT GCACAGGCAGAGCTTCATCAA

Gapdh mouse TGGCAAAGTGGAGATTGTTGCC AAGATGGTGATGGGCTTCCCG

Il-6 mouse TCCGGAGAGGAGACTTCACA TTGCCATTGCACAACTCTTTTCT

P2ry12 mouse CATTGCTGTACACCGTCCTG GGCTCCCAGTTTAGCATCAC

Pilrb mouse AGGCATGAAGTTGTGGCAGT CATGGTGGTGTTGAGTGCTTG

Sall1 mouse TAAGCCGAGGACCAAGCCTC ACATCAGCCGCTCACGG

Siglech mouse TGTGCATGTGACAGACCTCA GTAGGACGACCAAGCTCCAG

Spi1 mouse GATGGAGAAGCTGATGGCTTGG TTCTTCACCTCGCCTGTCTTGC

Tmem119 mouse GTGTCTAACAGGCCCCAGAA AGCCACGTGGTATCAAGGAG

Tnf mouse TAGCCCACGTCGTAGCAAAC ACAAGGTACAACCCATCGGC

Ubc mouse

Ywhaz mouse TTGAGCAGAAGACGGAAGGT GAAGCATTGGGGATCAAGAA

YWHAZ human CCCAGAGAAAGCCTGCTCT CCGATGTCCACAATGTCAAGT

*Not Available

Step Time Temperature Cycle Number

Enzyme Activation 2 minutes 95 °C N/A

Denaturation 5 seconds 95 °C

Data Collection 20 seconds 60 °C

15 seconds 95 °C

1 minute 60 °C

15 seconds 95 °C

x 40

N/AMelt Curve
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Table 2.18 The temperature and time cycling times used for to generate the qPCR data.  

2.15 RNA-Sequencing 

RNA was extracted using the RNeasy Mini kit (Qiagen), as described in section 2.14.1. The RNA 

quality control checks and sequencing analyses were performed by an external agency, the Welsh 

Gene Park. Briefly, the RNA integrity (RIN) values and RNA concentration was assessed using the 

Agilent 2100 Bioanalysiser (Aligent), these values can be seen in Chapter 3. The cDNA libraries 

were then generated using the Illumina® Truseq® stranded total RNA with Ribo-Zero GOLD kit. The 

paired-end sequencing was performed using the Illumina® HiSeq 2500 sequencer to a depth of 30-

40 million paired reads. The resulting fastq files were processed using the STAR-DESeq2 pipeline 

[312] by the department bioinformatician, Dr Rob Andrews, using the mm10 reference genome. 

2.16 Statistics and Analysis Software 

2.16.1 IFL Data 

All images taken on the Zeiss Apotome Axio Observer microscope (Carl Zeiss Microscopy GmbH) 

were converted into TIFF files using ZEN software (version 2.0.0.0; Carl Zeiss Microscopy GmbH). 

All images taken on the EVOS™ FL Imaging System (Life Technologies) were ready for analysis. 

ImageJ was then used for further analysis (version 1.51k; Wayne Rasband), the method use to 

analyse the pictures will be stated within the chapter.  

2.16.2 Flow and Imaging Cytometry Data 

All flow cytometry files were analysed using FlowJo software (version 10; FlowJo LLC). Data 

generated through imaging cytometry was analysed using the analysis wizards in the IDEAS® 

software (version 6.2; Merck). A summary of the key features of the IDEAS® software are listed 

below in Table 2.19.  
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Table 2.19 Definition and Example Images of Features and Masks used in IDEAS® Analysis Software. 

2.16.2.1 Calculating Normalised PU.1 Expression  

Normalised PU.1 expression was calculated using equation 1. Briefly the isotype background was 

subtracted from the sample before being divided by the average control PU.1 MFI. This calculation 

controlled for variation between experiments. 

Normalised PU.1 Expression = 
(PU.1 MFI -Isotype MFI)

Average Control PU.1 MFI
 

Equation 2.1 The calculation used to determine the normalised PU.1 protein expression from the raw 
median fluorescent intensity (MFI) values. 

2.16.2.2 Calculating Absolute Cell counts 

The absolute cell counts were determined using the calculation outlined in equation 2. For 

example the percentage of pMØ was calculated from flow cytometric staining. This was then 

multiplied by the number of viable cells in each sample, as determined by the Muse® Cell Analyzer 

(Merk Millipore).  

Absolute Counts = 
% Cell type 

100
x Total Viable Cell Number 
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Equation 2.2 The calculation used to determine the absolute pMØ number. The percentage of pMØ was 
calculated from flow cytometry data using MØ markers, and the total viable cell number from the cell counts 
obtained using the MUSE® Cell Analyzer.  

2.16.3 qPCR Data 

Data was collected using QuantStudio™ Real-Time PCR software (version 1.3; Thermofisher 

Scientific) and the relative gene expression was determined using a template created by Dr 

Simone Cuff, based on work published by Livak and Schmittgen in 2001 [20]. 

2.16.4 RNA-Sequencing Data 

RNA-Seq data was analysed using a combination of Ingenuity® Pathway Analysis (version 0.-10; 

Qiagen), the Database for Annotation, Visualization and Integrated Discovery (DAVID) (version 6.8 

Laboratory of Human Retrovirology and Immunoinformatics [313]). Heat-maps were generated 

with the Morpheus software (The Broad Institute [314]). Single cell sequencing data was analysed 

using the Loupe Cell Browser (version 3.0.1; 10X Genomics). 

2.16.4.1 Enrichment of Genetic Risk Factors for AD in the Spi1 RNA-Seq data 

Sets of differentially expressed genes from the Spi1 RNA-Seq datasets were tested for enrichment 

of an AD association signal using the International Genomics of Alzheimer’s Project (IGAP) GWAS 

study. The IGAP dataset is the largest publicly available LOAD GWAS study [3]. Briefly, the gene 

lists generated by the Spi1 knock-down and Spi1 over-expression datasets were converted to 

human orthologs using the BioMart feature in Ensemble, as detailed in [315]. The Spi1 knock-

down dataset was split into 8 different gene sets using different adjusted P-value thresholds for 

differential expression and the Spi1 over-expression dataset split into 6 different gene sets. Each 

gene set was then tested for enrichment of a signal in the IGAP GWAS using Multi-marker Analysis 

of GenoMic Annotation (MAGMA) [316]. MAGMA first combines the association statistic across all 

SNPs in a gene to get a gene-wide measure of the association. Then, the gene-wide association 

measures within the gene set were then compared to those outside of the gene set. This analysis 

corrects for correlations in gene-wide association measures in neighbouring genes due to linkage 

disequilibrium. The enrichment analyses of IGAP association signal in the Spi1 RNA-Seq dataset 

were kindly performed by Professor Peter Holmans.  

2.16.5 Graphs and Statistics 

All graphs and statistical analyses were performed using GraphPad PRISM® 6 (version 3.07; 

GraphPad Software, Inc.). The most appropriate statistical test was selected based on the 

following criteria and the chosen test was stated in each figure legend. In all figure legends ‘n’ 
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refers to the number of independent experiments, and data presented as the mean ± the standard 

deviation unless otherwise stated.   

When comparing two groups an unpaired two-tailed t-test was often the most appropriate test. 

Paired tests were utilised when data from each replicate had been normalised to the control 

group, thus removing variation in the control group and making a paired comparison more 

suitable, for example in chapter 6 when comparing the normalised cell numbers in Abi3 WT and 

KO experiments. In instances where the data was not normally distributed or the variances 

between groups were uneven a Welch’s unequal variance t-test was used. 

Datasets with three or more groups were compared using One-Way ANOVAs followed by a post-

hoc multiple comparison test. Either Tukey’s test was used to compare all means, Dunn’s multiple 

comparison test to compare all means against a selected control or Sidak’s test where the means 

of selected pairs were compared. In cases where a One-Way ANOVA was unsuitable, for example if 

the variance of the groups or the group sizes were unequal, then a non-parametric Kruskal-Wallis 

Test was used in lieu. In one experiment a Friedman’s test was used as a repeated-measures test 

to compare the number of Abi3 KO and WT MØP cells taken from culture samples collected over 

three days (Figure 6.22). 

P-values of ≥ 0.05 were taken as non-significant (ns). P-values of ≤0.05 will be denoted with a 

single asterisk*, P-values of ≤0.01 will be written as **, P-values of ≤0.001 by *** and P-value of 

≤0.0001 as ****.  
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Chapter 3  Effects of Spi1-URE 

removal on PU.1 protein 

expression 
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3.1 Introduction 

The past ten years have seen increasingly rapid advances in understanding the aetiology of AD. 

Insights from genetic association studies has resulted in a focus on the impact of the immune 

system on pathology [2]. The SPI1 gene, which encodes the transcription factor PU.1, is of 

particular interest in AD for the following reasons. Firstly SPI1 is an AD-risk gene [317] and an allele 

that confers a high SPI1 expression (rs1057233a) has been linked to a younger AD onset [230]. 

Another SPI1 AD-risk SNP (rs1377416c) was spliced into Spi1 enhancer region of BV-2 cells resulted 

in an increased production [70]. Secondly several studies have also proposed that SPI1 may act in 

the promoter region of other AD-risk genes, potentially increasing expression of multiple AD-risk 

genes [230,231]. In a network analysis of 151 proteins thought to mediate AD-risk SPI1/PU.1 was 

found to interact with multiple other proteins [5].  

What is not yet clear is the impact that PU.1 protein levels have on biological processes in AD. The 

transcription factor PU.1 has long been known to influence myeloid cell differentiation and M-CSF 

dependent proliferation [246]. Recently, in vitro studies have shown that an altered PU.1 

expression can effect critical microglia functions like phagocytosis in both the BV-2 mouse cell line 

[230] and in primary human microglia cultures [232]. In vivo CSF1R inhibitor experiments suggest 

that a partial reduction in AD microgliosis is beneficial [73,90–92] and are thought to partially 

block the M-CSF/PU.1 proliferation pathway [89].  

HDAC inhibitors like Valproic Acid have also been shown to reduce PU.1 protein expression 

[280,281] and a clinical trial testing VPA in AD patients accelerated AD progression [318]. While 

HDAC inhibitors likely alter more genes than PU.1, Valproic Acid reduced the phagocytic capacity 

of human microglia in vitro, similar to a forced reduction of PU.1 [232,281].  

Given that the elderly are immunocompromised [49] there are concerns peripheral MØ may be 

further compromised by a reduction in PU.1, as a consequence of peripheral drug administration. 

Currently much uncertainty still exists about the relationship between the amount of PU.1 and 

biological pathway changes within microglia. It has been suggested that PU.1 can control gene 

expression in a dose-dependent manner [9,10] and in in the mouse BV-2 microglia cell line there 

were over 5,000 PU.1 binding sites [319]. Recent in vitro work has shown that reducing PU.1 in the 

BV-2 cell line or in primary human microglia cultures affected the expression of multiple genes 

[230,233]. Cultured microglia might not fully represent the complex  in vivo environment [155]. 
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Therefore, investigating how a low PU.1 alters the transcriptome of freshly isolated microglia may 

provide more accurate insight than in vitro work.  

Recently a mouse model was developed that reduced PU.1 expression in total bone marrow by 

approximately 80 % compared to control mice [260]. This was done by Cre-LoxP mediated removal 

of a well characterised upstream regulatory element (URE) ~14 kB upstream of the Spi1 promoter 

(-14 kB Spi1 URE, [268]). The pups appeared phenotypically normal until 8-10 weeks of age, but 

then developed an Acute-Myeloid Leukemia-like pathology and died within 3 months. It was 

hypothesised that these Spi1-URE knock-out mice could be used to reduce PU.1 expression in 

microglia and pMØ based on in silico analysis (discussed in section 3.2.1).  

Overall the purpose of this chapter was to observe the effects of removing the -14 kB URE of Spi1 

alters the level of PU.1 protein in microglia and pMØ. This was achieved by: 

▪ Deleting the -14 kB Spi1-URE in myeloid cells by breeding Spi1-URE floxed mice to another 

mouse strain that expressed Cre recombinase under the control of the Cx3cr1 promoter. 

This has been previously described in sections 1.7 and 2.1.  

▪ Evaluating the level of PU.1 knock-down in microglia and pMØ in this mouse model.  

▪ Monitoring for any impact on in vivo function or behaviour. 
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3.2 Results 

3.2.1 Genomic Analyses of Spi1 URE  

In silico analyses were performed to confirm the -14 kB Spi1 Upstream Regulatory Element (URE) 

was likely to participate in maintaining PU.1 expression in microglia with the help of Dr Matthew 

Hill. Publicly available ATAC-Sequencing (Assay for Transposase-Accessible Chromatin using 

sequencing) datasets allowed assessment of DNA accessibility across the genome [320]. 

Acetylation of histone 3 lysine residue 27(H3K27ac) datasets determined if there were likely to be 

enhancers or promoters in this region [321]. Datasets for various immune cells were gathered 

through the “Gene Expression Omnibus” database provided by the National Institute of Health 

(NIH) and were collated in the Cistrome database which assessed the quality of these datasets 

[322]. The datasets used in these analyses are listed in Table 3.1. 

 

Table 3.1 Summary of the ATAC-Sequencing and H3K27ac datasets used in the In-Silico analyses. The 
ATAC-Seq and H3K27ac datasets were collated using the Cistrome Project database [322], where they were 
checked to ensure quality. The Gene Expression Omnibus (GEO) reference numbers for each sample have 
been provided. All of the datasets had been previously published in the following papers *[323] **[324] 
†[118] ††[325] †††[326]. 

The ATAC-Seq and H3K27ac profiles were compared using the UCSC genome browser [327] 

focusing on the region upstream of the Spi1 transcription start site, where the URE was defined 
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using the BLAT tool [328]. In the ATAC-sequencing datasets each peak denoted a region of open 

chromatin that is more available to interact with DNA binding proteins, such as transcription 

factors. In Figure 3.1, peaks in the -14 kb Spi1 URE region (indicated by the black bar) intimated 

that the chromatin was more accessible in this region, which suggested that the URE could 

contribute to Spi1 gene regulation in this cell type.  

At the Spi1 transcription start site (indicated with an arrow) there were only open chromatin peaks 

in cell types that are known to express PU.1 namely, microglia (green), pMØ (purple) and BMDM 

(teal). There was a reduced signal in the B-lymphocytes (B-cells) taken from the spleen.  As 

described in 1.5.1, PU.1 protein level is downregulated during B-cell development, but the 

transcription factor was still detectable in these cells [251]. The regulatory T-lymphocyte 

population (T-reg; grey) did not appear to have much open chromatin at the locus of the Spi1 

transcription start site, again fitting with the literature that has confirmed a lack of PU.1 protein in 

most T-cell populations [329]. As shown in Figure 3.1 both the microglia (green) and pMØ (purple) 

datasets there were multiple ATAC-Seq peaks that align with the -14 kB URE site, suggesting that 

the enhancer may function in both these myeloid cell populations. While peaks were still observed 

in splenic B-cells (blue) they do not appear to be as substantial, indicating that this region of 

chromatin is not as open in this population. Very little open chromatin was detectable in multiple 

splenic T-cell populations (grey), at both the -14 kB URE and Spi1 transcription start site, which 

suggests neither the URE does not function in these cells. The final ATAC-Seq plot (teal) 

demonstrates the -14 kB open chromatin pattern detected in myeloid cells is maintained even in in 

vitro Bone-Marrow Derived MØ (BMDM) cultures.  
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Figure 3.1 In-Silico ATAC-Seq Analysis suggests the -14 kB Spi1 URE chromatin is accessible in multiple 
immune cell populations. Publicly available ATAC-sequencing datasets for different immune cell populations 
were compared to investigate where regions of open chromatin lie upstream of the Spi1 transcription start 
site (indicated by the arrow). The region of the -14 kB URE is denoted by the black bar and all datasets were 
equivalently scaled. ATAC-Seq datasets are shown for microglia (green), pMØ (purple), splenic B-cells (blue), 
splenic T-cell populations (grey) and BMDM cultures (teal). 

Analysis of the H3K27ac profiles suggested that the URE acts as an enhancer. In Figure 3.2 below 

the peaks indicated the presence of the H3K27ac histone modification which is indicative of 

enhancers [321]. The pattern of H3K27ac is similar in the immune cell populations to the ATAC-Seq 

data, meaning that there are more peaks in the MØ populations compared to the splenic B-cells. 

Again, there was very little H3K27ac detected in the T-Cell subset. The acetylation of H3K27 

suggests that the -14 kB URE is acting as an enhancer of Spi1 expression in microglia, pMØ and 

BMDM, and to a lesser extent in the splenic B-cell population.  
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Figure 3.2 In-Silico Analysis of H3K27ac suggests -14 kB Spi1 URE is an active enhancer in B-cell and MØ 
populations. Again the -14 kB URE region is denoted by the black bar and all datasets were equivalently 
scaled, except for the BMDM dataset, hence the scale is denoted by the numbers on the left. Microglia 
(green), pMØ (purple) and BMDM (teal) datasets there are multiple H3K27ac peaks within the -14 kB URE 
site, suggesting that this enhancer active in these MØ populations. Again the splenic B-cell dataset (blue) had 
smaller peaks compared to the pMØ and microglia populations. The H3K27ac modification was barely 
detectable in the T-cell population (grey), at both the -14 kB URE and Spi1 transcription start site.  

Figure 3.3 compares the ATAC-Seq and H3K27ac profiles of the microglia and pMØ populations. 

Together this indicates that in the -14 kB region of Spi1 there are large regions of open chromatin 

surrounded by histones modified in a manner that are associated with enhancer activation. 

Additionally, this comparison confirms the accuracy of these profiles as open chromatin regions 

are known to lie in the H3K27ac troughs.   

 



97 
 

 

Figure 3.3 Comparing the ATAC-Seq and H3K27ac profiles in Microglia and pMØ. As expected, the peaks in 
the ATAC-Seq and H3K27ac datasets were mutually exclusive. Taken together these datasets indicate that at 
the -14 kB URE the open chromatin regions are surrounded by regions where the histones are modified in a 
manner which is indicative of an enhancer.  

To sum-up this section ATAC-Seq and H3K27ac datasets show that chromatin in the -14 kB Spi1-

URE region is likely active in pMØ and microglia and may be promoting Spi1 expression. This 

supports the hypothesis that removing the URE in these cells will result in an alteration to Spi1 

gene regulation and likely the PU.1 protein expression, though this needed to be confirmed 

experimentally. 

3.2.2 PU.1 Antibody Specificity 

This thesis needed to accurately measure PU.1 protein even after a potentially large protein 

reduction, hence it was necessary to validate the chosen antibody for specificity and signal 

strength.  

The anti-Spi1 (PU.1) antibody (Biolegend; clone 7C2C34) was first tested in the RAW cell line 

where PU.1 stained cells were run on the Amnis ImagestreamX MkII imaging cytometer. Figure 

3.4A showed that PU.1 staining (red) was co-localised to the nuclear DAPI stain and not the CD11b 

membrane stain (green). Moreover RAW cells stained with PU.1 staining had a higher signal 

intensity than RAW cells stained with the isotype control (Figure 3.4B). The PU.1 nuclear 

localisation was assessed using the IDEAS® software, where PU.1 staining was determined to have 

100 % overlap to the ‘nuclear’ template made using DAPI staining (Figure 3.4C). The steps used as 
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part of the “nuclear localisation analysis wizard” in the IDEAS® software. From left to right, the 

first histogram demonstrates how focused cells were selected, anything with a gradient RMS value 

of over 50 was taken as focused. Following this, single cells were gated, as shown in blue. The next 

plot compared DAPI staining intensity to PU.1 signal intensity in both the isotype (grey) and PU.1 

antibody (red). These double positive (DAPI and PU.1 positive) cells were selected. The DAPI 

nuclear staining was set as an outline or “mask” that the PU.1 staining was compared against. 

When the same analysis was performed against the CD11b membrane marker the staining was 

dissimilar to the DAPI template, with only a 6.47 % similarity. Taken together this confirms that the 

PU.1 antibody staining was restricted to the nucleus.  

 

Figure 3.4 Demonstrating PU.1 Antibody Specificity-part I A Images from representative RAW cells stained 
with CD11b (green), DAPI (blue) and either the PU.1 antibody or an Isotype control (red). The bottom panel 
with antibody staining shows that PU.1 staining overlapped with the nuclear marker DAPI (magenta), rather 
than the CD11b surface stain. B Histogram denoting PU.1 staining intensity compared to isotype control. The 
PU.1 antibody (filled red peak) produces a much higher A647 channel intensity compared to the isotype 
control (unfilled peak). Therefore in RAW cells PU.1 expression was fairly uniform across the population. C 
PU.1 staining was shown to be highly similar to DAPI when the images are linearly correlated in a nuclear 
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‘masked’ region (100 % similar), which was not seen when CD11b staining was compared in the same way. 
CD11b did not correlate well to DAPI staining (6.74 % similarity).  The data used here is the result of one 
experiment (n=1) though other immunofluorescence experiments in RAW cells have confirmed this 
localisation (n=2, data not shown). 

Antibody specificity was further confirmed by using lentiviruses targeting Spi1 mRNA or a non-

silencing control. In this experiment peritoneal lavage cells (1x106 per condition) were infected 

either with a Spi1 shRNA pSU6EW (Spi1 shRNA) or a non-silencing shRNA control pSU6EW virus 

(NS shRNA) and cultured for 4 days in M-CSF cytokine supplemented media. These cells were 

harvested and stained for pMØ surface markers and PU.1 and run through the imaging cytometer.  

Figure 3.4D showed the method used to gate pMØ (F4/80highMHCIIlow) cells. The next sets of plots 

(Figure 3.4E) show the GFP and PU.1 expression following infection with these lentiviruses. Here it 

was observed that PU.1 expression was reduced in pMØ infected with Spi1 shRNA pSU6EW virus, 

as determined by GFP expression. This reduction in PU.1 antibody staining was not observed in the 

NS shRNA pSU6EW infected cells nor in non-infected (NI) pMØ. Figure 3.4F displays the PU.1 

signalling intensity in the infected GFP+ cells. Here PU.1 signalling was reduced in the Spi1 shRNA 

(blue) compared to the NS shRNA infected pMØ (grey). Exemplar images shown in Figure 3.4G 

confirmed that pMØ with a strong GFP expression, meaning a high NS shRNA infection, had a 

strong PU.1 signal. Exemplar images taken from the Spi1 shRNA sample the PU.1 expression 

decreases as the GFP expression increases. This shRNA mediated reduction in PU.1 was 

comparable to other validation experiments performed with these shRNA viruses which can be 

found in section 4.2.1. Collectively these results further confirm the PU.1 antibody specificity, 

showing that the antibody is able to detect PU.1 even after it has been artificially reduced. 
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Figure 3.4 Demonstrating PU.1 Antibody Specificity- part II D  This first set of plots made using the IDEAS® 
software demonstrates the gating approach taken to identify focused cells, single cells and pMØ (identified 
as F4/80high 

MHCIIlow). pMØ were isolated from 4 female Spi1tm1.2dgt mice aged 32 weeks. The cells were 
cultured with M-CSF and infected with lentiviruses for 4 days before analysis. E Plots showing GFP expression, 
a marker of lentiviral infection, against PU.1 antibody or Isotype staining in the NS shRNA sample.. The pMØ 
infected with Spi1 shRNA virus have a lower PU.1 signal than the uninfected cells, this was not seen in the NS 
shRNA control sample. F A histogram comparing PU.1 intensity in both the NS shRNA and Spi1 shRNA 
samples. These cells were pre-gated on GFP+ pMØ, using the gate shown in part D. Here the PU.1 antibody 
signal was lower in the PU.1 shRNA infected pMØ compared to the NS shRNA positive pMØ. G Selected 
images from the NS shRNA and Spi1 shRNA samples, pre-gated on pMØ. The images confirm that PU.1 signal 
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is detected in highly GFP positive NS shRNA cells (orange indicates overlap) whereas in the Spi1 shRNA cells 
PU.1 antibody staining is lost as GFP expression increases. H Investigating PU.1 antibody staining in Jurkat 
cells infected with either an empty vector virus (pSIEW) or the Spi1 over-expression virus (Spi1 pSIEW). The 
plots show GFP signalling intensity against PU.1 antibody staining. I Provides a graphical summary of this 
experiment, showing that the MFI from the PU.1 antibody staining was only increased in Jurkat cells infected 
with the Spi1 pSIEW virus. The analyses for this data were either performed using the IDEAS® software (D-G) 
or using FlowJo (H-I).  Both these experiments are n=1 though similar results were obtained from 
experiments performed on other cell types (as discussed in 4.2.1).  

The final evidence supporting the specificity of this PU.1 antibody specificity came from 

experiments using a Spi1 over-expressing lentivirus (Spi1 pSIEW). This virus was used to infect 

Jurkats which are an immortalised human T-lymphocyte cell line which do not endogenously 

express PU.1 [329]. Moreover, as the Spi1 coding sequence inserted into the pSIEW vector was the 

murine sequence and therefore would not be endogenously expressed in a human cell line. As 

shown in Figure 3.4H, no PU.1 staining is seen in Jurkats infected with an empty pSIEW virus or in 

uninfected cells within the Spi1 pSIEW sample. Spi1 pSIEW infected Jurkats show an increased 

PU.1 expression, and those with a higher expression of the GFP reporter have a higher PU.1 signal. 

When the intensity of this PU.1 antibody staining is plotted on a graph alongside additional 

controls (Figure 3.4I) it shows that the PU.1 protein is greatly increased in Spi1 pSIEW infected 

cells. Therefore, these results confirm that the antibody is specifically detecting murine PU.1 and is 

sensitive enough to still show PU.1 protein levels even when expression has been exogenously 

reduced. 

3.2.3 In vitro Cre induced removal of -14 kb URE in Spi1-URE floxed MØP Cell Line 

To ensure that the Spi1tm1.2Dgt/J (Spi1-URE floxed) model was functioning correctly in our facility we 

began by confirming the removal of the URE using PCR. Genomic DNA was isolated from a 

conditionally-immortalised Spi1-URE floxed MØ precursor (Spi1-MØP) cell line generated by 

retroviral infection of CD117+ macrophage precursor cells from the bone marrow of Spi1-URE 

floxed mice. DNA was also extracted from peritoneal lavages taken from Spi1-URE floxed mice 

bred to either B6J.B6N(Cg)-Cx3cr1tm1.1(cre)Jung/J (Spi1-CONST) or B6.129P2(C)-Cx3cr1tm2.1(cre/ERT2)Jung/J 

(Spi1-ERT). Together these samples provided the full range of Cre recombinase states, from not 

present (Spi1-MØP cells), to tamoxifen-inducible (Spi1-ERT) or constitutively-active (Spi1-CONST). 

Figure 3.5A graphically represents the where the primers bind in the PCR reaction that was 

designed to detect URE removal following loxP recombination. As described in section 2.3.1 

primers 1 and 3 can only form the larger band when the URE has been removed. This was used in 

conjunction with the genotyping PCR (section 2.3) that detects the mutant form of the Spi1 URE. 

These PCRs confirmed that the URE was only removed in cells where the Cre is active (Spi1-CONST) 
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and is not found in any of the other samples, which had formed the smaller PCR band formed by 

primers 1 and 2. These results show that on the genomic level the URE is removed in the presence 

of an active Cre in the Spi1-CONST mice. 

 

Figure 3.5 Initial validation of the Spi1-URE floxed model. A Schematic diagram showing the approximate 
binding sites of the three primers used to determine if the Cre-LoxP recombination event has occurred in the 
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URE. The larger (“x” + 200 bp) band that forms between primers 1 and 3 can only form if URE has been lost 
following recombination of the LoxP sites. B PCR confirming Cre-mediated removal of the URE the first lane 
contains the Promega 100 bp ladder. The DNA used in this analysis was obtained from the Spi1-URE floxed 
MØP cell line, a Spi1-ERT DM or a Spi1-CONST DM peritoneal lavage. The left-hand side of the gel shows the 
bands produced by the primers used to genotype the Spi1-URE floxed mice (see 2.3). The right-hand side of 
the gel used primers developed to genotype the URE KO Spi1tm1.3Dgt/J mice. As mentioned in section 2.3.1 the 
larger band was ~650bp and only present in the Spi1-CONST lavage genomic DNA. The other samples which 
either had no Cre (Spi1-URE floxed MØPs) or an inactive Cre (Spi1-ERT lavage DNA) had the lower DNA band 
(“x”) which was ~450 bp and associated with an intact URE. This PCR experiment was performed twice (n=2) 
using the same samples. C Basic characterisation of Spi1-URE floxed MØP cell line. The first column shows 
brightfield images of these cells following 4 days of differentiation with either GM-CSF or M-CSF. These 
images were taken using the EVOS using the 20X magnification lens. The data shown here is representative 
of two independent experiments (n=2). 

Figure 3.5C also shows the basic phenotyping of the Spi1-MØP cell line. The microscope images 

show that the morphology of the cells following differentiation with either GM-CSF or M-CSF was 

as expected. Moreover, expression of several key marker such as CD11b, F4/80 and CD80 were 

measured using flow cytometry. As previously published by Rosas et al. (2011) CD11b, CD80 and 

F4/80 expression increased following cell differentiation compared to unstained controls [304]. 

This work suggested that the phenotype of the Spi1-URE MØP cell line follows established work.    

The in vitro removal of the Spi1-URE was achieved using a combination of the bone-marrow 

derived MØ (BMDM) or M-CSF differentiated MØPs and a custom Cre-pSFEW lentivirus vector, 

using the plasmids described in section 2.11.3. In short, the Cre and GFP are expressed under the 

same promoter expression separated by a T2A sequence that induces ribosomal skipping thus the 

levels of both proteins should resemble each other in an infected cell.   

Figure 3.6A and Figure 3.6B display the initial titrations of this Cre pSFEW and confirm that the GFP 

virus reporter increases in a dose dependent manner for both viruses. As colony 10 produced 

higher infection rates the colony 10 Cre pSFEW plasmid was exclusively used for virus production 

and will henceforth be referred to as Cre pSFEW. At lower titres (<5 µL) the empty vector pSFEW 

virus is more effective than the Cre pSFEW virus which is not unexpected due to the additional 

effort required to produce Cre recombinase in addition to the GFP reporter. These difference in 

viral effectiveness can be lessened by using an excessive dose, as shown when Jurkats are given 10 

µL of virus.  

Co-expression of the Cre recombinase enzyme (Cre) was confirmed using a reducing western blot 

in RAW cells that were sorted on GFP expression to ensure a pure infected population. Figure 3.6C 

confirms that Cre protein is only expressed in RAW cells infected with the Cre pSFEW virus, and 

not in either the pSFEW or non-infected (NI) RAW cells. While the the anti-Cre plot produced 

several bands this could be due to an ineffective T2A ribsomal skipping, meaning that the Cre and 
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GFP were produced as one larger protein, or these bands the result of other modifications. The 

right-hand western blots shows that GFP was detected in both the pSFEW and Cre pSFEW infected 

samples but not in NI cells. The GFP blot did suggest that the ribosomal skipping, resulting in a 

separate Cre and GFP, was not completely efficient as there were some higher bands that were 

only present in the Cre pSFEW sample.  

 

Figure 3.6 Experiments authenticating the function of Cre pSFEW virus. A Jurkat viral titrations of two Cre 
pSFEW plasmids grown from separate colonies, as described in section2.12.4..  B A similar viral titration 
experiment was used to compare the effectiveness of Cre pSFEW to pSFEW. C Confirming that both Cre 
recombinase (Cre) and GFP are produced separately in RAW cells that were either uninfected or infected with 
either the pSFEW virus or Cre pSFEW virus. These RAW cells were sorted following viral infection so that only 
GFP+ cells were used in these western blots. The left-hand blots show the results of anti-Cre staining (top, 
predicted molecular weight 38 kDa). The lower plot shows actin antibody staining performed to confirm 
loading. The two right-hand blots show the results of the blot detecting GFP, expected band 27 kDa, 
including the actin control. The data presented A and B were representative of two (n=2) and five (n=5) 
experiments respectively. The blots shown in part C are from one experiment (n=1) though similar 
observations were made in infected Jurkat cells (data not shown).  
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Having confirmed the function of the Cre-pSFEW virus, it was then used to infect 1x106 BMDMs 

differentiated from either Spi1-URE floxed or C57BL/6 wild-type mice. Non-infected and empty 

vector virus (pSFEW) were used as additional controls. BMDM were harvested 7 days after 

infection and processed for flow cytometric analysis. Figure 3.7 shows that, as predicted, PU.1 

protein levels were not different between the uninfected and infected (GFP+) cells in the pSFEW 

and Cre pSFEW WT BMDM. The Spi1-URE floxed BMDM did not have a reduction in PU.1 

expression, compared to either the NI BMDM or the control pSFEW virus infected BMDM. 

Surprisingly, it appeared that Cre pSFEW viral infection did not impact PU.1 protein levels in Spi1-

URE floxed BMDM. This was unexpected as previously published work showed that Cre-mediated 

loss of the URE resulted in a reduction in PU.1 protein in the total bone-marrow of mice [260].  
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As summarised in Figure 3.7B below, the expression of PU.1 did not appear to be changed in the 

Spi1-URE floxed BMDM infected with the control virus (pSFEW, lined grey bars) or the Cre pSFEW 

virus (lined blue bars). It is likely that the slight reduction compared to the non-infected sample 

(white) is likely because of the effect lentiviral infection has on BMDM.  In the WT BMDM samples 

PU.1 expression is not altered in the infected cells when compared to the uninfected within their 

respective samples, though there is variation between each condition.  

Cre expression in both BMDM genotypes infected with Cre pSFEW virus was also confirmed using 

flow cytometry (Figure 3.7C). In both the Spi1-URE and WT BMDM Cre expression appeared to be 

equally robust (blue bars). The findings of this BMDM experiment were replicated in several 

experiments performed in M-CSF differentiated MØP cells which have been shown to be 

phenotypically like BMDM (n=3; Figure 3.7D). These MØP cells were differentiated with M-CSF and 

used another version of the Cre fusion plasmid where a truncated form of rat CD2 replaces the 

GFP reporter (Cre pSFRW). In these experiments PU.1 expression, as determined by the CST PU.1 

antibody, in M-CSF MØP cells was normalised by removing the isotype background then dividing 

by the MFI of the uninfected cells within each sample. Again, no clear changes were seen in PU.1 

expression in Spi1-URE floxed M-CSF differentiate MØPs infected with Cre pSFRW or an empty 

pSFRW control virus. 
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Figure 3.7 In Vitro experiments with Cre pSFEW virus in Spi1-URE floxed BMDM or M-CSF differentiated 
MØPs- Part II B Graphs showing the normalised PU.1 expression in Spi1-URE floxed BMDM infected with 
pSFEW (grey) or Cre pSFEW (blue). Here the PU.1 protein expression was normalised to the non-infected 
BMDM sample for each genotype. C Detection of Cre recombinase protein via flow cytometry. The flow plots 
show that Cre could be measured in WT cells infected with Cre pSFEW compared to pSFEW infected cells. 
When represented graphically a moderate amount of Cre protein was detected in both the Spi1-URE and WT 
BMDM. D A summary of preliminary experiments in M-CSF differentiated MØP cells. The BMDM data shown 
here was only repeated once (n=1) but similar results were observed in the Spi1-URE floxed M-CSF 
differentiated MØPs (n=3). 

Given the unanticipated lack of a change in PU.1 expression there were concerns that the Cre 

recombinase was expressed but not functioning correctly. To ensure the Cre expressed from the 

pSFEW plasmid was able to translocate to the nucleus of the cells and recombine the loxP sites the 

Cre pSFEW virus was tested in a previously published Gata6tm2.1Sad/J mouse model [151].  
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The presence of Cre in the peritoneal cavity of these mice removes the tissue specific transcription 

factor Gata6. This Gata6 knock-out results in several phenotypic changes to the pMØ population 

including a reduced F4/80 expression, which was used to assess the functionality of the Cre 

recombinase. Three Gata6tm2.1Sad/J mice received an intraperitoneal injection of either pSFEW or 

Cre pSFEW lentivirus. One week after injection these mice were sacrificed and lavaged to retrieve 

the pMØ cells. These peritoneal lavage cells were then stained for F4/80 and Tim4, another pMØ 

surface marker, and analysed using flow cytometry. Figure 3.8A (left) shows no difference was 

observed in F4/80 staining between cells infected with control pSFEW (green) compared to non-

infected cells from the same sample (black outline). Gata6tm2.1Sad/J mice who received an injection 

of Cre pSFEW (Figure 3.8A, right) the infected cells (green) had a reduced F4/80 expression 

compared to non-infected cells (outline). The percentage F4/80 knock-down was calculated using 

the method described in section 2.16.2.1.  The percentage reduction of F4/80 expression was 

higher pMØ infected with Cre pSFEW compared to those infected with control pSFEW (Figure 

3.8B). The percentage Cre expression was also confirmed in those pMØ infected with Cre pSFEW 

(Figure 3.8C). 

 

Figure 3.8 Confirming the Cre pSFEW virus is functional in vivo using a published model. One Gata6tm2.1Sad/J 
male mouse aged 8 weeks received an injection of pSFEW virus and two mice received Cre pSFEW injections. 
One week later pMØ were harvested and stained for flow cytometric analysis. Cre mediated Gata-6 removal 
in the peritoneal cavity results in a reduced F4/80 expression on pMØ. A These exemplar flow plots show that 
no reduction of F4/80 was detectable in pMØ infected with pSFEW virus (Green) when compared to 
uninfected cells within the sample (black outline). B Graphical summary of the % F4/80 knock-down 
(normalised to GFP- cells within the sample) from virally injected Gata6tm2.1Sad/J mice. F4/80 expression was 
reduced in mice infected with Cre-pSFEW C Percentage Cre protein expression (normalised to GFP- cells within 
the sample). Following intra-nuclear staining for Cre recombinase, can see that Cre was present in Cre pSFEW 
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GFP+ cells only rom flow plots (left) and graph (right).The results shown here represent one experiment (n=1) 
containing three mice total and replicate the findings of previously published work [151]. The horizontal bar 
denotes the mean and the error bars show the standard deviation. 

These findings corroborate the previously reported observations by Rosas et al. [151] and suggest 

that the Cre pSFEW virus is functioning correctly. It was therefore surprising that no reduction in 

PU.1 expression was noted when Spi1-URE floxed cells were treated with Cre pSFEW. The next 

section moves onto describe the changes seen in vivo when Spi1-URE floxed mice were bred to 

multiple transgenic lines expressing Cre. 

3.2.4  PU.1 expression in transgenic mice 

As discussed in section 1.5.3 Spi1 URE floxed mice were bred to mice where Cre recombinase was 

expressed under the Cx3cr1 promoter. There were two Cx3cr1-Cre mouse lines used in this 

chapter, previously described in 1.5.3. The first expressed an active Cre (Cx3cr1-CreCONST) and the 

other a tamoxifen-inducible Cre (Cx3cr1-CreERT). Henceforth these mice shall be referred to as 

Spi1-ERT for the conditional Cre and Spi1-CONST for mice with an active Cre. 

3.2.4.1 Double-Heterozygous Spi1-ERT and Spi1-CONST Mice  

Previously published work has shown PU.1 expression was reduced by 80 % in bone marrow of 

mice lacking the Spi1 URE [260]. Initially this experimental model assessed the impact on PU.1 

expression in double-heterozygous (DH) mice, which had one Spi1-URE Floxed allele and one Cre. 

These mice were referred to as Spi1-ERT DH and Spi1-CONST DH. 

Given this information a reduction of <40 % of PU.1 expression was estimated in the presence of 

an active Cre, as mice would have wild-type Spi1-URE site. However this was not expected to be 

direct relationship, as there may be other intrinsic mechanisms that act with the URE expression 

to compensate for this partial loss. Therefore the reduction in PU.1 was not expected to be more 

than 40 % in Spi1-CONST DH mice compared to Spi1-ERT DH mice. In this thesis all Spi1-ERT mice 

were not treated with tamoxifen as they were used as controls to account for any variation in 

results caused by the background of the transgenic strains.  
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Figure 3.9 Determining PU.1 expression in Spi1-ERT and Spi1-CONST Heterozygous Mice. The mice in each 
experiment were matched as closely as possible by age (range 5-19 weeks) and gender (Spi1-CONST- 5 males 
and 4 females and Spi1-ERT- 3 males and 6 females). A total of 9 mice were assessed for each genotype. A 
Gating approach used in flow cytometric analyses to determine PU.1 protein expression in pMØ and 
microglia, including unstained and single stained controls. Debris and doublets were removed, pMØ were 
selected as CD11bhighMHCIIlow . Microglia were selected on CD11b+ CD45ow, though microglia CD11b 
expression was lower due to bead purification. B Example histograms of PU.1 staining in pMØ and Microglia. 
Isotype controls (outlines) are shown next to PU.1 stained cells (filled). C PU.1 expression was normalised to 
the average MFI values from the Spi1-ERT mice pMØ or microglia from each experiment. In pMØ samples 



112 
 

there was a significant reduction in PU.1 expression in the Spi1-CONST DH mice (Unpaired Two-Tailed T-Test, 
**P=0.0043).There was no significant difference between the PU.1 expression microglia (Unpaired Two-
Tailed T-Test, P=0.6801). D Absolute counts in DH mice. There was no difference found in ERT normalised cell 
counts in pMØ or in the cell counts of brains after CD11b+ bead selection (Microglia) between both 
genotypes (Unpaired Two-Tailed T-Test, P=0.3624 and P=0.4714 respectively). The results shown here are the 
results of 5 independent experiments (n=5). The means are denoted by the horizontal line and the error bars 
show the standard deviation.  

To enable an accurate comparison equal numbers of Spi1-CONST and Spi1-ERT mice were 

matched as closely as possible for age/sex and processed in parallel. Figure 3.9A provides an 

example of the gating strategy used to select pMØ (top) and microglia (bottom) populations 

before measuring PU.1 expression. A combination of CD11b and CD45 or MHCII surface stains 

were used to identify both trMØ populations the single stain controls for both are also shown in 

Figure 3.9A. 

The results obtained from the preliminary analyses of PU.1 expression in DH mice suggest that 

there is no difference between the Spi1-ERT (purple) and Spi1-CONST (red) genotypes (Figure 

3.9B). Figure 3.9C shows the normalised PU.1 expression of all 5 independent experiments 

calculated as described in 2.16.2.2. pMØ had a significantly lower level of PU.1 protein in Spi1-

CONST mice compared to Spi1-ERT mice, determined by an Unpaired Two-Tailed T-Test (P=0.004). 

Conversely no significant reduction in PU.1 protein was seen in the target microglia population 

between DH Spi1-ERT and Spi1-CONST mice (Unpaired Two-Tailed T-Test P=0.68).  

The absolute pMØ counts and post-CD11b+ selection cell counts, set out in Figure 3.9D, suggested 

there were no meaningful differences in the number of pMØ or microglia between the two DH 

genotypes (Unpaired Two-Tailed T-Test, P=0.362 and P=0.471 respectively). In summary, the 

reduction in PU.1 expression observed in the pMØ was ~24 % lower in Spi1-CONST DH mice 

compared to Spi1-ERT pMØ. The results of these experiments suggest that URE removal does not 

reduce the amount of PU.1 protein in microglia. However as one copy of the wild-type Spi1-URE 

was present in these mice it was not possible to yet conclude the success of this model.   

3.2.4.2 Double-Mutant Mice 

The impact of both Spi1-URE sites being removed double mutant (DM) mice, where both Spi1-URE 

sites were floxed and both Cx3cr1 sites express Cre. The histograms below (Figure 3.10A) show 

that in DM mice PU.1 expression did not appear to largely differ between Spi1-ERT or Spi1-CONST 

mice in either the pMØ or in microglia.  

Figure 3.10B shows the normalised PU.1 expression in all samples across both genotypes 

determined from all 13 independent biological replicates. Again, PU.1 expression was not 
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significantly reduced in the pMØ of Spi1-CONST mice compared to Spi1-ERT mice (Unpaired Two-

Tailed T-Test, P=0.8682). No significant reduction in PU.1 expression was found in the Spi1-CONST 

microglia compared to the Spi1-ERT control microglia (Unpaired Two-Tailed T-Test, P=0.2479). 

The results of the absolute cell counts are set out in Figure 3.10C and did not differ between the 

genotypes in either the pMØ or microglia (Unpaired Two-Tailed T-Tests P=0.2899 and P=0.1879 

respectively).. There was some variation in cell counts between the experiments, though this was 

likely due to the age range across the cohort (3-14 weeks). Taken together these results suggest 

that Spi1-URE removal in the Cx3cr1 expressing pMØ and microglia does not appear to reduce 

PU.1 expression.  
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Figure 3.10 Determining PU.1 expression in Spi1-ERT and Spi1-CONST Mutant Mice- Part I  In all 
experiments mice were matched according to age (ranging from 3-14 weeks) and gender (Spi1-CONST- 9 
males and 12 females, Spi1-ERT- 9 males and 12 females). A Representative histograms showing PU.1 
expression in pMØ and Microglia. Here PU.1 expression does not appear to differ between Spi1-ERT and Spi1-
CONST mice. B PU.1 expression in all Double-Mutant (DM) Mice Sampled. Normalised expression was 
calculated as previously described (section 2.16.2.1). In these pMØ samples PU.1 expression did not differ 
between the Spi1-ERT or Spi1-CONST genotypes (Unpaired Two-Tailed T-Test, P=0.8682). There was also no 
observed difference between genotypes in the microglia samples (Unpaired Two-Tailed T-Test, P=0.2479). C 
Absolute pMØ cell counts and Post-CD11b+ selection (microglia) cell counts in DM mice. No significance 
difference was seen between Spi1-ERT and Spi1-CONST mice in either tissue resident MØ population. The 
statistical results of an Unpaired Two-Tailed T-Test were as follows in pMØ (P=0.2899) and in microglia 
(P=0.1879). The results presented here are the cumulation of 11 separate experiments (n=11). The means are 
shown by the horizontal line alongside the standard deviation error bars.  

3.2.5 Troubleshooting in the URE KO Model  

Several steps were taken to try and elucidate why PU.1 protein was not being reduced in pMØ and 

microglia following removal of the URE. The URE removal had been previously confirmed by PCR 

(Figure 3.5). The following section will focus on the experiments that suggest this URE may not be 

as important in trMØ subsets.  

3.2.5.1 Confirming Cre activity in Cx3cr1-CreCONST mice 

Cre activiton was confirmed in the microglia of these Cx3cr1-CreCONST mice by breeding them to the 

B6J.129(B6N)-Gt(ROSA)26Sortm1(CAG-cas9*,-EGFP)Fezh/J mouse strain (Cas9), commonly known as the 

CRISPR-Cas9 strain [330]. These mice were chosen as they produce Cas9 and a GFP reporter in the 

presence of an active Cre [330]. Therefore, it was expected that if Cre if the Cx3cr1-CreCONST mice 

functioned correctly then microglia from the Cas9-CreCONST strain should express GFP expression. 

Spi1-ERT mice were used as a background control for MØ auto-fluorescence. Following brain 

digestion and myelin removal the cells were stained for MØ markers CD11b and CD45 in addition 

to a LIVE/DEAD™ stain. The gating used to analyse the microglia is displayed in Figure 3.11A. 
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Figure 3.11 Confirmation of Cre function in Cx3cr1-CreCONST Mice. Cx3cr1-CreCONST mice were bred to 
B6J.129(B6N)-Gt(ROSA)26Sortm1(CAG-cas9*,-EGFP)Fezh/J  mice, ensuring that a GFP reporter was expressed when 
Cre was expressed. All mice used here were aged 13 weeks, and each group contained 1 female and 2 male 
mice. A Gating strategy used in flow cytometric analysis. Once debris was removed from the sample, single 
cells were selected. Of these single cells the live cells were taken further. Cell viability in these samples were 
all over 97% (data not shown). Microglia were then gated as CD11b+CD45low, before GFP expression was 
observed. B GFP Expression in Cas9-CONST and Spi1-ERT samples. The top panel shows the GFP expression in 
microglia cells in female (n=1) and male (n=2) mice. In comparison to the Spi1-ERT control mice (bottom 
panel) the GFP expression was clearly detectable in all Cas9-CONST samples, and was over 95 % of all 
microglia (CD11b+CD45+) were GFP+. The data presented here was gathered from one independent 
experiment (n=1). 

The data collected from Cas9-CONST mice confirms that there is a strong GFP expression in 

microglia (Figure 3.11) and as expected, there was no GFP expression in the Spi1-ERT control mice. 

Thus, it was concluded that Cre is active in the microglia of Cx3cr1-CreCONST mice. As discussed in 

the next section there was potential issue with the Spi1-ERT mice that meant they may not 

provide an accurate baseline expression of PU.1 in microglia. 

3.2.5.2 Confirming Spi1-ERT mice as suitable controls  

Recently the Cre-activation of the Cx3cr1-CreERT mice in absence of tamoxifen has been questioned 

following observations that CreERT was active even when tamoxifen was not present in the brain 

[331]. In this report Cx3cr1-CreERT mice saw a tamoxifen-independent Cre activation in microglia in 
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mice from 4 weeks, supposedly due to the high microglial Cx3cr1. As the Spi1-ERT mice used to 

give a baseline PU.1 expression were older 4 weeks it was possible that they had an active Cre. 

Hence a Cre mediated reduction to PU.1 protein levels may be present in both the Spi1-ERT and 

Spi1-CONST mice, which could explain the similarity in PU.1 expression between the two 

genotypes. 

To ensure this was not the case PU.1 protein was measured in Spi1 mutant mice, Cx3cr1-CreCONST 

and C57BL/6J mice. The results of these comparisons can be viewed in Figure 3.12. 
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Figure 3.12 PU.1 Expression in DM mice compared to Cx3cr1-CreCONST  and C57BL/6J mice. All mice were 
used in these experiments were female and aged 10-14 weeks.  A Normalised PU.1 expression suggests the 
lack of change in PU.1 was not due to a ‘leaky’ Cre in Spi1-ERT Mice. In pMØ there was no significant 
difference in PU.1 expression across all three genotypes (Kruskal-Wallis Test, P=0.5118). No difference in 
PU.1 expression was observed in Microglia across any genotype. (One-way ANOVA, P=0.1045). B Absolute 
pMØ cell counts and normalised post-CD11b+ sort cell counts. There was a difference in the pMØ counts 
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across all three genotypes (Kruskal-Wallis Test, P=0.0032), the difference between the Spi1-ERT mice and 
Spi1-CONST mice were different (Dunn’s Multiple Comparison P≤0.01as were the Cx3cr1-CreCONST and Spi1-
CONST mice pMØ number (Dunn’s Multiple Comparison P≤0.05). The microglia counts were not significantly 
different between the genotypes (One Way ANOVA P=0.9571). The data presented here resulted from 3 
independent experiments (n=3). The mice were again matched by age (range 7-14 weeks) and gender (4 
male and 2 female per group). C pMØ and microglial PU.1 expression was compared between C57BL/6J mice 
(black), Spi1-ERT mice (purple) and Spi1-CONST mice (red). There were no meaningful changes in PU.1 
protein levels across all three genotypes in either pMØ (One-Way ANOVA, P=0.6315) nor microglia. D The 
absolute pMØ counts in the C57BL/6J mice were not significantly different from either Spi1 mutant mouse 
strain (One-Way ANOVA, P=0.1215) and no difference was seen in the microglia counts. There was a 
technical issue prevented experiment from being repeated a second time in microglia, while n=2 experiments 
in pMØ. The mean is indicated by a horizontal line and the standard deviation is denoted by the error bars. 
*denotes a P-Value of ≤0.05 and **≤0.01. 

Figure 3.12A shows there were no changes to the PU.1 expression between pMØ harvested from 

the Cx3cr1-CreCONST mice compared to either Spi1 mutant strain (Kruskal-Wallis Test, P=0.5118). 

The microglia PU.1 expression was also similar across all genotypes (One-way ANOVA, P=0.1045). 

The absolute pMØ cell number did slightly differ between the assessed genotypes as shown in 

Figure 3.12B (Kruskal-Wallis Test, P=0.0032), though the variation in the Spi1-ERT counts suggest 

this ‘increase’ might be lost if the experiment was repeated (Figure 3.10). The number of microglia 

did not differ between the Cx3cr1-CreCONST mice and Spi1 mutant mice (One Way ANOVA 

P=0.9571). The Spi1 mutant mice were also compared to C57BL/6J mice. Again no meaningful 

differences were seen in the PU.1 protein levels in either the pMØ (One-Way ANOVA, P=0.6315) 

or the microglia between the genotypes (Figure 3.12C). The trMØ cell counts did not differ 

between the C57BL/6J mice and the Spi1 mutants (Figure 3.12D), pMØ (One-Way ANOVA, 

P=0.1215). The average cell counts for the pMØ and microglia in all of the PU.1 comparison 

experiments are shown in Table 3.2 below. 

As PU.1 expression measured in Cx3cr1-CreCONST mice (blue) very closely resembled expression 

seen in microglia of Spi1-ERT mice (purple), suggesting that even if the Cre is ‘leaky’ in the Spi1-

ERT mice PU.1 expression was unaffected. Together these experiments indicate that PU.1 

pMØ/microglia expression was not altered in the Spi1-CONST or Spi1-ERT mice compared to 

strains with a wild-type Spi1 URE (Cx3cr1-CreCONST and C57BL/6J mice.  
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Table 3.2 Summary of all Raw Cell Counts from Double Mutant (DM) mice experiments. Mean counts were 
calculated using the viable MUSE cell counts from Spi1-ERT, Spi1-CONST, Cx3cr1-CreCONST and C57BL/6J mice 
peritoneal lavages and Post-CD11b+ brain selection. The experiments where Spi1 mutant mice were 
compared to either C57BL/6J mice (black outline), or Cx3cr1-CreCONST (blue outline) have been shown 
separately as there was a narrower age range within these experiments. Here ‘n’ denotes the number of 
individual mice used to determine the averages. 

3.2.5.3 LPS challenge in mice lacking -14 kB Spi1-URE 

Another proposition was that in differentiated MØ the URE may not play a role in maintaining 

PU.1 protein levels in homeostasis, but might during an inflammatory challenge. The PU. 

Expression was assessed with a pilot study where Spi1-CONST mice and C57BL/6NJ mice received 

a peritoneal LPS injection. As discussed in [132] a peritoneal injection of LPS can cause microglia 
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activation. C57BL/6NJ mice were used as controls due to lingering concerns about the suitability of 

Spi1-ERT mice as appropriate controls. As summarised in Figure 3.13A male and female mice were 

given either an intra-peritoneal injection of approximately 100 µg/kg LPS in 100 µL PBS or 100 µL 

of PBS as a vehicle only control. The 100 µg/kg dose of LPS was calculated according to the 

average C57BL/6J weight as 2.56 µg/100 µL for the male mice and 1.98 µg/ 100 µL for the females. 

There was one male and one female mouse in each experimental group. Two hours later microglia 

and pMØ were extracted from these mice and Spi1 expression was assessed by qPCR and PU.1 

levels via flow cytometry. 
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Figure 3.13 In vivo pilot experiment testing if removal of the -14 kB Spi1-URE impacts pMØ and microglial 
response to an LPS challenge- Part I. A Summary of the approach taken in this experiment. Briefly, C57BL/6J 
(black) or Spi1-CONST (red) mice aged 10-11 weeks received ~100 µg/kg of LPS and were sacrificed after 2 
hours.  B DAPI staining was included in flow cytometric analysis to aid in the separation of cells from debris 
and CD11b and CD45 staining was used to gate on the myeloid populations. In the brains CD11b+CD45high 
and CD11b+CD45low populations were analysed separately C PU.1 protein expression was normalised to the 
average expression between both C57BL/6J PBS control mice (2 mice per group, one of each gender). The 
horizontal bars in the plots denote the mean value. The results presented here were from one experiment 
n=1, where male mice were injected in the morning and female mice in the afternoon of the experiment.  
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The trMØ populations were gated as shown in Figure 3.13B. Briefly, single-cells were gated on 

CD11b and CD45 expression to select MØ populations before calculating the MFI of PU.1 antibody 

staining. The graphs in Figure 3.13C show the PU.1 protein levels in the pMØ and microglia of mice 

following this LPS challenge. There were no substantial changes in PU.1 protein expression in 

either the C57BL/6J mice (black) or Spi1-CONST mice (red) following LPS stimulation when 

compared to PBS controls. Spi1-CONST mice pMØ populations did appear to appear to have a 

slightly lower baseline PU.1 expression in pMØ compared to the C57BL6/J control mice though it is 

hard to definitively conclude given the small group sizes (n=2 per group). Again, little difference in 

PU.1 protein levels were observed across the experimental conditions in the microglia 

(CD11b+CD45low). LPS stimulation did appear to impact PU.1 expression in the CD11b+CD45high cells, 

potentially a mix of monocytes and slightly activated microglia, but again the genotype of the mice 

did not appear to alter the results though the number of mice in each group would need to be 

increased before this could be definitively concluded. Nevertheless, these results suggested that 

PU.1 protein was not greatly reduced in mice lacking the Spi1-URE even following a mild immune 

challenge. However, as the tissue was harvested only 2 hours after the LPS challenge it was likely 

that this did not allow enough time to see any changes at the protein level.  

As the tissue harvest the samples were split to assess Spi1 mRNA expression by qPCR and other 

inflammatory markers. RNA was extracted from unsorted lavages or extracted from whole-brain 

tissue to try and preserve the in vivo mRNA expression.  

Figure 3.13D presents the data from these qPCR analyses. Spi1 mRNA does not appear to be 

affected following LPS stimulation, though there does appear to be a difference in the baseline 

expression between the genotypes. In the peritoneal lavage samples Tnf expression does seem to 

increase following LPS stimulation in the C57BL/6J mice (black), though this change was not seen 

in the Spi1-CONST genotype (red), though the variation in the Spi1-CONST PBS samples make it 

hard to definitively conclude this. Despite the immune stimulus being given in the periphery and 

the relatively short interval between challenge and harvest an increase in brain Tnf expression was 

still observed in the C57BL/6J mice. It is possible this also occurred in the Spi1-CONST mice though 

the small sample size would need to be increased before this could be ascertained with certainty. 

Il-6 mRNA expression was also measured in the brain samples and seems to be moderately 

increased following LPS stimulation in both genotypes, though further repetitions would be 

required to confirm this change was consistent.  
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Figure 3.13 In vivo pilot experiment testing if removal of the -14 kB Spi1-URE impacts pMØ and microglial 
response to an LPS challenge- Part II. D RNA was extracted from half of the peritoneal lavage or one brain 
hemisphere. The expression of each gene was presented as relative to the GAPDH endogenous control gene 
and Spi1 (PU.1, top), Tnf (middle) and Il-6 (bottom) were normalised to the male C67BL/6J mouse that 
received PBS. Spi1 mRNA did not appear to change with LPS stimulation in the lavage samples, though the 
Spi1-CONST mice (red) seem to have a lower baseline expression compared to C57BL/6J (black) controls. 
Again, the horizontal bars in the plots denote the mean value. N.D. indicates no available data as gene 
expression was beyond the limit of detection. 

While this is a small pilot study there are several inferences that can be made. Firstly, a peritoneal 

injection of 100 µg/kg appeared to induce some inflammation, though a higher dose may elicit a 
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more defined microglial response. Secondly, this pilot LPS challenge suggested that inflammation 

is unlikely to alter Spi1 mRNA or PU.1 protein in mice lacking the Spi1-URE (Spi1-CONST) compared 

to wild-type control mice. However further repeats with a stronger stimulus would be needed to 

definitively conclude if the Spi1-URE is required to regulate PU.1 protein in an inflammatory 

setting in trMØs. 

3.3 Discussion  

SPI1 is an AD risk gene encoding PU.1, a critical transcription factor for survival of the cells in the 

myeloid and lymphoid linage. This chapter set out to establish if the Spi1-URE floxed mice could be 

used to knock-down PU.1 expression in microglia in vivo. This was done to better understand how 

a reduction in PU.1 may alter microglia physiology.  

The experiments in this chapter show that removal of the -14 kB Spi1-URE in Cx3cr1+ cells did not 

alter the level of the PU.1 transcription factor in conditionally-immortalised CD117+ bone marrow 

macrophage precursors (MØPs), BMDM, pMØ or microglia. Subsequent experiments 

demonstrated the lack change to the PU.1 levels were not as a result of inappropriate Cre 

expression. Finally, it was confirmed that removal of the URE did not reduce the level of the PU.1 

transcription factor in an inflammatory setting. The impact of these results will now be discussed 

in detail.  

The genomic recombination as a result of URE removal has been demonstrated by PCR (Figure 3.5) 

where only the Spi1-CONST cells showed the recombination. No significant PU.1 reduction was 

observed in the target microglia population, when Spi1-CONST mice were compared to either the 

Spi1-ERT or Cx3cr1-CreCONST mice. While no Spi1-URE floxed mice were available to use as a 

background control for any effects that floxing the Spi1-URE may have on PU.1 expression, the 

Cx3cr1-CreCONST mice were an equally appropriate control. C57BL/6J mice were used to investigate 

the impact that the background strain of these mice might have on PU.1 protein levels again no 

alterations were seen between the genotypes. The findings of the current study do not support 

the previous research, where PU.1 expression was shown to be 80 % reduced in total bone 

marrow cells using a western blot [260].  

Together the experiments in section 3.2.5 demonstrated that even if Cre was activated 

independently of tamoxifen in the microglia of the Spi1-ERT mice, as seen in other models [331], 

there was no alterartion to PU.1 expression in mice that lacked a Spi1-URE (Spi1-CONST) or mice 

with a wild-type Spi1-URE (C57BL/6J or Cx3cr1-CreCONST, Figure 3.12).  
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The lack of PU.1 reduction is not likely to be because the Cre in this model was not functional. The 

functionality of the Cre expression in the Cx3cr1-CreCONST and that it is present in ex vivo microglia 

has been shown by flow cytometric analysis of the Cas9-CONST mice, which express GFP in the 

presence of an active Cre, as shown in Figure 3.11.  

One argument might be that pMØ/microglia with a large PU.1 reduction present in vivo and the 

lack of PU.1 in these cells makes them vulnerable to cell death, as PU.1 is important for cell 

survival. However, this is unlikely as in vitro there was a similar number of GFP+ cells in Cre-pSFEW 

infected Spi1-URE floxed BMDM compared to BMDM from C57BL/6J mice (Figure 3.7A). 

Furthermore, no differences were observed in the cell counts when mice with an active Cre (Spi1-

CONST) compared to inactive Cre controls (summarised in Table 3.2). 

As PU.1 can regulate the expression of CD11b [272], was possible that during the CD11b+ selection 

step microglia with a lower PU.1 expression had a lower CD11b expression making the magnetic 

bead sorting biased. To ensure this was not the case the CD11b negative fractions were analysed 

for PU.1 expression. In the “CD11b negative” fraction there were very few cells that were stained 

with microglia markers, and in the small percentage that were not positively selected the PU.1 

expression did not differ from the CD11b positive fraction (data not shown).  

Analysis of ATAC-Seq and H3K27ac ChIP-Seq data (Figure 3.3) suggested the URE was likely 

operational in the pMØ and microglia. Li et al. (2001) have also suggested that this URE is needed 

for high PU.1 expression in pMØ, bone-marrow and spleen [267]. However these datasets only 

show the chromatin accessibility or the indicates the presence of an enhancer element it does not 

show what other factors may bind at this URE. 

It was also proposed that the Spi1-URE may not play a role in PU.1 protein levels in a normal 

environment, but only have an effect during inflammation. Following an LPS challenge the no 

changes to PU.1 protein expression in pMØ or microglia were observed, though the two-hour 

time-point may be too soon to detect these changes (Figure 3.13A-C). However several other 

papers suggest that LPS can increase PU.1 protein within this time frame in vitro [332,333]. This 

pilot experiment measured Spi1 mRNA production in total brain tissue and peritoneal lavages and 

indicated that this was unlikely. Even though there are other cell types present in these analyses 

all of the Spi1 expressing cells should be targeted by the Cx3cr1 restricted Cre expression (Figure 

3.13D).  
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The discrepancy between our results and the published work [260,298] is most likely to the 

difference in Cre recombinase delivery. The Rosenbauer papers ubiquitously expressed Cre to 

ensure the -14 kB Spi1-URE was lost in all tissues, including germline cells and thus hematopoietic 

stem cells [298].  

In this model Cre expression was restricted to Cx3cr1+ cells which includes monocytes, MØ and a 

subset of NK cells [146]. Consequently, it is likely that the reduction in PU.1 protein in the bone 

marrow following URE removal in the paper is due to the B-cell population. In fact, another paper 

published shortly after showed that the B2 lymphoid population was depleted in these URE knock-

out mice [298], though little is mentioned about cells derived from the myeloid lineage. This 

discussion will be continued in 7.2.1.  

Collectively these data demonstrate that PU.1 expression is largely unaffected by the removal of 

the URE, and therefore this model is unsuitable to investigate the effects of a reduced PU.1 

expression in microglia.  

3.3.1 Conclusions and future work 

The present results are significant in at least one major respect. Firstly, that deletion of the -14kB 

Spi1-URE in microglia and pMØ did not produce a reduction in PU.1 protein, contrary to 

expectations. Several questions remain unanswered at present, including why PU.1 was not 

reduced in either trMØ subset. Further work would be required to if establish this is because the 

URE mainly regulates PU.1 expression in B-cells after development.  

While low PU.1 transgenic mice could be developed using CRISPR-Cas9 system to reduce PU.1, 

possibly by the removal of other Spi1 myeloid regulatory elements at -12.2 kB and-10.3 kB 

upstream of the Spi1 promoter [269,330]. As heterozygous PU.1 knock-out could be given in vivo 

injections of an shRNA lentivirus targeting Spi1 expression, though this would require a high 

infection efficiency. These experiments were not within the scope of this project as targeting 

microglia in this manner would take considerable time and expertise.  

In summary, the Spi1-URE floxed model developed by Rosenbauer et al. (2004) could not be used 

to investigate the impact of a low PU.1 expression on microglia behaviour. Therefore, the 

following chapter moves onto to manipulating PU.1 expression using custom lentiviruses, which 

were tested in vitro and in vivo in MØ populations 
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Chapter 4  Development of in 

vitro microglia model with 

altered Spi1/PU.1 

expression  
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4.1 Introduction 

The primary aim of this chapter was to alter the level of the PU.1 transcription factor in microglia 

and determine transcriptomic changes. Previous evidence indicated that a moderate reduction in 

PU.1 protein would be required. In foetal liver cells there were different transcriptional 

“thresholds” dependent on PU.1 levels being 80 % reduced or 98 % lower than controls [9]. 

Similarly, in the BV-2 cell line several key microglia genes were altered by an 80 % reduction in 

PU.1 protein [230]. However, a 60 % reduction in PU.1 was sufficient to cause transcriptional 

changes in a human mixed glia culture system [233]. Therefore a physiological relevant knock 

down of PU.1 protein, between 60-70 % was desired. 

To reiterate, the aim of this thesis was to be able to manipulate PU.1 expression in microglia with 

the purpose of observing gene expression changes and the possibility of providing insight into AD 

pathology. It has been demonstrated the human SNP (rs1057233g) associated with a lower PU.1 

expression meant that the age of onset in AD was delayed [230]. Therefore, by diminishing PU.1 to 

the minimum level required for cell survival could provide insight into which biological pathways 

are most affected in these “low PU.1” individuals whom have a prolonged disease-free state. 

Moreover, this would highlight pathways that would most likely be affected by any therapeutic 

treatment affecting PU.1 expression such as M-CSF inhibitors  or HDAC inhibitors 

[73,89,233,334,335]. 

A deficiency in much of the work quantifying SPI1 expression in post-mortem human brain tissue is 

the failure to normalise the expression to the cell number [73]. As PU.1 is known to regulate 

proliferation in general MØ populations [257], and in microglia specifically [73,271] it is important 

to investigate PU.1 expression on a single cell level.  

As previously discussed PU.1 levels are highly regulated in myeloid cells, which includes several 

endogenous feedback loops [267,268,336]. There were therefore concerns that these endogenous 

pathways might offset any virally-induced increases to PU.1 protein. An ectopically induced 40 % 

increase in Spi1 expression had been reported, suggesting it was possible [230]. At the time of 

writing there were no commercially available transgenic mice over-expressing PU.1 in microglia 

though they were in development. Therefore, the subsequent chapter shows the development 

and optimisation of an in vitro culture system where PU.1 protein was reduced or over-expressed 

using custom lentiviruses.  
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Lentiviruses are a class of retrovirus that can be used to infect multiple cell types, including non-

dividing cells, to give a stable expression of the desired construct and can be utilised in vitro and in 

vivo [337,338]. In addition lentivirus systems can incorporate a co-expression of a reporter of 

infection, such as enhanced Green Fluorescent Protein (eGFP) or the T-cell surface antigen from a 

rat-CD2 (rCD2), can be used to tag the infected cells. These reporter genes enable infected cells to 

be specifically gated on during flow-cytometry analysis and even separated out using flow-

cytometric sorting. While use of these viruses may result in an inflammatory response, the effects 

of the virus carrier can be separated from any functional effects of altered PU.1 expression with 

the use of appropriate control viruses. 

Accurately modelling microglia in vitro is challenging. Much like any tissue resident MØ, microglia 

rely heavily on the local tissue microenvironment and once cells are removed from the tissue the 

microglial phenotype is considerably altered. A recent study has shown that expression of 

microglia specific markers like Tmem119 can be halved within hours of being removed from the 

brain [155].  

The use of mixed glial cultures was preferred, as this enabled microglia to retain some trophic 

support from other cell types, including regulatory signals from astrocytes [155]. Mixed glial 

cultures are often supplemented with M-CSF (MØ-colony stimulating factor) to encourage 

microglia proliferation and survival [271,339]. Two recent studies highlighted the addition of 

Transforming Growth Factor β (TGF-β) in microglia cultures results in a gene expression profile 

more similar to freshly extracted microglia [154,155]. TGF-β is thought to have an 

immunoregulatory role in MØ TGF-β [196] and TGF-β has also been shown to have an anti-viral 

effect on Langerhans cells [195].  

Given the flexibility of a lentiviral approach a Spi1 over-expression model could now be studied in 

parallel. It was predicted that valuable information could be gleaned by over-expressing the PU.1 

transcription factor, such as how the Spi1 risk SNP might contributes to the pathogenic phenotype 

of microglia observed in AD [70].  

Therefore the work in this chapter investigated the utility of lentiviral vectors to both reduce PU.1 

in vivo and knock-down/ over-express PU.1 protein in cultured primary microglia. An improved 

culture model was developed throughout the course of these investigations to ensure the 

microglia were as representative of their in vivo counterparts as possible. Finally, these PU.1 

“high” and PU.1 “low” microglia were sorted and processed for downstream mRNA Sequencing. 

Previous studies reducing PU.1 utilised either quantitative PCR (qPCR) or microarray to assess PU.1 
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changes to the transcriptome [230,233]. RNA-Seq analysis would provide a more complete map of 

genes and biological pathway changes affected by an altered PU.1 expression. 

Thus, this chapter aimed to develop a primary microglia culture model that combined both TGF-β 

and lentiviruses designed to knock-down and over-express Spi1 mRNA. This was achieved by: 

▪ Cloning lentiviral plasmids that would express an shRNA targeting the Spi1 mRNA or over-

express the Spi1 coding sequence. 

▪ Validating these lentiviruses in vitro and in vivo in the peritoneal cavity by measuring PU.1 

expression after infection. 

▪ Optimising a primary murine microglia culture that can incorporate both TGF-β and 

lentiviruses. 

▪ To utilise this optimised in vitro model and lentiviruses to knock-down and over-express 

Spi1 in primary microglia, and prepare these cells for RNA-Seq. 
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4.2 Results 

4.2.1 Validation of Knock-Down and Over-Expression Vectors 

The first set of analyses in this chapter examined the impact of the effectiveness of the newly 

derived lentiviral vectors. 

4.2.1.1 Cloning custom lentiviral plasmids 

Spi1 knock-down shRNA sequences were designed as described in 2.11.2.1. Both the Spi1 shRNA 1 

(red) and Spi1 shRNA 2 (blue) sequences were designed to target different parts of the Spi1 coding 

sequence (Figure 4.1A). An example of vector linearization is illustrated in Figure 4.1B, where the 

linearised vector was electrophoresed faster. After transformation individual bacterial colonies 

were PCR screened using primers designed around the PmeI insert site, see methods (2.11) for 

further detail. A selection of positive colonies (blue) would then be taken and grown-up before 

lentiviral plasmids were extracted Figure 4.1D.  

Over-expression viral vectors were made using the Spi1 consensus coding sequence 

(CCDS16425.1) taken from Ensemble. Due to the size of this fragment (>800 nucleotides) a 

gradient PCR was used to optimise the temperature at which the primer annealing was most 

efficient. Figure 4.1E shows the gradient PCR for Spi1 insert where the optimum annealing 

temperature was determined to be 63 °C. 
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Figure 4.1 Cloning Lentiviruses to Manipulate PU.1 Expression. A Predicted shRNA binding sites on Spi1 
mRNA. Two separate Spi1 shRNAs were designed to target different parts of the Spi1 coding sequence. The 
predicted binding sites are highlighted in red (Spi1 shRNA 1) and blue (Spi1 shRNA 2). B pSU6EW Vector 
Linearization. Lane 1 shows the 1 kB ladder (Promega) used to determine approximate size. The undigested 
plasmid is shown in Lane 3, whereas the plasmid linearised with the a PmeI restriction enzyme is shown in 
Lane 2. As expected, the linearised plasmid (Lane 2) runs through the agarose gel quicker than the uncut 
control. C Colony PCR for Spi1 shRNA 2. Bacterial colonies were screened using PCR primers designed to bind 
to either side of the insert. Here positive colonies give an expected band size of 380 bp labelled (+) and 
negative colonies (-) with an estimated 320bp band, based on 100 bp ladder (Promega). Individual colonies 
were then grown up in LB broth and sequenced. D Temperature Gradient PCR for Spi1 coding sequence 
insert. The temperature of the PCR reaction was optimised to ensure one clear strong band of the correct size 
for Spi1 was produced (819bp). From the agarose gel 63°C was determined to be the optimum temperature 
for these primers. 
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A summary of the final cloned lentiviral vectors used in this chapter can be seen in Table 4.1, 

including the predicted changes to PU.1 protein expression, infection reporter, and the 

appropriate control virus. 

 

Table 4.1 the table above illustrates some of the main characteristics of the PU.1 lentiviruses. The two Spi1 
shRNA vectors were designed to reduce PU.1 and were used with the Non-Silencing shRNA virus as a control. 
All shRNA viruses were designed with a GFP reporter to allow for cell sorting of infected cells. The over-
expression viruses were made by inserting the consensus coding sequence for mouse Spi1 (CCDS 16425.1) 
into a plasmid with a GFP reporter (pSIEW). For this over-expression viruses an empty vector control virus 
was used.  

4.2.1.2 Validation of expression in Cell Lines 

The effectiveness of the Spi1 shRNA viruses was first tested in the murine MØ RAW cell line, which 

have a high PU.1 expression (see Figure 3.4). Figure 4.2 shows the results of RAW cells after 

infection with Spi1 shRNA virus or Non-Silencing (NS) shRNA virus and underwent flow-cytometric 

sorting by GFP expression after 7 days of infection. Figure 4.2A showed PU.1 protein was reduced 

in RAW cells infected with Spi1 shRNA virus when compared to the NS shRNA control virus, as 

assessed by flow cytometry. Spi1 expression was also assessed by qPCR analysis of RNA extracted 

from Spi1 shRNA 2 infected RAW cells, which confirmed that Spi1 mRNA was reduced in 

comparison to the NS shRNA virus (Figure 4.2B). PU.1 protein expression was normalised as 

described in 2.16.2.1. Figure 4.2C shows there was a reduction in PU.1 expression in Spi1 shRNA 

infected RAW cells compared to NS shRNA control samples.  

The Spi1 pSIEW over-expressing virus was tested in Jurkats, which do not typically express PU.1 

protein [268]. The flow plots in Figure 4.2D show there was an increase in PU.1 expression in 

Jurkats infected with Spi1 pSIEW (Right) which was not seen in Jurkats infected with the empty 

vector pSIEW virus (Left). Spi1 mRNA was analysed by qPCR in these infected Jurkat cells, and the 

results (Figure 4.2E) reflected changes to PU.1 protein expression (Figure 4.2F).  
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Figure 4.2 Confirmation of Viral Function in Cell Lines. A Spi1 shRNA reduced PU.1 expression in the RAW 
Cell Line. RAW cells were infected with either NS shRNA virus or Spi1 shRNA virus 2 and sorted by GFP 
expression after 1 week. Some cells were then fixed and stained for PU.1 and run through a flow cytometer. 
A The two left panels show that in infected cells (GFP+) PU.1 expression was unaltered in NS shRNA infected 
RAW cells. As expected RAW cells infected with the Spi1 shRNA 2 virus had a reduced PU.1 expression 
compared to GFP- cells within the sample. B Summary of Spi1 mRNA Infected RAW cells were sorted by GFP 
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expression. RNA was then isolated from these cells for qPCR analysis of Spi1 mRNA, where Ywhaz was used 
as an endogenous control gene. Spi1 mRNA was reduced in Spi1 shRNA infected RAW cells compared to RAW 
cells infected with NS shRNA control virus. C  PU.1 protein expression in GFP+ RAW Cells. Protein expression 
was also determined in these cells using anti-PU.1 antibody. Here it can be seen that Spi1 shRNA protein was 
reduced when compared to the NS shRNA. The results in part B and C are the result of two independent 
experiments n=2, individual replicates are denoted by black symbols and the bars represent the mean values 
D Over-expression Spi1 pSIEW lentivirus induces PU.1 protein in Jurkat cell line. Here the Jurkat cell line was 
infected with either a Spi1 pSIEW over-expression virus or an empty vector control virus. As Jurkat cells do 
not naturally express PU.1, no PU.1 was detectable in cells infected with the empty pSIEW virus. E Spi1 mRNA 
was increased in Jurkats infected with Spi1 pSIEW. The results here are from one experiment where YWHAZ 
was used an endogenous control. F PU.1 protein was increased by Spi1 pSIEW virus but not empty pSIEW. 
PU.1 protein can be detected in Jurkats infected with the ‘Spi1’ pSIEW virus, showing that the virus was 
indeed functioning to over-express PU.1 in these cells. The results are the result of two independent 
experiments n=2, individual replicates are denoted by symbols and the bars represent the mean values.  

 

Overall these results indicate that the Spi1 shRNA viruses could partially knock-down PU.1 protein 

and the Spi1 over-expression virus was able to exogenously express PU.1 levels in cell lines. This 

chapter now turns to the data showing on how the Spi1 shRNA viruses performed in an in vivo 

context. 

4.2.1.3 Validation of knock-down viruses In Vivo 

Several pilot studies were performed in vivo as trMØ phenotype is better maintained in the local 

environment [118,153]. As the peritoneal cavity was easier to access than the brain the 

effectiveness of the Spi1 shRNA lentiviruses was assessed in pMØ.  

The first in vivo experiment, shown in the figure below, was done to investigate the time required 

between injection of virus and pMØ harvest to gain the largest reduction in PU.1 protein. Figure 

4.3A provides an overview of the experiment design. Briefly C57BL/6J mice were divided into three 

groups; Non-Injected, NS shRNA and Spi1 shRNA injected.  At both timepoints, 4 days and 7 days 

after injection, 2 mice from each group were sacrificed and lavaged to retrieve the pMØ. Any 

lavages contaminated with blood were removed from analysis (n=1, non-injected control at the 

day 4 timepoint). From the flow plots in Figure 4.3B and the graphs in Figure 4.3C it was apparent 

that infection with the Spi1 shRNA results in a moderate PU.1 protein reduction compared to NS 

shRNA infected pMØ at both timepoints. However, Figure 4.3D suggested the proportion of 

infected pMØ was slightly higher at the later timepoint. Given that the reduction in PU.1 seemed 

similar at both timepoints the 7-day timepoint was selected, which would give a greater delay 

between the physical trauma caused by the injection and pMØ harvest. The results from this 

experiment confirm that a mild PU.1 protein knock-down occurred in vivo following lentivirus 
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administration, therefore the next experiment was to compare the effectiveness of both Spi1 

shRNA viruses.  

 

Figure 4.3 In Vivo Timecourse to see when Spi1 shRNA knock-down was most effective. A The experimental 
setup to determine when PU.1 expression was most reduced by Spi1 shRNA, using Spi1 shRNA 1 as a guide. 
7-week-old Female C57BL/6J mice were divided into three groups. On Day 0 these mice were either put in the 
non-injected group or in the NS shRNA or Spi1 shRNA 1 virus injected groups (n=4 per group). At both 
timepoints, day 4 and day 7 post-injection, 2 mice from each group were sacrificed and lavaged to retrieve 
the pMØ. These two timepoints were chosen following insight gained from in vitro studies. B Flow cytometry 
plots for Spi1 shRNA infected pMØ. Here pMØ were pre-gated as CD11b+F4/80+ cells and the plots show PU.1 
antibody staining plotted against GFP expression. This figure shows that PU.1 protein expression was 
reduced in Spi1 shRNA infected pMØ, and the stronger the GFP expression the more apparent the reduction 
in PU.1 protein. C Summary of PU.1 expression changes in infected (GFP+) pMØ at day 4 and day 7 post-
injection. Expression was normalised to the average PU.1 expression in non-injected mice. Spi1 shRNA knock-
down appears to be slightly more effective at 7 days compared to 4 days. At the 4-day timepoint one non-
injected control was removed from analysis following a blood contaminated lavage. In the graphs the bars 
represent the mean values and the individual datapoints are indicated by the symbols. D Average percentage 
of GFP+ pMØ at both timepoints. Again 7 days appears to result in a larger number of infected pMØ 
compared to 4 days.  
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As outlined in Figure 4.4A, C57BL/6J mice were given I.P. injections of either NS shRNA, Spi1 shRNA 

1, Spi1 shRNA 2, or Spi1 shRNA 1 and 2 combined in a 1:1 ratio (n=2 per group). One week after 

injection all mice, including non-injected controls (n=2) were sacrificed and pMØ retrieved and 

analysed by flow-cytometry. Figure 4.4B provides an example of the reduction in PU.1 expression 

seen in GFP+/infected pMØ from a mouse injected with Spi1 shRNA virus (Right) compared to 

pMØ from a mouse injected with NS shRNA virus (Left). The results of the entire experiment are 

set out in Figure 4.4C.  

While it appeared that the NS shRNA virus increased pMØ PU.1 expression in relative to non-

injected controls, this could be an experimental artefact from the one mouse in this group, and 

this effect was not observed in the previous experiment (Figure 4.3). Both shRNA viruses produces 

shRNA molecules that could initiate an immune response [340], which could increase PU.1 

expression [277]. On average mice injected with Spi1 shRNA lentiviruses had a moderately 

reduced level of PU.1 protein, 50-60 % lower, compared to non-injected controls and though the 

reduction was ~80 % when compared to the NS shRNA control sample.  

The PU.1 reduction between the two Spi1 shRNA suggested Spi1 shRNA 2 might be marginally 

more effective. Figure 4.4 suggests that the Spi1 shRNA viruses did not work better together than 

when they were injected independently. In summary, these results suggest that the Spi1 shRNA 2 

virus might provide a slightly better PU.1 knock-down than the Spi1 shRNA 1 virus, and that 

combining the Spi1 shRNA viruses did not result in a greater reduction of PU.1 protein. However, 

the proportion of infected pMØ in all experiments were quite low, suggesting that further 

optimisation was required, to ensure lentiviral infection was efficient.  
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Figure 4.4 In Vivo comparison of Spi1 shRNA lentiviruses. A Experimental setup to compare Spi1 shRNA 
Viruses. On day 0 C57BL/6J female mice, aged 7 weeks, were divided into the following groups; non-injected, 
NS shRNA, Spi1 shRNA 1, Spi1 shRNA 2 or Spi1 shRNA 1 and 2 combined (n=2 per group). After 7 days these 
mice were sacrificed and lavaged to harvest pMØ. B Flow cytometry plots comparing NS shRNA and Spi1 
shRNA viruses. pMØ were gated as CD11b+F4/80+ cells

 
before PU.1 staining was determined. Spi1 shRNA 

infected pMØ have a reduced PU.1 expression when compared to NS infected controls, or even the non-
infected pMØ within the sample. C Summary of PU.1 expression across all conditions. PU.1 expression was 
normalised to the average PU.1 expression in the non-injected control mice. PU.1 expression is reduced in 
both Spi1 shRNA 1 (red) and Spi1 shRNA 2 (blue) when compared to NS shRNA virus (black). Yet it does not 
appear that combining the Spi1 shRNAs 1 and 2 (blue/red stripes) produces any greater reduction in PU.1 
protein expression compared to Spi1 shRNA 2 alone. Two lavages were excluded from further analysis (n=1 
non-silencing, n=1 Spi1 shRNA 2). The error bars indicate the standard deviation about the mean. The 
normalised PU.1 expression from each mouse are shown with symbols. D Average percentage of 
GFP+/Infected pMØ.  

 
It was proposed that transgenic mice that endogenously express GFP would better the shRNA 

viruses, extending the efficacy of this virus as GFP would not trigger an immune response. This was 

thought to be beneficial as it would help separate the impact of Spi1 shRNA PU.1 knock-down 

from any lingering effects of injection and would be useful if an immune-challenge was added to 

the experimental design. Therefore, B6.129(Cg)-Foxp3tm3(DTR/GFP)Ayr/J (FoxP3GFP) mice which express 

GFP in FoxP3+ T-cells were injected with the Spi1 shRNA 2 lentivirus before pMØ were harvested at 
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one of three timepoints (n=2 per group; as pictured in Figure 4.5A). As endogenous GFP was only 

present in the T-Cells any GFP+ pMØ were the result of viral infection and was thus assessed in 

these mice at 7 days, 10 days and 14 days after the initial virus injection. Representative flow plots 

from each timepoint are displayed in Figure 4.5B, where GFP+ pMØ harvest had the expected 

reduction in PU.1 expression as a result of Spi1 shRNA 2 infection. Figure 4.5C shows the PU.1 

expression at each timepoint, normalised to the average non-infected (GFP-) pMØ. Interestingly, 

PU.1 protein was ~50 % lower at day 7 and day 10 but only a ~40 % reduction was seen at day 14, 

suggesting the Spi1 shRNA virus still became less effective over time. Moreover, the proportion of 

infected pMØ was smaller at each timepoint but was highest at the first timepoint (day 7, Figure 

4.5D).  Taken together these results suggest that mice with endogenous GFP still experience a 

decline of Spi1 shRNA virus performance over time.   

 
Figure 4.5 Determining if endogenous GFP expression extends lifetime of Spi1 shRNA viruses In Vivo. A 
Experimental plan. The purpose of this experiment was to establish if Spi1 shRNA virus knock-down could be 
prolonged with FoxP3GFP mice which express GFP endogenously. It was hypothesised that mice expressing 
GFP under the FoxP3GFP promoter would tolerate the viral GFP for longer and therefore maintain a reduced 
PU.1 expression for longer. 6-week-old FoxP3GFP mice were injected with Spi1 shRNA 2 pSU6EW virus (n=6, 3 
Female and 3 male). One male and one female mouse were sacrificed at each timepoint; 7 days, 10 days and 
14 days post-injection. B PU.1 flow cytometry staining in pMØ cells at each timepoint. pMØ were gated using 
CD11b+F4/80+ expression. There seem to be a larger proportion of infected cells at day 7 compared to day 10 
or day 14. PU.1 expression was reduced in pMØ infected with Spi1 shRNA 2 virus at all time points. C Level of 
PU.1 reduction seen at each timepoint. PU.1 protein expression was normalised to the average MFI of the 
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non-infected cells at each timepoint.  The average PU.1 protein knock-down was ~50% at both day 7 and day 
10, whereas by day 14 the reduction in PU.1 protein was ~40%. The mean is shown by the bar. The individual 
values are denoted by symbols. D Average proportion of GFP+ pMØ at each timepoint. There are a larger 
number of infected cells at day 7 compared to the other timepoints. By day 10 the number of infected cells 
was almost halved and was further reduced at 14 days post-injection.  

 
Overall these pilot experiments provided meaningful insight into the feasibility of using Spi1 

shRNA to reduce PU.1 protein in vivo. Achieving a high infection rate and a large PU.1 knock-down 

proved challenging. Given that pMØ are far more accessible than microglia it suggested that 

stereotaxic injection of Spi1 shRNA viruses into the brain was not a feasible approach for this 

thesis to take. A primary microglia culture system can still be used to model in vivo microglia with 

some accuracy, especially when supplemented with TGF-β, as discussed in section 1.3.2.3 

[154,155]. Hence a primary microglia culture model was established, incorporating both TGF-β and 

lentiviral infection.  

4.2.1.4 Validation in Primary Microglia 

To assess the potential of the knock-down and over-expression lentiviruses in vitro established 

primary microglia cultures were infected with either Spi1 shRNA virus or Spi1 pSIEW virus. Figure 

4.6A shows microscope images of primary microglia cultures taken after NS shRNA or Spi1 shRNA 

2 viral infection. There was no great difference observed in cell number or microglia morphology 

between the NS shRNA and Spi1 shRNA infected cultures. In the representative flow plots in Figure 

4.6B there were virally infected microglia in both the NS shRNA and Spi1 shRNA 2 cultures. As 

expected, there was a reduction in PU.1 expression in microglia infected with the Spi1 shRNA 2 

virus. The graph below (Figure 4.6C) shows the PU.1 expression in all virally infected microglia, 

normalised to the non-infected microglia. On average, all cultures infected with Spi1 shRNA virus 

had a reduction in PU.1 protein of over 80 % compared to NS shRNA or non-infected controls. 

There was no substantial further decrease in the quantity of PU.1 protein when the Spi1 shRNA 

viruses were combined compared to either Spi1 shRNA virus separately. Going forward only the 

Spi1 shRNA 2 lentivirus was used to target Spi1 mRNA, and shall henceforth be referred to as Spi1 

shRNA. 
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Figure 4.6 Piloting Spi1 shRNA and PU.1 Over-Expression Viruses in Primary Microglia- Part I A Images of 
cultured microglia infected with shRNA virus. Both Bright-Field (Left) and GFP channel (Right) images were 
taken of each culture on the EVOS microscope at 10X magnification. There were no obvious differences in the 
morphology of microglia infected with NS shRNA or Spi1 shRNA 2 virus. Scale bar shows 400 µM. B 
Representative PU.1 and GFP expression in infected microglia. Microglia were pre-gated as CD11b+CD45+ 

cells. As expected PU.1 protein was reduced in microglia infected with Spi1 shRNA 2 virus compared to 
microglia infected with the NS shRNA control. C Comparison of Spi1 shRNA viruses in primary microglia. The 
PU.1 protein expression for the GFP+ cells in each virus sample was normalised to the MFI of the non-infected 
(NI) microglia. PU.1 expression was reduced by over 80 % in microglia infected with Spi1 shRNA 1 or Spi1 
shRNA 2, though combining both Spi1 shRNA’s did not appear to produce any additional reduction. The 
results presented here are taken from two independent experiments, the bar shows the average for NI, NS 
shRNA and Spi1 shRNA 2 samples (all n=2) and the individual experiment results are shown by symbols. One 
experiment used 9-week-old Spi1-ERT female mice and the other Gata-6 WT 18-week-old females.  
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The next set of analyses examined the impact of infecting primary microglia cultures with the Spi1 

pSIEW over-expression virus. There was no discernible difference in the appearance of microglia 

cultures infected with either the Spi1 pSIEW virus or the empty vector control pSIEW (Figure 4.6D). 

The strength of the GFP expression in pSIEW infected microglia appeared weaker than in shRNA-

pSU6EW viruses. This was confirmed when the infected microglia were analysed through flow 

cytometry (Figure 4.6E). Both pSIEW viruses utilise an IRES, which is known to result in a lower 

expression of the a viral reporter [311] and can be down-regulated by primary cultured MØ [309]. 

Despite the low percentage of infected cells, PU.1 expression was still increased in the Spi1 pSIEW 

infected microglia when compared to the empty pSIEW virus (Figure 4.6E). The over-expression of 

PU.1 protein in Spi1 pSIEW and pSIEW infected microglia was presented in Figure 4.6F. It was 

apparent that Spi1 pSIEW infected microglia had > 50 % increased PU.1 protein expression in 

comparison to pSIEW infected microglia or non-infected microglia. As PU.1 is a critical 

transcription factor in myeloid cells even a minor increase in PU.1 protein could lead to sizeable 

alterations to gene expression. Overall, these results indicate that both the PU.1 knock-down and 

over-expression viruses performed well in primary microglia cultures. 
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Figure 4.6 Piloting Spi1 shRNA and PU.1 Over-Expression Viruses in Primary Microglia- Part II D Images 
taken of primary microglia cultures infected with Spi1 over-expression virus or control (pSIEW) virus. There 
were no observable differences in the morphology or number of cultured cells (Bright field images- Left), and 
there were GFP positive infected cells (pictured Right), though GFP expression did appear to be weaker 
compared to the shRNA viruses. Again these images were taken at 10X magnification on the EVOS and the 
scale bar denotes 400 µM. E Flow cytometry analysis of PU.1 and GFP expression in cultured microglia. 
Infected cells were harvested and stained for flow-cytometric analysis. The PU.1 and GFP expression are 
shown for microglia (CD11b+CD45+ cells) infected with either Spi1 pSIEW or empty vector control pSIEW virus. 
An increase in PU.1 expression was observed in Spi1 pSIEW cells with a higher GFP expression compared to 
control virus infections. F Normalised PU.1 expression in microglia infected with pSIEW or Spi1 pSIEW. PU.1 
protein expression in Spi1 pSIEW infected cells was 50 % higher than control microglia. These results are from 
one experiment in 9-week-old Spi1-ERT female mice. 
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4.2.2 Optimisation of Primary Microglia Culture System 

The next section of this chapter was concerned with improving the in vitro culture of microglia to 

better simulate microglia in an in vivo context. Briefly this included determining if lentiviral 

infection in mixed cultures was more beneficial than if purified microglia were infected, and at 

what points TGF-β and lentiviruses should be added to the culture. 

4.2.2.1 Tmem119 as a Marker for Cultured Microglia 

Tmem119 was recently shown to discriminate between native microglia from any monocytes that 

have adopted a “microglia-like” phenotype [108]. However, as shown in Figure 4.7 there were 

some difficulties that prevented the inclusion of Tmem119 staining in the flow cytometric sorting 

panel. Firstly Papain, an enzyme in the NTDK (Miltenyi), has lots of potential cleavage sites in 

Tmem119 (Figure 4.7A). As shown in Figure 4.7B if papain (blue) was present in the digestion mix 

then Tmem119 expression could not be detected, whereas brains that were digested without 

papain (red) Tmem119 was present. Moreover, Tmem119 expression was found to be 

downregulated in cultured cells (Figure 4.7C) even in the presence of TGF-β, as confirmed by qPCR 

analysis (Figure 4.7D). Therefore Tmem119 was not used to sort cultured microglia in flow-

cytometric based sorting. 
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Figure 4.7 Tmem119 Antibody Staining in Fresh and Cultured Microglia. A Translation sequence of 
Tmem119. All potential Cysteine (pink), Leucine (green), and Glycine (blue) sites where the Papain enzyme 
could cleave the Tmem119 receptor. B Tmem119 Receptor Expression in Brains digested with and without 
Papain. Debris was removed from the samples. Live singlet cells were then selected before CD11b+CD45low 
Microglia were gated on. Extracellular Tmem119 antibody staining was then observed (Histogram). The 
addition of Papain (blue) to the digestion mixture appears to cleave the Tmem119 receptor, as when Papain 
was removed from the initial brain tissue digest protocol (red) Tmem119 expression was easily detected. C 
Tmem119 Receptor Expression Appears to be Reduced in Cultured Microglia. Brains that were digested with 
and without the papain enzyme were cultured for 14 days (with TGF-β added from day 5 onwards) before 
being stained for analysis by flow-cytometry. The gating strategy has selected single microglia cells 
(CD11b+CD45+) before Tmem119 expression was observed (Histogram). In the cultured cells there does not 
seem to be as high expression of extracellular Tmem119 irrespective of the presence (red) or absence (blue) 
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of papain in the tissue digest, compared to primary cells (B). D Tmem119 mRNA Expression in Cultured and 
Freshly Isolated Microglia. Relative gene expression (RQ) was calculated relative to the UBC endogenous 
control. A much higher level of Tmem119 mRNA was detected in freshly isolated Ex Vivo than was detected in 
cultured microglia, even in the presence of TGF-β. The microglia used in this experiment came from 9-week-
old female CD45.1 C57BL/6J mice. 

 

4.2.2.2 Is viral Infection more effective in mixed-glia cultures or isolated Microglia 

The efficiency of lentivirus infection was tested in primary mixed cell cultures and mixed cultures 

that had been CD11b+ bead purified before infection. As can be seen from the flow plots (Figure 

4.8A) microglia (CD11b+F4/80+) were present in both cultures. Figure 4.8B illustrates the 

percentage of microglia seen in both culture conditions. At lower lentiviral titres a higher 

proportion of microglia were present in the mixed glia cultures. The percentage of GFP+ infected 

microglia for each viral dose in each culture are set out in Figure 4.8C. Irrespective of the amount 

of virus added a higher proportion of infected cells measured in mixed cell cultures compared to 

pre-purified cultures. From this data it appeared microglia benefitted from trophic support 

provided by other cells in culture, such as astrocytes, during the viral infection.  
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Figure 4.8 Pilot Experiment to determine if Microglia should be purified before viral infection. A Flow-
Cytometry plots of stained cultured microglia. Microglia were cultured for 10 days. At the point either 
microglia remained as mixed glia cultures or underwent a CD11b+ purification before viral infection. Both 
primary microglia cultures were then infected with NS shRNA virus for 3 days. There appears to be a higher 
cell number in mixed cultures. B Percentage of Microglia in each culture system. At lower viral infections 
there were a higher percentage of microglia (CD11b+F4/80+ cells) in the mixed glia cultures, though this does 
not seem to be accurate at higher viral doses where there was a slightly higher proportion of microglia in the 
CD11b purified cultures. C Proportion of Infected Microglia gained from each culture method. The percentage 
of infected microglia was also assessed at each viral dose. Each viral dose had a larger percentage of infected 
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microglia was seen in mixed cell cultures compared to pre-purified cultures. The microglia were cultured from 
13-week-old GATA-6 WT male mice. 

 

4.2.2.3 Determining when to start TGF-β supplementation 

Recent reports have shown the addition of TGF-β in vitro contributes to a phenotype more 

characteristic of resting in vivo microglia [154,155]. Thus, it was proposed that TGF-β would 

improve the physiological relevance of this in vitro model. To determine when TGF-β should be 

included in the microglia culture media an initial experiment was designed where 50 ng/mL TGF-β 

was added to microglia on D0, D5 and D7 of culture alongside an M-CSF only control. On day 14 

qPCR was used to assess to the expression of 6 homeostatic microglia genes, that have been 

reported to be increased by TGF-β expression [154]. Figure 4.9 shows the results of this analysis. 

The first replicate (Figure 4.9A) suggested that adding TGF-β on day 0 of culture did not appear to 

be as beneficial as adding TGF-β at day 5 or day 7.  The second replicate (Figure 4.9B) showed TGF-

β induced high expression of these microglia genes irrespective of what stage it was added to the 

culture media, which was expected from the literature [154]. In both replicates Siglech mRNA was 

the most robustly changed by TGF-β expression, suggested it could be a good measure to assess 

the impact of TGF-β on cultures. Overall these experiments suggest that the addition of TGF-β at 

day 5 or day 7 will still result in the expression of these genes. Given that TGF-β has the potential 

to inhibit microglia proliferation [341,342] these later timepoints were chosen to give microglia 

time to proliferate.  
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Figure 4.9 The impact of TGF-β addition on microglia gene expression at different times. A The first 
replicate of this experiment. In this replicate TGF-β did not have the large impact on gene expression that 
was expected, except for Siglech which was increased when TGF-β was added at day 5 and day 7 of culture 
Overall day 5 and day 7 seemed to provide the most changes to gene expression, compared to D0. B In the 
second replicate, TGF-β caused robust increases in gene expression irrespective of the time at which TGF-β 
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was included in the culture media. The results presented here are the result of two independent experiments. 
All microglia were cultured for 2 weeks from the brains of female C57BL/6J mice aged 8 weeks. The error 
bars denote the upper and lower limits between technical replicates. 

4.2.2.4 Determining order TGF-β and virus in Microglia cultures 

The second set of experiments were performed to distinguish whether TGF-β should be added 

before viral infection with an empty vector pSFEW plasmid or after. Moreover, this assessment 

will indicate if giving TGF-β two weeks into culture will still result in robust gene expression 

changes.  

 

Figure 4.10 Determining if TGF-β should be added to cultures before or after lentivirus. A Experimental 
Plan. Cultures were established on day 0. On day 7 either TGF-β (purple) or empty vector pSFEW virus (pink) 
was added to the appropriate mixed cell cultures, as indicated in the timeline. On Day 14 TGF-β (pink) and 
virus (purple) were added to the desired samples. All cultures were harvested after 21 days in culture. Some 
cells were taken for flow analysis and RNA was extracted from the remaining sample. B Gating Strategy used 
in flow-cytometric analysis. Cells were first separated from debris and doublet cells excluded from each 
sample. CD11b+CD45+ 

surface staining was then used to select the microglia. The final flow plot shows the 
GFP expression in microglia, allowing the number of infected microglia (GFP+) to be calculated. C Summary 
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the distribution of Microglia, and Infected Microglia in each Culture Condition. All culture conditions resulted 
in a high proportion of microglia, over 70 % of all single cells and a large number of these microglia were 
infected. Non-infected (N.I.) cells were also found to have a high percentage of microglia. The data in this 
figure were taken from two independent replicate cultures made from C57BL/6J female mice aged 8 weeks. 

 
Figure 4.10A (above) illustrates the experimental timelines used in this experiment. All cultures 

were maintained with M-CSF supplemented media alone until day 7. On day 7 TGF-β was added to 

the appropriate non-infected (black) and “TGF-β first” (purple) cultures. The “virus first” cultures 

(pink) were infected with empty pSFEW virus at this timepoint. On day 14 of culture pSFEW virus 

was added to all the “TGF-β first” cultures (purple) and one “virus first” culture infected on day 7 

was supplemented with TGF-β cytokine (pink). The flow-cytometry gating strategy used to 

determine the percentage of infected microglia in each sample is shown in Figure 4.10B. Following 

debris and doublet exclusion, microglia were selected using the MØ surface expression markers 

CD11b and CD45. Finally, the percentage of pSFEW infected cells was determined by comparing 

the GFP expression to the non-infected samples. The values determined from flow-cytometric 

analysis are displayed in Figure 4.10C. All samples had a high proportion of infected microglia. 

These results indicate that infecting microglia before supplementing media with TGF-β might 

provide better results, but this analysis does account for changes to the selected homeostatic 

genes. Figure 4.11 and Figure 4.12 show that the addition of TGF-β and virus affected the relative 

gene expression of several fundamental microglia genes.  

In the first repeat of this experiment (Figure 4.11) Siglech, Tmem119 and Cd34 gene expression 

were higher when microglia cultures were infected with virus before TGF-β (pink lined) compared 

to the relative M-CSF only control (pink). When microglia cultures were given TGF-β 

supplementation before viral infection (purple) only Cd34 mRNA expression was increased in the 

first replicate. In the second replicate of this experiment (Figure 4.12) TGF-β increased expression 

of all the measured genes compared to their M-CSF only controls, though in Cd34 gene expression 

this increase was modest. The “TGF-β first” cultures (purple) Tmem119 and Fcrls gene expression 

was higher than “virus first” cultures (pink). While TGF-β Sall1 mRNA expression was lower in the 

cultures supplement with TGF-β before viral infection than cultures given TGF-β post-infection, 

Fcrls expression was equally impacted by TGF-β irrespective of the order TGF-β and virus were 

added. Despite having less available data, the second replicate suggests that giving TGF-β before 

viral infection resulted in more beneficial gene changes. This was supported by Cd34 and Siglech 

gene expression data from the first replicate, though Tmem119 was higher in “virus first” (pink) 

cultures than “TGF-β first” (purple) cultures. Biologically the expression of several key microglia 
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genes, such as Tmem119, have been shown to decrease once removed from the brain [155]. 

Additionally, the previous section (4.2.1.3) suggested the Spi1 shRNA viruses become less effective 

after 7 days. Taken together this suggested TGF-β should be administered before virus to try and 

partially maintain homeostatic microglia gene expression. 
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4.2.2.5 Determining optimal timepoint for addition of virus 

The final optimisation experiment aimed to ascertain the optimal time for lentivirus to be included 

in these cultures. As laid out in Figure 4.13A TGF-β was added to half the cultures on day 5 and 

cultures were then infected with equal volumes of empty vector pSFEW virus at 7, 10 and 14 days 

after initial plating. Microglia cultures that were infected 7 days after plating were harvested after 

14 days, alongside non-infected control microglia. Cultures infected at the later timepoints were 

maintained for 21 days. The results obtained from the 14-day cultures are presented in Figure 

4.13B. Microscope images taken of M-CSF only and M-CSF/TGF-β cultures before harvest indicate 

that the addition of virus and TGF-β in close proximity results in a reduced cell number (Figure 

4.13B2). No overt changes in cell number were observed in non-infected cultures with M-CSF 

alone or M-CSF/TGF-β (Figure 4.13B1) or in virally infected cultures where microglia media was 

supplemented with only M-CSF. Microglia infection was then analysed using flow cytometry. The 

proficiency of viral infection was not altered by the addition of TGF-β to the microglia cultures. 

There was an indication that the strength of GFP expression was slightly higher in infected 

microglia cultured with M-CSF alone compared to cells cultured with M-CSF/TGF-β combined. 

However, it was hard to draw meaningful conclusions at this timepoint due to the small number of 

cells in these cultures. Figure 4.13C compares the results from the cultures harvested at 21 days. 

When the virus was added to M-CSF/TGF-β cultures at the later timepoints, day 10 and day 14, it 

did not appear to have any substantial effect on the number of cells in culture (Figure 4.13C). The 

images presented below propose that percentage of GFP+/infected cells was comparable across 

all virally infected cultures. Analysis of flow-cytometry data still appeared to demonstrate a minor 

increase in the strength of viral infection of M-CSF viral cultures when compared to M-CSF/TGF-β 

viral cultures (Figure 4.13C).  
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Figure 4.13 Pilot to Optimise the best time to add Virus to Microglia Cultures- Part I A Experiment design 
Cultured cells were harvested after either 14 days (1 and 2) or 21 days (3-5). Both 1 and 3 were non-infected 
controls, while 2, 4 and 5 had virus added after 7 days, 10 days and 14 days respectively. B Data from 
Cultures Harvested after 14 days. Pictures were taken of each culture well, Non-Infected with and without 
TGF-β (1) as well as mixed cell cultures which received virus on day 7 (2). In culture 2 where TGF-β and virus 
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were added two days apart there appears to be a reduced number of cells. The flow plots, gated on microglia 
first (CD11b+CD45+), show the distribution of infected cells across both M-CSF only and M-CSF + TGF-β 
cultures.  

 

 
Figure 4.13 Pilot to Optimise the best time to add Virus to Microglia Cultures- Part II Results following the 
21 day harvest. C Pictures and flow-cytometry plots taken from cultures 3-5 after 21 days in culture. Bright-
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field images show no apparent difference in cell morphology or number between M-CSF and M-CSF + TGF-β 
non-infected cultures (3). The distribution of GFP expression in cultures infected after 10 days (4) appear to 
be slightly higher in microglia cultured with M-CSF alone compared to cultures supplemented with M-CSF + 
TGF-β. A similar trend was seen in cells infected 14 days after initial plating (5). The cell number in M-CSF + 
TGF-β cultured cells (4 and 5) does not appear to be drastically different when compared to the relative M-
CSF cultured cells. The data presented here are from one culture experiment using were cultured from 8-
week-old female C57BL/6J mice.  

It can be seen from the data in Table 4.2 that the percentage of microglia was quite consistent 

across all culture conditions, excluding the infected microglia harvested at day 7 in the second 

repeat. The proportion of GFP+ infected microglia was slightly lower in cultures with TGF-β at each 

timepoint. This was not unexpected as TGF-β has been previously shown to reduce the efficiency 

of viral infections [195,196]. As the objective was to determine the influence of TGF-β on 

microglial gene expression in combination with lentivirus it was concluded that the level of 

infection was satisfactory for future experiments, especially when the virus was added 10 days 

into the cultures. 

 
Table 4.2 An Overview of the Percentage of Infected Microglia in each Culture Condition. The percentage 
of microglia was determined from the number of CD11b+CD45+ single cells in each sample, along with the 
proportion of GFP+/Infected microglia as appropriate. The data presented here are from two independent 
replicates where microglia were cultured from 8-week-old female C57BL/6J mice.  

 
The qPCR analysis from the 14-day and 21-day cultures can be seen from the bar graphs detailed 

below (Figure 4.14-Figure 4.15). It was apparent from these graphs that the expression of most of 

these microglia genes were responsive to the addition of TGF-β. In the first replicate (Figure 4.14) 

these genes included Tmem119, P2ry12, Siglech and Cd34 which all showed increased gene 
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expression in the presence of TGF-β (lined bars) compared to microglia cultures only 

supplemented with M-CSF (empty bars). In the second replicate (Figure 4.15) only Fcrls and Siglech 

were increased in cultures with TGF-β in the 21-day harvest. A more unexpected finding in this 

qPCR data was in the effect viral infection had on expression of these microglia genes. This was 

especially evident in the 14-day cultures, where cells were infected 2 days after TGF-β 

supplementation began. In  there was a clear reduction in gene expression in Tmem119, P2ry12, 

Fcrls, Siglech and Cd34 in TGF-β+ microglia cultures infected one week into culture (Lane 4) when 

compared to the relative non-infected control (Lane 2). This same pattern was also seen in the 

second repeat of this experiment (Figure 4.15) in all genes except P2ry12.  

In 21-day TGF-β supplemented cultures that were infected with virus at later timepoints, day 10 

(Lane 8) and day 14 (Lane 10), no substantial alterations to gene expression were noted in the first 

repeat (Figure 4.14). However, in the second repeat while both Fcrls and Siglech expression were 

increased as a result of TGF-β expression this increase was more moderate in virally infected cells 

(Figure 4.15). In the second repeat the expression of the other genes was either unchanged by 

TGF-β in infected cells, P2ry12 and Cd34, or were higher in M-CSF only samples at one of the 

timepoints (Tmem119 and Sall1). 

Taken together these results suggest that adding virus to microglia cultures two days after the first 

TGF-β supplementation (day 7) was not the best approach. Broadly speaking neither the 

percentage of infected or the qPCR gene expression profiles appeared to be similar whether 

microglia were infected at day 10 or day 14. While the full implications of these experiments will 

be discussed in section 4.3.1, it was decided that a 21-day where microglia were given TGF-β on 

day 5 and lentivirus on day 10 was a good approach to ensure a large proportion of infected 

microglia with an improved gene expression profile.  These were the conditions used for the in 

vitro cultures sent for mRNA sequencing.  
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4.2.3 Primary Microglia Cultures used for mRNA Sequencing  

The final part of this chapter sets out the implementation of the in vitro culture system optimised 

in the preceding section to gain the samples for RNA sequencing, described in 2.4.9.1.  

4.2.3.1 Microglia Cultures 

Figure 4.16A summarises the experimental timeline used in these microglia cultures. On day 0 

brains from 8-week-old female C57BL/6J mice were digested and plated. Ten mice were used for 

each experiment to ensure there were sufficient sorted microglia to get enough mRNA for RNA-

Seq. All cultures were supplemented with TGF-β at day 5, which was replenished when the media 

was changed every 2-3 days. After 10 days in culture the plates were infected appropriate Spi1 

knock-down or over-expression lentiviruses, except for the non-infected control plate which 

received media instead. After 3 weeks in culture cells were harvested and stained for flow-

cytometric sorting. This experiment was repeated to give at least three separate biological 

replicates in each condition. Several precautions were taken to ensure these replicates were as 

consistent as possible. Firstly, all the brains were pooled following digestion to minimise the 

impact of variation between individual mice. Secondly, where possible the lentiviruses used in the 

cultures were from the same batch. The first three replicates were infected from one batch, 

though the final biological replicate utilised a different batch of lentivirus, the viral titration 

experiments performed on both lentivirus preps suggest the efficiency of the second lentivirus 

batch was roughly equivalent to the first (Figure 4.16B). Thirdly, in each replicate all microglia 

cultures were sorted and processed in parallel on the same day. 
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Figure 4.16 Final Experimental Design of Cultures used for RNA Sequencing. A Timeline used for each 
Replicate. Brains were digested and plated on Day 0, TGF-β was added to all cultures on day 5. Viruses were 
added to cultures on Day 10, excluding non-infected plates, and cultures were harvested after 21 days. The 
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media was changed on these cultures every 2-3 days, the final media change was on day 20. B Titrations of 
viruses used in RNA Sequencing Experiments. Jurkat cells (2x105) were infected with an increasing amount of 
virus and cultured for 3 days before cells were harvested and run through a Flow Cytometer to determine the 
percentage of GFP+/Infected cells. An additional batch of virus was required and titrated for the fourth 
replicate of this experiment. C Microscope images taken from one replicate of the RNA sequencing 
experiment. A similar cell number was observed across all four virus conditions, and in non-infected microglia 
(not pictured). GFP expression appeared higher in cultures infected with non-silencing/Spi1 shRNA pSU6EW 
virus compared with the pSIEW/’Spi1’ pSIEW infected cells. This experiment was repeated 4 times using 8-
week-old female C57BL/6J mice. 

 
As can be seen from the above pictures of one representative biological replicate (Figure 4.16C), 

taken before the cells were harvested, there were no obvious differences in the morphology or 

number of cells in the cultures. When pictures of the viral GFP reporter were taken it was 

apparent that GFP expression was stronger in pSU6EW based viruses compared to pSIEW viruses, 

as expected from previous results (section 4.2.1.4).   

4.2.3.2 Cell Sorting 

Once the microglia cultures had been harvested the cells were stained with CD11b and CD45 

antibodies, as well as the LIVE/DEAD™ marker (Thermofisher). These cells were kept on ice 

throughout sorting to minimise cell death. Each sample was sorted on the BD FACSAria™ III using 

the gating strategy set out in Figure 4.17A.  

 

Figure 4.17 Sorting used for all RNA Sequencing Replicates. The gating strategy used in flow-cytometric 
sorting to select non-infected and infected microglia. The first gate was used to gate out debris, the second 
gate selected live single cells. The third gate used CD11b and CD45 staining to select microglia cells. The final 
uninfected (GFP-, left) and infected gates (GFP+, right) were sorted into separate tubes. In the non-infected 
samples only the uninfected microglia were sorted. 

 

In brief, debris and doublets were removed and CD11b/CD45 surface stains used to identify 

microglia. The uninfected (GFP-) and infected (GFP+) microglia were sorted into separate tubes. In 

each non-infected sample only microglia were sorted. After flow-cytometric sorting the cells were 

pelleted before being lysed to extract RNA. 
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4.2.3.3 RNA extraction and Quality Checks 

The results obtained from all the cell sorting and subsequent RNA extractions are compared in 

Table 4.3. All infected microglia samples RNA Integrity (RIN) value of over 7.5 met the Welsh Gene 

Park minimum required RNA concentration of 100 ng in 10 µL. There were four biological 

replicates for each condition except for Spi1 shRNA virus which had only three biological 

replicates. The microglia sorted from the non-infected microglia cultures were not sent off for RNA 

sequencing.  

 

Table 4.3 Final proportions of Microglia, both non-infected and infected, and results of RNA Quality 
Checks. For each sample the percentage of microglia were calculated. Only samples infected with virus 
(GFP+) were taken forward for further analysis. The RNA Integrity Number (RIN) and BioAnalyser were 
provided for all infected microglia samples used in RNA sequencing. The results here are from 4 biological 
replicates where all mice were 8-week-old female C57BL/6J. 
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4.3 Discussion 

The present chapter was designed to optimise an in vitro microglia culture where PU.1 protein 

expression was manipulated with lentiviruses. This primary culture model needed to be suitable 

for mRNA sequencing, to better understand the influence of PU.1 protein level on gene 

expression. 

4.3.1 Summary of main findings 

In summary the results showed Spi1 shRNA and Spi1 pSIEW lentiviruses were able to reduce and 

increase PU.1 protein respectively in primary microglial cultures. Moreover, these experiments 

suggest that TGF-β helped maintain the mRNA expression of several key microglia genes in culture. 

Another important finding was that the interval between virus infection and TGF-β 

supplementation of media appears to be critical to the efficacy of the cultures. 

The first set of experiments clearly show the custom PU.1 knock-down and over-expression 

lentiviruses were functional. Spi1 shRNA viruses were able to reduce PU.1 protein expression in 

the RAW MØ cell line while the Spi1 over-expression viruses could induce de novo PU.1 protein in 

Jurkat T-cell line. The Spi1 shRNA lentiviruses were also shown to be partially effective in vivo in 

the pMØ population. Stereotaxic injections were not within the scope of this project due to the 

increased complexity of injecting lentiviruses into the brain to infect microglia in vivo. Therefore, 

the decision was made to move forward with an in vitro microglia model in M-CSF only cultures 

PU.1 protein expression could be manipulated in primary microglia cultures with relative ease. The 

reduced efficacy of GFP expression the Spi1 pSIEW virus compared to the Spi1 shRNA virus was 

likely due to the use of an IRES sequence to express GFP [311]. Another interesting finding was 

that the Spi1 shRNA virus appears to work in a dose-dependent manner to reduce PU.1, where 

microglia strongly expressing GFP have greater reduction in PU.1 expression. The current study 

found that viral infections were more effective in mixed cell cultures than in cultures where the 

cells were pre-purified with CD11b selection beads. It is probable that the higher infection rate 

was a result of microglia having more trophic support from other cell types such as astrocytes, 

which are known to provide several key factors to aid microglia [155].  

An interesting observation was that the proportion of infected (GFP+) microglia in Table 4.3 

appeared to be slightly lower in Spi1 shRNA samples compared to NS shRNA samples. Given that 

previous work using Spi1 siRNAs to reduce PU.1 in human microglia has also resulted in a lower 

cell number [232], it was possible that reducing Spi1/PU.1 results in activation of apoptotic 

pathways. that when differentiated MØs were depleted of CSF-1 this resulted in apoptotic cells, 
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and were found to have reduced levels of PU.1 [343]. Moreover in pre-leukaemic cells Spi1 was 

found to provide resistance to apoptosis [344]. However loss of functional PU.1 did not always 

seen to contribute to apoptosis in terminally differentiated MØs [345]. Therefore, it was possible 

that the reduced levels of Spi1/PU.1 did result in the microglia being more vulnerable to apoptosis 

and a lower number of Spi1 shRNA infected microglia compared to NS shRNA microglia, though 

further investigations would be needed to confirm this. Live cell imaging after lentiviral infection, 

potentially incorporating an apoptotic cell marker such as Annexin V, could be used to assess the 

impact of reducing Spi1 on microglia apoptosis.  

The addition of the TGF-β cytokine to the microglia cultures was done in an effort to preserve 

receptor expression seen in vivo microglia and lost when cells are cultured with M-CSF alone. The 

first experiment explored if TGF-β needed to be added to culture media immediately following 

digest to maintain expression of genes identified by Butovsky et al. (2014) [154]. As the qPCR 

results (Figure 4.9) did not provide a clear preference and TGF-β can inhibit microglia proliferation 

[341,342] the later timepoints (day 5 and day 7) were chosen to give microglia time to proliferate. 

The second experiment aimed to determine if it was better to supplement media with TGF-β 

before or after viral infection with an empty vector pSFEW. The results suggested that the order in 

which TGF-β and virus were administered to cultures had little baring on the proportion of 

microglia cells or the efficiency of lentivirus infection. No major expression changes were observed 

in five out of the six genes analysed by qPCR (Figure 4.10-Figure 4.12). This finding, while 

preliminary, proposed that TGF-β should be added to the culture media slightly earlier. In the third 

experiment (Figure 4.13-Figure 4.15), one unanticipated finding was that the temporal proximity 

of TGF-β and virus had a moderate effect on the percentage of GFP+ microglia and gene 

expression. While viral infection did reduce expression of some genes compared to uninfected 

controls, there did not appear to be a large difference to gene expression whether pSFEW virus 

was added 10 days or 14 days into the culture. As TGF-β is thought to promote a homeostatic 

phenotype in microglia which could prevent virus from entering the cells as efficiently. This has 

been seen in Langerhans cells [195]. While the exact biological mechanism underlying this TGF-

β/virus interaction remains unknown [196], it is possible that viral infection was causing a down 

regulation of these homeostatic genes. In the end the final in vitro model added TGF-β to the 

cultured media at day 5 and lentiviruses on day 10.  

While the TGF-β induced expression of some genes such as Siglech and Cd34 were consistent 

between experiments the expression of other genes varied between replicates. There are several 



168 
 

potential explanations for the variation seen in the qPCR cultures. Firstly, these are mixed glia 

cultures meaning that astrocytes could be releasing TGF-β into the culture media impacting gene 

expression [154,155]. Secondly, as these are cultures of primary cells and qPCR analysis is very 

sensitive meaning that small changes caused by the brains can potential skew results, though it is 

possible that the use of additional reference genes might help negate some of the variation 

[346,347]. Despite the variation, overall these experiments suggest that the addition of TGF-β in 

the microglia culture media was beneficial.  

This study also found that Tmem119 protein was not expressed on cultured microglia at a high 

enough level to be used in flow cytometric sorting, confirming work in the literature showing 

microglia Tmem119 expression following extraction from the brain [155]. Though Tmem119 was 

not used in the sorting panel to help exclude any monocytes that have adopted a macrophage-like 

phenotype [108] a pilot experiment suggested perfusion had little effect on the percentage of 

Ly6C+ cells, likely monocytes, in freshly isolated CD11b+ cells but did diminish the viability [data 

not shown] and was therefore a perfusion step was not included in these cultures. Given that this 

study showed Siglech mRNA was robustly expressed in TGF-β cultured microglia it is possible that 

Siglec-H could be a better target for flow cytometric sorting, as it has already been confirmed as a 

specific microglia marker [348]. 

4.3.2 Conclusions and future work 

While this culture system is open to some criticism it is it is comparable to previous studies and 

offers several advantages over other culture protocols used to investigate the reduction of PU.1 

[230,233], as discussed in section 7.2.3. While the impact of the amount of PU.1 protein on 

microglia transcriptomics may be best observed in the freshly isolated cells [155] or in vivo [349] 

there are currently no transgenic mice over-expressing Spi1 and the current PU.1 knock-out/null 

mouse models have to many global deficits to determine the impact of a reduced PU.1 on adult 

microglia in isolation [6–8], mainly due to the reduction in the MØ populations, and as shown in 

the previous chapter the Rosenbauer et al. 2004 was also unsuitable [260]. From a translational 

perspective these studies could be beneficial as PU.1 is highly conserved in evolution, as it is 

critical for the survival of the myeloid cell lineage [6–8]. In addition to the work done investigating 

a reduced PU.1 in human microglia cultures [233] it is possible these findings could be bolstered by 

investigating AD-risk Spi1 polymorphisms [230] in induced Pluripotent Stem Cells (iPSC)-microglia. 

This idea will be discussed in full in section 7.4.  
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In conclusion, these investigations have confirmed the Spi1 lentiviruses can manipulate PU.1 

expression both in vitro and with some success in vivo. The present study provides some additional 

evidence with respect to the usefulness of TGF-β in microglia culture media, especially in 

combination with viral infection. The primary microglia culture system developed for mRNA 

sequencing in this chapter will serve as the basis for future work. The next chapter therefore 

moves onto analysing the RNA sequencing data to verify that the alterations to the expression of 

the PU.1 transcription factor influence microglial gene expression 
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Chapter 5  Influence of PU.1 

dose on Microglia mRNA 

transcriptome 
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5.1 Introduction 

As previously discussed, PU.1 is an essential MØ transcription factor encoded by Spi1 gene. In vitro 

human microglia cultures with a reduced PU.1 results had a lower rate of Aβ phagocytosis and an 

altered transcriptome [232,233]. In myeloid cell development the amount of PU.1 reaches can 

induce transcription of differential sets of genes [9]. Spi1 has been recently been suggested to be a 

central node in a protein AD risk network [5,230,231]. A PU.1 ChIP-Seq experiment indicated there 

are over 5,000 binding sites for the PU.1 transcription factor in the BV-2 microglial cell line [319] it 

is probable that there are similar “dose-dependent” transcription differences exist in microglia 

[10] . The minor allele at rs1057233g is thought to confer a low SPI1 expression has been linked to 

a delayed age of AD onset [230]. This poses the following questions, is the microglia transcriptome 

altered by changes to PU.1 protein expression? Could transcriptomic data generated from 

microglia with altered doses of PU.1 provide a clearer understanding of how microglia impact on 

AD? Moreover, could this provide better therapeutic targets downstream of PU.1? 

Several pharmacological compounds being tested therapeutically in AD are thought to partly act 

by reducing PU.1 levels in microglia [73,89,279,318], though the success of this approach has yet 

to be determined. While CSF1R inhibitors are successfully treating AD-like pathology in transgenic 

mouse models (as described in section 1.2.2.1), there have yet to be any results from clinical trials 

showing if these CSF1R inhibitors translate therapeutically to humans. As these drugs have been 

shown to reduce the number of microglia [73,89,91] there are concerns that CSF1R inhibitors 

could diminish the peripheral pool of myeloid cells as well, rendering patients more susceptible to 

infection. 

A better approach may be to understand which genes are directly regulated by PU.1 to try and 

elucidate a more microglial specific target. In microglia cultured with M-CSF alone the reduction in 

PU.1 protein in Spi1 shRNA infected microglia was over 80 % compared to Non-Silencing (NS) 

shRNA infected microglia. In the previous chapter (section 4.2.3) a primary murine microglia 

culture model was set-up where PU.1 was both reduced and over-expressed by custom made 

lentiviruses. As shown in section 4.2.1.4 in M-CSF/TGF-β cultured microglia the reduction in PU.1 

protein resulting from Spi1 shRNA infection was between 60-70 %, again compared to NS shRNA 

infected microglia. In both M-CSF and M-CSF/TGF-β cultures microglia infected with Spi1 pSIEW 

virus had an increased PU.1 protein expression of ~50 % when compared to pSIEW control viruses, 

though in one experiment PU.1 expression was 2-fold higher in Spi1 pSIEW infected microglia. 

Therefore, the RNA-Seq datasets generated in the previous chapter likely have relatively modest 
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changes to PU.1 protein expression. The purpose of this chapter was to compare gene expression 

changes between microglia with a lower PU.1 expression to a higher level of PU.1. 

During the course of this thesis a report investigating this in the BV-2 cell line demonstrated that 

several key AD GWAS genes were dysregulated when PU.1 was over-expressed or knocked-down 

[230]. Multiple genes that were changed as a result of altering the PU.1 transcription factor were 

associated with phagocytotic process. These changes were verified with a functional assay 

showing zymosan phagocytosis in the BV-2 cell line depended on the expression of PU.1 protein 

within the cells. When PU.1 was ectopically increased the rate of phagocytosis increased while 

reducing the levels of PU.1 also decreased the phagocytic rate. Moreover, several genes mediating 

inflammation were also downregulated as a result of PU.1 protein reduction [230].  

A principal component analysis compared the expression of genes in the BV-2 cell line, cultured 

primary microglia and freshly isolated cells. It was found that the BV-2 cell line does not represent 

in vivo microglia with enough accuracy to be a reliable model [154]. Despite the advantages of 

investigating microglia in vivo [155], a lack of suitable transgenic mice and difficulties with 

lentivirus efficacy in vivo (see section 4.2.1.3) meant that an in vivo approach was beyond the 

scope of this thesis.  

Therefore, in these experiments an in vitro culture system of primary microglia supplemented 

TGF-β was utilised, which has been noted to maintain partial expression of several homeostatic 

microglia genes [154,155]. The final model described in section 4.2.3, allowed PU.1 protein to be 

reduced and increased by lentiviral manipulations with TGF-β supplementation.  

In summary, this chapter will explore changes to the mRNA transcriptome of primary murine 

microglia cultures where PU.1 levels have been forcibly downregulated or upregulated. These 

sequencing data was collected using steps outlined in section 2.16.4. The “knock-down” dataset 

refers to the comparison between the Spi1 shRNA and NS shRNA samples. A separate “over-

expression” dataset was generated by comparing the Spi1 pSIEW and empty pSIEW vector 

samples. While PU.1 protein was not measured in the RNA-sequencing samples the experiments in 

section 5.2.2 suggest PU.1 was reduced by 60-70 % in the Spi1 shRNA sample and increased 

between 50-200 % compared to their respective control viruses.  

This Chapter aimed to investigate which microglia genes were differentially expressed depending 

on low or high Spi1 expression, and mapping these altered genes onto biological pathways. This 

was specifically assessed by: 
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• Scrutinising how the increased and decreased quantities of the PU.1 transcription factor 

differentially affected subsequent gene transcription. 

• Discerning if changes to the mRNA expression level of selected genes in these experiments 

were reflected at the protein level. 

• Utilising Gene-Ontology databases to identify biological pathways affected in these 

datasets and validate some of the highest-ranking processes in vitro using functional 

assays. 

• The comparison of both datasets to the International Genomics of Alzheimer’s Project 

(IGAP) dataset, which was generated from a previously mentioned GWAS study [3]. 
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5.2 Results 

5.2.1 Differential gene expression changes in both datasets 

As mentioned in the previous section the first aim of this chapter was to examine how gene 

expression was altered in both the Spi1 knock-down and Spi1 over-expression datasets. The exact 

numbers of up- and downregulated genes in both datasets can be found in Table 5.4.  

Figure 5.1A summarises the proportion of genes that were upregulated, denoted by a positive 

fold-change, or downregulated (negative fold-change) relative to the appropriate controls. 

Comparisons between the Spi1 shRNA and NS shRNA samples (shown on the left) show that the 

proportion of genes with a positive fold-change (dark blue) or a negative fold-change (pale blue) 

were roughly equal. The number of significantly altered genes in the Spi1 knock-down dataset was 

sizeable at both the cut-off thresholds P <0.01 and P <0.05, as summarised in Table 5. The volcano 

plots shown in Figure 5.1B indicated that most of these changes were relatively small, with a log2 

fold-change value of less than ± 2 (as indicated by the dashed lines). Most of the largest changes to 

gene expression with a fold-change over 30 (log2 value > ± 5) were downregulated in the Spi1 

shRNA samples compared to the NS shRNA. Therefore artificially reducing PU.1 in primary 

microglia resulted in gene expression changes. There was a slightly larger proportion of genes with 

a downregulated expression. 

In the Spi1 over-expression dataset a much larger proportion of the genes were upregulated, over 

80 % (dark green) at both P <0.01 and P <0.05 significance thresholds (Figure 5.1A). The volcano 

plots in Figure 5.1B confirm that when Spi1 expression was increased and resulted in the 

upregulation of many genes. This was especially applicable to the greater fold-changes (log2 value 

> ± 5). In summary these initial observations suggested that forcibly increasing Spi1 expression 

predominantly results in upregulation of gene expression.  

Both the Spi1 knock-down and Spi1 over-expression datasets had differing patterns of expression. 

The overlap between the datasets was further evaluated by comparing the total number of genes 

that were common to both datasets.  



175 
 

 

Figure 5.1 Summary of gene changes from RNA-sequencing analyses at different statistical cut-off points. 
A Pie Charts illustrating the proportion of genes with a positive fold-change (+FC) or a negative fold-change (-
FC) from all genes that reached the adjusted p-value cut off of P<0.01 (top charts) or P<0.05 (bottom charts) 
in both the Spi1 knock-down samples (blue) and Spi1 over-expression samples (green) compared to their 
respective controls. B Volcano plots presenting the spread of gene fold changes at P<0.01 and P<0.05 as cut-
off points.  
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Table 5.4 Summary of the number of genes that were regulated, either up (positive fold-change) or down 
(negative fold-change), when compared to the relevant control at P<0.01 and P<0.05 cut-offs.  

The adjusted P-values for the Spi1 knock-down and Spi1 over-expression dataset were plotted, as 

shown in Figure 5.2. Again, this showed there was a higher number of genes with an adjusted P-

value of ≤0.05 in the Spi1 knock-down dataset (to the left of the blue line) compared to the Spi1 

over-expression dataset (below the green line). Interestingly there were 196 genes that had 

adjusted P-values under the α=0.05 cut-off in both the Spi1 RNA-Seq datasets. Therefore, the next 

step was to look at the expression of the genes that were significantly altered in both datasets to 

see if the gene expression was diametrically opposed. 
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Figure 5.2 Adjusted P-values in the Spi1 knock-down dataset plotted against the adjusted P-values in the 
Spi1 over-expression dataset. Any genes that reached the P≤0.05 significance threshold in the Spi1 knock-
down dataset are shown to the left of the blue line. Genes that reached the P≤0.05 cut-off in the Spi1 over-
expression dataset are below the green line. There were 196 genes which had a P-value of ≤0.05, which are 
contained within the blue and green lines. Any P-values that did not have a numerical value and were 
returned as N/A by the squash algorithm performed as part of the RNA-Seq pipeline by Dr Robert Andrews 
were excluded from this analysis.   

The Venn diagrams below highlight that the reduction or overexpression of Spi1 mRNA seemed to 

affect common genes (Figure 5.3A). There were more genes in the Spi1 knock-down dataset (blue) 

that reach the α=0.01 significance threshold than in the Spi1 over-expression dataset (green). As 

expected, there was a larger number of genes downregulated in the Spi1 knock-down dataset and 

a higher proportion were upregulated in the Spi1 over-expression gene list (Figure 5.3B). The 

largest proportion of common genes were reduced in the Spi1 knock-down dataset and increased 

in the Spi1 over-expression dataset (Figure 5.3C). The overlapping region in the final set of Venn 

diagrams shows the number of genes that were upregulated in the Spi1 knock-down gene list and 

down-regulated in the Spi1 over-expression gene list. 

These Venn diagrams suggested that when the level of Spi1 expression was altered in microglia a 

‘core’ set of genes, either 98 or 162 depending on the P-value cut-off, were differentially 

expressed. In addition to this common core set of genes, there seem to be genes that were only 

detected in either the Spi1 knock-down or Spi1 over-expression dataset. It was possible that more 
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genes were expressed in both datasets but were not detected due to the read-depth used in the 

RNA-Seq.  

 

Figure 5.3 Venn diagrams showing the amount of overlap between the Spi1 knock-down dataset (KD; 
blue) and the Spi1 over-expression dataset (OE; green) at P<0.01 and P<0.05 cut-offs. A The first set of 
diagrams show the proportion of genes which had an altered in either dataset, at both significance 
thresholds there were a high number of genes in common. B The next set of diagrams measures the overlap 
between genes that were downregulated in the Spi1 knock-down gene list and the Spi1 over-expression gene 
list or upregulated in both datasets. As expected, there were a higher number of genes that were 
downregulated in the Spi1 knock-down dataset and a much higher proportion of genes upregulated in the 
Spi1 over-expression dataset. There were very few genes in common in these Venn diagrams. C The next set 
of diagrams show the overlap between the gene lists when the datasets were diametrically opposed. The top 
diagrams show the genes that were downregulated in the Spi1 knock-down gene list and upregulated in the 
Spi1 over-expression gene list. These diagrams had the largest proportion of genes in common out of any 
comparison. The final set of plots show the overlap between genes that were upregulated in the knock-down 
dataset and downregulated in the over-expression dataset. Here there seem to be genes uniquely altered in 
the knock-down or over-expression datasets there were still a number affected in both experimental 
conditions. 

The Venn diagrams show that there were 162 genes that were significantly (P≤0.05 threshold) 

downregulated in the Spi1 knock-down set and upregulated in the Spi1 over-expression dataset. 
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To further assess these Spi1-depdendent gene changes, the genes were ranked according to the 

magnitude of the Log2 Fold-Change in both Spi1 RNA-Seq datasets. These ranked values were then 

compared on a scatter plot, shown in Figure 5.4, and seem to indicate most genes had a similar 

rank in both datasets. This suggests that genes which were largely downregulated in the Spi1 

knock-down dataset were highly upregulated in the Spi1 over-expression dataset. Overall it 

appears that the expression of the 162 ‘core’ genes was influenced by the amount of Spi1 present 

in the microglia. 

 

Figure 5.4 The 162 ‘core’ genes that were ranked according to the size of the Log2 fold-change value. All of 
these genes were downregulated in the Spi1 knock-down dataset and upregulated in the Spi1 over-
expression dataset, therefore on the size of the fold-change was compared and not the direction. There 
seems to be a correlation between the ranks, suggested that for most genes the size of the fold-change was 
similar whether Spi1 was knocked-down or over-expressed. 

The variation between each experimental replicate (n=4, except Spi1 shRNA where n=3) was 

investigated using Principal Component Analysis (PCA). A PCA is often used to summarise the 

variance between RNA-Seq samples to see if there was clustering of samples which may be due to 

biological or technical differences in the experiment, in Figure 5.5 each dot represents an 

experimental sample. In Figure 5.5 the closer the dots were to each other on the plot the more 

similar the samples were to each other. This PCA plot highlights the reproducibility within each 

experimental group, as well as the difference between the four culture conditions. Each viral 

group was circled to highlight the distribution pattern. 
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Figure 5.5 Principal Component Analysis (PCA) of the RNA sequencing dataset. The PCA plot assigns each 
sample co-ordinates based on their similarity, each replicate seem to associate closely with its own 
experimental group. The Spi1 SIEW over-expression samples (dark green) seem to show the largest amount 
of variation between replicates. Each experimental group seems to be fairly distinct NS shRNA (pale blue), 
Spi1 shRNA (dark blue), empty SIEW (pale green) and Spi1 SIEW (dark green), showing that there were 
consistent differences between the groups. There were 4 replicates in each group, except the Spi1 shRNA 
group where there were only 3 replicates.  

The largest variation was observed in the Spi1 pSIEW replicates. As anticipated the different Spi1 

lentiviral groups did not closely associate with their respective control viruses. The Spi1 shRNA and 

Spi1 pSIEW sample groups were also spatially separated, which was unsurprising considering the 

diametrically opposed Spi1 manipulations. There was a difference between the control 

lentiviruses, NS shRNA and empty pSIEW, which was likely due to the different plasmid design as 

discussed in section 5.3.1. 

5.2.2 Validation of alterations to Spi1 expression 

The next analyses looked at the Spi1 mRNA expression across all virally-transduced microglia that 

were sent for RNA-Seq analyses. In the over-expression dataset the Spi1 gene expression levels 

were significantly altered in the Spi1 pSIEW samples compared to the empty vector control 
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(pSIEW; adjusted P-value < 0.001).  The Spi1 gene expression in the knock-down dataset did not 

reach the P =0.05 significance threshold (adjusted P-value = 0.089). 

Figure 5.6A shows the Fragments per Kilobase Million (FPKM) values for the Spi1 gene from each 

replicate. The FPKM value was determined by dividing the number of reads mapping to one mRNA 

fragment by a million and normalising this number to the length of the gene. It was clear that the 

FPKM values were increased in the Spi1 pSIEW samples compared to the pSIEW control samples 

(One-way ANOVA F=10.91, P=0.0013). In addition to this the NS shRNA and pSIEW control viruses 

seemed to have similar levels of Spi1 gene expression. The Spi1 shRNA FPKM values were only 

marginally lower than the control NS shRNA values. This had been previously noted in Chapter 4 

(Figure 4.2) where the reduction to Spi1 mRNA seemed fairly mild compared to the PU.1 protein 

levels in RAW cells.  It was hypothesised that this difference was because the Spi1 shRNA was 

interfering with the translation machinery rather than directly degrading the mRNA.  

To confirm that PU.1 expression was altered at the protein level the RNA-Seq culture experiment 

(section 4.2.3) was repeated and both Spi1 and PU.1 expression was assessed. As Spi1 expression 

was assessed using qPCR cells were sorted to select CD11b+CD45+GFP+ cells. Figure 5.6B shows the 

results of measuring PU.1 protein expression in this validation culture using flow cytometry. The 

MFI between all the uninfected cells within the samples (NI; white) and microglia infected with 

either the NS shRNA or pSIEW control viruses was fairly similar.  
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Figure 5.6 Spi1 expression data from both RNA Sequencing dataset and experimental validation of Spi1 
mRNA and PU.1 protein. A Normalised FPKM (Fragments Per Kilobase Million) values from the RNA 
sequencing. There did not appear to be a large reduction in mean reads, as indicated by the black line, 
between Spi1 shRNA compared to NS shRNA control. The Spi1 pSIEW over-expression replicates were all 
higher than the empty control pSIEW, though there seemed to be a large variation in FPKM reads. One-way 
ANOVA F=10.91 (3,11), P=0.0013. Sidak’s multiple comparison test used to separately compare both shRNA 
viruses (non-significant/ns) and pSIEW viruses (P<0.05). B PU.1 protein expression in validation culture. 
Median Fluorescent Intensity (MFI) values calculated from removing isotype background from the PU.1 
antibody staining in primary microglia. Unfilled bars represent the non-infected cells. The Spi1 shRNA (dark 
blue) compared to both the NS shRNA infected microglia (pale blue) and the non-infected microglia within 
the sample. The over-expression vector also confirmed that PU.1 protein was higher in Spi1 pSIEW infected 
cells (dark green) compared to both the empty vector control infected cells (pSIEW, light green) and non-
infected cells within the sample. C Relative PU.1 mRNA expression for each RNA sequencing replicate 
(greyscale) and the validation cultures (highlighted in red) alongside mean values for each group (n=4-5 per 
group; ± Standard Deviation). GAPDH was used as the endogenous control gene and values were normalised 
to the average NI value calculated from all replicates. The graph illustrates that the Spi1 shRNA virus did not 
appear to have a large effect at the mRNA level whereas the Spi1 pSIEW virus had a much higher Spi1 mRNA 
compared to the empty vector control (pSIEW). D 40-CT values for the qPCRs measuring Spi1 mRNA in all 
samples (n=4-5 per group). Mean GAPDH values were plotted on the left and Spi1 on the right ± standard 
deviation.† Replicate 5 was the validation culture and not part of the original group of samples sent for RNA-
Seq analysis. In all plots the mean was indicated by a horizontal line and the error bars denote the standard 
deviation.** indicates a P-value of ≤0.01 and ns denotes a non-significant result. 

 

As predicted the MFI of microglia infected with the Spi1 shRNA virus (dark blue) had a reduced 

level of PU.1 antibody staining compared to NS shRNA positive microglia (pale blue) or even 
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uninfected cells within the Spi1 shRNA sample (white). Meanwhile microglia that were infected 

with the Spi1 pSIEW virus (dark green) had a higher PU.1 protein expression than either the non-

infected cells (white) or microglia infected with the empty vector control (pSIEW; pale green). This 

confirmed that in the validation culture PU.1 protein expression was modified by the Spi1 

lentiviruses as expected.  

This validation culture was compared to the samples that were sent for RNA-Seq analysis by qPCR 

assessment of Spi1 expression. Figure 5.6C shows the relative Spi1 gene expression in each RNA-

Seq replicate (greyscale) and in the validation culture (red). The qPCR data was normalised to the 

average expression from all non-infected microglia cultures. 

The expression of the Spi1 gene did not appear to vary between the NI, NS shRNA or Spi1 shRNA 

samples. The variation between the NI and shRNA-based viruses was minimal as shown by the 

standard-deviation error bars. There was a larger variation between the pSIEW virus-based 

replicates, especially the Spi1 pSIEW replicates, though the average Spi1 gene expression was 

higher in the Spi1 pSIEW samples compared to the empty pSIEW infected microglia. Figure 5.6D 

shows the 40-CT values for both Spi1 gene expression and the expression of the endogenous 

control gene (GAPDH). GAPDH mRNA expression seemed to be consistent between all samples, 

though did seem to be affected in the shRNA-based viruses. The Spi1 mRNA CT value were also 

robust in the NI, pSIEW and Spi1 pSIEW replicates, though did appear to be lower in both the NS 

shRNA and Spi1 shRNA replicates. There was more variation between the Spi1 gene expression 

between the replicates.  

The slight reduction in Spi1 mRNA in the Spi1 shRNA samples compared to NS shRNA samples was 

not reflected at the protein level, using these validation cultures as an example (Figure 5.6B-C). 

Alterations to PU.1 protein were taken to be more meaningful than changes to Spi1 mRNA 

expression. Therefore, the experiment was repeated once more to confirm PU.1 protein levels 

were consistently changed. Figure 5.7 summarises the data gleaned from these two validation 

cultures (n=2). The plots shown in Figure 5.7B were pre-gated on microglia, defined as single 

CD11b+CD45+ cells, using the gates shown in Figure 5.7A. As anticipated, there were no GFP+ cells 

in the NI microglia sample and the PU.1 antibody staining (Figure 5.7B; right plot) was appreciably 

higher that the isotype control staining (left plot). Microglia infected with the NS shRNA virus had 

no change in the PU.1 protein expression compared to uninfected cells with the sample, and again 

the Spi1 shRNA infected microglia reduced the amount of PU.1 protein. The Spi1 shRNA infected 
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microglia with the highest GFP expression had a notably greater reduction in PU.1 staining than 

those microglia with a lower GFP signal.  

A similar virus-dose related change was observed in the Spi1 pSIEW infected microglia, the higher 

the expression of the GFP reporter the higher the level of PU.1 protein. This increase to PU.1 

expression becomes more apparent when compared to the pSIEW control virus. When the PU.1 

expression from both validation cultures were represented graphically (Figure 5.7C) there was 

little variance in PU.1 protein changes between these two repeats, confirming that these virally-

mediated alterations were quite consistent. Overall the non-infected microglia (empty bars) in 

each sample appeared to have fairly consistent expression of the PU.1 protein. Spi1 shRNA 

infected microglia (dark blue) had about a ~60 % reduction compared to cells infected with the NS 

shRNA virus (pale blue). Microglia infected with the Spi1 pSIEW virus (dark green) had 

approximately a 50 % higher PU.1 protein expression compared to microglia infected with the 

pSIEW control virus (pale green). However these values were calculated based on all GFP+ cells, 

whereas cells with a higher GFP expression had greater changes to the amount of PU.1.  

To investigate if the cells with the highest GFP levels (GFP++) had even greater changes to PU.1 

expression the 10 % of cells with the highest GFP levels were analysed separately. Figure 5.7D 

shows the gates that were used in this analysis, though the GFP++ gate (shaded green) was 

adjusted to only include to top 10 % of infected cells. The results of this analysis were presented in 

Figure 5.7E and show that the microglia with the highest level of GFP had more extreme changes 

to the amount of PU.1 protein. For example, Spi1 pSIEW infected microglia have an average PU.1 

expression of ~150 % whereas the GFP++ microglia had approximately a 200 % increased PU.1 

expression. 
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Figure 5.7 Flow cytometric analysis of PU.1 protein expression in RNA -Seq validation microglia cultures. A 
Gating strategy used in the analysis. From left to right cells were first separated from debris before doublets 
were excluded. Finally the microglia population were separated as being CD11b+CD45+. B GFP and PU.1 
expression in each sample in the validation experiment. The plot gates were based on the PU.1 expression in 
non-infected cells and the GFP expression for each sample. Isotype staining controls were also used in each 
experimental condition. C Graphical representation of normalised PU.1 expression in these samples. PU.1 
expression was normalised after removing any background staining signal, determined using the isotype 
controls, and the expression was then determined relative to the Non-Infected (NI) sample. PU.1 expression 
was moderately reduced in the Spi1 shRNA infected microglia (dark blue) in comparison to microglia infected 
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with the Non-Silencing (NS) shRNA control (pale blue). The Spi1 pSIEW over expression vector has an increase 
in PU.1 protein signal (dark green) compared to the empty vector control (pale green). Each bar represents 
the mean normalised PU.1 expression and the error bars denote the standard deviation. A Two-Tailed 
unpaired T-Test showed NS and Spi1 shRNA infected microglia had significantly different PU.1 expression 
(P=0.0157). An unpaired Two-Tailed T-Test between the Spi1 pSIEW and pSIEW infected microglia was also 
significant P=0.0398. D Gating used to separate out 10 % of microglia with the highest infection microglia 
(GFP++; shaded green) to analyse PU.1 expression alongside all infected (GFP+; green outline) and non-
infected (NI; black outline) microglia. E Percentage PU.1 protein expression calculated using the gates 
described in section D and were normalised to the MFI of PU.1 staining in the non-infected cells of each 
sample. Microglia that had a stronger GFP expression (GFP++) had a larger effect on the PU.1 protein 
expression, indicating a larger viral load. Therefore the percentage PU.1 expression was more extreme in the 
GFP++ populations compared to the infected population as a whole. F Percentage of PU.1 knock-down using 
the same analysis described in part D. There was a higher reduction on PU.1 protein expression in the Spi1 
shRNA GFP++ cells, ~80 % compared to non-infected and NS shRNA control cells. However when the whole 
population of Spi1 infected cells (GFP+) the reduction in PU.1 protein expression was much more moderate, 
with these microglia having approximately half of the PU.1 protein compared to controls.*MFI minus the 
isotype background staining, divided by NI MFI.The data used in this figure was the result of two 
independent biological repeats (n=2), except for sections A and B where only representative flow plots were 
shown. The mean values were represented by horizontal bars and the standard deviation denoted by the 
error bars. *Indicates a P-value of ≤0.05. 

Spi1 shRNA infected microglia with the highest expression of the viral reporter had a further 

reduction in the amount of PU.1 protein. The percentage PU.1 knock-down in these cells was 

calculated and displayed in Figure 5.7F. The entire population of microglia infected with the Spi1 

shRNA virus have a 60 % reduction in PU.1 protein (green outlined bars) compared to uninfected 

cells. The microglia with the highest GFP expression (GFP++; green filled bars) had an average 80 % 

knock-down in PU.1 protein. Surprisingly infection with the NS shRNA virus seemed to increase the 

amount PU.1 protein in microglia by about 10 % overall in all GFP+ cells and roughly 30 % in the 

microglia with the highest GFP expression (GFP++).  

In conclusion, the results presented in this section show that the Spi1 FPKM values (Figure 5.6A) 

were supported by PU.1 protein changes (Figure 5.7C). There was some alignment between Spi1 

mRNA expression data from qPCR and RNA-Seq, though there was more variation in the qPCR 

assessment of Spi1 mRNA (Figure 5.7A,C-D). The implications of this will be discussed in section 

5.3. The alterations to PU.1 protein seemed to be more extreme in microglia that had a higher 

expression of the GFP viral reporter (Figure 5.7). The Spi1 shRNA virus the reduction in Spi1 mRNA 

expression was subtle, assessed by either qPCR or RNA-Seq, when compared to the PU.1 protein 

knock-down relative to the NS shRNA control virus. This confirmed the importance of validating 

mRNA gene changes at the protein level. The next section will move onto discuss other genes that 

were selected to validated in the Spi1 knock-down and over-expression RNA-Seq datasets. 
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5.2.3 Selection & Validation of Other Genes 

The validation genes were selected by comparing significantly altered genes from the Spi1 knock-

down dataset (using a P <0.05 threshold) to the genes presented in the Huang et al. (2017) paper 

where Spi1 was reduced in the BV-2 microglia cell line [230]. This approach was taken as any genes 

which were altered in both the BV-2 cell line and in primary microglia datasets were thought to be 

reliably changed by the level of Spi1/PU.1..  

P2ry12, Aif1, Apoe and Pilrb1 were validated by qPCR and, when possible, by flow cytometric 

analysis. The table below (Table 5.5) shows the fold-change and P-values associated with these 

transcripts in both Spi1 RNA-Seq datasets. The next section will provide a brief overview of the 

potential functions of each protein including any known changes in related AD pathology. 

 

Table 5.5 Summary of targets selected for validation of RNA sequencing data. *In the mouse genome 
Pilrb1 and Pilrb2 resulted from a gene duplication event. These two sequences were thought to have 87.5 % 
identical amino acid sequence [350].  

The P2ry12 gene encodes the purinergic receptor P2ry12 which was highly expressed on 

homeostatic “surveying” microglia [173]. Purinergic receptors are thought to be vital to microglia 

chemotaxis, enabling the surveillant microglia to quickly localise to the site of damage in an ATP-

dependent manner [171]. P2ry12 is one of many homeostatic microglia genes that were 

downregulated in AD pathology, which is thought to coincide with microglia gaining a Disease-

Associated (DAM) phenotype [223]. Microglia also supress P2ry12 gene expression after LPS or 

IFN-γ stimulation [58]. In humans P2RY12 expression is reduced in inflammatory disease like 

multiple sclerosis and AD. In fixed hippocampal tissue sections taken from 3 patients with AD 

pathology P2RY12 was only detected on microglia further from the Aβ-plaque site and became 

undetectable in plaque-associated microglia [351].  

The second validation target was Aif1 which encodes Iba1, a commonly used microglia marker 

[352]. Functionally Iba-1 has been shown to interact with the actin cytoskeleton [353]and is 

 Log2 Fold-

Change

Adjusted P-

Value

 Log2 Fold-

Change

Adjusted P-

Value

Spi1/PU.1 -0.740 0.089 1.356 <0.001 Yes Yes

P2ry12/P2ry12 -1.265 0.004 0.123 0.999 Yes Yes

Aif1/Iba-1 -0.998 0.002 0.566 0.321 Yes Yes

Apoe /Apoe 0.969 0.003 0.330 0.812 Yes No

Pilrb1*/Pilrβ -1.339 <0.001 -0.336 0.849 Yes No

Pilrb2*/Pilrβ -0.818 0.032 -0.205 0.990 No No

Measured 

mRNA

Measured 

protein

Target name 
(Gene /Protein)

 Spi1 Knock-down Spi1 Over-expression
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localised to membrane ruffles and aids in phagocytic cup formation [354,355]. Therefore Iba-1 has 

suspected to play a role in microglia chemotaxis and phagocytosis [356]. One study looked at the 

strength of Iba-1 staining in cortical sections (middle frontal gyrus) and compared this to the 

relative level of AD pathology. Here Iba-1 staining was higher in cortical sections taken from the 

130 dementia free controls, when compared to 83 samples from patients with AD pathology [357]. 

However, a recent systematic review of Iba-1 staining in AD showed that this is not consistent 

between studies. Four of these papers noted an increased Iba-1 in AD frontal cortex compared to 

controls, three papers where no difference was found and one paper noted Iba-1 was reduced in 

the frontal lobe of AD samples [358]. 

The third gene Apoe is a well-known AD risk gene, with three variants denoting varying levels of 

risk. Individuals that were homozygous for the APOE-ε4 variant have a higher AD risk than 

individuals that were homozygous for the APOE-ε3 variant [53] as discussed in 1.2.1.2. In vitro 

studies exploiting the differences in the APOE variants show that in microglia with the APOE-ε4 

variant have a more activated morphology than the APOE-ε3 variant. These changes are 

associated with an increase in inflammatory genes and a reduction in Aβ phagocytosis [56]. 

Moreover Apoe has been shown to be part of the biological switch that turns healthy microglia 

into disease-associated microglia [58]. 

The fourth and final gene Pilrb1 encodes the paired immunoglobulin-like type 2 receptor β (Pilrβ). 

Mice have two Pilrb homologue genes, Pilrb1 and Pilrb2 which have a similar amino acid identity, 

over 87.5 % [350]. In the immune system qPCR analysis has shown PILRβ is highly expressed in 

multiple myeloid cell populations, including MØs. PILRβ has been been shown to signal through 

DAP12 (associated with AD risk) to activate immune cells [359]. In a peritoneal parasite infection 

model Pilrb knock-out mice had improved survival compared to C57BL/6 control mice, which was 

attributed to a downregulated immune response in the gut and also associated with a smaller 

number of monocytes infiltrating the CNS. It was proposed that Pilrβ activates Antigen presenting 

cells, where the other family member Pilrα inhibits signalling [360]. A recently identified AD-risk 

SNP (rs1476679) is thought to be associated with PILRB expression [3,361]. In human monocyte-

derived microglia-like cells expression of the T allele in this SNP (rs1476679T) was associated with 

increased PILRB gene which was also reflected at the protein level [362]. Moreover, another paper 

suggested that a reduced PILRα inhibitory response, associated with a protective AD mutation, 

likely results in an increased activation of the PILRβ/DAP12 signalling pathway [228].  
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Figure 5.8A shows the log10 transformed FPKM values for these ‘validation’ genes taken from the 

Spi1 knock-down and Spi1 over-expression datasets. Statistical analysis of the log10 transformed 

data showed all genes were significantly different between the NS and Spi1 shRNA groups 

(empty/filled blue respectively) but were not significantly changed in the over-expression dataset 

(green). Figure 5.7A shows that Aif1, P2ry12, Pilrb1 and Pilrb2 were all lower in the Spi1 shRNA 

samples compared to the NS shRNA control samples. Apoe expression was higher in the Spi1 

shRNA samples compared to the NS shRNA controls.  

 

Figure 5.8 Summary of RNA sequencing values and qPCR data measuring selected targets in four original 
samples and the validation culture- Part I. A Log transformed FPKM values taken from RNA sequencing data 
to show how the targets selected for validation change. The top plot shows the changes in the knock-down 
replicates, n= 4 for NS shRNA (blue outline) and n=3 for the Spi1 shRNA (blue filled) groups respectively. 

****Two-Way ANOVA performed on log transformed data, Interaction P-Value (intP-Value) <0.0001. Sidak’s 

Multiple Comparison Tests showed there were significant differences in gene expression; Aif1 (*P≤0.05), 
P2ry12 (**P≤0.01), Pilrb1 (***P≤0.001), Pilrb2 (P≤0.05) and Apoe (*P≤0.05) between Spi1 shRNA and NS 
shRNA groups. None of these validation genes were significantly different in the Spi1 over-expression dataset 
(bottom plot n=4 per group; Two-Way ANOVA intP-Value=0.1537). FPKM values taken from the Spi1 pSIEW 
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dataset were shown by the filled green shapes and the control pSIEW values were indicated by the empty 
green shapes. The mean FPKM values were denoted by the horizontal black lines. 

The next sections will discuss how expression of these four genes were altered when Spi1 was 

reduced or over-expressed, and steps that were taken to validate these findings using qPCR and, 

where possible, flow cytometric analysis.  

5.2.3.1 mRNA Validation 

The expression of each validation gene was measured using a second method, qPCR, in addition to 

the mRNA expression data gathered from RNA-Seq analysis (Figure 5.8). The NS shRNA and Spi1 

shRNA samples had a limited amount of RNA remaining, and therefore qPCR validation could not 

be performed for every gene. However, the expression of each gene was measured in at least two 

replicates of the Spi1 shRNA cultures and three NS shRNA replicates. The ‘original’ RNA-Seq 

replicates were shown in greyscale and samples from the validation cultures were indicated by red 

datapoints.  

The first set of plots (Figure 5.8B) show the relative Aif1 gene expression in addition to the 40-

Cycle Threshold (CT) values for each replicate. The 40-CT value demonstrates the total number of 

cycles (40) used in each qPCR minus the number of cycles taken for the gene expression to surpass 

the detection threshold. The mean Aif1 gene expression did appear to be lower in Spi1 shRNA 

samples compared to NS shRNA samples. In the samples where Spi1 was over-expressed (Spi1 

pSIEW) the mean Aif1 seemed slightly higher than the control pSIEW sample. These changes were 

reflected in the 40 – CT plots, though it did suggest that there was variation in the Spi1 shRNA 

samples. 

Expression of the P2ry12 gene was similar across all samples (Figure 5.8C). The 40-CT plots suggest 

that the NS shRNA and Spi1 shRNA samples had lower CT values and higher variation than other 

samples. Pilrb1 gene expression appeared to be reduced in microglia infected with Spi1 shRNA 

compared to cells infected with the NS shRNA virus, though the variation in these samples made it 

hard to definitively conclude this (Figure 5.8D). Pilrb1 expression did not appear to be affected by 

Spi1 gene over-expression. The 40-CT values suggested Apoe expression (Figure 5.8E) was slightly 

lower in the Spi1 pSIEW samples compared to the pSIEW replicates, though the small number of 

datapoints make it hard to definitively conclude there was a difference.  
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Figure 5.6 Summary of RNA sequencing values and qPCR data measuring selected targets in four original 
samples and the validation culture- Part II. B-E qPCR results for each gene expression in the original 4 
replicates sent for RNA sequencing (greyscale) and the post-RNA sequencing validation replicate (red). In all 
plots the mean mRNA expression was indicated by the horizontal line and the error bars show the standard 
deviation around the mean.  All genes were missing some datapoints in the NS shRNA and Spi1 shRNA 
samples due to a lack of available cDNA. The relative gene expression was shown on the left plot and the 40 
– CT plots on the right. GAPDH was used as the endogenous control gene and was consistent in all samples 
(data not shown). Samples were normalised to the average NI value calculated from all replicates. B Aif1 
gene expression does seem to subtly decrease between NS and Spi1 shRNA samples and increase between 
pSIEW and Spi1 pSIEW samples. The 40 – CT plot shows the changes to Aif1 expression appears to be 
reflected here. These changes were not significant (One-way ANOVA; P=0.1585). C P2ry12 expression did not 
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appear to be largely changed in the Spi1 shRNA or over-expression samples, though there was some 
variation in the NI samples.  The 40 – CT plots suggest that P2ry12 expression was lower in the Spi1 shRNA 
samples, though there does appear to be a similar trend in the NS shRNA replicates. One-way ANOVA 
showed these changes were not statistically significant (P=0.1646) D Pilrb1 mRNA expression appears to be 
fairly similar in all experimental groups, except for the NS shRNA replicates where there was more variation. 
A One-way ANOVA had a P-value of P=0.0371. The 40 – CT plot suggests there may be lower expression in 
the Spi1 shRNA samples compared to NS shRNA replicates. E Apoe expression also remains fairly stable at the 
mRNA level across the experimental groups, though there was a trend towards a decrease in Spi1 pSIEW 
replicates compared to the pSIEW controls. One-way ANOVA confirmed there were no significant differences 
(P=0.4033). 

In summary many of the changes seen in Aif1, P2ry12, Pilrb1 and Apoe expression by qPCR reflect 

the FPKM values in the RNA-Seq datasets (Figure 5.8A). Aif1 and Pilrb1 gene expression seemed to 

be reduced in the Spi1 shRNA replicates compared to NS shRNA samples. In the Pilrb1 plots 

infection with the NS shRNA virus seemed to impact gene expression, which was not seen in 

microglia infected with the pSIEW virus. There were some very slight changes to mRNA expression 

across the experimental Spi1 pSIEW and pSIEW samples. Biologically changes to protein levels 

were thought to be more meaningful than changes to mRNA expression. 

5.2.3.2 Protein Validation 

Iba-1 (encoded by Aif1) and P2ry12 were measured at the protein level as there were 

commercially available antibodies suitable for flow cytometric analysis. The expression of these 

proteins was measured alongside PU.1 protein expression, which can be seen in Figure 5.7. 

The Spi1 virus mediated changes to Iba-1 protein expression are summarised in Figure 5.9. First 

microglia were selected using the gating strategy outlined in Figure 5.9A. The flow plots in Figure 

5.9B show the GFP expression compared to the Iba-1 or isotype antibody staining taken from one 

biological replicate. The NI plots show Iba-1 antibody staining was clearly higher than the isotype 

control. Microglia infected with Spi1 shRNA virus had a reduced amount of Iba-1 compared to 

uninfected cells within the samples or NS shRNA infected microglia. These Iba-1 antibody changes 

were quantified by normalising the Median Fluorescent Intensity (MFI) values as described in 

section 2.16.2 (Figure 5.9C). This data suggested Iba-1 was reduced in the Spi1 shRNA infected 

cells compared to NS shRNA infected microglia. However, Figure 5.9C suggested that Spi1 over-

expression does not appear to strongly impact Iba-1 protein expression in either experiment. 
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Figure 5.9 Alterations to Iba-1 protein expression in virally infected cultures by flow cytometry. A Specific 
gating used to remove debris, doublets and non-microglial cells (CD11b-CD45-) from further analyses. B 
Representative flow plots for each sample showing isotype staining (left plots) compared to Iba-1 antibody 
staining (right plots). Gates were based on the non-infected isotype control MFI. Iba-1 was easily detected in 
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these cultured microglia as evidenced by the shift in staining between the isotype and Iba-1 specific antibody 
stains in the NI sample. Iba-1 staining was reduced in Spi1 shRNA infected microglia when compared to both 
the non-infected cells within the sample and the infected cells of the NS shRNA control. However in the Spi1 
forced expression vector (Spi1 pSIEW) there does not appear to be a visible increase in GFP+ infected cells 
compared to microglia infected with the empty vector virus (pSIEW). C Normalised expression values were 
calculated as described in methods (2.16.2) for the uninfected (GFP-) and infected (GFP+) cells of each 
sample. Here the Spi1 shRNA infected microglia were shown to have a large reduction in Iba-1 protein 
expression compared to either the non-infected or NS shRNA controls. When observing the data in this 
manner there appears to be a slight increase in Iba-1 expression in microglia over-expressing Spi1 compared 
to the empty vector control. D Shows the percentage changes to Iba-1 expression in the NI, and infected 
(GFP+) cells as well as the highly infected (GFP++) microglia. E The MFI data was normalised to the non-
infected cells within each sample, which were set at 100 % Iba-1 expression. This graph shows that the Iba-1 
expression was greatly reduced in Spi1 shRNA infected microglia there also appears to be an increase in Iba-1 
protein resulting from infection with the NS shRNA virus. It could be argued that there was a slight increase 
in Iba-1 protein expression in the Spi1 over-expression vector, though this increase was also seen in the 
empty vector control suggesting it was a result of viral infection rather than a biological effect exerted by 
increasing Spi1 mRNA expression. F Iba-1 protein expression expressed as a percentage knock-down, where 
un-infected cells were considered to have a 0 % reduction. Here it shows that Iba-1 was greatly reduced in 
the Spi1 shRNA samples, though Iba-1 expression appears to go up hugely in NS shRNA infected microglia. 
The data used in this figure was the result of two independent biological repeats (n=2), except for sections A 
and B where representative flow plots are shown. In each graph the bars indicate the mean value and the 
values from each replicate are overlaid (grey dots). 

Figure 5.9D shows the approach taken to separately analyse the 10 % microglia with the highest 

GFP expression (GFP++), indicating a higher virus infection, against the entire infected (GFP+) and 

uninfected (GFP-) microglia. The results of this analysis showed that microglia with the highest 

infection rate have more extreme changes to Iba-1 expression. NS shRNA infected microglia with 

the highest GFP expression (GFP++) have a higher Iba-1 level than uninfected microglia. The Spi1 

shRNA GFP+ and GFP++ microglia have a very low expression compared to uninfected cells within 

the sample and the equivalent NS shRNA bar. This analysis suggested that Spi1 pSIEW infected 

microglia with a high GFP expression (GFP++) may have an increased amount of Iba-1 protein 

compared to the pSIEW GFP++ microglia. The percentage knock-down of Iba-1 was further 

examined in Figure 5.9F. Iba-1 was approximately 80 % lower in Spi1 shRNA infected microglia 

compared to NS shRNA infected microglia. 

The P2ry12 expression was assessed by flow cytometry using an identical approach. Figure 5.10A 

demonstrates the approach used to gate on microglia, which were used to create the GFP/P2ry12 

plots displayed in Figure 5.10B. These flow plots indicated that the CD11b+CD45+ microglia 

population there were separate P2ry12low and P2ry12high sub-populations. These flow plots 

suggested both P2ry12low and P2ry12high populations were present in all experimental conditions. 

This was investigated using the gates in Figure 5.10C.  
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Figure 5.10 Measuring alterations to P2ry12 protein in infected cultures using flow cytometry. A Gates 
used to select single microglia cells. Again, microglia were considered to be CD11b+CD45+ for the purpose of 
this analysis. B Flow plots displaying GFP expression along the x-axis against P2ry12 antibody staining along 
the y-axis. Gates were set based on the isotype control for the non-infected sample. In all samples there was 
a clear shift in the non-infected cells, suggesting the antibody was able to detect P2ry12 though there does 
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appear to be a subset of microglia that were P2ry12 negative in each sample. The plots show a slight 
reduction in the P2ry12 staining in the Spi1 shRNA infected cells compared to the NS shRNA control sample, 
which was especially visible in those microglia with the strongest GFP expression. However there does not 
appear to be any change to P2ry12 expression in the Spi1 over-expression vector compared to the empty 
vector control. C The gating used to analyse P2ry12low and P2ry12high populations in non-infected (GFP-) and 
infected (GFP+) microglia. D MFI of P2ry12highGFP+ microglia (striped), minus the isotype background 
staining. Here the MFI of the P2ry12high Spi1 shRNA cells was lower than the NS shRNA infected microglia. 
There was no obvious difference in the MFI of Spi1 pSIEW infected microglia compared to microglia infected 
with an empty control virus. E In the P2ry12low (filled) subset of infected microglia the Spi1 shRNA GFP+ cells 
(dark blue) appear to have a higher MFI (with isotype background removed) than NS shRNA GFP+ cells (light 
blue). The MFI of the Spi1 pSIEW infected microglia (dark green) was slightly higher than microglia infected 
with the control virus (pSIEW; light green). The P2ry12 antibody staining shown in this figure was only 
performed on one set of microglial cultures, n=1.  

Isotype Median Fluorescent Intensity (MFI) values were removed from the P2ry12 MFI values to 

quantify P2ry12 expression for each fraction (Figure 5.10D-E). Here the Spi1 shRNA infected 

microglia appeared to have a lower MFI in the P2ry12high cells and a higher MFI in the P2ry12low 

cells, compared to the NS shRNA infected control microglia. Combined with the flow plots in 

Figure 5.10B this suggests that the Spi1 shRNA was reducing P2ry12 expression in the P2ry12high 

microglia, potentially moving these cells into the P2ry12low gate. The MFI of the P2ry12high infected 

microglia did not appear to be altered in the Spi1 pSIEW cells. There was a slight increase in the 

P2ry12 MFI of P2ry12low Spi1 pSIEW GFP+ microglia compared to pSIEW control cells.  

In conclusion reducing Spi1 appeared to reduce Iba-1 by approximately 80 % and P2ry12 high 

expression by ~30 % at the protein level. The over-expression of Spi1 in these cultures did slightly 

increase Iba-1 protein expression when compared to the empty vector control. The P2ry12 protein 

was increased in the P2ry12low Spi1 pSIEW infected microglia compared to pSIEW infected 

microglia. 

These protein changes mostly mRNA measurements. Figure 5.8A-B shows Aif1 (encoding Iba-1) 

was also reduced in the Spi1 shRNA samples. The Spi1 pSIEW related increases to Iba-1 protein 

(Figure 5.9) appeared to be larger than the slight increase in the Aif1 mRNA. Spi1 shRNA infected 

microglia appeared to have reduce P2ry12 protein in the P2ry12high population (Figure 5.10E) and 

P2ry12 gene expression (Figure 5.8A) compared to NS shRNA infected microglia. qPCR analysis of 

the P2ry12 expression did not seem to be altered in any of the experimental conditions, though 

this could be as the P2ry12low and P2ry12high populations were both included. In the Spi1 pSIEW 

infected microglia P2ry12 protein expression was increased in the P2ry12low population. Overall, 

this suggested that the FPKM values in the Spi1 RNA-Seq datasets were representative of gene 

changes at the mRNA/protein level, using Spi1/PU.1, Aif1/Aif1 and P2ry12/P2ry12 as examples. 
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5.2.4 Pathway and Clustering analyses 

Having validated several gene expression changes in the previous sections the Spi1 knock-down 

and Spi1 over-expression datasets were then analysed using Ingenuity® Pathway Analysis (IPA) 

software. The ‘comparison’ function allowed the Spi1 knock-down dataset to be directly compared 

to the Spi1 over-expression dataset. Figure 5.11A shows the names of the 20 most significantly 

affected pathways, though the first 17 were more affected in the Spi1 knock-down dataset (blue) 

and the other 3 pathways which had a much higher significance in the Spi1 over-expression 

dataset (green).  

In this list seven pathways were related to cancer and six pathways to cell cycle regulation were 

most visibly changed in the Spi1 knock-down dataset. This suggested that reducing microglial Spi1 

may alter the cell cycle. The 3 pathways that were more significantly affected in the Spi1 over-

expression dataset were related to interferon signalling and viral response. Genes in these 

pathways were also enriched in the Spi1 knock-down dataset.  

Figure 5.11B again compares both datasets but instead using the Z-score calculated by IPA. The Z-

score compares the IPA database to the gene changes in Spi1 knock-down and Spi1 over-

expression datasets. A positive Z-score predicts that a pathway was activated and a negative Z-

score predicts a pathway was less active, scores over -2 and 2 were taken to be more meaningful. 

Interestingly most of these pathways the Spi1 over-expression and Spi1 knock-down expression 

datasets were diametrically opposed. This included changes to several key signalling pathways 

including interferon, NFκB and IL-8. There were four pathways which were mainly affected by a 

reduction in Spi1 which include two metabolic pathways and once cell cycle pathway.  
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Figure 5.11 Results of functional pathway analysis in IPA comparing Spi1 knock-down dataset against the 
Spi1 over-expression dataset with a P < 0.05 cut-off. A This graph shows the canonical pathways that had 
the 20 lowest P values, which features a lot of DNA and cell cycle related pathways. The inverted log of the P 
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values are displayed for both the Spi1 shRNA knock-down dataset (KD; blue) and Spi1 over-expression 
dataset (OE; green). B The 20 most opposed Z scores resulting from comparing the knock-down and over-
expression datasets The Z-score uses knowledge derived from the literature (IPA database) to determine if 
genes were upregulated or downregulated in certain conditions. This database was then compared to the 
gene changes in Spi1 knock-down and Spi1 over-expression datasets. The resulting Z-score compares the 
database prediction with the observed changes from each dataset. A positive score indicates pathway 
changes were consistent between predicted and observed changes, indicating an activation, and a negative 
score indicates the pathway was downregulated. Z-scores <-2 and >2 were taken as significant and are 
indicated by black dotted lines. In this analysis the knock-down showed an enrichment in oxidative 
phosphorylation and super-pathway of cholesterol metabolism. As you can see for most pathways the Z-
scores were diametrically opposed, having a reduced pathway activation in the knock-down dataset, 
compared to expected and increase in pathway activation in the Spi1 forced expression replicates. Both these 
analyses included multiple cell types and species. 

Figure 5.12 compares the adjusted P-values on Gene Ontology (GO) pathways that were over-

represented when Spi1 was reduced performed in IPA (Figure 5.12A) and in the Database for 

Annotation, Visualisation and Integrated Discovery (DAVID version 6.8; Figure 5.12B). While there 

were some differences in the exact pathways both analyses suggested a reduction in Spi1 results 

in changes to multiple pathways relating to the cell cycle. Therefore section 5.2.5.1 assessed 

changes to microglial proliferation following a reduction in Spi1.   

An identical pathway analysis was performed on the Spi1 over-expression dataset using IPA 

canonical pathways (Figure 5.13A) and DAVID biological processes (Figure 5.13B). In both analyses 

an increased Spi1 expression was associated with a viral immune response, including antigen 

presentation pathways, and interferon signalling pathways.  
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Figure 5.12 Canonical/Biological pathway analysis comparing the Spi1 shRNA to the NS shRNA samples 
(Knock-Down dataset) using the P < 0.05 cut off. A The top 20 canonical pathways identified by IPA 
software. The inverted log values show that there were a large number of cell cycle related pathways 
affected by Spi1 shRNA knock-down. B The top 20 canonical pathways identified using the DAVID algorithm 
which again seems to mainly consist of cell cycle related genes.  
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Figure 5.13 Canonical/Biological pathway analysis comparing the Spi1 pSIEW to the empty pSIEW samples 
using the P < 0.05 cut off. A The top 20 canonical pathways identified by IPA software. The inverted log 
values show that there were a large number of viral immune response pathways affected by Spi1 pSIEW 
over-expression. B The top 20 canonical pathways identified using the DAVID algorithm which again seems 
to mainly consist of immune response pathways including antigen presentation, and interferon genes. 

The Spi1 knock-down and Spi1 over-expression datasets were further analysed via hierarchical 

clustering using the Morpheus software [314]. The first analysis presented below in Figure 5.14A 

show clustering analysis performed on the on the Log2 fold-change values which summarise the 
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gene expression changes in the Spi1 over-expression and Spi1 knock-down dataset. Here the genes 

formed two distinct clusters with diametrically opposed expression patterns. For example, in the 

first cluster the genes had an increased log2 fold-change value in the Spi1 knock-down dataset and 

the Spi1 over-expression data on average had lower log2 fold-changes. The opposing pattern was 

seen in the second cluster. These results support the Venn diagram analysis seen in Figure 5.3C, 

that genes were diametrically expressed in the Spi1 knock-down and Spi1 over-expression 

datasets.  

 

Figure 5.14 Hierarchical Clustering of Spi1 knock-down (KD) and Spi1 over-expression (OE) log2 fold-
changes of genes with a P-value of over α=0.05. A The data presented was the log2 fold-changes calculated 
from all Spi1 shRNA samples and Spi1 pSIEW samples compared to their relative controls. The genes were 
clustered by rows. Here it appears that genes form two discrete clusters form following this analysis. The 
colour key at the bottom of the plot indicates what the colour changes represent. Negative values are shown 
in blue and positive values in red. 
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Potential upstream regulators that could result in the pattern of experimental gene expression 

based on the IPA database. The top three potential regulators were Irf3, Irf7 and Stat1. The 

predicted activation scores (Z-scores) were thought to be diametrically opposed depending on 

Spi1 expression. As shown in Figure 5.15A all of these transcription factors were reduced in the 

Spi1 knock-down dataset but increased in the Spi1 over-expression dataset. Figure 5.15B-C 

demonstrates the genes in the interferon-7 (Irf7) pathway that were downregulated or 

upregulated in the Spi1 knock-down or over-expression datasets respectively. These displays were 

made by taking the Log2 fold-changes from each dataset and overlaying them on the Irf7 pathway 

and show the extent of the changes to this pathway resulting from changes to the amount of 

Spi1/PU.1.  
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Figure 5.15 IPA analysis of potential Upstream Regulators. A The top-three upstream regulators with their 
Z-scores predicting activation when Spi1 was over-expressed and a reduction when Spi1 expression was 
reduced. B The Interferon-7 pathway overlaid with genes where the experimental Log2 Fold-Change Values 
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were altered using genes with a P-value of ≤0.05. In the Spi1 knock-down dataset both IRF7 and other 
related genes, including STAT1 and IRF3, were reduced.  

 

Figure 5.13 IPA analysis of potential Upstream Regulators. C The reverse was seen in the Spi1 over-
expression dataset. When Log2 Fold-Change Values using genes with a P-value of ≤0.05 from the Spi1 over-
expression dataset were overlaid on the Irf7 pathways, Spi1 and Stat1 were both increased. The only 
exception in this pathway analysis was QSEC1 which was higher in the knock-down and lower in the over-
expression. This diagram was restricted to genes downstream of Irf7 that were altered in the dataset. The 
colour scale is indicated below. Transcription factors were all contained within the nucleus (brown). The cell 
membrane is indicated in blue and can be used to separate cytosolic factors from membrane bound/external 
proteins. 

Given the experimental design these diametrically opposed changes were not unexpected, though 

more information was gleaned from clustering the FPKM values (Figure 5.16A). In this analysis the 

FPKM values were first normalised by row to calculate the z-score to ensure that the expression of 

each gene was within the minimum/maximum range shown at the bottom of Figure 5.16A. The 

dendrogram on the left of Figure 5.16A was used to separate the data into 6 discrete clusters, 

which were visually confirmed and displayed to the right of the figure below. 
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Figure 5.16 Hierarchical clustering of the z-scores calculated from the FPKM values (P<0.05) from each 
replicate. A The colour key at the bottom of the figure indicate how the colour range relates to the minimum 
(blue) and maximum (red). This data was separated into 6 discrete clusters (right) based on the dendrogram 
shown on the left. This data combines all the replicates that were sent for RNA-Seq analysis (n=4 for all 
groups but Spi1 shRNA where n=3). 

In the first gene cluster, defined in Figure 5.16A, the genes appeared to be upregulated in Spi1 

shRNA samples compared to NS shRNA controls and Spi1 pSIEW samples appeared to be slightly 

downregulated compared to control pSIEW samples. When the gene list in this cluster was run 
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through IPA and DAVID several signalling pathways were found to be over represented. As shown 

in Figure 5.16B1, the top five pathways in cluster 1 included Opioid, Gaq and Androgen signalling 

pathways (following IPA analysis) and metabolic process pathways (DAVID analysis). The pattern in 

this cluster suggested that reducing Spi1 activated this set of genes and increased Spi1 expression 

reduces the expression in this cluster, relative to the appropriate control virus. The NS shRNA and 

pSIEW control viruses do not appear to correlate each other, which was not unexpected given they 

originate from different plasmids.  

The second gene cluster contained genes linked to the cell cycle and DNA replication by both IPA 

and DAVID analysis (Figure 5.16B2). The genes in this cluster had a higher expression in the Spi1 

shRNA samples compared to NS shRNA infected microglia but did not appear to be largely 

different between the pSIEW and Spi1 pSIEW samples.  

The third gene cluster conatined a small number of genes mainly expressed in the Spi1 pSIEW 

sample cohort. The expression of these genes was mostly reduced in most of the NS shRNA 

samples and in the Spi1 shRNA and pSIEW samples. The genes listed in this cluster appear to be 

related to antigen presentation pathways and helper T-cell activation (Figure 5.16B3). It was 

unlikely that these genes were upregulated due to the experimental design as these genes were 

not upregulated in all samples, see section 5.3 for further discussion. Therefore this analysis 

suggests that the increased Spi1 expression resulted in an upregulation of genes in antigen 

presentation pathways. 

The genes in the fourth gene cluster suggested a reduction in Spi1 impacted several cancer 

signalling pathways and pathways related to chemotaxis (Figure 5.14B4). This cluster was 

activated in the NS shRNA samples and largely reduced in the Spi1 shRNA samples. 

The fifth gene cluster contained genes related to interferon signalling pathways and other viral 

defence pathways (Figure 5.14B5). These genes were downregulated in the Spi1 shRNA samples 

and upregulated in the Spi1 pSIEW samples compared to their respective controls. This suggested 

that the genes in this cluster were dependent on the level of Spi1/PU.1. The variation in the level 

of gene activation in the Spi1 pSIEW replicates was likely due to the level of Spi1 over-expression. 

For example, the fourth replicate (far right) had the highest Spi1 FPKM value, which can be viewed 

in Figure 5.6A. 

The sixth and final gene cluster contained genes which did not fit into the other clusters and was 

the smallest. On average the genes in this cluster appeared to be activated in both the NS shRNA 
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and pSIEW control samples, but strongly reduced in the Spi1 shRNA samples. The Spi1 pSIEW 

samples appeared to contain a mix of downregulated and over-expressed genes. The pathways 

associated with this cluster included a DNA damage pathway and pathways involving cell adhesion 

and lysosome organisation (Figure 5.16B6). 
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Figure 5.12B The top 5 pathways following analysis in IPA or in DAVID in the gene clusters, based on the P-
values. The graphs on the left were generated using the canonical pathway analysis after the cluster gene 
lists were uploaded to IPA. Where possible these pathways were compared to the original datasets to get Z-
score information suggesting the pathway activation state. This data was overlaid on the bars using colour, 
and the Z-score was listed to the right of the bar. Blue bars means the Z-score was from the Spi1 knock-down 
dataset, green bars denote Z-score values taken from the Spi1 over-expression dataset, hatched blue/green 
where Z-scores were calculated in both datasets. If there were Z-scores for both datasets the Spi1 over-
expression Z-score is shown first in green and the Spi1 knock-down Z-score is shown second in blue. If the Z-
scores was zero then bars were coloured white. The graphs to the right of the plot show the results of 
Biological Processes analysis performed using the DAVID website for the same gene list. The cluster number 
is indicated on the far left. 

The pathways identified in these clusters were then compared to the original datasets to obtain a 

predicted pathway activation state (Z-score). The largest gene cluster, 2, contained genes involved 

in controlling the cell cycle, which appear to be activated in the Spi1 knock-down dataset. Cluster 3 

appeared to be activated in Spi1 pSIEW over-expression samples alone, and pathways linked these 

genes to activation of the adaptive immune response via antigen presentation pathways. The 

changes in Cluster 5 seemed to correspond to the experimental pattern, and the Z-scores were all 

negative in the Spi1 knock-down dataset indicating pathways were activated in a Spi1/PU.1 

dependent manner. Overall both the pathway and clustering analysis suggested that the cell cycle 

was disrupted when Spi1 expression was altered, especially when Spi1 was reduced, though IPA 

was not able to offer an insight to the activation state of all the cell-cycle related pathways. 

5.2.5 Confirmation of functional changes 

The insights provided by the pathway analyses combined with previous reports suggested both 

proliferation and phagocytosis were affected by Spi1 expression. 

5.2.5.1 Proliferation 

The absolute number of microglia was assessed (Figure 5.17A) to show microglia infected with 

Spi1 shRNA virus did not have a largely different cell number than NS shRNA controls. This 

suggested that a lower Spi1 expression in microglia did not reduce the number of microglia in 

culture and therefore any impact on proliferation was likely to be subtle. 
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Figure 5.17 The Absolute number of infected (GFP+) microglia. A The absolute counts were determined as 
described in 2.16.2.2. There were no significant differences in the number of infected microglia in NS shRNA 
samples (pale blue) compared to Spi1 shRNA samples (dark blue) in each experiment (Two-tailed Unpaired T-
test P=0.8524).  

Microglia proliferation was assessed using ki67 antibody staining in the culture model described in 

sections 2.4.9.1 and 4.2.3.1. Given a number of the cell cycle pathways that had positive Z-scores it 

was predicted that microglia with a reduced level of Spi1/PU.1 may have an altered level of 

proliferation. The ki67 antibody is known to stain cells in the G1, S, G2 and M phases of the cell 

cycle, but not cells in G0, as highlighted by the top right diagram in Figure 13A. The flow plots in 

Figure 5.18A were pre-gated on microglia. The first dot plot shows GFP and PU.1 expression in 

these microglia, followed by isotype and ki67 antibody staining against DAPI nuclear stain.  

In the rest of the samples, which were virally infected, ki67 staining was analysed in the uninfected 

cell (black outline) and infected cell (green outline) populations. The flow plots were 

representative of three independent experiments. The representative plots show that there were 

no obvious changes to the ki67 positive population caused by PU.1 knock-down (Spi1 shRNA GFP+, 

n=3) or PU.1 over-expression (Spi1 pSIEW GFP+, n=1). Though in this example the number of 

microglia in the Spi1 shRNA sample was lower than the other experimental conditions. The data 

from these experiments has been summarised for Spi1 knock-down samples (Figure 5.18B-C) and 

the one Spi1 over-expression experiment (Figure 5.18D-E). 
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Figure 5.18 Assessing proliferation using ki67 staining in Spi1 shRNA and control cells- Part I A Microglia 
were pre-gated using CD11b as a positive marker. The far-left plots show GFP expression against PU.1 where 
the samples were then gated and divided as NI (black outlines) or GFP+ (green outlines). The middle plots 
represent the isotype and ki67 staining against DAPI nuclear staining for NI cells and the far-right plots are 
the same layout showing the GFP+ gated cells. In each ki67 plot the ki67+ cells were first identified using the 
isotype control. Any cells below this cut off were considered G0. Ki67+ cells were then further sub-divided in 
to G1 and S/G2/M populations.  

Figure 5.18B shows that in these microglia cultures a large proportion (~80 %) of microglia were in 

the G0 phase of the cell cycle and were not undergoing cell division. Though there was a significant 

difference in the percentage of microglia in the G0 gate (One-Way ANOVA P=0.0287) Sidak’s 

Multiple Comparison Test confirmed there were no significant changes between the NS shRNA or 

Spi1 shRNA infected microglia (P≥0.05). During the flow cytometric analysis, the ki67+ population 

could be further subdivided into G1 or S/G2/M phases using DAPI expression (shown in Figure 

5.18A). The reduction of PU.1 protein (Spi1 shRNA GFP+) in these microglia did not significantly 
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alter the percentage of cells in the G1 or S/G2/M phases of cell division (One-Way ANOVA, 

P=0.0.0535 and P=0.2716 respectively), when compared to the NS shRNA infected microglia 

populations. There does appear to be a slight reduction in the overall percentage microglia in the 

G1/S/G2/M phase of cell division in the NS shRNA (Figure 5.18C) compared to Spi1 shRNA infected 

microglia, this was not significant (One-Way ANOVA, P=0.1502). 

 

Figure 5.17 Assessing proliferation using ki67 staining in Spi1 shRNA and control cells- Part II B A 
comparison of the proportion G0 and ki67+ gated cells in NI, NS shRNA and Spi1 shRNA samples, of all 
CD11b+ DAPI+ cells. There did not appear to be a large difference between the proportion of ki67+ 
(G1/S/G2/M) and G0 cells across the experimental conditions. A One-way ANOVA showed the while there was 
a significant change in the G0 population (P=0.0287) Sidak’s Multiple Comparison Test showed the only 
significant difference was between the NI and NS shRNA groups (P≤0.05). Separate One-Way ANOVAs 
showed there was no significant differences in the Sub-G0, G1 or S/G2/M populations (P=0.8013, P=0.0535 
and P=0.2716 respectively). C The percentage of cells in G1 and S/G2/M gates from parent gates (CD11b+ or 
GFP+CD11b+). There does not appear to be a suggestion that Spi1 shRNA GFP+ microglia have a higher 
overall percentage of G1/S/G2/M population compared to NS shRNA GFP+ microglia, though this difference 
did not reach significance (One-Way ANOVA, P=0.1502). In B-C NI, NS shRNA and Spi1 shRNA samples have 
horizontal bars to display the means taken from 3 independent experiments (n=3) and the error bars show 
the standard deviation. D Again there was no observed difference in the G0 and ki67+ cell percentages in NI, 
pSIEW and Spi1 pSIEW samples. E The proportion of G1 and S/G2/M cells were similar across all samples. The 
data shown in plots D-E are the result of one experiment (n=1). 
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This experiment was only carried out once in cultures where Spi1 was over-expressed (Spi1 pSIEW) 

as shown in Figure 5.18D-E. In this experiment there were no overt differences in the percentage 

of cells in each stage of the cell cycle in either the NI, empty pSIEW or Spi1 pSIEW microglia (Figure 

5.18D). The percentage of ki67+ microglia that were in the G1 or S/G2/M was similar across all 

conditions (Figure 5.18E).  

Taken together these results suggest that in this in vitro system microglia proliferation was not 

majorly affected the changes to PU.1 as shown in Figure 5.18A. However, there was a small 

proportion of ki67+ cells in these cultured cells and some variation between the replicates. It is 

possible that measuring proliferation with a more sensitive assay could better quantify the 

percentage of S/G2/M cells, see section 5.3 for further discussion.  

Following the pathway analysis (section 5.2.4) there were concerns that the Spi1 shRNA infected 

microglia may be failing to correctly undergo cytokinesis. If these cells were failing to undergo 

cytokinesis then the microglia would be polyploid and have a higher nuclear DAPI stain. Therefore, 

the flow cytometric data gathered to asses ki67 staining in these microglia samples was re-

analysed using DAPI staining alone to see if there were any changes to the DNA content of these 

cells (Figure 5.19).  
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Figure 5.19 Assessing DAPI Nuclear Content of NI, NS shRNA and Spi1 shRNA infected microglia. A The 
gating approach used in this analysis. When selecting single cells the gates were extended to the edge of the 
plots to ensure all cells were included, as polyploid cells tend to be larger and more complex they have a 
higher FSA and SSA. The final was a histogram of DAPI staining and shows the gates used to measure each 
part of the cell cycle. B Graphical summary of showing the percentage of cells in each part of the cell cycle, 
determined by DAPI staining. C Graph only showing the percentage of cells in the polyploid gate (> 2 Nuclei). 
These graphs show the results of 3 independent experiments (n=3), the bars indicating the mean value and 
the error bars showing the standard deviation. One-way ANOVA confirmed no significant difference in the >2 
Nuclei gated cells (P=0.1908). 

Again, Figure 5.19B suggest there were no obvious cytokinesis defects in the Spi1 shRNA infected 

microglia, compared to the NS shRNA infected or NI microglia. There appeared to be a slight 

reduction in the percentage of S/G2/M phase in the Spi1 shRNA samples compared to the NS 

shRNA samples. While it might seem to conflict with the results in the previous analyses (Figure 

5.18), this was likely because the polyploid cells directly beneath the S/G2/M gate (Figure 5.18A) 

cannot be removed from the analysis when using DAPI staining alone. The percentage of polyploid 

cells in all samples (Figure 5.19C) was very small, and did not significantly differ between the 

groups (One-Way ANOVA, P=0.1908), which suggests Spi1 shRNA cells have no major cytokinesis 

defect. 
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The ki67 staining results of the proliferation analyses in this section suggest that microglia with a 

moderate Spi1 knock-down and over-expression did not have overt changes to the cell cycle. This 

was unexpected given the amount of cell cycle pathways that were affected in the Spi1 knock-

down RNA-Seq pathway analyses. Potential reasons for this disparity will be discussed in section 

5.3. 

5.2.5.2 Phagocytosis 

Other studies have demonstrated that alterations to the PU.1 protein level impacts microglia 

phagocytosis [230,232]. Therefore, phagocytosis was investigated in microglia infected with NS 

shRNA and Spi1 shRNA by measuring the ability of the cells to phagocytose zymosan particles, as 

described in section 2.5.3. 

Firstly, the expression of Dectin-1, a key phagocytic receptor [183], was confirmed on cultured 

microglia (Figure 5.20A). Secondly, it was determined if microglial phagocytosis of zymosan was 

more efficient with opsonisation. Opsonisation was done using mouse serum and enabled 

complement proteins to bind to zymosan particles, tagging them in a way which ensures 

preferential microglial phagocytosis via the CD11b receptor [183]. As detailed in section 2.5.3.3 

zymosan particles were either opsonised with mouse serum, or left un-opsonised, before being 

mixed with microglia and incubated for an hour. Following this the cells were fixed and stained 

with the microglia marker CD11b and run through the flow cytometer. Figure 5.20B shows the 

gating strategy used to isolate single microglia and determine the proportion of zymosan positive 

cells. This pilot experiment showed that a larger proportion of opsonised zymosan were 

phagocytosed by microglia than un-opsonised zymosan. 
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Figure 5.20 Preliminary work to optimise microglial phagocytosis assay in this model. A The phagocytic 
receptor Dectin-1 was expressed on these cultured microglia. Dectin-1 staining is shown in blue, and the 
isotype control in black. B Comparing the proportion of zymosan that was phagocytosed following 
opsonisation with mouse serum compared to a non-opsonised control. The first row of plots show the gating 
strategy used in this analysis. Following debris and doublet exclusion NI and infected microglia (CD11b+GFP- 
and CD11b+GFP+ respectively) were separately selected. Cells that had phagocytosed the AF405 labelled 
zymosan could be detected by Flow. The plots below the gating outline shown the proportion of zymosan 
positive microglia in the non-opsonised and opsonised samples. There were a larger proportion of zymosan 
positive cells in the samples that were treated with the zymosan that was opsonised with mouse serum. 

Therefore, zymosan was opsonised all experiments from this point forward and phagocytosis was 

assessed using the Amnis Imagestream® MKII imaging cytometer. This approach was chosen as 

phagocytosed zymosan could be differentiated from zymosan bound to the surface of the 

microglia, which is not easily possible with standard flow cytometry. This experiment aimed for 

10:1 ratio of zymosan to total cultured cells. Based on previous experiments the cell number was 
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estimated to be between 1 x105 and 2x105. Therefore, 2x106 opsonised zymosan particles were 

diluted in microglia culture media supplemented with M-CSF and TGF-β and added to each culture 

flask. These cells were then harvested, washed to remove excess zymosan, fixed and stained for 

CD11b before being run on the imaging cytometer. These results were analysed using the 

internalisation wizard on the IDEAS® software. For detailed descriptions of the parameters used in 

the IDEAS® software refer to section 2.16.2. 

Figure 5.21 demonstrates the steps taken in this analysis, including representative images from 

each subset. The first plot shows how cells were separated from debris such as unbound zymosan 

and cells undergoing apoptosis (Figure 5.21A). The unfocused cells were then removed from this 

analysis (Figure 5.21B). Figure 16C shows the gates that were used to separate uninfected 

microglia (CD11b+GFP-; orange) from infected microglia (CD11b+GFP+; red). As there was a range 

of GFP expression there was a mixed population of cells in the middle (CD11b+GFPlow; pink) 

which consists of unlabelled cells and uninfected/low GFP expressing microglia.  

As suggested in Figure 5.7E Spi1 shRNA infected microglia with a higher GFP expression (GFP++) 

had a lower amount of PU.1 protein compared to the rest of the infected population (GFP+) or 

uninfected cells within the sample. Therefore, the internalisation analysis was repeated in 

microglia with the highest infection (GFP++; green) using the gate shown in Figure 5.21. This 

analysis suggested that microglia with a higher Spi1 shRNA infection had a large reduction in 

phagocytosis compared to GFP++ NS shRNA infected cells. Following this zymosan positive 

microglia were then separated from cells without zymosan, and they were further split into high, 

mid and low levels of zymosan by the maximum pixel size. Figure 5.21C shows the gates used in 

this analysis using CD11b+GFP- cells as an example.  

The final stage of the internalisation wizard determined the internalisation ratio, which was 

determined to be the ratio of the zymosan intensity within the cell boundary compared the 

intensity of the entire cell. A positive ratio indicates zymosan has been internalised and a negative 

ratio that zymosan was outside of the cell boundary. Examples can be seen in Figure 5.21D. 

Therefore, this analysis could be used to successfully determine the percentage of uninfected and 

infected microglia that have internalised zymosan particles.  
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Figure 5.21 Representative gallery images taken from the NS shRNA samples describing the stages of 
analysis using the internalisation wizard- Part I. All the gallery images all show BF, CD11b (red), Zymosan 
(blue), GFP (green) and CD11b/Zymosan overlaid (left to right). All of these pictures were taken using the 
60x magnification lens. The scale bars are in the bottom left corner of the images are 7µM long. A The first 
gate was used to separate cells (right) from unbound zymosan and apoptotic microglia (left). B the next gate 
was used to separate cells that were in focus (right), with a BF gradient RMS value of over 50, from 
unfocused cells (left). C The plot shown here was used to separate infected microglia (CD11b+GFP+; right) 
from non-infected microglia (CD11b+GFP-; left). The ungated portion of this plot (CD11b+GFPlow) contained a 
mixture of NI and GFPlow microglia.  
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Figure 5.21 Representative gallery images taken from the NS shRNA samples describing the stages of 
analysis using the internalisation wizard- Part II. D Assessing the number of zymosan+ cells in the 
CD11b+GFP- microglia fraction. Cells without zymosan had a lower signal intensity and pixel size in this 
channel (left). Microglia that were associated with zymosan could be further separated into having low, mid 
and high levels of zymosan according to the maximum pixel size (right). E The final step in this internalisation 
wizard was to calculate the internalisation ratio. This is defined as the ratio of zymosan intensity inside the 
cell compared to the intensity of the entire cell, the CD11b surface stain was used to denote this in this 
analysis. A positive score indicates zymosan has been internalised (right) and a negative score suggests 
zymosan is outside the cell boundary (left). 

The following figures will present the results of this internalisation analysis from two independent 

experiments. Figure 5.22A show the CD11b/GFP plots generated from first replicate in addition to 

the zymosan positive cell gates and the gates used to determine the level of zymosan associated 

with the cells. The results of these analyses are summarised graphically in Figure 5.22B. The 

percentage of Zymosan- and Zymosan+ (low, mid and high) microglia are summarised in Figure 

5.22B. Here it appeared that NS shRNA viral infection increased the rate of zymosan uptake when 

compared to the non-infected sample. This was not seen in microglia infected with the Spi1 shRNA 

infected microglia which had a higher percentage of zymosan- cells compared to both NS shRNA 
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GFP+ microglia and uninfected cells within the sample. The reduction in zymosan+ cells was more 

apparent in cells with a very high GFP intensity (GFP++), though in the Spi1 shRNA sample there 

was only a small number of cells in this gate. Most zymosan positive cells had a high uptake of 

zymosan. 

 

Figure 5.22 Plots from the internalisation analysis of the first replicate of the phagocytosis experiment. A 
the CD11b/GFP plots used to select separate microglia by GFP expression followed by the gates used to select 
zymosan positive cells, which could then be further subdivided into low, middle and high levels of zymosan. B 
The proportion of zymosan negative (grey) and zymosan+ cells that were considered to have high (red), 
middling (orange) and low (yellow) levels of zymosan in each condition. In all experimental conditions most 
of the zymosan+ cells contain a large amount of zymosan. 
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A similar pattern was observed in the second replicate (Figure 5.23A), where there was a higher 

proportion of zymosan negative cells in the Spi1 shRNA GFP+ microglia compared to the NS shRNA 

GFP+ infected microglia. However in this replicate there did not appear to have such a large 

difference between Spi1 GFP- and Spi1 GFP+ cells. Again, in this zymosan positive population of 

microglia the majority of cells had a high level of zymosan uptake. When the zymosan positive 

cells were pooled together (Figure 5.23B), it confirmed that there were significantly fewer Spi1 

shRNA microglia that have internalised zymosan, compared to NS shRNA microglia (P<0.0001). 

 

Figure 5.23 Final analysis from the second replicate of the phagocytosis experiment. A Again the 
percentage of zymosan+ microglia appears to be higher in microglia that were infected with virus compared 
to non-infected cells. Moreover the NS shRNA GFP+ microglia have a higher proportion of zymosan positive 
cells compared to microglia infected with the Spi1 shRNA virus. A large proportion of these zymosan positive 
cells contained high levels of zymosan. B The percentage of Zymosan positive cells from both replicates (n=2), 
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this confirmed the mean, indicated by the horizontal bar, proportion of cells that internalised zymosan was 
significantly different (One-way ANOVA, P<0.0001). Sidak’s multiple comparison test confirmed this was 
significant in all infected cells (GFP+ ***P<0.001) and became more significant in highly infected cells (GFP++ 
****P<0.0001). There were no significant differences between the uninfected (GFP-) NS shRNA and Spi1 
shRNA microglia, denoted by ns.    

To ensure these zymosan positive events were in-fact the result of a zymosan particles being 

phagocytosed and not just zymosan being bound to the surface of the microglia the internalisation 

ratio was calculated for each sample. As described in section 2.16.2 this was done by dividing the 

intensity of the zymosan signal within the cell boundary by the intensity of the entire cell. If 

microglia have successfully phagocytosed zymosan then the ratio was positive. Figure 5.24A shows 

the internalisation ratios for each sample, as you can see these values were mainly positive and 

therefore suggest much of the zymosan has been internalised. When the percentage of positive 

and negative cells were compared in Figure 5.24B it confirms that the majority of microglia 

associated with zymosan have phagocytosed it. The average internalisation ratios were similar in 

all samples (Figure 5.24C).  
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Figure 5.24 The internalisation ratio and mean zymosan pixel range for the first replicate of the 
phagocytosis experiment. A Example plots from the first experiment showing the positive and negative 
internalisation ratio values (left) and the mean zymosan pixel range for all the samples. B Graphical 
summary of the proportion of internalised zymosan. Over 90 % of all zymosan+ events were a result of 
internalised zymosan. C The median internalisation ratio value for each experimental condition. The ratio 
value does not appear to be altered by viral infection. 
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Similar observations were made in the second repeat of the experiment (Figure 5.25) where the 

majority of zymosan-associated microglia had internalised particles, though neither this or the 

median value of internalisation (positive) appeared to be meaningfully altered between samples. 

When these results were pooled (data not shown) it confirmed there were no significant 

differences between the experimental viruses or NI samples (Two-way ANOVA, P=0.7542). 

 

Figure 5.25 The internalisation ratio and mean zymosan pixel range for the second replicate of the 
phagocytosis experiment. A The majority of zymosan positive events were internalised in all samples. B The 
average internalisation ratio values for each sample were similar across all experimental conditions, 
expected the NI sample where there appeared to be a moderately higher amount on extracellular zymosan. 

Taken together these results suggest that during the incubation time microglia were able to 

internalise opsonised zymosan. Spi1 knock-down did not completely prevent microglia from being 

able to engulf zymosan or limit the number of internalised particles. However there was a smaller 

proportion of zymosan positive Spi1 shRNA infected microglia compared to NS shRNA infected 

cells, approximately 10 % lower in each replicate. Thus, it appeared that in this assay Spi1 knock-

down may have impacted the ability of microglia to effectively detect or bind zymosan particles, 

but did not impact the rest of the phagocytotic process. 

5.2.6 Comparison to human IGAP dataset 

The aim of this part of the thesis was to determine the impact of altering PU.1 protein levels on 

microglia gene expression. As discussed in section 1.4.2.2 of the introduction Spi1 was one of 

several LOAD genes have been shown to impact microglia gene expression and physiology 

[230,232,233]. Others have proposed that Spi1 likely binds upstream of other AD-related risk 

genes [230,231]. Therefore it was proposed that sets of differentially-expressed genes from the 
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Spi1 knock-down and Spi1 over-expression datasets generated in this thesis should be tested for 

enrichment of association signal in the International Genomics of Alzheimer’s Project (IGAP) 

dataset [3], this work was carried out by Dr Peter Holmans as described in section 2.15.4.1. The 

Spi1 RNA-Seq datasets were split into different gene sets according to the adjusted P-value for 

differential expression and Table 5.6 summarises the results of this analysis. 

 

Table 5.6 Summary table of MAGMA analysis comparing the RNA-Seq datasets created in this thesis to 
IGAP data. The P-adj Threshold is the adjusted P-value cut-off used in the analysis of the RNA-Seq datasets. 
The number of genes in the analysis following these cut-offs are also shown here. The enrichment effect/β 
value states if the gene sets (each row) have more significant genes in the IGAP dataset. A positive value 
means yes and a negative value no. †Corrected for multiple of multiple overlapping gene sets using MAGMA. 
*Indicates a corrected P-value of <0.05. 

For this analysis the null hypothesis stated that the association between the Spi1 RNA-Seq gene 

lists, determined by a P-adj threshold, did not have a stronger association than an average gene 

list containing genes outside of these sets. The question this analysis asked was if the genes from 

the Spi1 KD and OE datasets were considered to be enriched in the IGAP dataset. The IGAP dataset 

contains lists of variants and other genes that have been associated with AD pathology. Table 5.6 

demonstrates that the set of 21 genes in the Spi1 over-expression P-adj 1x106 gene set were 

enriched in this AD association gene set.  

The positive enrichment effect (β) suggested that the Spi1 over-expression data appears enriched 

in signal from the IGAP data, whereas the Spi1 knock-down data was not. This IGAP association 

was strongest when the most stringent threshold (α =1 x 106) was applied to the Spi1 over-
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expression data, giving a list of 21 genes, and was significant after correcting for multiple testing of 

14 gene sets in MAGMA (corrected for multiple testing P-Value = 0.0355). However, nominally-

significant associations were also observed at other thresholds. When these genes are plotted on 

a volcano plot (Figure 5.26) it shows that these 21 highly significant genes also appear to contain 

several genes with high log2 fold-change values, and these tended to show increased expression. 

 
Figure 5.26 Volcano plots comparing distribution of genes in the Spi1 OE dataset. The left plot indicates all 
data with an adjusted P value of < 0.05 and the right plot indicates the gene distribution when using 
threshold of P-adj < 1x106. This data shows that the most significant genes (P-adj < 1x106) also seem to 
contain some genes with the highest fold changes.  

The complete list of the 21 gene-set that was significantly associated with the IGAP dataset can be 

seen in Table 5.7. These 21 genes were differentially expressed in the Spi1 over-expression dataset 

and had an AD risk SNP that was contained within the IGAP dataset. Not all of the genes listed 

reached GWAS significance in the IGAP dataset, normally defined as a P-value of <5x10-8 [3], 

though there were still several genes with moderately significant P-values. The Log2 fold-change 

values were provided from the Spi1 OE RNA-Seq dataset to see how an increased Spi1 impacted 

the expression of these genes.  

Of the 21 genes listed in Table 5.7 Ifit2, Oas1 and Oas2 were linked to interferon signalling and the 

immune response to virus, perhaps unsurprisingly considering the Spi1 over-expression pathway 

analysis [363,364]. Interestingly the Ptger2 gene, which was the only gene in this list with a 

negative fold-change, encodes the Prostaglandin E Receptor 2 (PGE2) and has been linked to AD 

pathology. In vivo mouse experiments have shown that the Pge2 receptor is involved in the 

microglia damage response [365] and AD model mice that were Pge2 deficient had a reduced lipid 

peroxidation and amyloid-β load [366]. Given that a higher Spi1 expression is associated with an 

increased AD risk [4,230] it seems odd that Spi1 over-expression would result in a reduction of the 

Pge2 receptor which has been linked to pathophysiological changes in AD. This could be 

investigated by quantifying Pge2 protein expression and comparing this to mRNA changes in the 
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Spi1 knock-down dataset. With regards to antigen presentation and the adaptive and innate 

immune responses there were three linked genes PECAM1, RNF144B and TREML4 [367–369]. 

Another gene, ZNF366 which had a log2 value of over 5, is known to recruit histone-deacetylases 

to repress gene transcription [370]. Taken together these results suggest that increasing Spi1 

mRNA/PU.1 protein expression in microglia results in a wide range of effects on microglia 

phenotype. 

 
Table 5.7 The 21 genes that had an adjusted P-value of <1x106 that were significantly associated to the 
IGAP dataset. 

In conclusion this comparison demonstrated that forcing Spi1 over-expression in this in vitro 

model, to a level where PU.1 protein was approximately doubled, caused gene expression changes 

that aligned to several genes in the human LOAD genetic risk dataset. The expression of most of 

these genes was increased by Spi1 over-expression. This analysis demonstrated that even 

moderate increases to Spi1 expression levels can cause meaningful changes to microglia gene 

expression. Moreover, this confirmed that Spi1/PU.1 was a good target to study in AD 
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pathophysiology as the changes seen in this in vitro murine study seem to correlate to human 

genetic data, suggesting this model could be used to mimic changes to microglia in human AD 

pathophysiology. 

5.3 Discussion 

In this chapter it has been demonstrated that alterations to the level of the PU.1 transcription 

factor changes the expression of lots of genes. In this experimental model the aim was to 

moderately change PU.1 protein levels to try and better model physiological changes to gene 

expression that might occur as a result of expressing a risk SNP. 

5.3.1 Summary of main findings  

 Firstly, it was confirmed that PU.1 protein expression was reduced in microglia by an average of 

60-70 % by the Spi1 shRNA virus and increased between 50-200 % by the Spi1 pSIEW virus. While 

there were changes to gene expression appeared to smaller in Spi1 shRNA samples. In contrast, 

alterations at the protein level were often larger, especially in the Spi1 knock-down dataset, which 

was seen for both the PU.1 and Iba-1 proteins. There were also changes to the P2ry12high subset of 

microglia that matched the Spi1 shRNA samples. In the Spi1 example it was possible that the Spi1 

shRNA knock-down did not have as large an impact at the mRNA level because the shRNA acts to 

block translation rather than transcription. As previously discussed qPCR is a sensitive technique 

that is vulnerable to being skewed by small changes to the measured gene or endogenous control 

genes [346,347]. However mRNA was also measured with RNA-Seq which is known to be a more 

robust technique [371] and these results correlated to protein changes. 

While the mRNA data includes all infected (GFP+) microglia it has been determined that microglia 

that had a higher expression of the GFP viral reporter had more extreme changes to the protein 

levels (Figure 5.7 and Figure 5.9). Thus, if the mRNA expression profiles could also be categorised 

according to their GFP expression there may also be larger changes at the mRNA level. This could 

be measured experimentally by splitting these microglia cultures into GFPlow and GFPhigh subsets 

using flow cytometric sorting and then performing qPCR analysis on the separate fractions. 

However, this approach would have been more demanding technically, requiring many more 

infected microglia to ensure there were enough cells to gain a sufficient RNA for this analysis. 

The PCA (Figure 5.5) showed that that while the Spi1 experimental viruses were different, as 

expected, there were differences between the NS shRNA and pSIEW control viruses. This was likely 

due to the differences in the plasmid, the NS shRNA virus still results in the production of an 
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shRNA which can be interpreted as a viral stimulus [372]. Given that each Spi1 virus was always 

compared to its own relative control virus the difference between the control plasmids was not 

considered to meaningfully impact the results. It was found that there were a large proportion of 

genes that had altered expression values in both Spi1 RNA-Seq datasets.  

The work in this thesis identified 162 Spi1 dose-sensitive ‘core’ genes which appeared to be 

expressed by microglia in a PU.1 dose dependent manner (Figure 5.3-Figure 5.4). This was 

supported by clustering analyses. The fold-change clustering analyses in Figure 5.14 demonstrated 

genes that were upregulated in one dataset were downregulated in the other dataset. Moreover 

the FPKM clustering analyses identified a ‘core’ gene cluster that was reduced in the Spi1 knock-

down dataset and increased in the Spi1 over-expression dataset (Cluster 5; Figure 5.16). Pathway 

analyses of this gene cluster suggests these genes map onto interferon signalling and the immune 

response to viruses. Taken together this suggests was a ‘core’ set of immune defence genes that 

were changed according to the dose of Spi1/PU.1.  

While this could be due to the experimental approach taken to increase and knock-down Spi1 

expression with viruses this was unlikely to be the sole cause for these differences. Firstly, for both 

the Spi1 knock-down and Spi1 over-expression datasets were assessed relative to their own 

control viruses to try and minimise any effects that were due to viral infection alone. Also these 

pathways were not as significantly associated in the Spi1 knock-down data which suggests these 

pathways might not be solely due to the experimental design. Upstream analyses of both datasets 

(Figure 5.15) suggests IRF3, IRF7 and STAT1 were all upregulated in the Spi1 over-expression 

dataset but downregulated in the Spi1 knock-down dataset. Moreover PU.1 has been shown to 

link to directly link to member 4 of the interferon regulatory family (IRF) [373] to induce 

production of the IL-1β cytokine [277] which is known be secreted from virally infected cells [374]. 

Recent work has shown that IRF7 is critical to the type I interferon response, and is increased in 

post-mortem tissue of AD patients [375]. Therefore the upregulation of these pathways could be 

due to an increased Spi1/PU.1 expression rather than the viruses used in the experiment.  

Both Figure 5.3 and Figure 5.16 (Cluster 3) suggested that some genes were only detected in the 

Spi1 over-expression dataset. When this gene list was analysed using IPA and DAVID it appears 

that the pathways activated in this cluster were likely involved in the activation of helper T-cells 

and antigen presentation. Further IPA investigation suggests a lot of these changes were mediated 

through MHCII complex and IRF3/IRF7 signalling. Another study human glia-cultures also found 

genes under the control of the PU.1 transcription factor were also found to be linked to the 
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antigen presentation pathway [233]. However the tissue used for these cultures came from 

patients undergoing operations for another condition, such as a brain-tumour or epilepsy, both of 

which are known to impact microglia function (reviewed in [376] and [42] respectively). Therefore, 

the microglia in these cultures were likely already altered before PU.1 protein levels were 

artificially reduced. In addition to this microarray analyses are known to have several 

disadvantages over RNA-sequencing. RNA-sequencing data is not limited to known transcripts, as 

microarrays are, and can therefore be re-visited again and again. Additionally, RNA-sequencing 

studies have been found to better associate with protein changes than microarray studies [377]. 

Work by Gjoneska et al. has advocated that AD mouse models provide useful genomic information 

about AD pathology in humans, especially when concerning a highly conserved transcription factor 

like PU.1 [70]. In conclusion, the RNA-Seq data gained from this thesis still have merit despite the 

aforementioned studies which undertook similar approaches to investigate the role of PU.1 in 

microglia [230,233].Given PU.1 has a known role in chromatin remodelling in multiple immune cell 

types [31–33; reviewed in 33] it is possible that macrophage PU.1 levels link both the innate and 

adaptive immune system. 

The largest gene cluster (Cluster 2, Figure 5.16) consisted of genes that were upregulated in the 

Spi1 shRNA samples compared to NS shRNA control but were unchanged in the Spi1 over-

expression dataset. Both IPA and DAVID biological pathway analyses identified a large proportion 

of the genes were related cell cycle control, DNA replication, DNA damage and cancer-related 

pathways. While IPA analysis was unable to predict if the cell cycle pathways were changed, DNA 

damage/repair pathway activation was predicted to be activated in the Spi1 knock-down dataset. 

These in silico results were unsurprising as it has been previously published that an short 

interfering RNA (siRNA) targeting PU.1 could reduce protein levels by ~70 % and reduced the cell 

number in human microglia cultures [232]. Therefore, ki67 antibody staining was used to 

investigate if there were any changes to the proliferation when the PU.1 transcription factor was 

reduced (Figure 5.18). There were no obvious changes to the proportion of cells in each phase of 

the cell cycle following infection with the Spi1 shRNA or Spi1 pSIEW virus. However, the NS shRNA 

infected cultures did seem to indicate there could be a reduction in the percentage of S/G2/M 

microglia, possibly resulting from viral infection, which was lost in Spi1 shRNA infected microglia. 

While these changes did not reach statistical significance, there are several potential explanations.  

As the reduction in PU.1 protein was moderate (averaging 65 %) it was possible that this was not 

enough to alter microglia proliferation. Moreover the addition of TGF-β to the culture media may 
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have an impact on microglia proliferation, as previous studies have shown that TGF-β can supress 

M-CSF/IL-34 induced proliferation in vitro in a dose dependent manner [341,342]. In all 

experimental conditions there were a small number of ki67+ microglia suggesting TGF-β may be 

causing a lower rate of microglia proliferation, masking the impact of a Spi1 reduction. Given that 

TGF-β was added to these cultures to help mimic in vivo microglia phenotype [154] which have 

relatively low rate of proliferation, as discussed in section 1.3.1 of the introduction. Thus, if 

microglia proliferation was already limited by the presence of TGF-β then Spi1 shRNA infection 

may not be able to further reduce the rate of proliferation. However, given that the RNA-Seq 

analysis following Spi1 knock-down suggests a multitude of cell cycle related genes were altered it 

is likely that investigating proliferation including other stains, such as 5-ethynyl-2´-deoxyuridine 

(EdU) staining which specifically stains cells in S-phase, could clarify these changes [380].   

As the clustering analysis also implicated DNA damage and repair pathways several times the 

amount of DNA within each cell was investigated to ensure that the Spi1 shRNA infected microglia 

DNA was not being damaged through a cytokinesis failure, reviewed in [381]. Figure 5.19 shows 

there was no evidence of increased numbers of microglia containing large amounts of nuclear 

material, assessed by DAPI staining. However, several papers support the role of PU.1 in 

proliferation [232,255,257] and survival of MØ populations including microglia [7,8,258]. Also as 

previously discussed in section 4.3.1 Spi1 shRNA infected microglia may fail to undergo correct 

cytokinesis, or have an altered expression of survival/apoptotic factors and were lost before 

harvesting. Future experiments observing microglial proliferation and apoptosis following infection 

Spi1 shRNA infection could be assessed using temporal tracking/time-lapse microscopy.  

The phagocytic ability of the Spi1 shRNA infected microglia was also assessed by imaging 

cytometry as reductions to PU.1 protein have been shown to reduce the phagocytic ability of 

microglia multiple times [230,232]. On average microglia infected with the Spi1 shRNA virus had a 

10 % larger population of zymosan negative cells than NS shRNA infected samples (Figure 5.22 and 

Figure 5.23). Given the differences observed between the non-infected and NS shRNA infected 

samples it could be that shRNA viral infection activates/primes microglia for phagocytosis and the 

Spi1 shRNA prevents this activation.  

While still present, the Spi1 shRNA mediated reduction in phagocytosis appeared to be smaller 

than those presented in the literature [230,232]. This is likely due to the different experimental 

approaches. Smith et al. (2013) investigated the phagocytosis of Aβ over a 24-hour period in 

human cultured microglia with a 70 % reduction of PU.1 [232]. Another paper also used labelled 
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zymosan in BV-2 mouse microglia cells and exposed the cultures for a longer time, 3 hours [230]. 

As shown in the preliminary work (figure 15B) opsonised zymosan is quickly internalised by 

microglia and therefore a 1-hour incubation is more than sufficient time for phagocytosis to have 

occured.  

An imaging cytometer approach combines the advantages of assessing proliferation by either 

immunofluorescence [232] and flow cytometry [230] meaning these results may provide a more 

accurate assessment of impact of Spi1 reduction on phagocytosis in vitro. Another advantage of 

this approach is that phagocytosis could be assessed over time in live microglia. It could be a 

useful to determine if Spi1/PU.1 knock-down affects the ability of microglia to detect zymosan, 

continuously engulf zymosan or if any fluorochrome signal is lost following phagocytosis.  

The final part of this chapter tested sets of genes differentially expressed in the Spi1 knock-down 

and Spi1 over-expression RNA-Seq datasets for enrichment of AD association signal in the IGAP 

consortium GWAS data [3]. The Spi1 knock-down data did not show enrichment of signal in the 

IGAP data, whereas a significant enrichment of IGAP signal was observed in a set of 21 genes with 

highly significant expression-alterations in the Spi1 over-expression dataset.  

Of particular interest were the genes linked to interferon signalling, such as Oas1, Oas2 and Ifit2. 

The Oas family are induced by both interferon and double-stranded DNA as part of a viral immune 

response [382]. In APP/PS1 model mice the type-I interferon signalling response is thought to be 

activated and result in neuroinflammation [375]. Ifit2 has been shown to be upregulated, 

alongside other genes related to the type-I interferon response, in APP/PS1 mice compared to 

wild-type controls [383]. Moreover, a single-cell sequencing analysis of microglia isolated from 

APPNL/G/F model mice identified a cluster of interferon responsive microglia which were enriched 

for genes like Ifit2, Oasl2 and Irf7 [384].  

The possibility remains that the induction of type-I interferon genes such as Oas 1 [385], were 

induced as a result of the use of lentiviruses in these cultures. However as the pathways appeared 

to be significantly changed by Spi1 over-expression but not Spi1 knock-down this suggests that 

increases in Spi1 may result in the activation of an interferon-response gene network and thus 

could contribute to neuroinflammation, though further experiments would be required to confirm 

this is accurate.  

In addition, the correlation between Spi1 over-expression in mice and GWAS data from humans, 

suggests this experimental model could be used to understand more about AD disease biology. 
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The suggestion that there may be a common pathway in microglia resulting in AD pathology has 

been previously proposed by [386] where PU.1 is one of three transcriptional effectors. This 

analysis suggests that increased levels of Spi1/PU.1 may also result in the transcription of several 

other LOAD risk genes.  

5.3.2 Conclusions and Future Work 

To conclude this chapter has validated the experimental model set-up in Chapter 4 and shown that 

physiologically relevant changes Spi1/PU.1 levels has meaningful impact on gene transcription. 

The changes to several of these genes was confirmed at protein level. Pathway analysis of these 

two RNA-Seq datasets led to pilot experiments examining the impact of Spi1 knock-down on 

proliferation and phagocytosis. The effects seen in these assays were quite mild though, and 

several improvements could be made to the experiments. The proliferation assay could be 

repeated with EdU staining, with a lower level of TGF-β to see if this was a limiting factor in 

determining the effect of PU.1 knock-down on proliferation. 

Phagocytosis could be assessed in a temporal manner with live microglia using fluorescently 

labelled Aβ, which is a more endogenous stimuli for microglia and would therefore provide a more 

physiologically relevant measure of the phagocytic response of these microglia. 

Analysis of the Spi1 over-expression dataset suggested that higher levels of PU.1 trigger a viral-like 

immune response in microglia. Using a higher expression of Spi1 by either increasing the amount 

of Spi1 pSIEW virus used or inserting the Spi1 sequence into a fusion plasmid could help determine 

if these pathways are being activated by the virus or increases to PU.1. This would provide a 

Spi1high dataset into addition to the Spi1 over-expression dataset already generated.  

Given how the level of virus infection can impact PU.1 protein levels in this culture system (Figure 

5.7) could be assessed using a single-cell approach. When this thesis was undertaken Drop-seq 

single-cell sequencing platforms, such as the 10x Genomic system, could not sequence microglia to 

the depth desired for this analysis. However, since then these single-cell analysis platforms have 

been improved, and Drop-seq approaches could be combined with the RNA-Seq datasets 

generated in this thesis to form a more complete picture of Spi1 mediated changes. 

However, the main focus of future work should involve adapting this culture system to measure 

Spi1 expression changes caused by the Spi1 risk SNPs discussed in section 1.5.3 of the introduction 

to see if there are alterations to PU.1 protein. It would be interesting to compare the SNP related 
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changes to PU.1 expression to the changes artificially generated by the Spi1 shRNA and Spi1 pSIEW 

viruses to see if they are on the same level.  

As there are several Spi1 over-expression transgenic mice in development at the moment and a 

longer-term goal would be to use single-cell sequencing study freshly isolated microglia from these 

mice, as it would negate any potential transcriptome changes resulting from viral infections or 

from culturing microglia. These Spi1 over-expression mice could also be bred to AD models to see 

if AD pathology is accelerated when Spi1 is increased in microglia, and potentially to see at what 

point within the disease progression a higher level of Spi1 has an impact. More specifically to this 

thesis, these Spi1 over-expression mice could provide a more accurate model in which to study 

how increased microglial Spi1/PU.1 levels may impact the adaptive immune system, which was 

highlighted in the Spi1 over-expression dataset created in this thesis. 
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Chapter 6  Investigating the 

function of ABI3 in 

Macrophages 
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6.1 Introduction 

Recently a rare mutation in ABI family member 3 (ABI3), also known in the literature as NESH, was 

associated with an increased risk of developing LOAD [5]. RNA-sequencing data from mice and 

humans confirmed that ABI3 expression is high in some MØ populations, especially high in 

microglia [248,387]. This has been ratified by ABI3 immunohistochemical staining, which 

confirmed a high expression in human microglia [244,291].  

As previously discussed in section 1.4.2.2 chemotaxis and phagocytosis in microglia and MØs rely 

on actin cytoskeleton reformation. The WASP and WAVE family are known to regulate many of 

these rapid actin cytoskeletal changes, as reviewed in [288]. Multiple studies have shown that 

stimulation of the mouse MØ cell line BAC1.25F with M-CSF resulted in podosome formation, 

which are small actin rich protrusions that aid cell motility [388,389]. In Bone-Marrow Derived MØ 

(BMDM) a reduction in WASP prevented M-CSF-induced podosome formation and chemotaxis 

[390]. In 2005 Kheir et al. measured all three WAVE proteins in BMDM and the mouse MØ RAW 

cell line by qPCR and found WAVE-2 was predominantly expressed in MØs, though some WAVE-1 

was also measured. Immunohistochemical staining confirmed that WAVE-2 localised to the f-actin 

protrusions produced by M-CSF stimulation [289]. Blocking WAVE-2 function with antibodies or 

RNA interference prevented the formation of these podosomes and migration. No deficits were 

seen in Fcγ-R mediated phagocytosis which suggests that another WASP/WAVE family member 

may also mediate this function [289].  

The Abi family consists of 3 members; Abi1, Abi2 and Abi3 which individually bind to WAVE2 to 

form part of the WAVE Regulatory Complex (WRC) [284]. Abi3 has been shown to have a 

functionally exclusive role compared to Abi1 within the WRC [245]. Abi1 phosphorylates the WRC 

allowing translocation of the protein complex to the cell surface, where actin reformation is 

induced [245,284]. Reducing Abi1 via shRNA within BMDM and the RAW cell line had a similar 

effect, that down-regulating WAVE-2, a reduction in actin protrusions and migration following M-

CSF stimulation [289]. 

In contrast Abi3 is not thought to phosphorylate the WRC and therefore prevents WRC from 

translocating to the surface of cells [245,284]. However very little is known about how Abi3 

functions when expressed at physiological levels in MØ and microglia. Some insight has been 

gained from reports in cancer research where forced over-expression of Abi3 was found to be 

reduced in malignant cancer cells [295] and forced over-expression of ABI3 reduced motility and 

cancer cell growth [11,295].  
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It is possible that a high Abi3 expression in MØs may lead to a similar phenotype to cells with a 

reduced Abi1 expression, where WAVE2 is not able to translocate to the cell surface resulting in a 

lack of F-actin protrusions and migration following an external stimulus. It was hoped that 

investigating MØs in the recently developed B6N(Cg)-Abi3tm1.1(KOMP)Vlcg/J (Abi3 KO) mouse colony 

would enable a better understand the functional role of Abi3 in MØ.  

Hence the purpose of this chapter was to investigate phenotypic alterations in of peritoneal MØs 

(PMØ) and custom HoxB8 conditionally-immortalised CD117+ bone marrow precursor (MØP) cell 

lines derived from the Abi3 KO mice. When these MØP cell lines are differentiated by withdrawal 

of oestrogen and the addition of M-CSF they phenotypically resemble BMDM [304]. As 

summarised in Figure 2.2 Abi3 KO mice were generated by removing exons 2-8 of the Abi3 gene 

and inserting a β-galactosidase coding sequence from the E.coli LacZ gene to act as a reporter to 

confirm Abi3 deletion [299]. 

Therefore, this chapter aimed to assess the usefulness of the Abi3 knock-out mice and perform 

basic phenotyping and exploratory functional experiments on MØ populations. This was achieved 

by: 

▪ Confirming the loss of Abi3 by PCR and expression of LacZ reporter in pMØ and 

conditionally-immortalised MØP cell lines. 

▪ Comparing the number of pMØ in Abi3 KO mice compared to controls and pilot 

experiments assessing pMØ adhesion and phagocytosis. 

▪ Performing initial assessment of undifferentiated and differentiated Abi3 KO and Abi3 WT 

MØP cells, including: 

o Measuring Abi3 expression in these cell lines 

o Measuring expression of key MØ surface receptors CD11b, CD45 and MHCII  

o Assessing proliferation in MØP cells and M-CSF differentiated MØP cells 

o Assessing impact of Abi3 on M-CSF depletion and stimulation in M-CSF 

differentiated MØP cells. 
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6.2 Results 

The first results will focus on the work done in freshly isolated pMØ from mice before moving onto 

discuss the MØP cell lines in the second results Section.  

6.2.1 Evaluating Abi3 KO mice breeding 

The original B6N(Cg)-Abi3tm1.1(KOMP)Vlcg/J (Abi3 KO) mice purchased from the Jackson Laboratory 

were newly generated by the JAX KOMP2 program and were heterozygous (HT) null for Abi3. 

Therefore, the offspring from the first HT-HT breeding pairs were closely observed for any physical 

abnormalities. Having confirmed that Abi3 KO mice appeared phenotypically normal and were 

indistinguishable from Abi3 HT and Abi3 WT mice the mice were then bred as separate Abi3 KO 

and Abi3 WT lines to prevent excessive culling. Throughout these experiments the Abi3 WT and KO 

mouse colonies were maintained for over 8 months and during this time only one pup was culled 

due to a physical abnormality (hydrocephalus; genotype unconfirmed). Therefore, a lack of Abi3 

did not obviously impact the ability of the mice to breed, though many these mouse experiments 

there were no Abi3 WT mice available so other mice were used as controls. In these experiments 

the control strain will be clearly stated. While the C57BL/6NJ mice are recommended control with 

control mice it was not cost effective to order in these mice [299]. Therefore C57BL/6J mice, 

another C57BL/6 substrain, were often used as controls in these experiments, whilst waiting for 

the Abi3 WT colony to stabilise.  

6.2.1.1 Confirming Abi3 KO in pMØ 

Abi3 expression data collected from the Immgen GeneSkyline RNA-Seq database [248] showed the 

Abi3 mRNA was expressed in pMØs and microglia (Figure 6.1A). Additional support for Abi3 being 

expressed in pMØ came from a single-cell sequencing study performed on a peritoneal lavage by 

another group member (Dr Ipseiz, 2018 unpublished). The t-SNE plots in Figure 6.1B-C show that a 

proportion of pMØ, identified by F4/80 and Tim4 mRNA expression, express Abi3 with a log2 fold-

change of over 2. As single-cell sequencing is not very in-depth with approximately 2,000 genes 

detected in each cell it is possible that Abi3 is expressed in all pMØ but the technology is not 

sensitive enough to detect this. Despite this, the single-cell sequencing results suggest that Abi3 

should be detectable in lavages. Therefore the Abi3 KO model was first assessed in pMØ which are 

an accessible population and have a reasonably high despite Abi3 gene expression. 
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Figure 6.1 Abi3 expression in primary murine Macrophage populations as shown by RNA-Seq. Part I- A 
Abi3 expression values taken from the Immgen RNA-seq Gene Skyline database, as normalised by DESeq2. 
This graph clearly shows that while ABI3 is expressed in most macrophage tissues, including peritoneal 
macrophages (pMØ) it is most highly expressed in microglia. B Single cell sequencing of a lavage taken from 
a Wild-Type Gata6tm2.1Sad/J male aged 8-10 weeks performed on the 10x Genomics Single Cell Sequencing 
platform by another group member Dr Ipseiz. F4/80 and Tim4 mRNA expression was used to determine the 
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resident pMØ population. The colour scale for each plot were indicated below. C pMØ separated into cells 
with an Abi3 mRNA expression log2 fold change of >2 and <2. The t-SNE plots in part B and C were generated 
using the Loupe Cell Browser. The results presented in B and C were from one experiment and n=1 mouse. 

To determine if Abi3 was sensitive to the level of Spi1 expression the Abi3 FPKM values from each 

experiment in the RNA-Seq datasets were plotted in Figure 6.1D. There was no observed 

difference in Abi3 expression between the Spi1 experimental groups (filled) compared to the 

respective experimental controls (outline). This suggests that the changes to Spi1 expression 

resulting from these lentiviruses did not alter the level of Abi3 gene expression. However further 

experiments would be required to determine if the level of Abi3 is completely independent of 

Spi1/PU.1.  

 

Figure 6.2 Abi3 expression in primary murine Macrophage populations as shown by RNA-Seq. Part II- D 
Abi3 expression FPKM values from both the Spi1 knock-down (blue) and Spi1 over-expression (green) RNA-
Seq datasets. There were no significant differences between the Spi1 lentiviral manipulations and the 
respective control viruses.  

Thus, genomic DNA was extracted from peritoneal lavages taken from Abi3 WT, HT and KO mice. 

This DNA was used as a template for two PCR reactions. Figure 6.3A shows that the first set of 

primers were designed to target exon 8 of the Abi3 gene which was intact in the Abi3 KO mice, 

while the second PCR reaction utilised primers targeting exons 5-7 which was expected to be 

removed in Abi3 KO mice.  

Figure 6.3B shows the bands resulting from these PCR reactions using genomic DNA. All three 

samples produced a strong band for exon 8 whereas the band produced by exons 5-7 was only 
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present in the Abi3 WT and Abi3 HT samples. This PCR confirmed that exon 5-7 appeared to be 

absent in the Abi3 KO mice. Despite exon 8 being detectable at the genomic level in the Abi3 KO 

mice it was unlikely to result in the formation of a truncated protein as the poly-A-tail was inserted 

after the β-galactosidase sequence should terminate transcription before exon 8. 

 

 

Figure 6.3 PCR to show the lack of ABI3 exons 5-7 in DNA extracted from lavage cells. A Diagram 
summarising the layout of the Abi3 KO gene in comparison to the WT Abi3 gene. In the Abi3 KO mice exon 1 
is partially deleted and exon 2-7 were completely removed. The LacZ coding sequence for the β-galactosidase 
gene (green) was inserted in this space, followed by a Poly-A-tail (purple) to terminate transcription. To 
measure this removal one set primers were designed to target exon 8 (blue) which should be intact in both 
Abi3 KO and WT mice, while the second set of primers (red) were targeting exons 5-7 which should not be 
present in the Abi3 KO mice. B Genomic DNA was used in both these reactions. Exon 8 was detected by PCR 
in the WT, heterozygous mutant (HT) and ABI3 KO (KO) samples producing a band of the expected size of 
~296 bp. Meanwhile the band denoting the presence of exon 5-7 (~766 bp) was only present in the WT and 
heterozygous (HT) samples. The strength of the band also appears to be weaker in the HT sample, most likely 
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due to their being half the template available. The 100 bp DNA ladder can be seen on the far-right lane 
(Promega). Taken together this further confirms ABI3 was successfully knocked-out in the peritoneal cavity of 
these mice.  

The expression of LacZ β-galactosidase in the Abi3 KO mice was confirmed in pMØ by both 

immunohistochemistry (IHC) and flow cytometry. Flow cytometric analysis of β-galactosidase 

activity in lavages taken from these Abi3 KO mice suggested not all pMØ express Abi3 under 

resting conditions. In this assay β-galactosidase positive cells processed the fluorescein di-V-

galactoside (FDG) substrate into fluorescein which was detected by flow cytometric analysis. To 

reduce any signal from endogenous lysosomal β-galactosidase activity the cells were pre-treated 

with chloroquine diphosphate as per manufacturers instruction (Molecular Probes). As the FDG 

substrate was loaded onto the cells through hypotonic shock propidium iodide (P.I.) was used to 

remove dead cells from the analysis. 

Figure 6.4A shows the gating used in this experiment to select F4/80+Tim+ or F4/80+Tim4- pMØ 

subsets to discriminate cells with processed fluorescein, which required cleavage by β-

galactosidase. The flow plots shown in Figure 6.4B show that β-galactosidase processed 

fluorescein was detected in a proportion of Abi3 KO pMØ. Figure 6.4C shows that FDG is mainly 

processed in Abi3 KO mice, where C57BL/6J control mice had very little β-galactosidase activity.  
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Figure 6.4 Detection of LacZ reporter in primary pMØ macrophages – Part I A LacZ activity was also 
detected through the use of Flow-cytometry. The cells were loaded with the FDG substrate which is 
processed by LacZ/B-galactosidase to give a fluorescent signal. The plots shown here were pre-gated on 
F4/80 and Tim4 antibody staining to isolate pMØ and show this lacZ activity (x-axis) against the dead cell 
marker propidium iodide (y-axis). The LacZ expressing population was easily identifiable, though there does 
appear to be a small population of macrophages in the WT samples which express endogenous B-
galactosidase or have a high level of autofluorescence. Due to the sensitivity of the flow cytometry assay 
chloroquine diphosphate was used to try and minimise detection of endogenous galactosidase activity. B A 
representative plot showing that Tim4-F4/80- (unstained) cells lack processed FDG signal, whereas pMØ both 
have strong FDG signalling. Data from one mouse. C Plots showing the signal from processed FDG (green 
gate) against the live/dead cell marker P.I. for the Tim4+F4/80+ pMØ populations from all mice used in this 
experiment (n=3 per group) 6-week males. This experiment was performed once in Abi3 KO mice, though 
similar observations were made with older experiments using Abi3 HT mice (data not shown).  

The proportion of pMØ with processed FDG, indicating β-galactosidase activity, were quantified 

(Figure 6.4D). In both pMØ subsets the average percentage of cells with β-galactosidase activity 

was ~15 %. The percentage of processed FDG+ cells was significantly higher in both the 

F4/80+Tim4- (Unpaired Welch’s Two-tailed T-Test P=0.0044) and F4/80+Tim4+ (Unpaired Two-tailed 

T-Test P=0.0007) pMØ populations. An independent experiment confirmed FDG was processed in 

the pMØ of two female Abi3 KO mice, and not in matched C57BL/6J control mice (Figure 6.4E). 
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Figure 6.4 Detection of LacZ reporter in primary pMØ macrophages – Part II D The percentage of 
fluorescein positive cells resulting from processing of FDG in both C57BL/6J and Abi3 KO samples of the Tim4- 
(Two-tailed unpaired t-test with Welch’s correction P=0.0044) and Tim4+ (Two-tailed unpaired t-test 
P=0.0007) respective pMØ gate. Each experimental group contained 3 mice (n=3; 6-week-old males) the 
mean is indicated by the horizontal black line and the error bars denote the standard deviation. E A separate 
experiment assessing the percentage of pMØ with processed FDG+ cells. Each group contained n=2 10-week-
old female mice. The horizontal bar indicates the mean. The results presented in part D and E were from two 
independent experiments. **P<0.005 and ***P<0.001.  

LacZ β-Galactosidase expression was also assessed by immunohistochemistry. The LacZ staining 

experiment performed by Elena Simonazzi, though all images and analyses were were performed 

by myself. 
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Figure 6.5 Detection of LacZ reporter in primary pMØ macrophages – Part I A ABI3 KO cells should express 
LacZ in the place of Abi3 exons 2-7. Images taken after staining with the β-galactosidase detection kit 
(Sigma). Lavage cells were isolated from mice and cultured in RPMI media overnight to allow cells to adhere 
onto coverslips before fixation and staining with the detection substrate for 2 hours. The presence of LacZ is 
indicated by a blue colour, cells with a darker blue having a higher expression. The dark blue lacZ staining 
was only present in the Abi3 KO mice (right images) and not in the age and sex matched Spi1-ERT controls 
(left images). As mentioned in Chapter 4 Spi1-ERT mice were generated by breeding B6;129-Spi1tm1.2Dgt/J to 
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the B6.129P2(C)-Cx3cr1tm2.1(cre/ERT2)Jung/J mouse colony and only had endogenous β-galactosidase expression. 
The presence of LacZ does not appear to be ubiquitous in all these cells. The pictures above were taken from 
2 female Spi1-ERT mice were 12 weeks old and 2 female Abi3 KO mice were 10 weeks old at 20X 
magnification using the Zeiss Apotome Axio-Observer Microscope. The staining for this experiment was 
performed by Elena Simonazzi.  

Figure 6.5A shows that β-galactosidase was present in the Abi3 KO mice which was represented by 

a blue stain. No blue cells were observed in the control Spi1-ERT mice (Figure 6.5A; left). In both 

these images the adhered cells had a morphology indicative of pMØ. However not all the cells in 

the Abi3 KO mice were stained for β-galactosidase activity. When the number of blue cells (β-

galactosidase+) in the Abi3 KO mice was quantified it was observed that an average of 30% of the 

cells were stained blue (Figure 6.5B).  

 

Figure 6.5 Detection of LacZ reporter in primary pMØ macrophages – Part II B The percentage of β-
Galactosidase stained (blue) cells calculated from the field of view. 5 pictures were taken from each Abi3 KO 
mouse sample to give 5 technical replicates per mouse (n=2; 10-week-old females). The horizontal lines 
indicate the mean value and the error bars show the standard deviation.  

The next experiments measured Abi3 using qPCR to confirm Abi3 mRNA was not produced in the 

Abi3 KO mice. The qPCR primers were designed to bind at the exon 1/exon 2 boundary site, 

meaning that Abi3 expression could not be detected in Abi3 KO mice lacking exons 2-7. As shown 

in Figure 6.6A Abi3 expression was detected in some lavages taken from Abi3 WT mice but was 

low/undetectable in peritoneal cells from the Abi3 KO mice. Similar results were gathered from 

experiments with C57BL/6J mice (Figure 6.6C). As shown in Figure 6.6B and Figure 6.6D the 

variation in gene expression were likely due to the low CT values for Abi3 mRNA in Abi3 WT and 

C57BL/6J control mice. This suggested that Abi3 mRNA was near the limit of detection by qPCR, 

though this qPCR could be improved by purifying the pMØ population before qPCR or increasing 
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the amount of cDNA in each reaction. However this data suggested there was no Abi3 mRNA 

expressed in the peritoneal lavage cells of these mice.   

 

Figure 6.6 Determining Abi3 mRNA expression by qPCR. In all these experiments Ywhaz was used as an 
endogenous control gene. A Relative gene expression of Abi3 mRNA in lavages taken from Abi3 WT and Abi3 
KO mice. Three Abi3 KO mice had undetermined Abi3 expression, likely due to level of Abi3 mRNA. B The 40-
CT expression values from this qPCR analysis. Again there seemed to be lower average Abi3 expression in 
Abi3 KO mice. There were n=3 undetermined results, likely due to the low expression of the gene in the ABI3 
KO mice as the 40-CT plot shows the YWHAZ mRNA was detectable and was unlikely to be caused by 
degraded cDNA (shown in grey). The data presented here were the results of 2 independent experiments. The 
age range shown here 13-19 weeks, a mix of female and male mice (n=3 female and n=2 male per group). C 
The gene expression values from another experiment where Abi3 was measured in C57BL/6J and Abi3 KO 
mice. D The 40-CT values from this experiment for Ywhaz and Abi3. There mice used in this experiment were 
6-week-old males, n=3 per group. The horizontal bar shows the mean and the error bars the standard 
deviation.  

Taken together these results confirm that the LacZ reporter was expressed in a subset of pMØ in 

the Abi3 KO mice. When combined with the genomic PCR that suggests exon 5-7 had been 

removed, and the qPCR data suggested Abi3 mRNA was not highly expressed in Abi3 KO peritoneal 

lavages. Overall this indicated that the Abi3 KO model was performing as expected. The loss of 
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Abi3 protein could not be confirmed due to a lack of specific commercially available antibodies, 

though antibodies are being developed in-house (data not shown).  

6.2.1.2 Basic Phenotyping in ABI3 KO of pMØ 

To ensure there were no obvious deficits to the pMØ population caused by Abi3 KO in the number 

of cells or proportion of pMØs in the peritoneal cavity was assessed in Abi3 KO and Abi3 WT mice. 

When no Abi3 WT mice were available C57BL/6J mice were used instead as they had a similar 

genetic background. Data taken from the Abi3 KO and Abi3 WT mice were directly compared to 

ensure there were no overt differences in the pMØ populations (Figure 6.7A-D). In summary there 

did not appear to be any differences in the number of pMØ between the Abi3 WT and Abi3 KO 

mice. 

 

Figure 6.7 pMØ Cell Counts from fresh lavages- Part I A The viable cell counts between the age and gender 
matched mice. There were no differences caused by genotype (Two-tailed T-Test P=0.9064) B The percentage 
of pMØ in Abi3 WT and KO mice of all single cells did not significantly differ (Two-tailed T-Test P=0.3638). 
The proportion of F4/80+Tim4- (D) and F4/80+Tim4+ (C) cells of all pMØ was also similar in both the Abi3 WT 
and Abi3 KO cells (Two-tailed T-Tests P=0.5610 and P=0.5322 respectively). In this analysis all mice were 13-
week-old females, and n=3 per group. Again, horizontal bars denote the mean and error bars show the 
standard deviation. The data presented here are from one experiment. 

The number of viable cells from each lavage did not significantly vary between the genotypes 

(Kruskal-Wallis Test, approximate P=0.1207; Figure 6.7E). The percentage of pMØ was also similar 
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in Abi3 WT, Abi3 KO and C57BL/6 mice (Kruskal-Wallis Test, approximate P=0.0488). Statistically 

there was a difference in the percentage of F4/80+Tim4- pMØ (Figure 6.7G; Kruskal-Wallis Test, 

approximate P=0.0335) though Dunn’s multiple comparison test showed the significant difference 

was between the Abi3 WT and C57BL/6J mice (P≤0.05) which is likely due to the small Abi3 WT 

group size. Further comparisons between the Abi3 WT and Abi3 KO mice would be needed to 

determine if this was a true biological difference. There were also differences in the percentage of 

F4/80+Tim4+ cells (Figure 6.7H) between the genotypes (Kruskal-Wallis Test, approximate 

P=0.0.0149), though again multiple comparisons analysis confirmed this was a difference in the 

WT and C57BL/6J groups (Dunn’s; P≤0.05). The difference between the C57BL/6J and Abi3 WT 

mice is likely due to the age of the mice. The mean age of the C57BL/6J experiments was 11.24 

weeks (± standard deviation of 2.93) whereas the one Abi3 WT experiment all mice were 13-

weeks-old. As the percentage of peritoneal macrophages is known to decrease with age [391] it 

was possible that age had an impact on the results though the possibility remains that these 

differences were a result of differences between C57BL/6 sub-strains. 

 

Figure 6.7 pMØ Cell Counts from fresh lavages- Part II E The cell counts taken from each peritoneal lavage, 
as determined by the MUSE cell counter. Here the viable cell counts for ABI3 KO (empty square), ABI3 WT 
(filled square) and C57BL/6J (filled circle) did not differ (Kruskal-Wallis approximate P=0.1207). F The 
proportion of macrophages (F4/80+) harvested from the lavages, expressed as a proportion of all single cells. 
Though there was a difference between the groups (Kruskal-Wallis approximate P=0.0488) this P-Value was 
approximate, Dunn’s multiple comparison test concluded no one groups was significantly different from the 
other. G The percentage of pMØ that were F4/80+ and did not express Tim4. A Kruskal-Wallis test 



251 
 

(approximate P=0.0335) with a Dunn’s multiple comparison test showed that the only differences were 
between the Abi3 WT and C57BL/6J groups (P≤0.05). H The graph shows the percentage of F4/80+Tim4+ 
pMØ subset in the same mice. C57BL/6J mice seem to have a slightly lower proportion of F4/80+Tim4+ pMØ 
compared to ABI3 KO mice though a Kruskal-Wallis test (approximate P=0.0149) with a Dunn’s multiple 
comparison showed there were only significant differences in the Abi3 WT and C57BL/6J groups (P≤0.05). 
Each datapoint indicates one mouse out of ABI3 KO n=19, ABI3 WT n=3 and C57BL/6 n=14. Mice were 
matched as closely as possible for gender and age (all mice were aged between 10 and 17 weeks). C57BL/6J 
mice were used as additional controls as few ABI3 WT mice were available at the time of these experiments. 
Means are denoted by horizontal lines while the error bars show the standard deviation. *indicates a P-value 
of ≤0.05. 

As discussed in section 1.6 the WAVE-2 Regulatory Complex containing Abi1 or Abi3 has been 

implicated in formation of lamellipodia  [245]. Therefore, it was proposed that the ability of pMØ 

to adhere to surfaces might be affected in cells lacking Abi3. Figure 6.8 shows the results of a pilot 

experiment where equal numbers of peritoneal lavage cells were allowed to adhere for between 

1-6 hours, before the plates were washed and stained with the nuclear marker DAPI. 

Representative images for each timepoint can be seen in Figure 6.8A and there were no obvious 

differences between the morphology of C57BL/6J or Abi3 KO pMØ. The cells that remained 

attached were quantified using DAPI staining. The graphs in Figure 6.8B were no significant 

differences between the number of adhered Abi3 KO and Abi3 WT pMØ at 1 hour, 3 hours or 6 

hours (Unpaired two-tailed t-test; P=0.0521, P=0.2957 and P=0.5129 respectively). Therefore, at 

these timepoints a lack of Abi3 did not appear to obviously affect the ability of pMØ to adhere. 
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Figure 6.8 Assessing the impact of ABI3 KO on lavage cell adhesion- Part I A Here cells from the peritoneal 
cavity were isolated before being plated at equal density and cultured for 1, 3 and 6 hour(s)- top to bottom 
respectively. At the end of each timepoint any non-adherent cells were washed away during several PBS 
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washes. The images shown here are brightfield and DAPI images taken on the EVOS microscope at 20X 
magnification. B The cells that remained were fixed and stained with DAPI so that the number of adherent 
cells could be assessed from microscope images and the number of DAPI+ nuclei counted using Image J. Five 
pictures were taken of each well to provide an accurately assess any changes to cell adhesion caused by ABI3 
KO. The results of these ImageJ counts are shown here, where each mouse is shown separately. Each 
datapoint represents the number of nuclei present in an individual image. At 1 hour the ABI3 KO lavages 
seem to have a higher mean cell number than the C57BL/6 controls, suggesting that they might be more 
adherent/resistant to PBS washing. However, this was not as apparent at the later 3 hour timepoint and any 
difference appears to be lost after 6 hours in culture. The horizontal bars indicate the mean value and the 
error bars denote the standard deviation. This experiment was repeated once with n=2 ABI3 KO mice and 
n=2 C57BL/6 male mice, all aged 11-14 weeks. 

While there was no overt differences according to genotype of the cellsthere was a significant 

difference in the number of cells counted at each timepoint (One-way ANOVAs; Figure 6.8C 

P<0.0001 and Figure 6.8D P=0.0009). As the number of adhered cells appeared to be lower at the 

later timepoints it was possible that earlier timepoints (15 -30 minutes) would give a better 

representation of the role of Abi3 in pMØ cell adhesion, based on a similar assay [245]. 
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Figure 6.8 Assessing the impact of ABI3 KO on lavage cell adhesion- Part II C In the C57BL/6J mice the 
number of nuclei per field of view was different between the assessed timepoints. One-way ANOVA 
(P<0.0001) and Sidak’s multiple comparison test confirmed there were significantly different nuclear counts 
between 1 hour and 6 hour timepoints for both mice (P≤0.0001 and P≤0.05 respectively). There was only a 
significant difference between the 1 hour and 3 hour timepoints for one of the mice. D Comparing the nuclei 
numbers per image at each timepoint in Abi3 KO mice. Again, the number of adhered cells significantly differ 
between each timepoint, one-way ANOVA (P=0.0009). Sidak’s multiple comparison test showed there were 
only significant differences across the timepoints for one mouse, where there were significantly different 
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nuclei numbers between 1 and 6 hours and 1 and 3 hours (P≤0.001 and P≤0.05 respectively). As mentioned 
above the horizontal bars indicate the mean value and the error bars denote the standard deviation. This 
experiment was repeated once with n=2 ABI3 KO mice and n=2 C57BL/6J male mice, all aged 11-14 weeks. 
*denotes a P-value of ≤0.05, **P≤0.01, ***P≤0.001 and P≤0.0001. 

Phagocytosis is another function of MØs that requires changes to the actin cytoskeleton, as 

reviewed in [392]. Hence zymosan phagocytosis in Abi3 KO and C57BL/6J pMØ was assessed using 

imaging cytometry. In this experiment cells were extracted from the peritoneal cavity of mice and 

plated at an equal density of cells and allowed to adhere before receiving FITC-labelled zymosan 

and incubated for 30 minutes. The cells were then harvested, fixed and stained for pMØ markers 

F4/80 and Tim4 and run on the Amnis Imagestream MkII® imaging cytometer. All analysis was 

performed using the “internalization wizard” in the IDEAS® software, detailed below. Figure 6.9 

shows the plots used to separate F4/80+Tim4high and F4/80+Tim4low pMØ for downstream analysis, 

including representative images for each gate used.  

The first step in this analysis was to isolate cells from other debris, such as apoptotic cells or 

unbound zymosan (Figure 6.9A). Then focused cells were then selected (Figure 6.9B) before the 

two pMØ populations were gating using F4/80 and Tim4 staining intensity. 
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Figure 6.9 Exemplar Images from the ABI3 KO Phagocytosis experiment. In all these image galleries F4/80 
staining is stained blue, Tim4 is coloured red and zymosan particles are labelled with FITC in green. These 
images were all taken using the 60X lens on the imaging cytometer. A These image galleries show that any 
dots outside of the cell gate (purple) were apoptotic cells or unbound zymosan (black). B Focused cells were 
then selected (pink gate). Unfocused cells were excluded from further analysis. C F4/80 and Tim4 antibody 
staining were then used to select F4/80+Tim4high pMØ (red) and F4/80+Tim4low pMØ (orange). This analysis 
was performed using the IDEAS® software. 

Based in this analysis it was confirmed that there were no overt differences in the proportion of 

each pMØ subset between the Abi3 KO and C57BL/6J genotypes (Figure 6.10A). 
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Figure 6.10 Shows the F4/80+Timhigh and F4/80+Timlow populations in each sample. A Quantitative 
summary of the percentage of the sub-types of pMØ populations from each sample as a percentage of all 
focused cells. There are no vast differences to the percentage of F4/80+Tim4low (orange) cells in the C57BL/6J 
and ABI3 KO lavages. There were no large differences in the proportion of F4/80+Tim4high cells (red). The 
mice used in this experiment were 13-week-old males n=2 C57BL/6J and n=3 ABI3 KO. The mean values are 
indicated by horizontal bar and the standard deviation by the error bars. This experiment was performed 
once. 

The proportion of pMØ that had phagocytosed zymosan was then calculated using the gating 

shown below in Figure 6.11A. As shown by the representative images, this analysis was used to 

separate zymosan positive cells from pMØ that have not ingested any particles. The zymosan 

positive pMØ were further divided into cells which had engulfed low, mid or high amounts of 

zymosan particles. 
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Figure 6.11 Gating used in analysis to identify pMØ that had phagocytosed zymosan, including exemplar 
images- Part I A The zymosan positive cells were further sub-divided into low, middle and high for this 
analysis. Again all cells were imaged using the 60X magnification lens and F4/80 is stained blue, Tim4 is 
coloured red and zymosan particles are labelled with FITC in green.  

The graphical summary of this analysis is shown in Figure 6.11B-C below. Briefly the percentage of 

zymosan positive cells appeared to be higher in the C57BL/6J mice compared to the Abi3 KO mice 

in both the F4/80+Tim4high and F4/80+Tim4low pMØ subsets (Figure 6.11B). However this change 

was only statistically different in the F4/80+Tim4high pMØ (One-Way ANOVA with Sidak’s Multiple 

Comparison test P≤0.05). When the zymosan positive cells were split into low, mid and high, 

depending on the number of internalised particles. There were no overt differences in the 

proportion of pMØ in each subset between the genotypes (Figure 6.11D). There was a similar 

percentages of low/mid/high zymosan+ cells each mouse irrespective of the Tim4low/Tim4high pMØ 

subset.  
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Figure 6.11 Gating used in analysis to identify pMØ that had phagocytosed zymosan, including exemplar 
images- Part II B There was a significant difference between the number of zymosan+ cells (**One-way 
ANOVA P=0.0077) Sidak’s multiple comparison test showed that this significance was mainly due to the 
lower level of phagocytosis in the F4/80+Tim+ pMØ when compared to the F4/80+Tim4low and not the 
genotype of the mice. There was a significant difference between the proportion of cells phagocytosed by the 
C57BL/6J and Abi3 KO F4/80+Tim4high pMØ (**P<0.01), though the mean values on the graph suggest this is 
not a large change. C Breakdown of the zymosan negative and positive cells which were separated according 
to the amount of particles that were internalised within the cell. Here it seems that Tim4 low pMØ have a 
larger proportion of cells with mid and high amounts of zymosan compared to Tim4high pMØ. There does not 
appear to be any difference caused by the genotype of these mice. Again in B and C the horizontal bars 
denote the mean while the error bars indicate the standard deviation. This was experiment was performed 
once in 13-week-old male mice (n=2 C57BL/6J and n=3 Abi3 KO).  

The final step in this IDEAS® analysis was to calculate the internalisation ratio. This ratio was 

calculated by comparing the intensity of the zymosan signal within the cell boundary compared to 

the signal from the entire cell. A positive ratio indicates a larger the amount of zymosan particles 

have been internalised within the cell (Figure 6.12A).  
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Figure 6.12 Internalisation ratio calculations and summary. A Shows an example of the internalisation ratio 
plotted for both the F4/80+Tim4high (red) and F4/80+Tim4low (orange) sub-sets, which was calculated from the 
zymosan positive cells. Cells which had phagocytosed zymosan have a positive value and are gated in green, 
whereas cells which had not engulfed zymosan were gated in blue. This can be seen in the representative 
images were F4/80 expression is shown in blue and zymosan in green. B The median internalisation ratios for 
each sample. A positive value indicates that most pMØ had phagocytosed zymosan. The was no significant 
difference between the genotypes in each pMØ subset (***One-way ANOVA P= 0.0821). These graphs were 
based on data gathered from 13-week-old male mice (C57BL/6 n=2 and Abi3 KO n=3). The means are 
indicated by a horizontal bar the error bars indicate the standard deviation. 

As summarised in Figure 6.12B the internalisation ratio did not differ between C57BL/6J and Abi3 

KO mice, though there was a significant difference in the number of zymosan positive cells in the 

F4/80+Tim4low pMØ population (One-way ANOVA P=0.0077). 
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Taken together this indicated that a lack of Abi3 expression likely resulted in a reduced number of 

phagocytotic pMØ, though these changes only reached statistical significance in the F4/80+Tim4low 

pMØ subset. As the internalisation ratios did not appear different between the two genotypes, 

suggesting that a lack of Abi3 does not impact the rest of the phagocytic process. Given that the 

LacZ β-galactosidase assays suggest that Abi3 may only be expressed in a portion of pMØ it was 

possible that Abi3 KO does impact the internalisation as well but these defects are masked by the 

rest of the pMØ population.  

In conclusion this section demonstrates that Abi3 was removed in the Abi3 KO mice, at the 

genomic and mRNA level, and LacZ β-galactosidase was expressed in these mice. There were no 

major changes to the number of pMØ in these mice or any overt deficits to the adhesion. While 

the percentage of zymosan positive pMØ was lower in each Abi3 KO pMØ subset, they were still 

able to phagocytose zymosan. Given that LacZ β-galactosidase expression analysis (Figure 6.4 and 

Figure 6.5) suggested that Abi3 might not be expressed in all pMØ it is possible that the pMØ 

lacking Abi3 could have defective adhesion and phagocytosis but this is hidden by the rest of the 

pMØ population. Including a LacZ stain in this assay could help clarify this. Overall these results 

suggested that until Abi3/LacZ expression can be assessed in ex vivo pMØ, it may be that the 

impact of removing Abi3 would be best studied in a cell line, where Abi3 expression was expected 

to be more uniform.   

6.2.2 Establishing MØP Cell Lines 

To study the impact of Abi3 KO in vitro in cells MØP cell lines were developed from the bones of 

Abi3 WT and Abi3 KO mice. All this data was from one pair of MØP cell lines that originated from a 

pair of MØP cell lines made from 8-week-old female Abi3 KO and Abi3 WT mice in parallel (n=1 

mouse per MØP cell line). After these cell lines had been made (as described in section 2.4.6) the 

lines were assessed by PCR and qPCR to confirm Abi3 was absent in the Abi3 KO mice. 

Figure 6.13A summarises where the primer pairs should bind in Abi3 gene. Exon 8 was intact in 

both the Abi3 WT and Abi3 KO mice and would therefore be expected to produce a PCR band from 

the exon 8 primers (blue). Only genomic DNA taken from the Abi3 WT MØP cell line produced a 

PCR band from the primers targeting exons 5-7 (red). These primers were used in PCR reactions 

with template genomic DNA that was extracted from either the Abi3 WT and Abi3 KO MØP cell 

lines. The resulting PCRs confirmed that while exon 8 is present in both cell lines exons 5-7 were 

only measured in Abi3 WT MØP cells (Figure 6.13B).  
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Once established these conditionally-immortalised MØP cell lines are maintained with GM-CSF 

and oestrogen in the culture media to ensure survival. Once these factors have been removed 

from the culture media, MØP cells can be differentiated over 3-4 days using GM-CSF to make 

dendritic-like cells or using M-CSF to gain cells phenotypically similar to Bone-Marrow Derived 

MØs (BMDM) [304]. Abi3 gene expression was assessed in WT and KO undifferentiated MØP cells, 

GM-CSF differentiated MØP cells and M-CSF differentiated MØP cells using qPCR. Figure 6.13C 

showed that relative Abi3 expression was significantly different across the experimental samples 

(One-way ANOVA P<0.0001). Moreover, this graph showed that Abi3 mRNA expression was higher 

in GM-CSF and M-CSF differentiated Abi3 WT MØP cells compared to undifferentiated cells (Post-

hoc analysis with Tukey’s multiple comparison P≤0.001). This increase in Abi3 expression was not 

seen in Abi3 KO MØP cells which minimal Abi3 expression, as expected.  
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Figure 6.13 Confirmation of Abi3 KO in MØP Cell Lines. A Maps showing primer binding sites in both the WT 
ABI3 sequence (transcript variant 1; NCBI Reference NM_025659.4) and KO ABI3 sequence (MGI reference 
1913860#21465). Primers targeting exon 5 and 7 of the ABI3 gene (highlighted in red) are only present in the 
WT sequence. In the ABI3 KO mice exons 1-7 have been replaced with a LacZ reporter (coloured in green). 
Exon 8 remains intact in both the ABI3 WT and KO mice and therefore the primers, shown in blue, should be 
able to amplify a PCR band in both the WT and KO mice. B Shows the resulting PCRs using genomic DNA for 
exon 5-7 (left) and exon 8 (right) with the Promega 100bp Ladder. This PCR gel shows that ABI3 exon 8 was 
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present in both the Abi3 WT and Abi3 KO MØP cell lines while exons 5-7 are not present in the Abi3 KO cell 
line. C The relative gene expression following qPCR analysis of ABI3 expression in both WT (filled) and KO 
(empty) cell lines that were either undifferentiated (MØP) cells, GM-CSF differentiated cells or M-CSF 
differentiated cells. Here it can be seen that WT undifferentiated MØP cells have a relatively low expression 
of Abi3 mRNA compared to GM-CSF or M-CSF differentiated MØP cells. Abi3 mRNA was not detected in any 
of the undifferentiated or differentiated KO MØP cells. D Plots the 40 – CT values from the qPCR data. Here it 
can be seen that the endogenous control gene Ywhaz (blue) is highly expressed in all samples, whereas Abi3 
mRNA (black) is only present in the WT cell lines whereas the 40 - CT values in the KO cell lines are all under 2 
which is very close to the limit of detection and is therefore considered not to be expressed. Each datapoint in 
plots C and D result from n=3 separate experiments. The means are indicated by a horizontal line and are 
surrounded by standard deviation error bars. The P-values are indicated using asterisks where **P≤0.01 
***P≤0.001 and ****P≤0.0001.  

The endogenous housekeeper gene Ywhaz was highly expressed in all MØP cells. The Abi3 40 – CT 

values show a Abi3 expression was significantly different between the genotypes in 

undifferentiated and M-CSF/GM-CSF differentiated MØP cells (One-way ANOVA P<0.0001). 

Multiple comparisons analysis (Tukey’s) showed Abi3 expression was higher in undifferentiated, 

GM-CSF and M-CSF differentiated WT MØP cells compared to their matched Abi3 KO MØP sample 

(P≤0.01, P≤0.001 and P≤0.0001 respectively). 

Expression of the LacZ β-galactosidase reporter was also assessed in these MØP cells. Given that 

Abi3 mRNA expression was higher in differentiated cells β-galactosidase expression was measured 

in M-CSF differentiated MØP cells (M-CSF MØPs), as these were also the more biologically relevant 

cell type. M-CSF MØPs were incubated the immunohistochemistry β-galactosidase staining kit 

(Sigma) for 1 hour (Figure 6.14A-top) and overnight (Figure 6.14A-bottom). There was no 

detectable blue stain, indicating the presence of LacZ β-galactosidase, in either the Abi3 WT (WT) 

or Abi3 KO (KO) differentiated MØP cells. A higher percentage of LacZ β-galactosidase activity was 

measured as fluorescent processed FDG in Abi3 KO M-CSF MØP cells using flow cytometry, 

compared to Abi3 WT M-CSF MØP cells (Figure 6.14B), though it was expressed in a minority of 

cells. Therefore, the LacZ reporter did not appear to be fully functional in Abi3 KO M-CSF MØP 

cells. 

In summary, these results indicated that exons 5-7 were not present in the Abi3 KO MØP cell line 

and that Abi3 mRNA did not appear to be expressed in this cell line. In the Abi3 WT MØP cell line 

Abi3 mRNA was lowly expressed in undifferentiated cells and expression increased following MØP 

cell differentiation with either GM-CSF or M-CSF. The lack of a ubiquitous LacZ β-galactosidase 

expression in the Abi3 KO M-CSF MØP cells could be a result of processing required to create 

these cell lines. Despite this qPCR indicated that Abi3 mRNA should be expressed at the protein 

level in differentiated Abi3 WT MØP cells but not in Abi3 KO MØP cells, and therefore the MØP 

cells are a useful in vitro model.  
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Figure 6.14 Determining if the LacZ reporter can be detected in M-CSF differentiated MØP cells. A Shows 
the resulting pictures of β-galactosidase immunohistochemistry staining kit (Sigma) after both an hour of 
incubation (top panel) with the staining reagents and following an overnight incubation (bottom panel). As 
you can see there is no visible blue staining that would indicate a strong expression of LacZ. A positive control 
image taken of ABI3 KO lavage cells treated with the staining solution for two hours can be seen in Figure 
6.5A. Pictures were taken using the 20X magnification on the Zeiss Apotome Axio-Observer microscope. B 
Flow cytometry plots of M-CSF differentiated MØP cells that have undergone staining with the LacZ Flow 
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Cytometry kit (Life Technologies). If the LacZ β-galactosidase was present then the FDG is processed to give a 
fluorescent signal similar to FITC. Propidium Iodide, P.I. was used as a live/dead stain, meaning that dead 
cells will have a stronger signal. The plots show that LacZ is not detected in the whole population of ABI3 KO 
M-CSF MØP cells, and the signal does not appear to be hugely strong. All of these experiments were only 
performed once, as the removal of ABI3 has been confirmed by other experiments. 

6.2.2.1 Basic Phenotyping of MØP Cell Lines 

After Abi3 knock-out had been confirmed by qPCR in the Abi3 KO MØP cell line, the basic 

phenotype of the Abi3 WT and Abi3 KO MØP cell lines was assessed to investigate if a lack of Abi3 

resulted in overt morphological changes. 

Figure 6.15 shows bright-field images of undifferentiated MØP cells (Figure 6.15A) and MØP cells 

that had been differentiated with GM-CSF or M-CSF for 4 days (Figure 6.15B and Figure 6.15C 

respectively). These images confirmed that there were no obvious differences in the morphology 

of these Abi3 WT MØP cells and Abi3 KO MØP cells. However, when looking at the expanded 

portion of the images in the images below there were some subtle differences between these 

culture images. There seem to be fewer number of cells in the undifferentiated Abi3 MØP cells 

(Figure 6.15A). The GM-CSF differentiated cells (Figure 6.15B) were the most similar between the 

genotypes.  

In M-CSF differentiated MØP cells (Figure 6.15C) there was a greater density of differentiated cells 

Abi3 KO, and both cultures had some dead/undifferentiated cells (non-adherent). Figure 6.16A-D 

shows that under while the density of M-CSF differentiated cells can vary depending on which part 

of the plate the images were taken and the density at which MØP cells were seeded, for the most 

part there were only subtle differences in the numbers of M-CSF differentiated and 

dead/undifferentiated cells between the genotype. When the seeding density of the MØP cells 

was reduced there was a reduced number of undifferentiated/dead cells and an increased number 

of M-CSF differentiated cells, especially in the Abi3 WT cell line (data not shown).  

Overall in these cell lines the removal of Abi3 did not appear to have a large impact on the size or 

shape of either the undifferentiated MØPs or GM-CSF/M-CSF differentiated MØP cells. However 

there did appear to be some changes to the number of undifferentiated and differentiated cells 

between the Abi3 WT and Abi3 KO cell lines, which will be further explored in Section 6.2.2.2.  
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Figure 6.16 Additional images of M-CSF Differentiated MØPs. These EVOS images taken using the 10X 
magnification lens show that despite variation in the numbers of differentiated cells between different 
cultures the Abi3 WT cells and Abi3 KO cells appeared similar. A 1x106 MØP cells were seeded and 



269 
 

differentiated in a 6-well plate for 4 days. B Another 1x106 MØP cells were seeded and differentiated in a 6-
well plate for 4 days. C 5x105 MØP cells were differentiated for 4 days in a 6-well plate. D 5x106 MØP cells 
were differentiated for 3 days in a 15mm2 tissue culture plate. All the white scale-bars in these images are 
400µM in size. 

The next step in the basic phenotypic analysis of the Abi3 WT and Abi3 KO MØP cell lines was to 

investigate the expression of several key receptors in these undifferentiated and differentiated 

MØP cells. Based on previous work in the lab [151] the receptors selected for analysis were 

CD11b, CD45, CD11c and MHCII. Figure 6.17 shows example flow plots taken from one of these 

experiments where Abi3 WT MØP cells are indicated in grey, and Abi3 KO MØP cells by a dotted 

line. Overall MHCII expression did not appear to be altered by a lack of Abi3. In GM-CSF (Figure 

6.17B) and M-CSF differentiated cells (Figure 6.17C) the CD45 expression was not largely changed 

between the WT and KO genotypes. In GM-CSF differentiated cells CD11c expression did not 

appear to be altered by a lack of Abi3. However, there were some alterations to CD11b receptor 

expression caused by ABI3 removal expression, which appeared to be slightly higher in 

undifferentiated MØP cells and lower M-CSF differentiated cells. This experiment was repeated on 

three separate occasions.  

 

Figure 6.17 Characterisation of ABI3 WT and KO MØP cell lines Receptor Expression. A CD11b and CD45 
receptor expression were measured on undifferentiated MØP cells and assessed via flow cytometry. There 
were no remarkable differences in CD11b expression between the WT (grey filled plot) or the KO (clear plot 
with dotted line) and no difference in CD45 expression between the two cell lines. B WT and KO GM-CSF 
differentiated MØP cells were stained with CD11c, CD45 and MHCII antibodies. Again there were no vast 
differences in the Median Fluorescent Intensity (MFI) readings between the WT and KO GM-CSF 
differentiated cells for any receptor. C CD11b, CD45 and MHCII receptor expression was also measured on 
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WT and KO MØP cells differentiated with M-CSF. There were no notable differences in receptor expression 
between the ABI3 WT and KO differentiated cells. The histograms displayed in this figure are representative 
of 3 independent biological replicates (n=3). 

Therefore, the receptor was normalised to Abi3 WT Median Fluorescent Intensity values (MFI) 

values from each experiment (Figure 6.18). Figure 6.18A suggested that CD11b expression was 

different between Abi3 WT and Abi3 KO undifferentiated MØPs did not meet statistical 

significance (Two-tailed Paired T-test; P=0.0532). There were overt changes to CD45 expression in 

undifferentiated Abi3 KO MØP cells (Figure 6.18A). In GM-CSF differentiated MØP cells (Figure 

6.18B) there were no large genotype differences in CD11c, CD45 or MHCII receptor expression. 

Figure 6.18C shows that CD45 and MHCII expression in these M-CSF differentiated MØP cells was 

similar in both the Abi3 WT and Abi3 KO cells. Though the mean CD11b expression appeared 

similar to Abi3 KO M-CSF differentiated cells compared to Abi3 WT cells there was a large variation 

in the Abi3 WT M-CSF differentiated MØP cells between experiments. 

 

Figure 6.18 Summary of Receptor Expression in WT and KO MØP Cells. A Normalised expression was 
calculated by dividing the Abi3 KO Median Fluorescent Intensity (MFI) by the relative Abi3 WT for each 
experiment. CD11b receptor expression was not significantly different between WT and KO cells (Two-tailed 
Paired t-test, P=0.0532) whereas there were no visible differences in CD45 expression (Two-tailed Paired t-
test, P=0.1865). B In GM-CSF differentiated WT and ABI3 KO cells there did not appear to be a difference in 
CD11c, CD45 and MHCII receptor expression ((Two-tailed Paired t-test, P=0.3695, P=0.1173 and P=0.1499 
respectively). There did appear to be more variation in CD11c receptor expression in WT cells than there was 
in CD45 or MHCII receptor expression. C Again there was no significant difference in CD11b, CD45 or MHCII 
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receptor expression in WT M-CSF differentiated cells compared to ABI3 KO M-CSF differentiated MØP cells 
(Two-Tailed Paired t-test, P=0.5607, P=0.7743 and P=0.1304 respectively). Though there was some variation 
in CD11b receptor expression in these cells. The datapoints on the graphs represent three separate 
experiments (n=3) the mean indicated by a horizontal line and the error bars denote the standard deviation. 

In summary, there were some subtle variations in the appearance of Abi3 WT and Abi3 KO 

undifferentiated and differentiated MØP cells this appeared to be a result of difference cell 

numbers rather than any obvious changes to the morphology of individual cells. This was 

especially apparent in the M-CSF differentiated cells. With regards to receptor expression neither 

CD45 nor MHCII receptor expression were altered in the Abi3 KO MØP cell lines, and CD11c 

expression was also similar in GM-CSF differentiated cells. Abi3 KO MØPs appeared to have higher 

levels of CD11b receptor expression though this did not reach statistical significance. This was 

perhaps unexpected as Figure 6.13C-D show Abi3 mRNA expression was not very high in 

undifferentiated MØP cells, suggesting Abi3 KO MØP cells should not have any large-scale 

phenotypic changes resulting from a loss of Abi3. As all of these experiments were performed 

from one Abi3 WT and one Abi3 KO MØP cell line, meaning these changes would need to be 

validated in MØP cell lines derived from other mice before these CD11b changes could be 

considered meaningful. 

6.2.2.2 Assessing Proliferation in MØP Cell Lines 

During the course of the MØP cell phenotyping experiments above the MØP cell lines were 

maintained in MØP culture media (standard RPMI media with 10 ng/mL GM-CSF and 1 µM 

oestrogen). It was observed that the culture media used to maintain the Abi3 WT (WT) MØP cell 

line changed colour faster than the media in the Abi3 KO (KO) MØP cell line. Figure 6.19 presents 

pictures of this anecdotal evidence where both MØP cell lines were seeded at the same density 

and maintained in the same volume of media for a prolonged period of time. In these experiments 

the phenol red in the RPMI media acted as a pH indicator and becomes orange/yellow as the 

acidity of the media increases [393]. The most likely cause of this acidity-related colour change 

was thought to be an increased CO2 production resulting from a higher number of cells. 
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Figure 6.19 Colour changes in ABI3 KO and WT media suggest there could be altered proliferation. A Cells 
were seeded at a density of 1x106 for 3 days and supplemented with an equal volume of  cell media. The 
media of the WT MØP cell line had a more orange colour, indicating an increase in CO2 production which was 
most likely caused by cell proliferation. B Here the MØP cells for both the WT and ABI3 KO lines were seeded 
at 2x106 cells in 20mL of media. To maintain the cultures the MØP cell media was regularly changed, 
meaning equal volumes were removed and replaced, for 6 days. Again the media in the WT cell line 
appeared to show an increase in CO2 which alters the colour of the phenol red to become a orange/yellow 
colour. 

This raised the question of whether Abi3 KO MØP cell lines had an altered proliferation compared 

to the Abi3 WT MØPs. Moreover several reports have suggested that forced over-expression of 

Abi3 alters proliferation in multiple cancer cell lines [295]. Therefore, proliferation was assessed in 

both MØP cell lines using Ki67 and phospho-histone H3 (phh3) antibody staining. Figure 6.20A 

shows the approach taken to gate out the stages of the cell cycle using DAPI nuclear staining and 

Ki67 antibody staining. As indicated by the diagram to the right of Figure 6.20A any cells outside 

the G0 phase of the cell cycle should be ki67 positive whereas the phh3 antibody staining binds to 
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cells in the prophase portion of the M-phase of the cell cycle [394]. Figure 6.20B shows 

representative ki67 and phh3 staining plots for undifferentiated Abi3 WT and Abi3 KO MØPs from 

one experimental replicate. 

 

Figure 6.20 Assessing WT and ABI3 KO MØP cell proliferation by flow cytometric analysis of ki67 and phh3 
staining- Part I A The gating strategy used in the Ki67 staining. First cells were separated from the debris, 
before singlets were selected. Using DAPI and Ki67 staining cells were separated into G0 and Ki67+ gates. 
Ki67+ cells were then further subdivided into G1, S, G2 and M phases of the cell cycle as shown in the final 
flow plot. B The top panel shows the isotype and Ki67 staining against DAPI in both ABI3 WT and KO MØP 
cell lines, where there were no discernible differences between the two genotypes. The bottom panel shows 
phh3 staining against DAPI in the same cells. 

The cell numbers were determined using the MUSE® Cell Analyser. Figure 21C shows that the cell 

numbers were consistently lower in the Abi3 KO MØP cells compared to Abi3 WT MØPs. These cell 

counts were normalised to the number of Abi3 WT MØP cells in each experiment (Figure 6.20C 

right) to allow for statistical analysis. This analysis confirmed that Abi3 KO MØPs have a 

significantly lower cell number compared to Abi3 WT cells (One-tailed paired T-test P=0.0024). 

However, the percentage of G0, G1, S, G2 and M phases both of these MØP cell lines were not 

significantly different (Figure 6.20D; Two-Way ANOVA, intP-value=0.8116). When the Ki67 positive 
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cells (G1, S, G2 and M phase) were separately graphed (Figure 6.20E) there was again no overt 

differences in the percentage of cells in each gate between the Abi3 KO and Abi3 WT MØP cell 

lines. The percentage of Ki67/phh3 double positive cells (Figure 6.20F) were not significantly 

different in the Abi3 KO or Abi3 WT MØP cell lines (Two-tailed Mann-Whitney Test, P=0.6857). 

 

Figure 6.20 Assessing WT and ABI3 KO MØP cell proliferation by flow cytometric analysis of Ki67 and phh3 
staining- Part II C Left The number of viable cells per mL for each proliferation experiment harvest, and one 
unrelated experiment, (n=5 total) where MØP cells were cultured at the same density for the same amount 
of time in the same volume of media. In each linked replicate (black line) the Abi3 KO MØP cells (empty 
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square) had a lower cell number than Abi3 WT MØP cells (black square). The mean values for the WT and KO 
MØP cell lines could not be tested for significance with a standard T-test due to a difference in the variances. 
Right The WT cell counts (filled squares) were normalised to 100% and the relative number of ABI3 KO cells 
(empty squares). Here it can be clearly seen that Abi3 KO MØP cells had significantly lower cell number 
compared to their WT counterparts (**One-tailed paired T-test P=0.0024) D The proportions of G0 and Ki67+ 
cells, expressed as a percentage of all single cells, for each of the 4 experiments (n=4). Overall there did not 
appear to be a difference between the percentage of cells in either G0 (unfilled squares) or Ki67+ cells (filled 
squares). E The percentage of G1, S, G2 and M gated cells of all the Ki67+ gated cells. Again there were no 
large scale differences in any of the populations analysed when comparing the WT and ABI3 KO cell lines. The 
proportion of cells in M-phase is relatively small, hence the position has been indicated with a blue arrow. F 
The percentage of double-positive Ki67+phh3+ cells of all single cells. These cells expressed both Ki67 and 
phh3 which both mark cells in M phase, this phh3 antibody specifically marks prophase. Two-Tailed Mann-
Whitney Test showed there were not any significant differences in the percentage of M-phase cells between 
WT and KO MØP cell lines (exact P=0.6857).On these graphs the mean is indicated by a horizontal line and 
the error bars denote the standard deviation across all the experiments (n=5 for cell counts and n=4 for 
ki67/phh3 staining). 

This suggests that while there were differences in the number of Abi3 KO and Abi3 WT MØP cells 

this was not due to any obvious changes to proliferation, as assessed by Ki67 staining. However 

Ki67 antibody staining is not the most sensitive measure of proliferation. As evidenced in Figure 

6.21A below, allowing 5-ethynyl-2´-deoxyuridine (EdU) to be incorporated into dividing MØP cells 

where it preferentially binds cells in the S-phase of the cell cycle and then staining the Click-iT™ 

EdU kit (Thermofisher) produced a much clearer signal than Ki67 staining, and did not require an 

isotype background control [380]. The 10 µM dose of EdU used in these experiments was based on 

the manufacturer’s guidelines and MØP cells were treated with EdU for 3 and 6 hours. These cells 

were stained with DAPI before being run on the flow cytometer. Figure 6.21A shows that there 

were few EdU positive (EdU+) cells in the untreated MØP cells, and the EdU+ (S-phase) cells were 

clearly separated. The proportion of MØP cells in S-phase from both repeats of this experiment 

were quantified, as shown in Figure 6.21B. This graph does suggest a reduced percentage of EdU+ 

cells in the Abi3 KO MØP cell line, though was based on one experiment so the results must be 

interpreted with some caution.  
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Figure 6.21 Results of EdU stimulation in WT and ABI3 KO MØP cells at multiple timepoints. A The results 
of one EdU time course as analysed by flow cytometry where the plots show DAPI staining against EdU 
staining. In both the untreated MØP cell samples there are very few EdU+ events. The other samples shown 
in this figure were treated with 10µM EdU for 3 hours (middle plots) and 6 hours (lower plots). Here it can be 
seen that there was an increased number of EdU positive cells. B Summarises the percentage of Edu+ cells at 
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each timepoint for one pilot experiment. Here it can be seen that there may have been a reduction in the S-
phase of these cells (EdU+). 

As the proliferation of these MØP cell lines is dependent on the level of GM-CSF cytokine, the time 

between the cultures being fed and the cells being harvested could be important factor in 

assessing proliferation. To ensure media replenishment was not causing any bias in the results 

these cultures were fed with equal volumes of media at the same time every day and equal 

samples were taken from the cultures 6 hours later. NIM-DAPI staining was used to assess the 

nuclei of these cells and this experiment was repeated over three days. 

Though both MØP cultures were seeded at the same density, Figure 6.22A shows that the number 

of Abi3 KO MØP cells was initially lower than in Abi3 WT MØP cell samples. However over the 

three timepoints the cell number did not significantly differ (Friedman’s Test P>0.999). Figure 

6.22B shows representative nuclear DAPI staining profiles for Abi3 WT MØP cells (grey) and Abi3 

KO MØP cells (outline), including the gating that was used to analyse the percentage of cells in 

each phase of the cell cycle. There were no differences in the percentage of MØP cells in the G1, S 

and G2M phases of the cell cycle between the Abi3 WT and Abi3 KO cell lines (Figure 6.22C, 

Friedman’s Test P=0.1667). 

Overall, this data indicated that while Abi3 KO MØP cells appear to have a lower number than Abi3 

WT MØP cells a this was not due to any overt changes to the proliferation of these MØP cell lines. 

This was surprising as qPCR analysis suggests that Abi3 mRNA was not highly expressed in 

undifferentiated MØP cells, raising the question why the removal of Abi3 would affect 

proliferation of these cells. It could be that Abi3 is expressed at the protein level in these MØP 

cells, though has not yet been confirmed. Therefore proliferation was assessed in M-CSF 

differentiated MØP cells, which are known to have a higher Abi3 mRNA expression and are a more 

biologically relevant model to study as they represent BMDM. 
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Figure 6.22 NIM-DAPI analysis of serial MØP cell samples. This experiment aimed to see if there were 
consistent differences in the WT and ABI3 MØP cell cycle. To do this the cell lines were seeded at the same 
density before being consistently fed at the same time of day, and a sample taken from the cultures 6 hours 
after feeding. The cell number was then determined using the MUSE cell counter before NIM-DAPI buffer was 
used to extract the nuclei and stain them with DAPI. A This graph denotes the cell counts taken from each 
experiment, expressed as a percentage to normalise between experiments. Here there was a lower number 
of ABI3 KO MØP cells in comparison to WT cell numbers at the start of this experiment despite the cultures 
being seeded at the same density. Over all three timepoints the cell number did not significantly change 
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between the genotypes (Friedman’s Test P>0.999). B Example histograms showing the DAPI staining 
intensity at one timepoint, as well as the gating strategy used to identify the stages of the cell cycle in 
analysis. In this example there did seem to be a higher proportion of WT MØP cells in the S/G2/M phases of 
the cell cycle compared to the ABI3 KO DAPI staining. C Graphical summary of all 3 timepoints of this NIM-
DAPI time course in MØP cells. There were no significant differences at between the genotypes at each 
timepoint (Friedman’s Test P=0.1667). 

To ensure that the proliferation continued in these M-CSF differentiated MØP cells, even after 

differentiation, the cultures were supplemented daily with M-CSF in standard RMPI media. Figure 

6.23A shows a representative ki67 and phh3 data plots following flow cytometric analysis. 

Compared to the MØP cell ki67/phh3 staining (Figure 6.20B) there was a much smaller percentage 

of cells undergoing division, which was expected due to the terminal differentiation of the MØP 

cells despite the daily M-CSF supplementation.  

In 3 out of 4 replicates the there was a relatively lower number of Abi3 KO M-CSF differentiated 

cells compared to Abi3 WT (Figure 6.23B), further experiments would be required to determine if 

this datapoint should be excluded as an erroneous result and not having true biological meaning. 

The percentage of cells in the G0 or Ki67 positive (G1/S/G2/M) phase of the cell cycle were similar 

in both the Abi3 WT and Abi3 KO M-CSF differentiated MØPs (Figure 6.23C). When the G1/S/G2/M 

phases of the cell cycle were graphed separately were no overt differences (Figure 6.23D). Again, 

when the percentage of cells that stained for both Ki67and phh3, indicating they were in the 

prophase portion of M-phase, did not significantly differ between Abi3 WT and Abi3 KO M-CSF 

differentiated MØP cells (Two-tailed Unpaired T-tests P=0.6326). 
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Figure 6.23 Proliferation as analysed by Ki67 staining in M-CSF differentiated MØP cells. A These flow plots 
show an example of isotype and Ki67 staining against DAPI nuclear staining. The gating strategy used to 
separate out the stages of the cell cycle in analysis. The second row of plots show the phh3+ staining, a 
marker of cells in M phase, against DAPI staining. These plots suggest there might be subtle differences in 
the proportion of cells in each phase of the cell cycle, though this has been quantified below. B Here the 
results of the cell counts taken from the M-CSF differentiated MØP at the time the cells were harvested. 
Overall there seem to be a lower number of ABI3 KO cells compared to WT cells, n 3 out of 4 replicates (Two-
Tailed Paired T-Test, P=0.5524). C The graph shows the results of the 4 biological replicates (n=4) where Ki67 
staining was assessed in M-CSF differentiated MØP cells. Here there did not appear to be any observable 
differences in the proportion of cells in the G0 phase or the overall proportion that were ki67+. D When the 
ki67+ cells were subdivided for further analysis it appeared that in the ABI3 KO differentiated cells had no 
altered percentages in the G1/S/G2/M phase compared to their WT counterparts. Blue arrows highlight the 
position of the M phase data in the bar. E Here the proportion of WT and KO differentiated cells in the 
prophase part of M-phase are shown, as denoted by Ki67+phh3+ cells. Again there seemed to be a trend 
where there are fewer ABI3 KO cells in prophase compared to WT cells though this was not consistent across 
all replicates, and did not reach statistical significance (Unpaired Two-Tailed T-Test, P=0.6326). The data 
shown in these graphs are the result of 4 independent experiments (n=4). The flow plots shown in part A are 
representative of these experiments. These cultures were given M-CSF supplemented media daily to ensure 
that proliferation continued throughout differentiation. The mean values are indicated by horizontal lines or 
the bar, and the error bars denote the standard deviation.  

The more sensitive EdU staining was also used to asses proliferation in these cultures. The flow 

cytometry plots in Figure 6.24A show that EdU positive cells were much easier to separate from 

non-dividing cells. In these two separate experiments, Figure 6.24B, there was no clear pattern 

between the Abi3 WT and Abi3 KO M-CSF differentiated MØP cells. It is possible that further 

repeats of this experiment would clarify if there are any differences in proliferation between the 
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Abi3 KO and Abi3 WT M-CSF MØP cells. Taken together this section suggests that there were 

differences in the number of Abi3 KO and Abi3 WT MØP cells, and though these differences may 

not be present in M-CSF differentiated MØP cells. Proliferation was assessed using multiple flow 

cytometry base assays and there was no overt differences between the two MØP cell lines. To 

ensure these changes were not an artefact from making the MØP cell lines these experiments 

would need to be repeated in another set of independently derived MØP cell lines from a different 

set of mice.  
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Figure 6.24 WT and ABI3 KO M-CSF differentiated MØP cells treated with EdU. A Representative flow plots 
showing DAPI against EdU staining in untreated WT and ABI3 KO differentiated cells (top panel), as well as 
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cells exposed to 10µM of EdU for 3 hours (middle panel) or 6 hours (bottom panel).  The EdU staining was 
clearly detected in all the EdU treated samples and not present in the untreated samples. B A graphical 
summary of the percentage of EdU+ cells, normalised to the untreated samples, across all treatment 
variations. The results presented in this graph were taken from two independent experiments (n=2), though 
one replicate at the 3 hour timepoint was removed due to unclear DAPI staining. There did appear to be 
some variation between the proportion of EdU+ differentiated WT cells compared to ABI3 KO but there 
enough variation between the repeats which suggests it would benefit from further repeats.  

6.2.2.3 Assessing M-CSF stimulation responses in MØP Cell Lines 

As discussed in Section 6.1 of this chapter reductions in WAVE2 and Abi1 expression have been 

shown to impact the ability of MØs to produce F-actin protrusions following stimulation with M-

CSF [289]. Other work has shown that Abi3 has an inhibitory action on WAVE2 preventing it from 

translocating to the cell surface [245,284]. Therefore the impact of Abi3 knock-out on this M-CSF 

stimulated actin protrusions was assessed using M-CSF differentiated MØP cells in the assay 

similar to the one developed by [289].  Briefly, after differentiation M-CSF was removed from the 

Abi3 WT/Abi3 KO MØP culture media for 4 hours, where serum was also depleted for the last 

hour. The cells were then stimulated with 20 ng/mL M-CSF for 5 minutes before being stained for 

F-actin, with phalloidin, and the nuclear marker DAPI (Figure 6.25A). 

The steps used to analyse the phalloidin staining in ImageJ are shown in Figure 6.25B. Briefly, the 

brightness and contrast was optimised and cells that were too close to be considered separately 

by the automated analysis were separated using a black line. The phalloidin images with DAPI 

counterstaining were used here to ensure cells were correctly separated. A threshold was applied 

to remove any non-specific background staining and any gaps within the cell boundary were filled. 

Finally, several measurements of each cell were made using the “Analyse Particles” function to 

gain information about the morphology including area, perimeter, circularity, aspect ratio (AR), 

roundness and solidity. The final four features in this list were calculated using the equations listed 

in Table 6.1, as described in the ImageJ user guide [395].   
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Table 6.1 Equations used to calculate the shape descriptor features in ImageJ. 
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Figure 6.25 M-CSF Depletion Assay Set-up and Analysis. A The timeline used for each M-CSF depletion 
experiment. As shown in the timeline MØP cells were differentiated for 3 days, where cells were 
supplemented with M-CSF on day 2 of culture. Once differentiated (3 days later) M-CSF supplemented media 
was removed from the appropriate wells and replaced with standard RPMI medium. Cells were returned to 
the incubator for 3 hours. Following this M-CSF depletion step the serum was then removed from the desired 
cells and the cells returned to the incubator for a further hour. The appropriate M-CSF differentiated cells 
were then stimulated with 20ng/mL M-CSF for 5 minutes before cells were washed and fixed with 
paraformaldehyde. These cells were then stained with phalloidin and DAPI to identify the cytoskeleton and 
nucleus respectively. B The process used to assess the shape of the cells in ImageJ analysis. The phalloidin 
images were exported as TIFF images and imported into ImageJ. The brightness and contrast was adjusted 
on each image and black lines were drawn to separate any cells that were too close to be differentiated 
automatically. Composite images with DAPI nuclear staining were used here to help identify individual cells. 
Following this the images were converted to an 8-bit Image before an automatic threshold was applied to 
remove all the background. The binary "fill holes" function was used to ensure there were no gaps within the 
cell boundary. Finally each cell was analysed and the outline image of all the cells were saved. 
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In each experiment the cells were differentiated in an 8-well chamber slide (see section 2.5.4). 

Both the Abi3-WT and Abi3 KO M-CSF differentiated MØP cells had one ‘original’ well where cells 

were not depleted of M-CSF or serum. Each genotype also had an ‘unstimulated’ well where the 

M-CSF MØP cells were depleted of both M-CSF and serum but were not re-stimulated with M-CSF.  

This experiment was repeated four times, though during the third repeat there was an 

experimental error that meant the ‘original’ samples were excluded from further analysis.  

Figure 6.26shows a selection of exemplar images from one complete experiment taken at a higher 

magnification (63X) to better show cell morphology. M-CSF MØP cells in the original wells that 

were not experimentally manipulated had a more branched morphology. The images taken of 

‘unstimulated’ cells that were starved of M-CSF and serum had a more rounded morphology. M-

CSF stimulation appeared to partially restore the branched morphology of cells. There were no 

overt differences between the Abi3 WT and Abi3 KO M-CSF MØPs in these images. These cells 

were then analysed in ImageJ to provide a more unbiased assessment of changes of morphology. 

A minimum of 30 cells were assessed from the 5 pictures were taken in different areas of each 

well.  
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The values resulting from this ImageJ analysis were analysed as individual experiments (Figure 

6.28) and where all four replicates were pooled (Figure 6.27). Given the standardized experimental 

set-up and analysis the values from each of these replicates were combined to provide a more 

powerful assessment. Figure 6.27 Non-parametric Kruskal-Wallis tests confirmed the medians 

were significantly different between some of groups in all parameters assessed. This was followed 

with a Dunn’s multiple comparison test to interpret which groups were being affected, the P-

values given below are all from this post-hoc analysis. Within both genotypes the median areas 

were significantly different between the stimulated and unstimulated cells (P≤0.05 in Abi3 WT and 

P≤0.001 in Abi3 KO). Both M-CSF stimulated (P≤0.0001) and unstimulated (P≤0.05) samples 

differed between the Abi3 WT and KO differentiated MØP cells (Figure 6.27A). This suggests the 

area of the cells was being changed by M-CSF stimulation and that a lack of Abi3 results in a 

moderately larger area. 

The perimeter of the differentiated MØP cells was different in Abi3 KO and Abi3 WT M-CSF 

stimulated groups (P≤0.0001). The genotype of the cells also significantly impacted the perimeter 

of the unstimulated cells (P≤0.002). The graph suggest that the perimeter was higher in Abi3 KO 

differentiated cells compared to Abi3 WT (Figure 6.27B).  

The circularity and solidity follow the same pattern in the M-CSF differentiated Abi3 WT cells, 

where the median is highest in the M-CSF stimulated samples lower in the unstimulated cells. 

These differences were found to be significant in both Abi3 WT groups (P≤0.001 for both), but not 

in the Abi3 KO groups. There was no significant difference between the circularity and solidity of 

the original Abi3 WT and Abi3 KO MØP cells, though the genotypes did cause significant 

differences to these parameters following M-CSF stimulation (P≤0.001 in circularity and P≤0.05 in 

solidity) as shown in Figure 6.27C and Figure 6.27F respectively. Circularity differed by genotype 

following M-CSF withdrawal (P≤0.01). 

The aspect ratio appeared to be unchanged by the experimental manipulation, though it was 

significantly different in the original M-CSF MØP cells (Figure 6.27D; P≤0.01). A similar pattern was 

seen in the roundness of the cells, where only the original cells have significantly different values 

(Figure 6.27E; P≤0.001).  
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Figure 6.27 Summary of parameters analysed in M-CSF depletion assay. ImageJ was used to assess several 
parameters in both WT (filled) and ABI3 KO (empty), each dot represents an individual cell from one of the 4 
replicate samples (n=4) which are shown together here, expect the original samples where the dataset was 
n=3. The black horizontal bar denotes the median and the error bars show the inter-quartile range. There 
were no overt differences to cell morphology between the ABI3 KO and WT response to M-CSF 
withdrawal/stimulation. However there were several subtler differences present in this analysis. A The first 
parameter that was investigated was the area of the cell a non-parametric ANOVA confirmed there were 
differences between the medians (Kruskal-Wallis test gave an approximate P-value of <0.0001). Post-hoc 
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analysis with a Dunn’s multiple comparison test confirmed the areas did not meaningfully differ between the 
original WT and ABI3 KO M-CSF differentiated MØP cells. Abi3 WT cells that were stimulated with M-CSF 
have a slightly larger area than unstimulated cells (P≤0.05), though this increase in area was more apparent 
in the ABI3 KO cells (P≤0.001). The median values of the unstimulated and M-CSF stimulated cells both differ 
according to genotype, P≤0.0001 and P≤0.05 respectively. B A Kruskal-Wallis statistical test confirmed that 
the median perimeter of the cells was affected in this experiment, giving an approximate P-value of <0.0001. 
Again Dunn’s multiple comparison test confirmed the perimeter is not statistically different in both original 
samples. In each separate genotype the depletion and subsequent stimulation had little effect on the 
perimeter. However the perimeter did differ between the genotypes. M-CSF stimulated and unstimulated 
Abi3 KO and WT cells had statistically different perimeters (P≤0.0001 and P≤0.001 respectively). C Circularity 
was significantly altered between the groups (Kruskal-Wallis test approximate P-value of <0.0001). The WT 
M-CSF stimulated cells appeared to be more circular than their respective controls (Dunn’s multiple 
comparison test P≤0.001). In the KO M-CSF cells the circularity was not significantly different between the 
stimulated and unstimulated cells. However, the circularity differs between the genotypes in both the 
unstimulated (P≤0.01) and M-CSF stimulated (P≤0.0001) cells. D Though there were no dramatic differences 
in the Aspect Ratio (AR) differences across any of the samples the medians of some groups were still 
significantly different (Kruskal-Wallis test gave an approximate P-value of 0.0002). Post-hoc analysis showed 
the only significant difference was between the original M-CSF MØP cells (P≤0.01). E The roundness of the 
cell was determined to be the inverse of the aspect ratio. A Kruskal-Wallis test suggested there were 
differences between the experimental groups, approximate P-value of <0.0001. Here the ABI3 KO cells seem 
to have a consistently higher "roundness" index than the WT control cells (Dunn’s multiple comparison test 
P≤0.001), though the M-CSF depletion/stimulation did not appear to influence this parameter. F The solidity 
of these cells also differed in this experiment (Kruskal-Wallis P<0.0001). For both genotypes the M-CSF 
stimulated cells have a moderately higher solidity compared to the unstimulated samples, though this was 
only statistically significant in the WT cells (P≤0.001). The WT and KO M-CSF stimulated samples were 
significantly different (P≤0.05). In all the above figures Kruskal-Wallis tests were used to compare the group 
medians and followed by a post-hoc analysis with paired Dunn’s multiple comparison tests. *P≤0.05 
**P≤0.01 ***P≤0.001 and ****P≤0.0001. 

The analysis in Figure 6.28 suggests that the differences between Abi3 KO and Abi3 WT 

differentiated cells following M-CSF stimulation were subtle, and therefore the experimental 

pattern was also investigated. For the most part the means of each replicate followed the same 

experimental pattern observed when all samples were combined. To third replicate was excluded 

from this analysis due to the lack of ‘original’ control samples. On average these measurements 

the Abi3 WT M-CSF differentiated MØP cell lines appeared to have greater morphological changes 

in response to M-CSF withdrawal and stimulation than Abi3 KO cells.  

The area (Figure 6.28A) was significantly different between genotypes in the M-CSF stimulated 

cells (Two-Way ANOVA intP<0.0001, followed by Tukey’s Multiple Comparison P≤0.001). The 

perimeter significantly differed between the genotypes in both the unstimulated and M-CSF 

stimulated groups (Figure 6.28B, Two-Way ANOVA intP<0.0001, followed by Tukey’s Multiple 

Comparison P≤0.05 and P≤0.0001 respectively).  

The circularity was increased in the WT M-CSF MØP cells following M-CSF stimulation (Two-Way 

ANOVA intP<0.0001, Tukey’s Multiple Comparison P≤0.0001) though this response appeared to be 

attenuated in the KO M-CSF stimulated cells (Tukey’s analysis P≤0.01).Figure 6.28D and Figure 
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6.28E show that the AR and round parameters did not provide much information about 

experimental changes but suggest that there was a subtle difference between the genotypes in 

the original samples (Two-Way ANOVA intP=0.0021 and P <0.0001 respectively, Tukey’s Multiple 

Comparison P≤0.05 for both parameters)  

The solidity (Figure 6.28F) appeared to be increased in both genotypes following M-CSF 

stimulation, though this was only reached significance in the Abi3 WT M-CSF differentiated MØP 

cells (Two-Way ANOVA intP<0.0001, followed by Tukey’s Multiple Comparison P≤0.0001). 
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Figure 6.28 Experimental pattern of each replicate in M-CSF depletion assay. Each dot represents the mean 
WT (filled) and ABI3 KO (empty) value from each of the 3 replicate samples (n=3). Each replicate is connected 
with a grey line. A The area was significantly different between the experimental groups (Two-Way ANOVA 

intP<0.0001). M-CSF stimulated WT cells were significantly different compared to the WT unstimulated and 
WT original samples (Tukey’s Multiple Comparison, P≤0.05 and P≤0.001 respectively). The KO cells had a 
slightly larger area after M-CSF stimulation compared to WT stimulated cells (P≤001). B The perimeter did 
significantly differ (Two-Way ANOVA intP<0.0001), Tukey’s multiple comparison tests suggested the genotype 
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differences were between M-CSF stimulated (P≤0.001) and unstimulated (P≤0.05) groups C In both the WT 
and KO samples the circularity was altered (Two-Way ANOVA intP<0.0001). Tukey’s analysis confirmed that in 
both genotypes the M-CSF stimulated samples were different from the original samples (P≤0.001 in WT and 
P≤0.01 in KO). The circularity appeared to be significantly lower in the M-CSF stimulated KO cells compared 
to WT cells (P≤0.0001). D The AR was largely unchanged by M-CSF stimulation, though there was a 
difference in the original samples (Two-Way ANOVA intP=0.0021, followed by Tukey’s Multiple Comparison 
P≤0.05) in the majority of WT replicates whereas it was reduced following M-CSF stimulation in three of the 
four replicates. E Again the roundness did significantly differ (Two-Way ANOVA intP<0.0001), though the only 
difference between the genotypes was in the original samples (P≤0.05) F In both WT and KO cells the solidity 
of the cells was increased following M-CSF stimulation , though this only reached significance in the WT cells 
(Two-Way ANOVA intP<0.0001, followed by Tukey’s Multiple Comparison P≤0.0001). In all the above figures a 
two-way ANOVA was used to compare the means and followed by a Tukey’s multiple comparison tests. The 
interaction P-value (intP-value) is shown. *P≤0.05 **P≤0.01 ***P≤0.001 and ****P≤0.0001. 

To summarise this Section, M-CSF stimulation did induce some subtle changes to M-CSF 

differentiated MØP cell morphology though WT M-CSF seem to have a more dynamic response to 

M-CSF, which is more visible in Figure 6.28. Future experiments could restrict analysis to assess 

area, perimeter and circularity parameters. Overall this assay showed there were minor 

differences between the Abi3 WT and Abi3 KO MØP cell lines and their responses to M-CSF 

stimulation, though the biological relevance of these results will be discussed in the next section. 
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6.3 Discussion 

This chapter highlights that much work is still needed to elucidate the complete function of Abi3 in 

MØ. The experiments in Section 6.2.1.1 confirmed that at in the Abi3 KO mice exons 5-7 were 

disrupted and cannot be detected by PCR in either primary pMØ or immortalised bone marrow 

MØP cells (Figure 6.3B and Figure 6.13B respectively). When Abi3 mRNA expression was assessed 

by qPCR in pMØ and MØP cells it was barely detectable in Abi3 KO mice compared to control mice 

(Figure 6.6 and Figure 6.13C respectively). The removal of Abi3 at the protein level in these Abi3 

mice could not be assessed due to a lack of specific commercially available antibodies (data not 

shown). Currently a specific antibody is being developed in-house by immunising these Abi3 KO 

mice with part of the Abi3 protein. 

Moreover, the LacZ β-galactosidase reporter inserted into these Abi3 KO mice can be detected in a 

subset of pMØ by both flow cytometry (Figure 6.4) and IHC (Figure 6.5). In the M-CSF 

differentiated MØP cells β-galactosidase expression was detected in a small proportion of Abi3 KO 

cells by flow cytometric analysis in (Figure 6.14B), despite qPCR analysis suggesting Abi3 mRNA 

was expressed in these differentiated cells (Figure 6.13C-D). 

There are three main reasons why LacZ β-galactosidase might not stain the entire pMØ or M-CSF 

differentiated MØP population. The first possibility is that the entire population does express β-

galactosidase but at a low level and therefore the staining was not sensitive enough to detect all 

levels of expression. The IHC staining kit suggests that extending the length of the incubation time 

and replacing the staining solution in this time can increase the β-galactosidase staining signal. 

However, as the flow cytometry β-galactosidase kit is more sensitive it should detect minimal 

enzyme activity.  

The second possibility was that Abi3 may not be highly expressed at the protein level in the entire 

cell population under physiological conditions. The single cell sequencing data from a WT 

Gata6tm2.1Sad/J mouse (Figure 6.1B) suggested that Abi3 mRNA is not expressed in the entire pMØ 

population at the same level. This cannot be confirmed at the protein level until the development 

of a specific Abi3 antibody.  

The third explanation was that the deletion of most of the Abi3 exon and the insertion of the LacZ 

β-Galactosidase sequence disrupted gene regulatory elements, meaning that the LacZ/β-

galactosidase expression is potentially dissimilar from the natural Abi3 protein expression in these 

cells. Again, antibody staining is required to confirm this. 
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Taken together this data suggests that until percentage of Abi3 positive pMØ or M-CSF 

differentiated MØPs can be confirmed at the protein level in the Abi3 WT mice the accuracy of the 

LacZ β-galactosidase expression in the Abi3 KO mice cannot be confirmed. As microglia are 

thought to have a higher expression of Abi3 (Figure 6.1A) they may provide a better measure of 

LacZ β-galactosidase reporter expression than pMØ.  

As pMØ are a much more accessible MØ population than microglia they were used in several pilot 

experiments investigating if Abi3 KO had any substantial effects on MØ function. In these 

experiments pMØ from Abi3 KO mice, which were made on a C57BL/6NJ background, were 

compared to pMØ from C57BL/6J due to a lack of available Abi3 WT mice. There are some known 

differences phenotypic comparison of these C57BL/6J and C57BL/6NJ mice though the white blood 

cell counts do not appear to majorly differ between these strain sub-types [396].  

No differences were found in the number of pMØ, or the proportion of Tim4low/Tim4high pMØ 

between Abi3 KO and C57BL/6J controls (Figure 6.7E-H) or between the three matched Abi3 KO 

and Abi3 WT mice assessed (Figure 6.7A-D). Further repeats directly comparing Abi3 KO and Abi3 

WT mice would be needed to confirm there are no differences to the pMØ populations caused by 

Abi3 KO.  

The first pilot experiment aimed to see if pMØ adhesion was compromised by a lack of Abi3. 

Analysis of DAPI staining suggest adhesion to a standard tissue culture plate was not affected at 

any of the three timepoints (Figure 6.8). The second pilot experiment investigated zymosan 

phagocytosis where a small reduction in the percentage of Abi3 KO pMØ phagocytosing zymosan 

was observed (Figure 6.11B), though this was only significant in F4/80+Tim4low pMØ. This data was 

taken from one experiment where only one dose of zymosan and one timepoint were assessed. 

Future experiments could utilise the imaging cytometer to investigate the rate of zymosan 

phagocytosis over time in these Abi3 KO and Abi3 WT mice and could even include comparing 

phagocytosis of opsonised and un-opsonised zymosan. While previous work in the literature 

suggests WAVE2, of which Abi3 is a part, does not play a role in Fcγ receptor mediated 

phagocytosis [289] the impact on other receptor-driven forms of phagocytosis has not been 

published. Moreover, both of these pilot experiments would be improved with β-Galactosidase 

staining in the Abi3 KO or Abi3 antibody staining, as if only a subset of pMØ strongly express Abi3 

then it may make it harder to detect if the phenotype of the Abi3 KO cells are altered.  

Section 6.2.2 provided a basic phenotyping of MØP cell lines derived from these Abi3 KO and Abi3 

WT mice. The only noticeable differences between the lines was a slightly lower CD11b expression 



296 
 

(Figure 6.18) and a reduced cell number (Figure 6.20C and Figure 6.22A) in undifferentiated MØP 

cells. The cell numbers in M-CSF differentiated MØP cells were not as noticeably different 

between the Abi3 WT and Abi3 KO cells (Figure 6.23B). This result was unexpected given that Abi3 

mRNA was not highly expressed in the undifferentiated cells (Figure 6.13C-D), though the amount 

of Abi3 in the undifferentiated and differentiated MØP cells has yet to be confirmed at the protein 

level.  

The differences in MØP cell number were not obviously resulting from an altered rate of 

proliferation in these cells. Flow cytometric analysis of Ki67 and phh3 antibody staining did not 

differ between the two genotypes (Figure 6.20 and Figure 6.23), though further repeats of the EdU 

proliferation experiments (Figure 6.21 and Figure 6.24) are needed to verify this result. The colour 

changes to the media (Figure 6.19) could be a result of an increased cell death in the Abi3 KO MØP 

cell line or an altered metabolism. This could be assessed in several ways including using live cell 

microscopy to track these cells in culture or testing these MØP cell lines with an (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium (MTT) assay, which is 

converted to a detectable dye by cells that are metabolically active, and is therefore used to 

indirectly measure the viability of cells [397]. 

Overall the first step would be to ensure these differences were not an artefact of the individual 

MØP cell lines but a true biological effect. This would be done by creating multiple Abi3 KO and 

Abi3 WT MØP cell lines, from both male and female mice, and repeating the experiments in these 

independent cell lines. Meanwhile proliferation, apoptosis and metabolism could be assessed in 

freshly isolated pMØ to determine the impact of Abi3 KO, though the population of LacZ 

expressing pMØ would need to be assessed. As the β-galactosidase flow kits requires live cells it 

was not possible to combine this assay with proliferation staining, which requires cells to be 

permeabilised. Most of the work investigating the role of Abi3 in cell proliferation was performed 

in cancer cell lines where forced Abi3 over-expression reduced proliferation [295], which might 

not reflect the true physiological function of Abi3.  

Section 6.2.2.3 showed the impact of Abi3 removal on cytoskeletal actin formation following M-

CSF stimulation. Previous work has shown that M-CSF starvation in the BAC1.2F5 murine MØ cell 

line results in cells with a rounder morphology, whereas M-CSF stimulation causes f-actin 

protrusions resulting in a less circular morphology [389]. Moreover, it has been suggested that this 

M-CSF driven f-actin formation is dependent on the Abi1/WAVE2 complex [289]. When either Abi1 

or WAVE2 were reduced by siRNA the RAW cells had a rounder morphology following M-CSF 
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stimulation [289]. Abi1 and Abi3 are thought to work antagonistically, where Abi3 inhibits WAVE2 

phosphorylation and translocation to the membrane [245,284,293,294]. This led to the prediction 

that M-CSF MØP lacking Abi3 would have a larger number of f-actin protrusions following M-CSF 

stimulation [289], as summarised in Figure 6.29. 

 

Figure 6.29 Graphical hypothesis of the impact of Abi3 KO on M-CSF depletion assay based on insights 
from the literature. While M-CSF withdrawal causes a more circular morphology, M-CSF stimulation 
increased the number of f-actin protrusions, and this M-CSF response is mediated by Abi1 (orange) 
phosphorylation of WAVE2 (fuchsia) to allow translocation, and Abi3 (blue) has a mutually exclusive function 
from Abi1 [245,284,289,389]. Therefore it was hypothesised that in these M-CSF differentiated MØP cells, 
which express Abi3, take longer to develop these f-actin protrusions. The Abi3 KO M-CSF differentiated MØP 
cells lack the Abi3-mediated inhibition of WAVE2 and were therefore expected to have a larger morphology 
with more actin protrusions. 
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Briefly, Figure 6.27 and Figure 6.28 showed that the Abi3-WT differentiated MØP cells appeared to 

be more responsive to M-CSF stimulation than Abi3 KO cells. While Abi3 KO MØP cells appeared to 

have a larger area and perimeter following M-CSF stimulation, though the changes seemed to vary 

between experiments. The circularity and solidity seemed to provide much more robust changes 

to morphology in this assay. These analyses suggest that WT M-CSF differentiated MØPs had an 

increasingly circular and solid following M-CSF stimulation, which was not seen to the same extent 

in KO cells. As M-CSF stimulation is thought to induce a ramified morphology with the 

Abi1/WAVE2 complex it suggests that WAVE2 translocation might be more inhibited in the WT 

cells which robustly express Abi3 when differentiated (Figure 6.13). However many questions 

remained unanswered. For example, does Abi3 affect WAVE2 translocation following M-CSF 

stimulation? Moreover it is possible that morphology changes might be masked by the 

heterogeneity of the cells. Again, these results should be interpreted with some caution as the 

needs to be repeated in other Abi3 WT/KO MØP cell lines and could even optimised to assess the 

impact of M-CSF stimulation in ex vivo pMØ.   

6.3.1 Conclusions and future work 

In conclusion this work suggested that the Abi3 KO mice will provide a useful tool in elucidating 

the role of Abi3 in MØ function, as so far most studies have relied on forced over-expression of 

Abi3 [245,284,294]. While in pilot pMØ experiments a lack of Abi3 did not appear to have much of 

an impact on MØ number, adhesion or proliferation these experiments were not optimal, due to a 

lack of matched Abi3 WT mice.  

In immortalised MØP cell lines derived from individual female Abi3 WT and Abi3 KO mice there did 

appear to be some differences which require further investigation once new MØP cell lines have 

been derived. Rather than solely focusing on how Abi3 KO impacts proliferation, apoptosis and cell 

metabolism should also be assessed. However proliferation studies should not be abandoned as 

recent work by Moraes et al. 2017 showed Abi3 links WAVE2 to the PI3K/AKT signalling pathway, 

in forced Abi3 over-expression in thyroid carcinoma cell lines [294]. Previous work has suggested 

that PI3K and WAVE signalling could be responsible for actin cytoskeletal changes that occur 

during the cell cycle [292] Proliferation should also be assessed in freshly isolated pMØ to 

determine the impact of Abi3 KO. Other work investigating the role of Abi3 in cell proliferation 

was performed in cancer cell lines where forced Abi3 over-expression reduced proliferation [295].  

As previously mentioned WAVE2 staining should be included in the M-CSF depletion/stimulation 

assay in the M-CSF differentiated MØP cells. If there were still morphological differences in the 
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Abi3 KO mice compared to Abi3 WT following M-CSF stimulation in subsequent MØP lines then 

this assay could be performed in freshly isolated pMØ and microglia.  

Moreover, several papers have suggested that Abi1, another protein in the same family as Abi3, is 

increased in an inflammatory setting. IHC assessment of Abi1 expression following in vitro TNFα 

stimulation in a human colon cancer cell line (HDC-9) showed stimulation increased Abi1 levels 

[398]. In a mouse melanoma cell line (B16F1) platelet-derived growth factor increased Abi1 levels 

which was detectable by immunoprecipitation (IP) from 5 minutes after stimulation [293]. 

However this was not seen with all stimulants, as M-CSF stimulation in RAW cells changed the 

localisation of Abi1 but not the amount of Abi1 protein, as detected by IP [289].  

Currently Abi3 protein expression has not been measured following an immune cell challenge in 

MØ. However, even without a specific anti-mouse Abi3 antibody the Abi3 KO mice could be used 

to investigate if there are any changes to the activation of the Abi3 promoter following 

stimulation. If Abi3 KO LacZ/β-galactosidase activity is representative of Abi3 protein staining in 

Abi3 WT pMØ cells then the flow cytometric assay could be combined with an immune challenge, 

such as LPS, to see if the percentage of fluorescent cells is altered. This could also be assessed in 

pMØ from Abi3 WT mice with or without a mild immune challenge, though pMØ would need to be 

sorted using flow cytometry before assessing Abi3 mRNA expression by performing qPCR analysis 

on both stimulated and unstimulated pMØ. A more appropriate immune challenge for microglia 

would be fluorescently labelled amyloid-β oligomers.  

Though this chapter has focused on the role of Abi3 in MØ rather than how Abi3 might impact 

microglia function in health and AD. Given the high levels of Abi3 mRNA expression in microglia 

(Figure 6.1A) it is possible that Abi3 has a different function in microglia. In the literature Abi3 has 

been shown to be one of the genes controlled by homeostatic TGF-β signalling in microglia [154]. 

Preliminary work by another PhD student in the lab suggests that there are a greater number of 

microglia in these Abi3 KO mice which have a more ameboid morphology, indicative of a more 

reactive state [43] (Simonazzi 2019, unpublished). The potential impact Abi3 might have in AD 

pathology is being investigated by breeding the Abi3 KO and Abi3 WT mice to the human APP 

knock-in AD mouse model (APPNL-G-F) as published in [399].  

The assays developed in this chapter can easily be applied to the primary culture system 

developed in Chapter 4 or freshly isolated microglia. Therefore, going forward the impact of Abi3 

removal can be assessed both in vitro to determine subtle changes to WAVE2 signalling as well as 

looking at in vivo changes to microglia physiology in health and AD model mice  
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Chapter 7  General Discussion 
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7.1 Introduction 

The broad objective of this thesis was to better understand how two GWAS genes, Spi1 and Abi3 

can independently impact microglia/MØ physiology, providing insight as to how the function of 

microglia might be altered in AD. A recent review by Sarlus et al. (2017) highlighted that many of 

the GWAS genes discussed in section 1.4.4 converge onto a few common pathways [226]. In 

microglia, these pathways are thought to impact several key physiological functions including 

endocytosis, motility and phagocytosis, as reviewed in [226], suggesting the function of these 

pathways may be altered in AD. For example, the work in this thesis suggests the levels of both 

Spi1/PU.1 and Abi3 were able to individually impact phagocytosis, despite likely acting at opposing 

ends of this biological pathway. The following sections will reintroduce the AD associated risk 

genes studied in this thesis. 

7.1.1 Spi1/PU.1 

The first LOAD associated risk gene investigated in this thesis was SPI1, which encodes the PU.1 

transcription factor. The role of PU.1 in microglia has been well studied given that it is essential for 

the survival and function of several MØ populations [6–8]. Moreover, Gosselin et al. 2014 

suggested that in mice PU.1 acts at active chromatin regions with other tissue-specific binding 

partners to aid in establishing a unique microglia identity, which was disparate from other MØ 

populations [153]. This work has also been validated in human microglia, where potential PU.1 

binding sites were found in over half of the regions of accessible chromatin [156]. Taken together 

these analyses implied Spi1 was one the most highly expressed transcription factors controlling 

expression of many genes in both mouse and human microglia.  

SPI1 has been identified as a LOAD risk gene [4] and has been purported to be at the centre of a 

hub of AD risk proteins [5]. This is unsurprising given that other AD-risk genes have SPI1/PU.1 

binding sites upstream of their promoters [230,231]. Several potential AD therapeutics, CSF1R 

inhibitors and the HDAC inhibitor Valproic Acid, are thought to indirectly impact PU.1 [73,90–

92,279]. CSF1R inhibitors are thought to slow disease progression in AD model mice by reducing 

the number microglia [73,90–92]. In a recent clinical trial the HDAC inhibitor Valproic Acid was 

found to accelerate disease progression [318]. In human mixed-glia cultures VPA has been shown 

to reduce microglial phagocytosis of Aβ1-42 [281]. As Valproic Acid is thought to hyperacetylate 

Histone 3 and Histone 4 residues and block access to catalytic HDAC site [282] and its effects are 

not specific to PU.1. However, in vitro microglia studies have shown directly lowering PU.1 results 

in a reduced phagocytic capacity [230,232]. This led to concerns that drugs reducing PU.1 might 
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impact the number or function peripheral MØ populations, compromising the peripheral innate 

immune system. Therefore, this thesis set out to identify which microglia genes are affected by 

physiologically-relevant alterations in Spi1 expression. The gene changes from the Spi1 RNA-Seq 

datasets were then mapped to functional pathways. The Spi1 over-expression dataset may even 

highlight problematic pathways in AD pathology.  

An initial objective of this study was to see if microglial PU.1 could be down-regulated following 

removal of the Spi1 -14 kB URE, as freshly isolated microglia have been shown to better represent 

in vivo microglia than those in long-term culture [154,155]. In parallel to this work TGF-β was used 

to develop in vitro cultures with a physiology more representative of in vivo microglia. These 

cultures were able to cope with lentiviral infection that reduced and increase Spi1/PU.1 protein. 

RNA was isolated from the microglia of these cultures where Spi1 expression had been 

manipulated and sequenced to see the impact on the microglial transcriptome.   

7.1.2 Abi3 

The second LOAD associated risk gene investigated in this thesis was ABI3, which has been shown 

to bind to WAVE2 to form part of the Wave Regulatory Complex (WRC) [245,284]. This complex 

enables cells to reform their actin cytoskeleton in MØ migration and endocytosis [400,401]. 

WAVE2 has been specifically shown to form small actin protrusions called podosomes in response 

to M-CSF [289]. As previously mentioned, Abi1 phosphorylates WAVE2 which enables the WRC to 

translocate to the plasma membrane enabling podosome formation. Meanwhile Abi3 cannot 

phosphorylate WAVE2 and is thought to act in a functionally exclusive manner to Abi1 [245,293].  

Recently identified, the LOAD associated risk SNP (rs616338T) results in a missense mutation 

where phenylaniline replaces the serine at position 209 (S209F) in ABI3 [5]. This SNP was 

associated with AD risk in an independent cohort [402]. ABI3/Abi3 mRNA is highly expressed in 

microglia, though is present in other MØs [248,387,403]. In silico analyses suggested Abi3 is part of 

the network of microglia genes upregulated in AD [402] and ABI3 protein expression has been 

confirmed in post-mortem human microglia samples [244,291].  

The exact role of Abi3 in microglia/MØ function remains largely unknown. As Abi3 appears to 

inhibit actin cytoskeleton changes [245] it raises the question how high levels of Abi3 may be 

important for microglia physiology. Most studies investigating ABI3 have focused on forcing ABI3 

over-expression in cancer cells, which reduced tumour growth and supressed cell motility in vitro 

[11,295] and is potentially regulated by the PI3K/AKT pathway [294]. However many of these 

studies forcibily increased Abi3 which might not represent the physiological function of Abi3.  
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Hence, another aim in this thesis was to better understand the role of the Abi3 protein in MØ 

function. This was done using primary MØs isolated from the newly developed Abi3 KO mice and 

conditionally-immortalised cell lines derived from these mice. As these mice had not been 

previously investigated, indeed the viability of Abi3-deficiency was unknown, they first needed to 

undergo a basic phenotypic analysis which included confirming Abi3 was removed in these mice. 

More specific cytoskeletal changes were then assessed in these MØ and cell lines to better 

understand how Abi3 regulates microglial functions that rely on alterations to the cytoskeleton 

such as phagocytosis.  

7.2 Main Findings 

The following sections will discuss the main findings from each of the results chapters in relation 

to what is currently understood in the field.  

7.2.1 Removal of the -14 kB Spi1-URE did not impact trMØ PU.1 expression  

The first thesis chapter showed the results of removing the -14 kB Spi1-URE (URE) with Cx3cr1 

restricted Cre expression on PU.1 protein expression in pMØ and microglia. Previously published 

work showed removing this URE resulted in an ~80 % PU.1 reduction in total bone-marrow and 

splenic MØ [260,298]. Analysis of open chromatin and H3K27ac modifications undertaken in this 

suggested the URE was open to other DNA-binding factors in MØ populations including microglia. 

Contrary to expectations, this thesis did not find a significant difference in pMØ and microglial 

PU.1 expression following Cre mediated removal of the URE, in both ex vivo and in vitro 

experiments.  

While this appears to conflict with published work there were several possible explanations for 

this disparity, some of which were excluded, as discussed section 3.3. In short, the function of the 

Cre lentivirus and Cx3cr1-CreCONST mice was confirmed. It was confirmed that the URE was 

removed at the genomic level in Spi1-CONST mice but not in Spi1-ERT mice. Despite this PU.1 

protein levels were similar in Spi1-ERT, Spi1-CONST and Cx3cr1-CreCONST mice, suggesting that the 

URE removal was not impacting PU.1 expression. An in vivo pilot experiment suggested this is also 

not because the URE is only functional in an inflammatory context in adult mice.  

This meant that other explanations must be considered. Firstly, there are several criticisms of the 

work published around the role of the URE in MØ. A transgenic mouse strain where a GFP reporter 

was inserted under the -14 kB Spi1 URE promoter [268] suggested the URE was activated in splenic 

myeloid cells [298]. However, the impact of removing this URE in MØs has not been reported. The 
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original paper only mentioned PU.1 was reduced in total bone marrow, and did not state if the 

myeloid population was impacted [260]. The subsequent paper in 2006 utilised slightly different 

mice, where the neomycin cassette had been removed from the Spi1-URE floxed set-up. This 

paper stated that the reduction of Spi1 mRNA expression was not affected by the 

presence/absence of the neomycin cassette, though this data was not shown and it as not stated if 

this was seen at the protein level [298]. Thus it appears that the work in this thesis measuring the 

impact on PU.1 after removing the URE in trMØs may not be directly in conflict with the published 

literature as this has not been thoroughly assessed by others.  

Secondly, as discussed in section 1.5, myeloid cells have several mechanisms that help maintain a 

high PU.1 expression. When Runx1 binds to both the -14 kB URE and the -10.3 kB enhancer sites 

PU.1 is highly expressed [266]. When C/EBPα binds at the -14 kB URE it rearranges the chromatin 

to open transcription factor binding sites at the -12 kB enhancer that also increase PU.1 expression 

in myeloid cells [270]. Moreover, when Ikaros co-binds with PU.1 at the -10.3 kB, -12.2 kB and -14 

kB Spi1 enhancer sites it promotes PU.1 expression [269]. Overall this suggests the regulation of 

the PU.1 transcription factor in myeloid cells is highly complex. As the Spi1-CONST mice lack the -

14 kB URE but still express PU.1 it suggests that the -14 kB URE is not essential for basal PU.1 

expression in pMØ or microglia.  

Thirdly, the original paper bred the Spi1 URE floxed mice to another mouse strain where Cre was 

expressed in germline cells to ensure the resultant offspring ubiquitously lacked the -14 kB URE 

from the start of development [260,404]. In this thesis, Cre expression was restricted to Cx3cr1 

expressing cells, namely myeloid cells [146] and previous work in Cx3cr1gfp/+ reporter mice 

indicates that Cx3cr1 expression can be detected in CD11b+ ‘microglia’ from embryonic day 9.5 

[88]. Given Cx3cr1 is expressed early on in development it is unlikely that PU.1 was not reduced in 

Spi1-CONST mice because Cre was expressed after a URE-dependent window in development. 

However, by restricting Cre expression to Cx3cr1+ cells this ensured B-cells were not impacted in 

Spi1-ERT/Spi1-CONST mice. Therefore it could be that the reduction in bone-marrow PU.1 

observed by Rosenbauer et al. (2004) were due to the impact of URE removal in B-cells [260]. The 

results of the subsequent paper supports this as mice lacking the URE had a reduced number of B-

cells, and Spi1 expression was reduced in CD45+ bone marrow cells [298]. While this could have 

been investigated further, aim of this thesis was to reduce PU.1 expression in microglia, under the 

conditions investigated, hence the Spi1-URE floxed model was not suitable for the aims of this 

thesis.  
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7.2.2 In vitro Microglia Model 

Another aim of Chapter 4 was to design and evaluate an in vitro microglia culture model where 

PU.1 protein could be reduced and increased using custom lentiviruses. These experiments 

confirmed that the Spi1 shRNA lentivirus was able to reduce the amount of PU.1 protein, 

compared to a NS shRNA control lentivirus, in primary microglia cultures. The Spi1 shRNA 

lentivirus was shown to modestly reduce PU.1 in pMØ in vivo. Moreover, as this model provided 

more flexibility so PU.1 protein expression was also increased in microglia infected with a 

lentivirus containing the Spi1 coding sequence (Spi1 pSIEW) compared to an empty vector control 

(pSIEW).  

To ensure the microglia cultures represented in vivo microglia as much as possible the cultures 

were supplemented with the TGF-β cytokine. TGF-β has been shown to help maintain several key 

homeostatic genes in cultured microglia [154,155]. A protocol was optimised that allowed for 

efficient lentiviral infection and microglia cultures to be supplemented with TGF-β. The findings in 

this thesis mostly supported the proposal that TGF-β maintained expression of key microglia genes 

in vitro. Section 4.2.2 demonstrated that TGF-β increased P2ry12, Tmem119, Sall1, Fcrls, Siglech 

and Cd34 expression, in accordance with published work [154], though the level of expression did 

vary between replicates. This variation in TGF-β gene expression is likely due to variation in the 

primary cultures or an artefact of assessing changes to gene transcription by qPCR alone. The 

addition of lentivirus to this culture system partially reduced the TGF-β-increases on microglial 

gene expression. Given that TGF-β has been shown to produce an anti-viral response in other cell 

types it is not unexpected that TGF-β may impact the efficiency of lentiviral infection [30, reviewed 

in 31]. Overall, even with lentivirus infection TGF-β still increased expression of some microglia 

genes, listed above, compared to cultures supplemented with M-CSF alone. Therefore in the final 

21-day culture protocol TGF-β was added to the cultures on day 5 and lentiviruses after 10 days in 

culture.  

Three limitations are noted in this 21-day culture model. First, the microglia were cultured with M-

CSF to maintain cell survival instead of IL-34. Both M-CSF and IL-34 signal through the CSF1R [405], 

though IL-34 can bind two additional receptors, Syndecan-1 and Receptor-type protein-tyrosine 

phosphatase ζ [406,407]. Murine RNA-Seq data suggests that Csf1r is predominantly expressed in 
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microglia and CSF1R knock-out mice lack microglia the CSF1R is thought to be the most essential 

receptor [88,248].  

In mice IL-34 signalling affects more microglia in the cortex, hippocampus and olfactory bulb [408] 

and regional IL-34 expression changes with age [409]. However both M-CSF and IL-34 maintained 

microglia in vitro [155] and in vivo [86,87]. In vitro M-CSF is commonly used to culture microglia 

[154,339] and an in-house protocol using M-CSF had been developed by another PhD student 

[410]. Future experiments could compare IL-34 and M-CSF in the culture model developed in this 

thesis to see if the microglia transcriptome is altered. 

Secondly, the brains were not perfused and microglia were sorted by CD11b and CD45 expression 

alone, which means there could be potential contamination from monocytes that had 

differentiated into microglia-like cells in vitro (MDML) [411]. A pilot experiment suggested 

perfusion had little impact on the percentage of monocytes but did diminish the viability of the 

cells (data not shown). While Tmem119 is purportedly present on native microglia and not 

peripheral microglia-like cells [108] other work suggests bone-marrow derived microglia also 

express Tmem119 when cultured with M-CSF [412]. This thesis showed Tmem119 was not 

expressed at a high enough level for flow cytometric sorting. This was not unexpected as 

Tmem119 has been shown to be quickly lost after microglia are removed from the brain [155], it 

follows that Tmem119 would be lower in cultured microglia. Also even if Tmem119 had been used 

to sort microglia, it does not exclude the possibility that other CNS myeloid populations were 

present in these cultures [134]. Despite these criticisms CD11b and CD45 expression are 

commonly used to sort microglia cells.  

Thirdly, as this thesis relied on lentiviruses to reduce and increase PU.1 expression there were 

concerns that these viruses could impact the mRNA profile of the microglia. However even if 

microglia were directly transfected with an siRNA or an shRNA these constructs can be recognised 

as viral RNA by Toll-like Receptor (TLR) 3 and TLR7-TLR9 resulting in an interferon (IFN) response in 

innate immune cells , as reviewed in [340]. To minimise the impact of the experimental viruses on 

the transcriptome of the microglia appropriate control viruses were used. This meant that in 

analysis the shRNA/virus induced changes would be mostly removed when the viruses were 

compared to their respective controls, Non-Silencing (NS) shRNA for Spi1 shRNA and empty vector 

pSIEW for Spi1 pSIEW.  

To summarise, the results provided here provide further support the importance of TGF-β 

signalling maintaining microglia gene expression. Moreover, the Spi1 shRNA virus was shown to be 
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effective in reducing PU.1 protein in M-CSF/TGF-β cultured microglia, ~65 % reduction, as well as 

having modest effects in vivo pMØ (40-50 % reduction). The Spi1 pSIEW virus was also shown to 

increase PU.1 protein levels in infected M-CSF only microglia cultures by between 50-200 %. With 

both these viruses the PU.1 protein was only moderately changed to try and better represent 

physiological changes that could be induced by a risk SNP. The expectation was that mRNA-Seq 

analysis of these microglia with altered PU.1 levels could provide a superior understanding of 

which biological pathways are impacted by physiological relevant PU.1 changes.   

7.2.3 Spi1 RNA-seq Results and Validation  

The results of this chapter indicate that there was a “core” set of 162 microglia genes sensitive to 

the amount of Spi1/PU.1 (where P≤ 0.05), which is in line with other work suggesting PU.1 acts at 

several transcription sites in a concentration-dependent manner [9,10]. Another finding was the 

identification of a set of 122 genes (P ≤ 0.05) that appeared to only be up-regulated in the Spi1 

over-expression dataset, the implications of which will be discussed in section 7.2.3.2. In Silico 

pathway analyses indicated that multiple pathways relating to the cell cycle and DNA damage 

were likely activated in the Spi1 knock-down RNA-Seq dataset. The most significantly activated 

pathways in the Spi1 over-expression RNA-Seq dataset were related to the IFN signalling pathways 

and the bacterial/viral immune response. As discussed in the preceding section, there were 

concerns that these virus-related pathways might be present in these samples as an artefact of the 

experimental design. However, this is likely to be a true biological effect as these pathways were 

thought to be deactivated in the Spi1 knock-down dataset. Secondly, similar pathways were 

activated in a myeloid progenitor cell line where PU.1 expression could be conditionally induced 

[413]. Thirdly, PU.1 can bind to the IFN Regulator Factor 4 (IRF-4) and the IFN Consensus Binding 

Protein (ICSBP) to induce activity of the IL-1β promoter in MØ cell lines [277]. 

To ensure the accuracy of the RNA-Seq data PU.1, Iba-1 and P2ry12 were measured at the protein 

level. Both PU.1 and Iba-1 protein levels were reduced in Spi1 shRNA infected microglia compared 

to NS shRNA infected controls, as observed in the Spi1 knock-down dataset. P2ry12 appeared to 

be reduced in P2ry12high Spi1 shRNA infected microglia. The Spi1 pSIEW virus resulted in a level of 

increased PU.1 protein, Iba-1 and P2ry12 were not obviously altered. Taken together these results 

indicate that the RNA-Seq datasets do represent Spi1 virus dependent changes at the protein 

level.  

Since the advent of this thesis, two in vitro papers have been published where PU.1 has been 

manipulated in microglia [230,233]. In short, Huang et al. (2017) reduced and increased PU.1 in 
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the BV-2 mouse microglia cell line while Rustenhoven et al. (2018) used a PU.1 siRNA to reduce 

PU.1 protein in primary human mixed glia cultures. The reduction in PU.1 protein in this thesis 

(~65 %) was comparable to Rustenhoven et al. (~60 %) in the validation cultures and more 

moderate than Huang et al. 2017 (~80 %). The PU.1 over-expression was not quantified in Huang 

et al. 2017 though in this thesis PU.1 expression was increased between 50-200 %.  

As summarised in Table 7.1 there are several differences in the experimental approaches taken in 

both studies. Firstly, the in vitro microglia models were different. The work in this thesis was 

performed in primary microglia cultures supplemented with TGF-β which were sorted before RNA-

Seq and are much more representative of in vivo microglia than the BV-2 cell line used by Huang et 

al. (2017) [154,230]. While Rustenhoven et al. (2018) used primary human glia cultures, neither 

microglia or cells with a reduced PU.1 were purified before microarray analyses. Moreover, these 

cultures were derived from patients with medial temporal epilepsy which is known to induce an 

inflammatory microglial phenotype, reviewed in [42], and might not represent normal microglial 

physiology.  

Secondly, using RNA-Seq to assess mRNA changes has multiple advantages over a Microarray or 

qPCR approach, a major advantage being that RNA-Seq data is not limited by prior knowledge of 

mRNA sequences and can be re-analysed following other discoveries [371]. To summarise, while 

the methodology of these papers is not without criticism the approaches still led to meaningful 

results and have overcome the lack of Spi1/PU.1 transgenic mouse models. The next few sections 

will describe the results of the functional experiments performed in this thesis. 
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 Spi1 Knock-Down Dataset 

The functional assays were selected based on the results of clustering and pathway analysis of the 

RNA-Seq datasets, as shown in Chapter 6, to determine the impact of an altered PU.1 on microglia 

function. Given the Spi1 RNA-Seq dataset implied pathways related to the control of the cell cycle 

or the DNA damage/repair response were up-regulated, ki67 was used to assess proliferation in 

these cells (Figure 7.1). Some studies have already shown that differentiating MØ increase their 

levels of PU.1 by lengthening cell cycle [257], though this may not apply in adult microglia [165] 

which are a self-renewing population. PU.1 has also been shown to be part of the in M-CSF 

dependent proliferation of mature MØ and microglia [255,271,414]. The impact of PU.1 knock-

down on microglia phagocytosis was also assessed in this model as PU.1 has been shown to bind 

to the Fcγ Receptor promoter and the CD11b promoter [272,415], both of which are key receptors 

in the phagocytotic process [183]. 

7.2.3.1.1 Assessment of Proliferation 

While the work in this thesis did not find any significant differences in microglia proliferation 

caused by Spi1 shRNA infection, as assessed by ki67 flow cytometric analysis, there did appear to 

be a slight increase in the proportion of ki67+ cells overall. This was slightly unexpected given the 

Spi1 knock-down RNA-Seq pathway analysis and reports in the literature that in vivo CSF1R 

inhibitors blocked neurodegenerative disease-related microgliosis [73,416] and M-CSF stimulation 

can increase PU.1 protein and microglia proliferation [271]. While PU.1 is important in M-CSF 

dependent MØ/microglia proliferation [255,271,414] none of these studies assessed proliferation 

as a direct consequence of reducing PU.1 protein. Additionally, in this experimental model 

microglia were cultured with TGF-β to better represent homeostatic microglia. Several studies 

have shown that TGF-β suppresses microglia proliferation  [341,342] which is not surprising given 

that in vivo microglia proliferate at a slow rate, as discussed in section 1.4.1. Future experiments 

could assess proliferation by EdU staining in this culture model both with and without the addition 

of TGF-β. 

7.2.3.1 
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Figure 7.1 Z-Score of Cell-Cycle IPA Disease/Function Pathways in the Spi1 Knock-Down dataset. A positive 
Z-Score indicates that a pathway is activated and a negative Z-Score indicates that a pathway is less active. 
Overall this in silico analysis suggests that the cell cycle/DNA repair mechanisms are altered by Spi1 knock-
down. 

As the pathway analysis in this thesis also implicated cell cycle checkpoint and chromosomal 

replication pathways there were concerns Spi1 shRNA infected microglia were failing to undergo 

correct cytokinesis. DAPI staining in these microglia failed to prove that there was a difference in 

the percentage of cells with multiple nuclei which would indicate a failure in cytokinesis. However, 

the microglia were infected with lentivirus for 10 days it is possible that microglia which fail to 

correctly divide undergo apoptosis are quickly phagocytosed by the remaining microglia. Some 

support comes from Smith et al. (2013) who noted there was a reduced number of microglia in 

human mixed glia cultures where PU.1 was reduced by ~70 % [232]. While another paper 

produced by the same group observed no difference between the number of microglia in the PU.1 

siRNA cultures, this work was limited as neither the PU.1 or the scrambled control had a reporter 

and therefore uninfected microglia were not be excluded from the analysis. In summary, these 

results suggest that more research on this topic needs to be undertaken before the association 

between the PU.1 reduction and the cell cycle related pathways becomes apparent. One potential 

experiment would be to track microglia in cultures following infection with either NS shRNA and 

Spi1 shRNA lentivirus using microscopy.  

7.2.3.1.2 Phagocytosis 

In this study Spi1 shRNA infected microglia were found to have a lower percentage of cells 

associated with zymosan than NS shRNA infected microglia. This PU.1 mediated reduction in 

phagocytosis has been previously observed in vitro in BV-2 cells and human microglia [230,232], 

though the reductions seen in this thesis seem milder than those observed in primary human 
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microglia cultures ~10 % compared to ~40 %. This is likely due to experimental differences, as the 

human microglia were cultured with Aβ1-42 for 24 hours whereas this thesis mouse microglia 

cultures were incubated with zymosan for 1 hour. Moreover microglia can internalise Aβ1-42  

through mechanisms other than phagocytosis [417]. Several other reports indicate that PU.1 likely 

has a role in microglial phagocytosis. Analysis of the BV-2 cell line indicated there were a number 

of potential PU.1 binding sites in genes in the Fcγ-receptor mediated phagocytosis and endocytosis 

pathways [319]. Rustenhoven et al. (2018) identified actin filament binding and several vesicle 

transport pathways that were impacted in microglia with an siRNA reduced PU.1 expression [233].  

 Spi1 Over-Expression Dataset 

The work in this thesis was also designed to determine the effect of increasing the Spi1/PU.1 on 

the microglia transcriptome. Spi1 mRNA has been shown to be higher in the brains of PS19, 

APP/PS1 and CK-P25 AD mouse models [70,73,418] in the temporal cortex of AD PM tissue 

compared to controls [73]. These studies isolated mRNA from whole tissue, so it is unknown if 

Spi1/PU.1 expression was increased in individual microglia or as a consequence of AD microgliosis 

or an influx of monocytes cells [82, reviewed in 83]. 

The SPI1 AD-risk associated SNP (rs1377416) was found to increase reporter expression when 

inserted upstream of PU.1 in the BV-2 cell line [70]. The opposite was seen in a SPI1 SNP 

(rs1057233g) that is thought to cause a lower level of SPI1 expression and has been linked with a 

lower risk of AD and a later age of AD onset [230]. ChiP-Seq of histone modifications in CK-p25 AD 

mice and hippocampal grey matter of AD patients suggested that the immune response was 

enriched, and there were more potential PU.1 binding sites in many of the promoter/enhancer 

regions in this set [70]. This has been supported by others who have found SPI1 binding motifs in 

open chromatin regions upstream of AD risk genes in human microglia [231]. Huang et al. (2017) 

suggested several LOAD risk SNPs impacted PU.1 binding motifs [230]. The top 18 genes identified 

by Sierksma et al. (2019) in the human-APP/PS1 mouse ‘conserved risk’ set were thought to have 

adjacent Spi1 binding sites [278]. Taken together these results suggest that Spi1 controls the 

expression of multiple genes related to AD risk. 

The current study found that in the Spi1 over-expression RNA-seq dataset the number of genes in 

the IFN and PRR signalling pathways were higher than would be expected due to random chance 

especially after comparison to control lentiviruses. Moreover in silico analyses suggests the IFN 

pathway was more active in the Spi1 over-expression and less active in the Spi1 knock-down 

dataset, suggesting the pathway activation might be moderated by the levels of PU.1 rather than 

7.2.3.2 
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viral infection. In the high Spi1 RNA-Seq dataset IFN response genes Irf7, Irf3 and Stat1 were 

identified as potential up-regulators of these changes. Activation of IFN genes has been detected 

in APP/PS1 (Stat2, Stat1 and irf7) and CK-p25 (irf7) AD model mice [278,420]. PU.1 has been 

shown to bind to the IFN family members IRF-4 and ICSBP to regulate IL-1β secretion as part of the 

inflammatory response [277]. Moreover, Minogue et al. (2014) showed that 24-month-old 

APP/PS1 had higher cortical expression of Ifnγ mRNA and higher phosphorylated (activated) STAT1 

than wild-type littermates suggesting an activation of interferon pathways. On a cellular level 

there were a higher number of CD11b and IFNγ receptor double-positive cells in APP/PS1 

transgenic mice [120].  

Clustering analysis suggested there were a distinct set of genes that were only detected in the Spi1 

over-expression dataset. Pathway analysis of these clusters suggested that PU.1 influences the 

expression of genes contributing to antigen presentation and activation of various immune 

pathways (Figure 7.2). In a recent review Schetters et al. (2018) concluded that in AD and other 

neurodegenerative diseases microglia have increased major histocompatibility complex class II 

(MHCII) expression [421]. Bioinformatic analysis undertaken by Rustenhoven et al. 2018 suggested 

that Spi1/PU.1 could link the innate and adaptive immune systems [233]. Sierksma et al. (2019) 

saw the MHC response and the adaptive immune response pathways were significantly 

upregulated in ‘common’ genes that were common to APP/PS1 mice and a human AD dataset 

were shown to be [278]. 

21 of the most significantly changed genes in the Spi1 over-expression dataset significantly 

associated with their orthologues in the human IGAP dataset. 6 of these genes are known to be 

involved with the IFN/viral response (Ifit2, Oas1 and Oas2) or activation of the adaptive immune 

response (Pecam1, Rnf144b and Treml4) [363,364,367–369].  

In summary these results suggest that increasing Spi1/PU.1 expression in microglia resulted in an 

activation of IFN pathways and MHCII-driven antigen presentation pathways. Given that a high 

level of Spi1 in myeloid cells is thought to be a risk factor for LOAD [70,230] it suggests that in AD 

pathology microglia activation might be partially mediated by Spi1. Moreover, these results 

suggest the Spi1 driven changes to the microglia transcriptome are conserved between mice and 

humans. 
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Figure 7.2 Z-Score of Cell-Cycle IPA Disease/Function Pathways in both RNA-Seq dataset. All of the 
chemotaxis/immune response pathways may be regulated by Spi1, as these pathways appear deactivated in 
the Spi1 knock-down dataset (blue, negative score) and activated in Spi1 over-expression dataset (green, 
positive score). Further work is required to see if MHCII expression results for most of these changes or if 
other chemokines are also changed by Spi1. 

Microglia are known to have higher MHCII expression in AD which is indicative of a more reactive 

phenotype [422–424]. IFNγ stimulation of the hippocampus causes upregulation of MHCII within 

24 hours in vivo [425] and in vitro this activation allows microglia to stimulate CD4+ T-cells [426]. In 

another type of antigen presenting cell, called dendritic cells, PU.1 binds the promoter of a MHCII 

regulating protein (CITA-pII) increasing its expression [427]. In silico analysis of the Spi1 over-

expression RNA-Seq dataset showed that ccl2 was increased (data not shown), which is key in 

recruiting monocytes to the CNS [95]. This suggests that increased Spi1 may drive microglia to 

express MHCII to activate antigen presentation pathways and leukocyte migration.  

When IFNγ was virally over-expressed in APP-TgCRND8 model mice there was an increase in 

complement and microglia activation, resulting in a higher number of monocytes in the CNS [119]. 

The outcome of the IFNy over-expression was a reduced number of Aβ plaques in these mice 

compared to controls, suggesting IFNγ might be helpful in preventing some AD pathology [119]. 

When Spi1 was over-expressed the BV-2 microglial cell line phagocytosis was increased [230]. 

Given that this thesis showed MHCII and other bacteria/virus recognition pathways it would be 

interesting to investigate how Spi1 over-expression alters microglia phenotype. Further work could 

also investigate if an increased Spi1 affected microglia alone or affected the behaviour of other 

cells through their secretome.  
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7.2.4 The role of Abi3 in MØ function 

The next section aimed to assess the importance of Abi3 protein expression in MØ function, given 

that a mutation in the ABI3 protein has been linked to AD risk [5,402]. Moreover ABI3 expression 

has been shown to be part of the network of microglia genes upregulated in AD [402]. While 

implication that ABI3 is part of a network of microglia genes altered in AD pathology of interest, 

there is a lack of information about the function of ABI3 in MØ. Current reports suggest that Abi3 

acts in an opposing manner to Abi1, preventing WAVE2 from interacting with the actin 

cytoskeleton in response to M-CSF [245,284]. The recent development of  Abi3 KO mice [299] 

provided an unparalleled opportunity to study the impact of Abi3 on MØ function by comparing 

these mice lacking Abi3 to wild-type controls. First, this thesis observed that the Abi3 KO mice 

were able to produce viable offspring with no obvious physical defects. Subsequent experiments 

verified Abi3 KO mice express the LacZ/β-galactosidase reporter under the control of the Abi3 

promoter in some pMØ and lack Abi3 exon 2-7 at the genomic level.  

An interesting finding about Abi3 expression in pMØ was that it appeared to be strongly expressed 

in a subset of pMØ under resting conditions. This might explain why in pilot adhesion and 

phagocytosis experiments, both mediated through changes to the actin cytoskeleton, the loss of 

Abi3 did not overtly impact these MØ functions. These experiments were designed to investigate if 

Abi3 KO had a glaring impact on MØ function, and it could be that a more refined approach is 

needed because the loss of Abi3 has a subtler effect on MØ adhesion or phagocytosis. Future work 

could include assessing phagocytosis over time or with different doses of zymosan and assessing 

adhesion in a similar manner to the spreading assay performed by Sekino et al. 2015 [245].  

One unanticipated finding was that during the growth of the conditionally immortalised CD117+ 

bone marrow precursor (MØP) cell lines derived from the Abi3 KO mice appeared to have a lower 

cell number compared to MØP cells from an age and sex matched Abi3 WT cell line, which was 

first observed by a media colour change and confirmed by cell count data. Flow cytometric 

assessment of proliferation by ki67, phh3 and EdU staining was not able to confirm that this 

difference in cell number was caused by an altered rate of proliferation. In M-CSF differentiated 

MØP cells, which have a higher Abi3 mRNA expression than MØP precursors, the difference in KO 

and WT cell numbers was not as extreme. Following M-CSF stimulation in these M-CSF MØP cells 

the Abi3 KO cells were found to have a larger area and were less circular than WT cells. A possible 

explanation for these results is that in the Abi3 KO cells, Abi3 was not inhibiting the WAVE2 

complex, allowing for a greater/faster actin rearrangement following M-CSF stimulation than Abi3 
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WT cells [289,389]. The data gathered using these MØP cell lines must be interpreted with some 

caution because these experiments were performed on one set of Abi3 WT and Abi3 KO MØP cell 

lines, these experiments should be replicated in multiple sets of MØP lines before can determine 

this is a true biological effect. 

These findings provide further support for the hypothesis that Abi3 KO can cause changes to actin 

cytoskeleton formation in MØ, as previous work in thyroid cancer cells has shown that high ABI3 

expression can reduce proliferation and inhibit cancer cell migration [11,295]. There is abundant 

room for further progress in determining the role of Abi3 in MØ and microglia function. Colleagues 

continue to investigate Abi3 and WAVE2 localisation in these MØP cell lines and assessing the 

morphology of microglia in the brains of these Abi3 KO mice.  

7.3 Conclusions 

This thesis aimed to assess the impact of alterations to Abi3 or Spi1/PU.1 have on MØ phenotype, 

to better understand how these AD risk genes may alter the physiology of these cells.  

As a transcription factor Spi1 can alter many genes in microglia [230,231,319], though a few 

studies have investigated the impact of altering the Spi1/PU.1 dose on the microglia transcriptome 

[230,233] the methods of assessing these changes were not as advantageous as RNA-Seq. The 

amount of PU.1 in freshly isolated microglia from transgenic mice lacking the -14 kB Spi1 URE did 

not differ from mice where the URE was intact. This model was therefore unsuitable to measure 

PU.1 dependent changes to the microglia transcriptome, and led to the development of an in vitro 

culture model where PU.1 was manipulated in primary microglia. This led to the identification of a 

gene list that were controlled by different PU.1 levels in microglia. 

The present study contributes to the existing knowledge of how the amount of Spi1 impacts the 

transcriptome of microglia, through the production of Spi1 knock-down and Spi1 over-expression 

RNA-Seq datasets. Previous work has suggested that AD is thought to be mediated small 

contributions from multiple genes [317] and analysis of MØ and microglia chromatin suggested 

SPI1 may bind at the regulatory regions of other AD risk genes [230,231,278] controlling the gene 

expression. The current findings add to a growing body of literature suggesting that Spi1/PU.1 

alone can cause transcriptional changes in microglia. This study has generated a list of microglia 

genes which are controlled by PU.1 in a concentration dependent manner. Approaches such as 

these could lead to better understanding of AD aetiology and the development of better 

therapeutics targeting more microglia specific pathways. 
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The work of this thesis was limited as the microglia used to generate these datasets were from in 

vitro manipulations and not freshly isolated from transgenic mice where Spi1 has been 

manipulated. Recent work in the literature has shown that microglia quickly lose expression some 

of the homeostatic receptors and while this loss can be partially ameliorated by TGF-β 

supplementation in the culture media it is not a perfect way to compensate for the loss of signals 

from the CNS milieu [154,155,428]. However given that the findings of the Spi1 manipulations in 

microglia correlate to the human IGAP dataset [3] and are supported by others in the literature 

working with freshly isolated microglia from AD mouse models [278] or primary human microglia 

[233] suggests this model was representative of in vivo changes.  

Despite its exploratory nature, this study offers some insight into how Spi1 might drive an 

effector/interferon response in microglia. Pathway analysis of these results suggested that 

pathways altered by an increased PU.1 include activation of the adaptive immune response via 

microglia MHCII and IFN response, which has been supported by others [233,278]. These results 

intimate that the upregulation of MHCII in AD [422–424] might be part of a Spi1 driven activation 

of microglia to help ameliorate AD pathology [97,98,122]. Datasets like these might yield more 

clues into specific pathway controlled by Spi1 and if these pathways are also linked to AD risk or a 

failed attempt to recruit beneficial cells. While such analyses are outside the scope of this thesis, 

the datasets produced from this work provides a detailed map of microglial genes under control of 

PU.1.  

The work also contributes to the existing knowledge on the role of Abi3 in MØ in several ways. 

Firstly, the validity of the Abi3 KO mouse model was confirmed via PCR, qPCR and LacZ reporter 

expression in both MØP cell lines and ex vivo pMØs. It was found that Abi3 only appeared to be 

expressed by a subset of pMØs, though this finding still needs to be validated with Abi3 antibody 

staining. Secondly, the removal of Abi3 did not obviously impact the number of pMØ in vivo or 

overtly impact adhesion and caused a subtle reduction in phagocytosis in ex vivo experiments, 

though if Abi3 is only expressed by a subset of pMØ then these experiments should be repeated to 

confirm this.  

Thirdly, work in the conditionally immortalised bone marrow precursor (MØP) cell lines suggested 

that Abi3 expression increases following differentiation with M-CSF or GM-CSF. There were no 

overt differences to the expression of key MØ surface receptors CD45 and MHCII. In the 

undifferentiated cells lacking Abi3 loss might result in a reduced cell number and altered CD11b 

expression, though this has yet to be observed in multiple MØP cell lines.  
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Finally, preliminary experiments investigating actin cytoskeletal rearrangement, combined with 

work done by others, indicated that in MØ the removal of Abi3 inhibition could result in a 

faster/greater WAVE2 response to M-CSF stimulation [245,284,289]. Whilst this study would need 

an antibody to confirm changes to Abi3 localisation and levels currently commercially available 

antibodies are not specific to Abi3 (data not shown), thus Abi3 removal was only confirmed at the 

genomic and mRNA level. This thesis has only examined the function of Abi3 in a few MØ 

functions that require actin cytoskeletal changes which might differ in microglia which express 

higher levels of Abi3 [248]. 

7.4 Future perspectives 

Several opportunities exist for further research. For example, a greater understanding of the role 

of the different regulatory elements of Spi1 in different immune cell types, especially trMØ, would 

be of great help to allow for the development of transgenic mouse lines where PU.1 is lower 

exclusively in MØ. It would be interesting to assess the level of PU.1 protein in the pMØ and 

microglia subsets in the Spi1tm1.3Dgt/J mice, where the -14 kB Spi1 URE is supposedly ubiquitously 

removed, which are now commercially available. The enhancer landscape could also be 

investigated in these mutant mice to see if the ATAC-Seq and H3K27ac profiles differed from wild-

type mice. 

The results of this study suggested that the in vitro lentiviral infection of microglia culture system 

developed in this thesis could be a useful tool in investigating the function of conserved LOAD 

genes on microglia gene expression. While this model was limited as it cannot fully mimic the 

complex in vivo environment [154,155], useful preliminary data to study the effect of AD risk 

genes and SNP variants, for which there are no transgenic mice available, could be obtained.  

Based on bioinformatic analysis of the RNA-Seq datasets, a natural progression of the Spi1 shRNA 

and Spi1 pSIEW viruses in this model would be to validate changes in molecules in the MHCII 

antigen presentation pathway and cytokine profile. Though this study was unable to analyse the 

effect that an increased PU.1 expression may have in vivo as transgenic mice over-expressing Spi1 

in microglia are still being developed. Further research might explore how a higher level of Spi1 in 

microglia might impact their morphology, receptor expression, function and if immune cell 

trafficking is altered. The impact of Spi1 on AD pathology could then be assessed by breeding Spi1 

over-expressing mice to AD model mice. While PU.1 could be manipulated in AD transgenic mice 

now by injecting the lentiviruses developed in this thesis it would likely require many trials to 

optimise viral delivery. Chapter 4 showed the PU.1 shRNA viruses were modestly effective at 
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infecting pMØ of mice that had received intra-peritoneal injections of this virus, and microglia are 

a much harder cell type to access w=for lentiviral injections. 

The precise pathways which are under the control of PU.1 in a dose dependent manner have yet 

to be elucidated. A more in-depth bioinformatic of these results could reveal more information 

about how the amount of PU.1 regulates gene expression in microglia, and how this might 

contribute to AD pathology. Throughout the analysis microglia with a higher expression of the GFP 

reporter have a greater change to PU.1 protein levels. Therefore, it would be interesting to 

perform single cell sequencing on microglia cultures infected with Spi1 pSIEW, to see the extent of 

the PU.1 dependency on the transcription of these genes. For example, is there a Spi1 mRNA 

threshold that must be reached to induce Irf7 gene transcription? A preliminary way to assess this 

would be to separately sort GFPhigh and GFPlow Spi1 pSIEW infected microglia and measure changes 

to Spi1/PU.1 and Irf7 a selection of other genes. 

Another possible area of future research would be to use the Spi1 knock-down and Spi1 over-

expression datasets to inform in silico drug target prediction. While this has already been done in 

human microglia with a lower PU.1 expression [233] the RNA-Seq datasets generated in this thesis 

have a greater amount of information, both from the Spi1 over-expression dataset but also a 

higher number of genes in the Spi1 knock-down dataset. 

More broadly, additional research is needed to understand how the Spi1 related LOAD risk SNPs 

rs1057233g and rs1377416 alter the level of PU.1 protein in microglia [70,230]. This could be done 

in an in vitro culture system where the mutations are inserted into murine microglia using CRISPR-

Cas9 system [330]. Another approach would be to differentiate microglia from individuals with the 

Spi1 risk SNPs using one of the models making microglia-like cells from induced pluripotent stem 

cells (iPSC) [429,430]. These iPSC/macrophage derived microglia have been used by others to 

investigate how AD risk genes and risk SNPs impact microglia phenotype [56,362,431]. Work is 

currently undertaken differentiating iPSC cells with different rs1057233 genotypes into microglia 

in vitro [432]. 

To extend the Abi3 work some of the M-CSF stimulation results first need to be validated in 

another set of MØP cell lines and in more primary pMØ samples and microglia. WAVE2, Abi3 and 

Arp2/3 immunofluorescent staining should also be included in this assay to better assess the 

underlying changes [289]. Given that Abi1 is suspected to bind both WAVE and WASP family 

members the interaction of Abi3 with the other WAVE/WASP family members should also be 

assessed [433]. Further research needs to examine more closely the links between Abi3 KO and 
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cell number, especially in the MØP cell lines. It would be interesting to assess the effects Abi3 

expression on cell migration and inflammation given that both these functions require changes to 

the actin cytoskeleton. The scope of this study was limited in terms of investigating the function of 

Abi3 in microglia, which express more Abi3 than pMØ [248]. Research investigating the role of 

Abi3 in microglia is being carried out by colleagues. They are also looking for functional differences 

between the wild-type (S209) and AD risk variants of ABI3 (F209) over-expressed in a cell line [5]. 

Taken together, these findings show further support that microglia should be targeted in AD 

therapeutically, and that while impact of individual risk genes might vary the impact on microglia 

physiology should still be investigated. 
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Appendices 

List of 162 Genes Controlled by level of PU.1 

 

Symbol Ensembl_ID
Spi1 KD 

Log2 FC

Spi1 OE 

Log2 FC
Symbol Ensembl_ID

Spi1 KD Log2 

FC

Spi1 OE Log2 

FC

Mx1 ENSMUSG00000000386 -2.265 1.355 Ddx60 ENSMUSG00000037921 -2.145 1.422

Pparg ENSMUSG00000000440 -2.164 1.707 Igsf9 ENSMUSG00000037995 -1.534 0.884

Zfp385a ENSMUSG00000000552 -0.673 0.577 Rnf144b ENSMUSG00000038068 -2.503 3.951

Ckb ENSMUSG00000001270 -0.913 0.826 Parp12 ENSMUSG00000038507 -0.758 0.897

Irf9 ENSMUSG00000002325 -0.699 0.546 Jarid2 ENSMUSG00000038518 -0.501 0.554

Arhgef40 ENSMUSG00000004562 -0.549 0.430 Rap1gap2 ENSMUSG00000038807 -1.424 1.055

Hap1 ENSMUSG00000006930 -2.379 1.240 Garnl3 ENSMUSG00000038860 -1.357 1.240

Kcnd1 ENSMUSG00000009731 -1.906 2.075 Isg20 ENSMUSG00000039236 -1.484 1.787

Ifi35 ENSMUSG00000010358 -0.997 0.931 Znfx1 ENSMUSG00000039501 -1.517 0.969

Phf21b ENSMUSG00000016624 -1.577 1.483 Fgl2 ENSMUSG00000039899 -0.975 0.935

Dhx58 ENSMUSG00000017830 -1.456 1.381 Tbc1d16 ENSMUSG00000039976 -0.765 0.819

Il12rb2 ENSMUSG00000018341 -1.592 1.609 Stat2 ENSMUSG00000040033 -1.263 0.958

Slc13a3 ENSMUSG00000018459 -3.454 2.143 Plcb2 ENSMUSG00000040061 -1.236 1.047

Slc25a22 ENSMUSG00000019082 -0.901 0.626 Ddx58 ENSMUSG00000040296 -1.396 1.172

Fyn ENSMUSG00000019843 -1.648 0.874 Olfr56 ENSMUSG00000040328 -0.895 1.031

Tmcc3 ENSMUSG00000020023 -1.576 1.076 Trim41 ENSMUSG00000040365 -0.579 0.373

Cmpk2 ENSMUSG00000020638 -3.684 2.102 Xaf1 ENSMUSG00000040483 -1.456 1.403

Rsad2 ENSMUSG00000020641 -2.779 2.171 Matn1 ENSMUSG00000040533 -4.697 2.004

Xylt2 ENSMUSG00000020868 -1.029 0.695 Oasl1 ENSMUSG00000041827 -2.864 2.288

Rtn1 ENSMUSG00000021087 -2.234 2.749 Rapgef5 ENSMUSG00000041992 -1.550 1.372

Evl ENSMUSG00000021262 -1.177 0.774 Inka1 ENSMUSG00000042106 -1.743 1.037

Degs2 ENSMUSG00000021263 -1.218 0.855 Liph ENSMUSG00000044626 -3.101 1.923

Parp9 ENSMUSG00000022906 -1.198 1.004 Tlr1 ENSMUSG00000044827 -1.545 0.882

Mx2 ENSMUSG00000023341 -1.634 1.367 Ifit2 ENSMUSG00000045932 -3.539 2.073

Mmp25 ENSMUSG00000023903 -5.663 3.080 Tmem150b ENSMUSG00000046456 -0.918 0.813

Bysl ENSMUSG00000023988 -0.336 0.309 Irgm1 ENSMUSG00000046879 -1.524 1.056

Eif2ak2 ENSMUSG00000024079 -1.049 0.620 Ust ENSMUSG00000047712 -0.903 0.997

Sectm1a ENSMUSG00000025165 -3.205 2.931 C130026I21Rik ENSMUSG00000052477 -1.693 1.790

Dnase1l3 ENSMUSG00000025279 -6.927 4.837 St6galnac3 ENSMUSG00000052544 -4.139 3.151

Irf7 ENSMUSG00000025498 -2.760 2.283 Clec12a ENSMUSG00000053063 -2.185 1.480

Rdh10 ENSMUSG00000025921 -0.754 1.066 Slamf8 ENSMUSG00000053318 -3.133 1.494

Stat1 ENSMUSG00000026104 -0.897 1.084 Smagp ENSMUSG00000053559 -1.764 1.573

Sp100 ENSMUSG00000026222 -1.278 1.173 H2-T24 ENSMUSG00000053835 -1.938 1.576

Ifi211 ENSMUSG00000026536 -2.242 1.424 Slc39a8 ENSMUSG00000053897 -1.392 0.859

Ifih1 ENSMUSG00000026896 -1.801 1.093 Slfn5 ENSMUSG00000054404 -1.582 1.807

Fcna ENSMUSG00000026938 -1.670 4.989 Rab39 ENSMUSG00000055069 -2.729 1.362

Ube2l6 ENSMUSG00000027078 -0.999 1.259 Armc7 ENSMUSG00000057219 -0.693 1.099

Gatm ENSMUSG00000027199 -1.252 0.869 Trim30d ENSMUSG00000057596 -1.751 0.928

Sema6d ENSMUSG00000027200 -1.639 1.538 Ptp4a3 ENSMUSG00000059895 -0.972 0.882

Dusp2 ENSMUSG00000027368 -2.109 1.845 Tor3a ENSMUSG00000060519 -1.527 1.028

Zbp1 ENSMUSG00000027514 -1.610 1.556 Blnk ENSMUSG00000061132 -1.770 1.320

Ifi44 ENSMUSG00000028037 -2.202 2.482 Ifit3b ENSMUSG00000062488 -3.159 2.358

Gbp3 ENSMUSG00000028268 -1.500 1.089 Kdr ENSMUSG00000062960 -1.588 1.589

Gbp2 ENSMUSG00000028270 -1.204 1.069 Rnf183 ENSMUSG00000063851 -1.953 1.768

Pdlim5 ENSMUSG00000028273 -1.098 1.145 Trim12a ENSMUSG00000066258 -0.772 0.574

Usp24 ENSMUSG00000028514 -0.347 0.268 Ifi208 ENSMUSG00000066677 -4.717 3.199

Gbp9 ENSMUSG00000029298 -1.233 1.221 Oas1g ENSMUSG00000066861 -1.768 1.534

Rilpl1 ENSMUSG00000029392 -0.685 0.665 Phf11d ENSMUSG00000068245 -2.734 1.302

Oasl2 ENSMUSG00000029561 -2.115 1.629 Irgm2 ENSMUSG00000069874 -1.051 1.038

Oas1b ENSMUSG00000029605 -1.584 1.536 Sp110 ENSMUSG00000070034 -1.014 0.838
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Sez6l2 ENSMUSG00000030683 -2.145 1.424 Ifit3 ENSMUSG00000074896 -2.737 2.314

Acer3 ENSMUSG00000030760 -0.382 0.406 Gm11545 ENSMUSG00000075611 -2.770 2.208

Adgrg1 ENSMUSG00000031785 -1.375 1.477 Trim30c ENSMUSG00000078616 -3.280 2.262

Ifi30 ENSMUSG00000031838 -0.768 0.890 Slfn1 ENSMUSG00000078763 -5.672 2.541

Hsbp1 ENSMUSG00000031839 -0.861 0.433 Igtp ENSMUSG00000078853 -0.951 1.085

Fhl3 ENSMUSG00000032643 -0.645 0.705 Ifi47 ENSMUSG00000078920 -1.031 1.075

Oas3 ENSMUSG00000032661 -1.965 1.822 Gbp4 ENSMUSG00000079363 -1.678 1.753

Oas2 ENSMUSG00000032690 -2.235 1.772 Phyhd1 ENSMUSG00000079484 -0.776 0.703

Rtp4 ENSMUSG00000033355 -1.732 1.951 Gm12250 ENSMUSG00000082292 -1.448 1.466

Igf2bp2 ENSMUSG00000033581 -1.518 1.113 Gm15550 ENSMUSG00000084325 -2.350 2.283

Parp14 ENSMUSG00000034422 -1.918 1.054 Dhx58os ENSMUSG00000085604 -1.340 1.486

Gbp8 ENSMUSG00000034438 -1.662 1.513 Gm5970 ENSMUSG00000085977 -3.024 1.552

Ifit1 ENSMUSG00000034459 -2.101 1.977 Gm11707 ENSMUSG00000086481 -2.250 2.385

Cacna1a ENSMUSG00000034656 -2.548 1.447 Pou3f1 ENSMUSG00000090125 -4.436 3.070

Cd207 ENSMUSG00000034783 -4.493 3.251 Ifi203-ps ENSMUSG00000090222 -2.023 1.252

Art3 ENSMUSG00000034842 -2.279 1.274 Gm6548 ENSMUSG00000091549 -1.145 0.629

Cxcl10 ENSMUSG00000034855 -2.161 1.427 Mir6381 ENSMUSG00000098871 -1.206 1.297

Slfn8 ENSMUSG00000035208 -1.831 1.034 Gm28177 ENSMUSG00000101628 -0.912 1.117

Ccl12 ENSMUSG00000035352 -1.815 1.735 Gbp5 ENSMUSG00000105504 -1.859 1.201

Ccr3 ENSMUSG00000035448 -7.643 3.444 Gm20559 ENSMUSG00000106734 -1.570 1.062

Tdrd7 ENSMUSG00000035517 -0.669 0.568 Gm43068 ENSMUSG00000107075 -2.495 1.733

Isg15 ENSMUSG00000035692 -1.303 1.908 Gm43197 ENSMUSG00000107215 -1.319 0.840

Pml ENSMUSG00000036986 -0.682 0.566 Gm43198 ENSMUSG00000107222 -1.482 0.843

Slc12a9 ENSMUSG00000037344 -2.064 0.806 Gm44148 ENSMUSG00000107736 -1.851 1.889

Fbxw17 ENSMUSG00000037816 -0.823 0.745 Gm45193 ENSMUSG00000108112 -1.957 1.251

Ifi206 ENSMUSG00000037849 -3.942 2.354 A930037H05Rik ENSMUSG00000109408 -1.104 1.141


