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Abstract 
In neurodegenerative diseases collectively known as tauopathies, the microtubule-associated 

tau protein aggregates into insoluble deposits. Tau deposits propagate along synaptically-

connected brain regions in a prion-like manner, correlating with disease progression and 

severity. Genetic studies have recently implicated perturbations in phagolysosomal clearance 

by microglia, the major brain-resident phagocytes, as a key candidate mechanism driving tau 

pathology. However, functional studies elucidating the precise mechanisms in a relevant model 

of human microglia are missing.  

 
In this thesis, I have developed an efficient protocol for purification and in vitro aggregation of 

endotoxin-free, human recombinant tau. I then used an authentic, in vitro model of human 

microglia – induced pluripotent stem cell-derived (iPSC)-macrophages and microglia - to 

characterise microglial responses to tau at functional level, including tau uptake, degradation, 

and secretion, as well as prion-like behaviour of the microglia-processed tau. I have identified 

Low Density Lipoprotein Receptor-Related Protein-1 (LRP1) as major receptor mediating tau 

entry to microglia. I further found that the internalised soluble tau is readily degraded by 

microglia but intracellular clearance of aggregated tau is concentration- and incubation-length 

dependent, and inversely associated with microglial tau release. Tau fibrils processed by 

microglia retain seeding competency, thus supporting the putative role for microglia in tau 

prion-like spreading. 

 
In addition, I present novel finding that Leucine-Rich Repeat Kinase 2 (LRRK2), a candidate 

genetic determinant in the Parkinson’s disease (PD) and Progressive Supranuclear Palsy 

(PSP) tauopathies, influences microglial cargo clearance pathways and tau-specific 

processing. Specifically, my results show that the PD- and PSP-associated G2019S LRRK2 

mutation enhances iPSC-macrophage baseline proteolytic activity, tau uptake, clearance, and 

possibly prion-like activity of the non-cleared tau species accumulating within the cells.  
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Collectively, this thesis supports the putative role of microglia in tau pathogenesis and provides 

further reasoning for investigating microglia-enriched tauopathy risk variants as potential 

druggable targets.  
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Chapter 1 
Introduction  
 
 
 
1.1 The structure and function of tau protein 
 
An effort to identify factors driving microtubule assembly led to a discovery of tau protein in 

1975 (Weingarten et al., 1975). Nearly 50 years of research have since significantly advanced 

our understanding of tau properties, location, and function. 

 
Tau is one of the microtubule-associated proteins (MAPs), encoded by the MAPT gene located 

on chromosome 17q21.31 (Neve et al., 1986). MAPT comprises of 16 exons. Alternative mRNA 

splicing of exons 2, 3 and 10 generates six major tau isoforms that differ in the number of N-

terminal insertions (N) and the number of sequence repeats (R) in the microtubule-binding 

domain (MBD) (Figure 1.1).  (Goedert et al., 1989). Each repeat is composed of 31 amino acid 

(aa) stretches, further divided into 18 highly homologous VXSK to PGGG motifs followed by 13 

less conserved, intervening residues (Goode & Feinstein, 1994; Himmler et al., 1989; Lee et 

al., 1988). Additionally, inclusion of the MAPT exon 4a generates a unique, high molecular 

weight (MW) ‘’big tau’’ isoform, equivalent to the 2N4R isoform extended by an additional 242 

residues (Couchie et al., 1992; Goedert et al., 1992). The six main tau isoforms are 

predominantly localised in the CNS neurons, with a smaller fraction observed in 

oligodendrocytes (C. Liu & Götz, 2013; LoPresti et al., 1995). ‘’Big tau’’ expression was reported 

in the peripheral system, specific central nervous system (CNS) regions (i.e., the cerebellum 

and the visual system), and human myocardium (Fischer, 2023; Luciani et al., 2023). 

 
Tau expression is developmentally regulated. Only the shortest isoform, 0N3R, is present in 

the human foetal brain whereas the adult brain expresses all six isoforms in equal 3R:4R ratio 

(Goedert & Jakes, 1990; Kosik et al., 1989; Trabzuni et al., 2012). Tau is initially distributed 
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evenly throughout the soma and neurites of immature neurons. During maturation, tau 

becomes increasingly more localised to axons (Kosik & Finch, 1987) as a result of several, 

isoform-specific sorting mechanisms. These include but may not be limited to selective tau 

mRNA transport to and translation in axons, selective tau protein degradation in dendrites, 

preferential tau affinity for axonal over dendritic microtubules, and axon initial segment-

mediated barrier against tau diffusion to dendrites  (Aronov et al., 2002; Hirokawa et al., 1996; 

X. Li et al., 2011; C. Liu & Götz, 2013; Morita & Sobue, 2009; Nakata & Hirokawa, 2003). Some 

studies have reported small amounts of physiological tau is also present in dendrites and nuclei 

of mature neurons but its role there is yet to be fully understood  (reviewed in Antón-Fernández 

et al., 2023; Hanger et al., 2019). 

 
Tau consists of four functional domains: the N-terminal projection domain, a proline-rich 

domain, the MBD, and the C-terminal region (Figure 1.1). The MBD is the primary facilitator of 

tau binding to the microtubules. The MBD repeats, along with ~40 additional, MBD-flanking 

residues, interact with the a- and b-tubulin microtubule subunits (Kadavath et al., 2015a; 

Mukrasch et al., 2005a; Sillen et al., 2005). The 4R tau isoform-specific 275KVQIINKK280 peptide 

within the R1-R2 inter-residue binds tubulin with the highest affinity (Goode & Feinstein, 1994), 

underlying the mechanism by which 3R vs 4R tau isoforms differentially modulate microtubule 

dynamics and function (Goedert & Jakes, 1990a). Weaker tau association with microtubules 

can occur also via the C-terminal (Mukrasch et al., 2009) and can be further enhanced by 

intramolecular interactions between the MBD and the proline-rich region (Goode et al., 1997). 

The N-terminal domain projects away from the microtubule (Hirokawa 1988) and does not 

directly contributing to the tau-microtubule interaction. Instead, the N-terminal regulates the 

spatial organisation of microtubules on axons (J. Chen et al., 1992) and may also affect tau 

subcellular localisation (C. Liu & Götz, 2013) 

 
The unusually hydrophilic tau composition confers its natively unfolded character, now 

confirmed by multiple biophysical methods including nuclear magnetic resonance, small-angle 

X-ray scattering, and circular dichroism (Jeganathan et al., 2008; Mukrasch et al., 2009; 
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Schweers et al., 1994; von Bergen et al., 2005). Unlike globular proteins, the highly flexible and 

dynamic tau forms only very amount of transient secondary structures (Mukrasch et al., 2009; 

Schweers et al., 1994) and remains in solution even following harsh treatments with heat or 

acid (Cleveland et al., 1977; Fellous et al., 1977). Despite the natively unfolded character, 

single-molecule Förster resonance energy transfer revealed tau preference for an S-shaped, 

paperclip-like global order in solution with long-range association of the N- and C-termini folding 

over the MBD (Elbaum-Garfinkle & Rhoades, 2012; Jeganathan et al., 2006). In addition, tau 

interaction with microtubules or other binding partners may induce further, local conformation 

shifts (Grüning et al., 2014; Kadavath et al., 2015b).  

 
Tau acts as a microtubule stabiliser, promoting the microtubule assembly. By regulating the 

microtubule dynamics and axonal spacing, tau influences organelle and cargo transport, 

cytoskeleton rearrangement, and cell polarity. This has been the best-characterised tau 

function to date (reviewed in Barbier et al., 2019). It is, however, far from the only tau function. 

In vivo and in vitro tau knockout (KO) studies revealed tau may additionally be involved in 

multiple, lesser-understood roles, including regulation of neuronal activity (Ittner et al., 2010; 

Kimura et al., 2014; Padmanabhan et al., 2019; Pallas-Bazarra et al., 2019; Regan et al., 2015), 

neurogenesis (Criado-Marrero et al., 2020; Pallas-Bazarra et al., 2016), cognitive behavior 

(Gonçalves et al., 2020), maintenance of DNA/RNA integrity (Bou Samra et al., 2017; Violet et 

al., 2014), iron homeostasis (Lei et al., 2012), insulin signalling (Marciniak et al., 2017), 

metabolism dysfunction (Baeuerle et al., 2019), and pancreatic disorders (Wijesekara et al., 

2018). The ubiquity of tau functions stems from the protein’s ability to interact with a remarkably 

diverse pool of binding partners due to tau’s flexible, mobile, asymmetrically-charged 

polypeptide chain, multiple splice variants, functional domains, subcellular localisations, and 

plethora of posttranslational modifications (PTMs) (reviewed in Wang & Mandelkow, 2016). 

Tau interactome studies are currently under way helping explain how the individual interactions 

translate to tau function in health and disease (Kavanagh et al., 2022; Tracy et al., 2022). 
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Figure 1.1: MAPT alternative splicing and pathological mutations 

Endogenous tau protein, encoded by MAPT on chromosome 17q21.31, is composed of four main 

domains: N-terminal, C-terminal, proline-rich domain, and microtubule-binding domain. The MAPT gene 

comprises of 16 exons in humans. Exons 0 and 14 are the untranslated regions of the gene, exons 1, 4, 

5, 7, 9, 11, 12, and 13 are constitutively expressed. Alternative splicing of exons 2, 3 and 10 produces 

six major tau isoforms found in the human brain. Adapted from Y. Zhang et al., 2022. 
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1.2 Tau pathology in tauopathies 

The accumulation of tau fibrillar deposits in neurons and glia is associated with 

neurodegenerative diseases collectively known as tauopathies. Tau relevance in tauopathies 

was first recognised in 1986 following the identification of hyperphosphorylated an aggregated 

form of tau in the paired helical and straight fibrils (PHFs, SFs) extracted from the Alzheimer’s 

disease (AD) brains (Grundke-Iqbal, Iqbal, Quinlan, et al., 1986; Grundke-Iqbal, Iqbal, Tung, et 

al., 1986; Iqbal et al., 1974; KIDD, 1963; Stelzmann et al., 1995). Currently, over 26 tauopathies 

have been described (Table 1.1) (Sexton et al., 2022). Clinical presentation varies greatly 

between the diseases, due to a multitude of comorbidities, genetic, epigenetic, and 

environmental factors, as well as lack of diagnostic standardization (Figure 1.2) (reviewed in 

Götz et al., 2019; Y. Zhang et al., 2022). But tau aggregation remains the unifying pathological 

hallmark. Depending on tau pathology appearing as dominant or additional feature to other 

protein aggregates (i.e., amyloid-beta or alpha-synuclein), tauopathies are broadly classified 

as primary or secondary. Based on the tau aggregate isoform composition, tauopathies can be 

further divided into 3R, the 4R, or the 3R/4R mixed type (Table 1.1) (Zhang et al., 2022).  

 
Tau fibrillar core is composed of MBD residues assembled into b-sheets typical of amyloid 

fibrils. The highly ordered core is surrounded by disordered N- and C-termini forming the ‘’fuzzy 

coat’’ (Figure 1.3) (Goedert et al., 1988; Wischik, Novak, Edwards, et al., 1988; Wischik, Novak, 

Thøgersen, et al., 1988). Major advancements in cryo-electron microscopy (cryo-EM) recently 

enabled solving the atomic structure of tau aggregates (Figure 1.4A). Intriguingly, tau adopts a 

disease-unique filament fold in each tauopathy examined thus far (i.e., the extent of the MBD 

residues involved or the number of protofilaments formed) (Figure 1.4B) (Falcon, Zhang, 

Murzin, et al., 2018; Falcon, Zhang, Schweighauser, et al., 2018; Falcon et al., 2019; Fitzpatrick 

et al., 2017; Y. Shi et al., 2021; W. Zhang et al., 2020).  

 

 

 



 

20 

 

Table 1.1: Classification of known tauopathies based on tau isoform composition in tau 

inclusions 

 

 

 

 

 

 

 

 

3R 3R/4R 4R 

Pick’s disease (PiD) Alzheimer’s disease (AD) Argyrophilic grain disease (AGD) 

Familial frontotemporal dementia 
and parkinsonism (FTDP) – some 

mutations (G272V, Q336R) 

Amyotrophic lateral 
sclerosis/parkinsonism-dementia 

complex 

Aging-related tau astrogliopathy 
(ARTAG) 

 Anti-IgLON5-related tauopathy Corticobasal degeneration (CBD) 

 Chronic traumatic encephalopathy 
(CTE) Guadeloupean parkinsonism 

 Diffuse neurofibrillary tangles with 
calcification Globular Glial Tauopathy (GGT) 

 Down’s syndrome Huntington’s disease 

 Familial British dementia Progressive supranuclear palsy 
(PSP) 

 Familial Danish dementia Familial FTDP – some mutations 
(P301S, all intronic mutations) 

 Gerstmann-Sträussler-Scheinker 
disease 

Parkinson’s disease (some 
mutations) 

 Niemann-Pick disease, type C  

 Non-Guamanian motor neuron 
disease with neurofibrillary tangles  

 Postencephalitic parkinsonism  

 SLC9A6-related parkinsonism  

 Tangle-only dementia (TD)  

 Familial FTDP – some mutations 
(V337M, R406W)  
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Figure 1.2: Diverse neuropathological characteristic of the most common tauopathies 

Adapted from Götz et al., 2019. 

 

 

 

 

 

 

 

 

 

 

 

Disease Tauopathy type Tau 3R/4R ratio Pathology Phenotype

Pick's disease Primary 3:1
Pick bodies, neuropil threads, 

ramified 
astrocytes 

Speech problems, aphasia, memory loss, 
behavioral abnormalities

Frontotemporal dementia with 
parkinsonism-17

Primary 1:2
Neurofibrillary tangles, neuronal 

loss, astrogliosis

Cognitive impairment, motor symptoms, 
bradykinesia, speech problems, behavioral 

abnormalities

Argyrophilic grain disease Primary 1:2
Argyrophilic grains, oligodendritic 
coiled bodies, neuronal pretangles

Very slow-progressing mild cognitive 
impairment, personality changes

Corticobasal degeneration Primary 1:2
Ballooned neurons, pretangles, 

atrocytic plaques, neuritic threads

Stiffness, rigidity, motor symptoms, 
speech and comprehension impairment, 

memory loss

Progressive supranuclear palsy Primary 1:3-4
Neurofibrillary tangles, glial 
inclusions, tufted astrocytes

Loss of balance and coordination, muscle 
stiffness, speech, vision and swallowing 

problems, memory loss

Alzheimer's disease Secondary 1:1
Neurofibrillary tangles, neuropil 

threads, amyloid plaqeus

Cognitive impairment, loss of orientation 
and executive functions, behavioral 

abnormalities, sleep disturbances

Down's syndrome Secondary 1:1
Neurofibrillary tangles, neuropil 

threads, amyloid plaqeus

Progressive cognitive impairment, 
hypotonia, hearing and visual problems, 

heart and thyroid disorders

Parkinson's disease Secondary unknown
Neurofibrillary tangles, neuropil 

threads, Lewy bodies

Tremor, rigidity, akinesia, postural 
instability, anosmia, cognitive 

impairment, sleep disturbances
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Figure 1.3: Schematic illustration of 2N4R tau domains in an ordered assembly  
The ordered core composed of b-sheet strands is surrounded by highly dynamic fuzzy coat formed by 

the N- and C-termini. Adapted from Fitzpatrick et al., 2017. 
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Figure legend on the next page. 
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Figure 1.4: Structure of tauopathy-associated tau fibrils isolated from diseased, post- 

mortem brains 

(A.) Negative stain transmission electron micrographs and the first, atomic-resolution structure of paired 

and straight helical tau fibrils extracted from AD brain and solved by cryo-EM. Adapted from Fitzpatrick 

et al., 2017. (B.) Schematic illustration of the various tau filament folds in tauopathies. MBD region R1 is 

depicted in purple, R2 in blue, R3 in green, R4 in yellow, and the C-terminal is in red. Adapted from Shi 

et al., 2021. 

 
---------------------------------------------------------------------------------------------------------------------------- 

 

Tau ability to form ordered assemblies is unusual, given its natively unfolded structure. The 

entire tau polypeptide chain is composed of only two short hydrophobic motifs, VQIINK and 

VQIVYK in R2 and R3, respectively (von Bergen et al., 2000). The two motifs are, however, 

sufficient and necessary for tau aggregation (Khlistunova et al., 2006; Sawaya et al., 2007; von 

Bergen et al., 2000). Molecular mechanisms driving the tau b-sheet formation are unclear. 

Several, potentially contributing factors have been identified. Firstly, tau pathogenic mutations 

are associated with the fibril formation. Over 80 different mutations have been discovered in 

the human MAPT, linked to the familial form of frontotemporal dementia with parkinsonism 

linked to chromosome 17 (FTDP-17), as well as other tauopathies (Alzforum, n.d.; Hutton et 

al., 1998; Poorkaj et al., 1998; Spillantini et al., 1998). The silent mutations tend to affect 

alternative splicing, and with that the 4R to 3R isoform expression ratio. The imbalance changes 

tau affinity for microtubules, and increases tau propensity for hyperphosphorylation and 

aggregation (Hong, 1998; M. Lu & Kosik, 2001). The missense mutations alter tau sequence 

in or near MBD. Some of the missense mutations (D280, P301L) were shown to accelerate tau 

self-aggregation by directly strengthening the b-sheet structure formed by the MBD 

hexapeptide motifs (Barghorn et al., 2000; Khlistunova et al., 2006). 

 
Tau fibrils, however, feature also in sporadic tauopathies with no tau mutations present. Other 

factors may therefore instigate tau aggregation. For example, truncated tau species containing 
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MBD residues show higher aggregation propensity, possibly due to the loss of aggregation-

protective paperclip formation facilitated by the N- and C-termini. Tau truncation relevance for 

aggregation in vivo was confirmed following the identification of tau151-391  in PHFs isolated from 

AD brains (Wischik, Novak, Thøgersen, et al., 1988; Zilka et al., 2006). In addition, protease-

mediated cleavage of full-length tau to aggregation-prone tau1-421 (de Calignon et al., 2010) and 

tau1-368 (Zhang et al., 2014) was observed in AD brains as well as rodent models of tauopathies. 

 
Binding of polyanionic cofactors to the positively-charged tau domains can also accelerate tau 

aggregation. The property has been heavily exploited to form synthetic tau fibrils in vitro using 

heparin, nucleic acids, acidic lipid micelles or peptides, or carboxylated microbeads (Chirita et 

al., 2005; Friedhoff et al., 1998; Goedert et al., 1996a; Kampers et al., 1996; Pérez et al., 2002; 

D. M. Wilson & Binder, 1997. Cofactors inducing tau aggregation in vivo are currently unknown, 

though several candidates have been proposed, including RNA (Lester et al., 2021), 

immunophilin and 14-3-3 proteins (Giustiniani et al., 2014). 

 
Finally, phosphorylation, the most commonly occurring form of tau PTM, is often considered 

the principal mechanism driving tau aggregation. This is because tau aggregates extracted 

from the brains of tauopathy patients and rodent models are invariably hyperphosphorylated (8 

phosphates compared with two phosphates per molecule in a healthy adult brain tau)  

(Kanemaru et al., 1992; Köpke et al., 1993). Moreover, the extracted, hyperphosphorylated tau 

shows capacity to self-assemble in vitro (Alonso et al., 2001). It is, however, often overlooked 

that not all instances of tau hyperphosphorylation lead to an aggregate formation (Arendt et al., 

2003; Planel et al., 2007). In addition, tau phosphorylation at certain residues can actually 

mitigate tau aggregation (Schneider et al., 1999). Importantly, other forms of tau PTMS are 

becoming increasingly recognised in relation to tau fibrillization and pathology (Wesseling et 

al., 2020a) including acetylation, glycosylation, deamidation, isomerisation, nitration, 

methylation, ubiquitylation and sumoylation (reviewed in Wang & Mandelkow, 2016). It is 

therefore likely that tau phosphorylation plays an important integrative but not an exclusive role 

in tau PHF assembly.  
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Tau aggregates may be involved in the development of pathology. The introduction of pro-

aggregant or anti-aggregant tau mutations in tauopathy mouse models was sufficient to either 

accelerate or abrogate tau deposit formation and disease-associated behavioural symptoms 

(Eckermann et al., 2007; Mocanu et al., 2008). But precisely how tau deposits may instigate 

the pathology is still a matter of debate. Tau loss and gain of function, as well as aggregation-

induced subcellular mislocalisation have been proposed (reviewed in Wang & Mandelkow, 

2016). As the various tau folds correlate closely with the particular tauopathy symptoms, it is 

possible that biochemically distinct tau strains may possess different pathobiological properties, 

driving the clinical heterogeneity. A new, structure-based tauopathy classification system has 

been proposed based on this hypothesis (Y. Shi et al., 2021), shifting the current research 

focus to the investigation of tau structure-function relationship. It is important to note, however, 

that the insoluble tau neurofibrillary tangles (NFTs) may not be neither necessary nor sufficient 

to induce pathology in tauopathies. Tau transgene suppression rescued cognitive deficits and 

neuronal loss observed in an inducible mouse model of tauopathy despite the continued 

accumulation of NFTs (Santacruz et al., 2005). Accumulating evidence suggests that tau 

oligomeric species formed in the early stages of aggregation can elicit the tauopathy-

associated pathology and NFTs may, instead, play a protective role in sequestering the 

neurotoxic tau oligomers (reviewed in Niewiadomska et al., 2021). The topic is under intense 

investigation.  

 
1.3 Prion-like tau propagation  

Tau pathology progresses through neuroanatomically-connected brain regions in a predictable 

spatiotemporal manner that correlates with the onset and severity of clinical symptoms (Bejanin 

et al., 2017; Giannakopoulos et al., 2003; Ossenkoppele et al., 2016). The stereotypical 

propagation has now been observed in a number of tauopathies, including AD (Braak & Braak, 

1991), Progressive Supranuclear palsy (PSP) (Verny et al., 1996; Williams et al., 2007), 

Argyrophilic grain disease (AGD) (Saito et al., 2004), and Pick’s disease (Irwin et al., 2016). In 

AD, tau pathology first appears in the entorhinal cortex (Braak stage I, II) from where it 
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progresses through the hippocampus (stage III, IV), to the cortex in the final stages V and VI 

(Figure 1.5) (Arnold et al., 1991; Duyckaerts & Hauw, 1997; Hoenig et al., 2018; Schwarz et 

al., 2016). Different neuronal circuits are involved in tau propagation in other tauopathies 

(Figure 1.5). 

 
Cell autonomous mechanisms were initially thought to drive the progression pattern. In this 

model, tau fibrilization would occur in multiple neurons independently, staged in the sequential 

order of the brain region’s selective vulnerability. Some evidence supports the concept 

(reviewed in Fu et al., 2018; Rexach & Geschwind, 2020) and proposes a number of plausible 

underlying mechanisms, including regional differences in energy demands (Yan et al., 2013), 

myelination (Braak & Braak, 1996), neurotransmitter signalling (Leng et al., 2021), and calcium 

(Praschberger et al., 2023) and protein homeostasis (Silva et al., 2016; Tsvetkov et al., 2013). 

However, accumulating data implies that cell independent mechanisms, such as prion-like tau 

behaviour may also account for the pathology spread. 

 
The prion protein (PrP) is a highly-conserved glycoprotein, abundantly expressed on neuronal 

surface (Herms et al., 1999; Wulf et al., 2017). The normal, cellular PrP (PrPC) can be converted 

to a b-sheet-rich PrPSC through nucleated polymerisation  (K. M. Pan et al., 1993). In prion 

diseases, a family of rare and fatal neurodegenerative diseases affecting humans and animals, 

the abnormal PrPSC transmits between cells, regions, and organisms in an infectious manner, 

inducing the aggregation - ‘’seeding’’ - of PrPC  (Jucker & Walker, 2013; Prusiner, 1982, 1998).  
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Figure legend on the next page. 
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Figure 1.5: Stereotypical spatiotemporal propagation of tau pathology in various 

tauopathies 

In AD, tau aggregates propagate from the transentorhinal area (Braak stage I/II) through hippocampus 

and medial temporal lobe (Braak stage III/IV) to neocortex (Braak stage V/VI). In PSP, tau aggregates 

progress from the system pallidus to premotor cortex, basal ganglia and dentate nucleus, reaching 

cerebellum, putamen and all neocortical regions except temporal area in the final stages. In AGD, stage 

I is characterised by tau deposits in ambient gyrus and hippocampus, progressing to medial temporal 

lobe in stage II. In stage III, tau pathology reaches frontal lobe and can propagate onto neocortex and 

brainstem in stage IV (not shown).  

The colour intensity (from light purple to purple, and dark red) represents the increasing severity of 

pathology. Adapted from Dujardin et al., 2019. 

 
 
---------------------------------------------------------------------------------------------------------------------------- 

 

Unlike in the prion diseases, there is no recorded evidence of inter-individual tauopathy 

transmission. However, inter-cellular tau seed propagation was observed in vivo and in vitro. 

Seminal study by Clavaguera et al., 2009 showed that inoculation of tau aggregates extracted 

from transgenic mice expressing human P301S mutant tau into the brain of wild-type (WT) 

human tau (hTau)-expressing mice induced the WT hTau aggregation and spreading into 

distant brain regions. The findings have been replicated using various forms of tau aggregates, 

including synthetic tau fibrils, rodent and human whole-brain lysates, and rodent and human 

brain-extracted tau aggregates from several tauopathies. In each case, the aggregate injection 

was sufficient to induce a time-dependent pathology spread in mice transgenic for hTau or even 

WT mice that do not develop tau pathology (Ahmed et al., 2014; Dai et al., 2017; Gibbons et 

al., 2017; Iba et al., 2015a, 2015b; Jackson et al., 2016; Kaufman et al., 2016; D. Kim et al., 

2015; Narasimhan et al., 2017a; Peeraer et al., 2015; Sanders et al., 2014; Stancu et al., 2015). 

To exclude the possibility that tau seed simply diffuses from the injection site in lieu of an inter-

cellular transfer, several rodent studies restricted tau overexpression promoting deposit 
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formation in a single brain region. This was achieved using either area-specific promoters 

(de Calignon et al., 2012; Harris et al., 2012; Liu et al., 2012) or virally-mediated focal 

expression (Asai et al., 2015; Dujardin et al., 2014; Siman et al., 2013; Wegmann et al., 2015, 

2017). Regions neuroanatomically connected to the tau-overexpressing regions developed tau 

pathology, confirming tau aggregates can propagate between the brain cells in vivo. The 

absence of pathology formation following the injection of tau immunodepleted brain-extract 

confirmed tau as the causative factor (Clavaguera et al., 2009). Interestingly, an intraperitoneal 

administration of tau aggregates also resulted in tau deposit formation in the brains of 

presymptomatic mice, suggesting an extra-cerebral tau transmission route may exist 

(Clavaguera et al., 2014). These findings are however yet to be replicated.  

 
Notably, the newly formed tau deposits contained endogenously-expressed tau. This supports 

the hypothesis that exogenous tau inclusions propagate by seeding the endogenous tau 

monomer. In vitro findings align with the in vivo studies, showing an efficient cellular uptake of 

exogenous tau aggregates followed by the endogenous tau aggregation in cell lines, primary 

rodent neurons, and iPSC-derived neurons (B. Frost et al., 2009; J. L. Guo & Lee, 2011a; 

Holmes et al., 2014; Kfoury et al., 2012; Manos et al., 2022; Nonaka et al., 2010; Oakley et al., 

2021; Santa-Maria et al., 2012; Usenovic et al., 2015; Verheyen et al., 2015; Woerman et al., 

2016).  

 
In prion diseases, the infectious PrPSC exists in multiple, distinct conformations underlying the 

variety of prion disease characteristics (Collinge & Clarke, 2007). Therefore, for tau to fulfil the 

criteria of prion-like behavior, distinct, stable conformers with varying physicochemical and 

functional properties would have to exist, stably templating the unique conformation onto naïve, 

monomeric tau. The matter is still highly debated but support for this hypothesis is steadily 

growing. Firstly, as discussed in section 1.2, the atomic structure of tau fibrils varies between 

tauopathies (reviewed in Scheres et al., 2020). Secondly, the tau fibril conformation appears to 

dictate its seeding capacity. Injections of AGD, PSP, and CBD brain homogenates to human 

WT tau-expressing mice reproduced pathology characteristic of the respective human disorder 
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(Clavaguera et al., 2013). The same findings were observed following AD and CBD injections 

in P301S tau-expressing mice (Boluda et al., 2015). Tau strains generated in vitro also induced 

distinct pathologies in the P301S mice, stably transmissible across three generations (Sanders 

et al., 2014). Additionally, tau mutations, isoform composition, and post-translational 

modifications (PTMs) were found to uniquely influence the fibril seeding capacity, correlating 

with clinical aggressiveness (Dujardin et al., 2018, 2020). Notably, the self-propagating 

property of misfolded tau has been harnessed to develop cell-based (Holmes et al., 2014) and 

diagnostic assays to screen for seeding-competent tau in samples (Kraus et al., 2019a; Metrick 

et al., 2020a; Saijo et al., 2017, 2020a). 

 
1.4 Mechanisms mediating prion-like tau propagation 

The mechanisms underlying tau prion-like inter-cellular transmission are currently under 

intense investigation (reviewed in Brunello et al., 2020). Because of tau toxicity demonstrated 

in vitro (de Calignon et al., 2012) and in vivo (Gómez-Ramos et al., 2006; Tian et al., 2013), 

and the strong association between tau pathology and neuronal loss (Braak & Braak, 1991), 

tau was long assumed to be passively released from dying neurons (J. L. Guo & Lee, 2011b; 

Hu et al., 2016). Recent studies, however, clearly demonstrate that tau seed can be actively 

transferred between synaptically-connected, intact neurons (Calafate et al., 2015; Hallinan et 

al., 2019; Takeda et al., 2015) in the events preceding neuronal loss (DeVos et al., 2018; 

Hallinan et al., 2019; Pickett et al., 2017). Furthermore, stimulation of neuronal activity can 

enhance tau release (Pooler et al., 2013; Wu et al., 2016; Yamada et al., 2014). In line with the 

findings, tau was found to associate with synaptic vesicles during secretion in an activity-

dependent manner (Tracy et al., 2022). In vivo propagation of tau pathology between afferently 

and efferently connected murine neurons (Ahmed et al., 2014) and the complete absence of 

tau pathology in denervated frontal cortex of an AD patient (Duyckaerts et al., 1997) further 

support the concept. 
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However, many additional, diverse, and mutually non-exclusive means of neuronal tau release 

exist besides the synaptic activity-associated one (Figure 1.6). Free tau is capable of 

translocating directly across the plasma membrane depending on the interaction with sulphated 

glycosaminoglycans (Katsinelos et al., 2018). A DnaJC5/Hsc70 chaperone complex-operated 

pathway can also induce tau release, hinting at a potential intrinsic cellular mechanism for 

removal of misfolded proteins (Fontaine et al., 2016). Tau can be also released to the 

extracellular space packaged inside extracellular vesicles (EVs) (Fowler et al., 2023; Miyoshi 

et al., 2021; Polanco et al., 2021; Saman et al., 2012; Wang et al., 2017) or transferred directly 

between neurons forming actin-filament-rich tunnelling nanotubes (Abounit et al., 2016; 

Tardivel et al., 2016). Precisely which of these mechanisms are associated with pathological 

tau propagation is yet to be elucidated. 

 
Depending on its conformation, the released tau can be internalised from the extracellular 

space by recipient neurons via bulk-endocytosis (Evans et al., 2018; Wu et al., 2013), LRP1-

mediated endocytosis (Rauch et al., 2020), heparan sulfate proteoglycans (HSPGs) (Holmes 

et al., 2013; Kfoury et al., 2012), or recently implied direct membrane translocation (Figure 1.6) 

(Dodd et al., 2022). A number of studies demonstrated that the internalised aggregates can 

induce endolysosomal membrane rupture followed by an escape to the cytosol (Calafate et al., 

2016; Falcon, Noad, et al., 2018; Flavin et al., 2017; Polanco et al., 2021), suggesting a route 

by which intra-neuronal tau seeding may occur.  

 
Importantly, other brain-resident cells besides neurons are capable of internalising the released 

tau, including astrocytes(Martini-Stoica et al., 2018; Perea et al., 2019) and microglia (Bolós et 

al., 2016a; W. Luo et al., 2015). Furthermore, a seminal study by Asai et al., 2015 showed that 

in rodents, cultured microglia can secrete seeding-competent tau in EVs, readily internalised 

by neurons. The study implied that pathological tau propagation may, in fact, involve multiple 

cell types and that microglia may play a direct role in prion-like tau transmission. The question 

of microglial role in tauopathies has instructed the overarching premise of this thesis (Figure 

1.7).  



 

33 

 

Figure 1.6: Mechanisms of neuronal tau transmission  

Donor neurons can release tau (in orange) to the extracellular space via extracellular vesicles, 

ectosomes, or via free translocation across the membrane. Synaptic activity enhances neuronal release. 

The majority of extracellular tau is in the free form, not vesicle-bound. Recipient neurons have been 

demonstrated to internalise tau via LRP1/HSPG receptor-mediated endocytosis, membrane 

translocation, and extracellular vesicle endocytosis. Direct transfer between donor and recipient neurons 

can occur via tunnelling nanotubes. Adapted from Colin et al., 2019. 
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Figure 1.7: The putative role of microglia in tauopathies. 

Rodent studies suggest that microglia may be able to internalise tau from extracellular space or 

contained within degenerating neurons. Microglia were demonstrated to secrete seeding-competent tau 

in extracellular vesicles, from where it could be internalised by neighbouring neurons (Asai et al., 2015). 

It is conceivable that this route of tau transmission may contribute to prion-like tau spread in tauopathies 

but direct evidence from humans is still lacking.  
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1.5 Microglia – unique, brain-resident macrophages 

Microglia, first described by the Spanish neuroscientist Pío del Río-Hortega in 1919 (del Río-

Hortega, 1919; Sierra et al., 2019), are the CNS-resident, chief effector cells of the innate 

immune system (reviewed in Butovsky & Weiner, 2018; Kettenmann et al., 2011; Q. Li & Barres, 

2018). Since the proposal of the mononuclear phagocyte system (MPS) in 1969, microglia were 

grouped together with the peripheral tissue-residing macrophages, dendritic cells, and blood-

circulating monocytes based on their apparent morphological (i.e., a single nucleus), and 

functional similarities (i.e., the ability to phagocytose – recognize, engulf and degrade – foreign 

material) (van Furth et al., 1972; van Furth & Cohn, 1968). Technological advancements have 

helped differentiate microglia from other myeloid cells, and provide an important insight into 

their unique origin, diversity, and role in the brain homeostasis and disease.  

 
Microglia express molecular signatures distinct from the peripheral macrophages (Gautier et 

al., 2012). In human, these include the P2Y purinoceptor 12 (P2Y12R) and transmembrane 

protein 119 (TMEM119) (Galatro et al., 2017; Olah et al., 2018a; Satoh et al., 2016; C. Zhu et 

al., 2017). Microglial origin and renewal throughout the life is also independent of blood 

monocytes and peripheral tissue-macrophages. Fate-mapping studies in mice demonstrated 

that microglia originate during primitive haematopoiesis from mesodermal, yolk sac (YS)-

derived macrophage progenitors between embryonic day 7 (E7) and E7.5 (Ginhoux et al., 

2010; Gomez Perdiguero et al., 2015; Palis et al., 1999). The progenitors begin to colonise the 

developing brain at E9.5 before the blood-brain barrier is formed and other brain cell types 

have been differentiated (Alliot et al., 1991, 1999). In contrast, the adult BMDMs and other 

myeloid cells of hematopoietic lineage originate from the aorto-gonado-mesonephros (AGM) 

region-derived hematopoietic stem cells (HCSs), populating the foetal liver and bone marrow 

at E10.5. (Figure 1.8). Microglial development is independent of MYB, a key definitive 

haematopoiesis transcription factor (Kierdorf et al., 2013; Schulz et al., 2012). Instead, early 

microglial maturation requires the PU.1 and RUNX1 transcription factors, and the interferon 

regulatory factor 8 (IRF8). Continued microglial survival and differentiation in the brain relies 
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on local environment, including the interleukin-34 (IL-34), colony-stimulating factor 1 (CSF-1) 

and transforming growth factor-b1 (TGFb1) cytokine signalling (Butovsky et al., 2014; Greter et 

al., 2012; Wang et al., 2012). The need for environment cues was further demonstrated by a 

successful differentiation of mature, fully functional microglia from of induced pluripotent stem 

cell (iPSC)-derived YS macrophages  (Haenseler, Sansom, et al., 2017; Takata et al., 2017) 

and iPSC-microglia with foetal profile (Fattorelli et al., 2021; S. T. Schafer et al., 2023) following 

in vitro neuronal co-culture and in vivo brain xenotransplant, respectively. 

 
Importantly, the brain-established, adult microglia rely only on local clonal expansion for self-

renewal, without the contribution of peripheral macrophages or monocytes (Askew et al., 2017; 

Bruttger et al., 2015; Réu et al., 2017; Tay et al., 2017). This was clearly shown by a recent 

microglial depletion study in which the residual population, and not the HSC-derived 

progenitors, rapidly repopulated the adult brain (Huang et al., 2018). Peripheral macrophages 

may be recruited to the brain parenchyma but maintain their own identity and appear to play a 

distinct role in the brain pathology (Cronk et al., 2018; Silvin et al., 2022). Finally, while much 

of our understanding of microglial development comes from the rodents, human microglial 

differentiation has been shown to follow a similar pattern (Monier et al., 2007; Rezaie et al., 

2005; Verney et al., 2010). 
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Figure legend on the next page. 
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Figure 1.8: Microglial ontogeny 

Primitive macrophages derived from embryonic YS blood islands colonise developing neuroepithelium 

at around E9.5, following the onset of blood circulation around E8.5. This primitive wave of 

haematopoiesis gives rise to embryonic microglia, expanding and colonising the whole CNS. In parallel, 

the AGM region-derived HSCs colonise the foetal liver and bone marrow during the definitive wave of 

haematopoiesis, giving rise to adult blood cells. Circulating monocytes can migrate to peripheral tissues, 

differentiate, and partially or fully replace the peripheral tissue macrophage population. Conversely, 

microglia locally proliferate to maintain their population throughout the course of life without contribution 

from the periphery. BMDMs can be recruited to the CNS under certain inflammatory conditions but 

maintain their own identity. Adapted from Ginhoux et al. 2013. 

 
---------------------------------------------------------------------------------------------------------------------------- 

 
 
1.6 Microglial function 

According to the current knowledge, microglia perform two essential functions. Firstly, microglia 

act as sentinels, constantly surveying and interacting with the brain parenchyma using their 

highly dynamic, ramified processes (Kato et al., 2016; A. Miyamoto et al., 2016; Nimmerjahn 

et al., 2005; Tremblay et al., 2010; Wake et al., 2009). In the event of a focal injury, microglia 

can rapidly migrate towards the affected site (Davalos et al., 2005; Haynes et al., 2006; 

Nimmerjahn et al., 2005). Their sentinel function is enabled by the ‘’sensome’’ - a distinct set 

of transmembrane proteins and ion channels conserved in all microglial populations across the 

brain, allowing them to sense and respond to changes in their microenvironment (S. E. Hickman 

et al., 2013). 

 
The surveillance role thus creates a building block for the second fundamental function of 

microglia – the phagocytosis. Phagocytosis, from the ancient Greek word ‘’phagein’’ meaning 

‘’to devour,’’ is a biological process by which cells recognize, engulf and degrade particles 

larger than 0.5 μm in diameter (Mukherjee et al., 1997). The process is initiated with a cargo 

ligand recognition by specific cell-surface receptors. The receptor-ligand binding triggers 



 

39 

activation of signalling pathways inducing cytoskeleton and plasma membrane remodelling in 

order to seal-off the cargo into a phagosome. Following its internalisation, the phagosome 

fuses with progressively more acidic, oxidative, and hydrolytic cellular compartments in order 

to deliver cargo for degradation (Flannagan et al., 2012; Pauwels et al., 2017, Desjardins et 

al., 1994; Nguyen & Yates, 2021; VIEIRA et al., 2002). While all mammalian cells are capable 

of phagocytosis, in multicellular organisms with a well-developed immune system, 

phagocytosis is typically performed by professional phagocytes such as the dendritic cells 

(DCs), neutrophils, and macrophages (Rabinovitch, 1995). Phagocytosis thus represents a 

fundamental, evolutionary conserved, intervention mechanisms of the innate immune system 

to remove material that may threaten the host homeostasis and survival.  

 
Microglia phagocytose a variety of cargo, the nature of which influences their downstream 

response. By phagocytosing invading pathogens, microglia engage in the first-line tissue 

defence (reviewed in Rock et al., 2004; Rodríguez et al., 2022). In response to the infectious 

agents, microglia can initiate the innate inflammatory response similar to the one in the 

periphery. This includes the secretion of a variety of cytokines, chemokines, degradative 

enzymes, reactive oxygen species (ROS), and nitric oxide (NO) (Babcock et al., 2003; Boje & 

Arora, 1992; Cherry et al., 2014; Hartlage-Rübsamen et al., 1999; Kremlev, 2004). 

Interestingly, microglia were recently shown capable of triggering the adaptive arm of immunity 

and recruiting T-cells (Ebner et al., 2013), particularly in response to tau pathology (Chen et 

al., 2023). 

 
Microglia also perform a housekeeping-oriented phagocytosis, subjected to tight regulations in 

order to mitigate any tissue damage, potentially induced by pro-inflammatory signalling. 

Specifically, microglia routinely phagocytose dead or senescent brain cells and cell debris 

(Paolicelli et al., 2011; D. P. Schafer & Stevens, 2013; Sierra et al., 2010). Furthermore, 

microglia prune excess synaptic connections and axons during development and adulthood, in 

an activity- and complement-dependent manner (Lui et al., 2016; Marıń-Teva et al., 2004; Peri 

& Nüsslein-Volhard, 2008; D. P. Schafer et al., 2012; Stevens et al., 2007; Vasek et al., 2016), 
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and control the differentiation and number of oligodendrocytes and their progenitors  

(Hagemeyer et al., 2017; McNamara et al., 2023; Wlodarczyk et al., 2017). In doing so, 

microglia importantly regulate several aspects of brain remodelling, including neurogenesis, 

synaptic plasticity, neuronal myelination, and circuit formation. In addition to the phagocytosis, 

microglia can contribute to brain tissue remodelling by secretion of multiple growth factors, thus 

providing direct neurotrophic support, preventing neuronal damage (Kettenmann et al., 2013; 

Parkhurst et al., 2013; S.-H. Shi et al., 2003), and enhancing neuronal differentiation in the 

steady-state (Schmidt et al., 2021) and following an injury (Batchelor et al., 1999).  

 
1.7 Microglial phenotypes in tauopathies  

As discussed in the previous section, microglia crucially regulate brain homeostasis by 

engaging in constant, tightly-regulated, dynamic immunosurveillance and neuronal circuit 

remodelling (Figure 1.9). Dysregulation of microglial function is currently thought to contribute 

to the pathology observed in tauopathies (reviewed in Chen & Holtzman, 2022; Heneka, 2019; 

Salter & Stevens, 2017).  

 
Depending on the type of stimuli encountered, microglia were long-assumed to respond with, 

much like the peripheral macrophages, one of two types of transient signalling: proinflammatory 

(i.e., the classical M1 activation state) or anti-inflammatory (i.e., the alternative M2 activation 

state) (Block et al., 2007; Cherry et al., 2014; Gordon, 2002; Mantovani et al., 2005; Martinez 

& Gordon, 2014). Microglial dysregulation towards chronic proinflammatory, neurotoxic, 

phenotype was initially thought to contribute to the neuropathology in tauopathies. Post-mortem 

tissue analyses (Imamura et al., 2003; Minett et al., 2016; Parachikova et al., 2007; Perez-

Nievas et al., 2013) as well as positron emission tomography (PET) studies of living subjects 

have correlated proinflammatory microglial phenotype with pathological tau deposition and 

cognitive deficits in tauopathies (Cagnin et al., 2001, 2006; Crotti et al., 2014; Dani et al., 2018; 

Gerhard et al., 2004, 2006a; Pascoal et al., 2021; Terada et al., 2019). The findings led to the 

formulation of the ‘’chronic neuroinflammation’’ hypothesis, suggesting that an excessive and 
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persistent microglial production of proinflammatory mediators promotes the apparent neuronal 

loss in tauopathies. Early RNA-sequencing studies supported the hypothesis, demonstrating 

microglial transition from homeostatic (Butovsky et al., 2014) towards neurodegeneration-

associated signature in a number of diseases. The signature is typically referred to as the 

‘’disease-associated microglia’’ (DAM) or ‘’neurodegenerative microglia’’ (MGnD), and is 

characterised by a downregulation of immune-surveillance pathways, and simultaneous 

upregulation of stress-related, phagocytosis, and inflammatory pathways (Boche & Gordon, 

2022; Del-Aguila et al., 2019; Friedman et al., 2018; Holtman et al., 2015; Keren-Shaul et al., 

2017; Krasemann et al., 2017; Marschallinger et al., 2020a; Mathys et al., 2019; Prater et al., 

2023; Sobue et al., 2021; Srinivasan et al., 2020a). Notably, the signature, particularly the 

expression of genes related to tumour necrosis factor (TNF) and interleukin-1b (IL-1b) 

production, coincides with the appearance of NFTs in the 4-month-old P301L mouse model of 

tauopathy (H. Wang et al., 2018). Consistent with the transcriptomics data, functional studies 

showed that aberrant microglial phagocytosis or release of inflammatory molecules may result 

in synapse and neuronal loss (reviewed in Butler et al., 2021). 

 
Recent evidence, however, portrays a more complex situation than previously assumed. Firstly, 

microglia were shown to take on and continuously transition between an extraordinary 

repertoire of phenotypes in health and disease, determined by the individual genetic make-up 

(Efthymiou & Goate, 2017; Sala Frigerio et al., 2019), sex (Kodama et al., 2020; Sala Frigerio 

et al., 2019; Villa et al., 2018), age (Olah et al., 2018b; Srinivasan et al., 2020b), brain region 

(Grabert et al., 2016; Q. Li et al., 2019), environment (Bennett et al., 2018; Gosselin et al., 

2017), stage of disease (Keren-Shaul et al., 2017; Marschallinger et al., 2020b), and - relevant 

to this thesis -  tau protein conformation (J. E. Rexach et al., 2020). Owing to the results, the 

simplistic view of ‘’’toxic proinflammatory or protective antiinflammatory’’ microglia is being 

replaced with a novel framework recognising that microglia exist on a continual phenotypic 

spectrum in response to the environment cues (Paolicelli et al., 2022).  
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Secondly, the concept of neurotoxic DAM has been called into question. An integrative analysis 

of multiple single-cell RNA-sequencing datasets combined with fate-mapping revealed that 

DAM can actually be deconvoluted to two ontogenetically and functionally-distinct populations: 

the bona fide DAM and disease inflammatory macrophages (DIM). The bona fide DAM share 

signatures with embryonic-like and highly-proliferative, white matter-associated microglia 

promoting myelination, thus may engage in a tissue and myelin repair in a protective manner. 

In contrast, DIM comprise of BMDMs infiltrating and progressively accumulating in the brain 

with age and neurodegeneration burden. DIM, not bona fide DAM signature is associated with 

detrimental, proinflammatory effect in tauopathies (Silvin et al., 2022). In support of the DAM 

protective phenotype, high expression of DAM markers in the neocortex of individuals from 

Swedish BioFINDER-2 study correlated with less severe AD-related changes, including lower 

cognitive decline, and amyloid-beta (Ab) and tau deposition (Pereira et al., 2022). In addition, 

the late stages of tauopathies appear to feature hypofunctional, degenerative microglia in the 

vicinity of high phospho-tau-bearing neurons, with weak, dystrophic processes, fragmented 

cytoplasm (Sanchez-Mejias et al., 2016; Streit et al., 2009; van Olst et al., 2020) and 

immunosuppressive gene expression signature (J. E. Rexach et al., 2020). 

 
Altogether, the data suggests that loss of microglial protective function instead of, or in addition 

to, potentially detrimental proinflammatory phenotype, may contribute to the pathology in 

tauopathies.  
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Figure 1.9: Microglial activity in health and disease 

Microglia crucially contribute to healthy CNS physiology in a number of ways. They act as phagocytic 

sentinels during development and in adulthood, surveying the environment, pruning synapses, clearing 

debris and pathogens, and providing trophic support. In tauopathies and other neurodegenerative 

diseases, microglia become reactive, proliferate, and engage in chronic proinflammatory signalling and 

aberrant phagocytosis. Towards the late disease stages, microglia appear dystrophic, senescent, and 

dysfunctional. Adapted from Pocock et al., 2018. 
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1.8 The emerging role of microglia in tau pathology 

Numerous studies have now consistently documented the perturbations of microglial 

homeostatic phenotype in tauopathies. How these phenotypic changes relate to the initiation 

and propagation of tau pathology is unclear. Among the many unanswered questions, two 

stand out: can microglia drive tau aggregation and propagation? If so, what are the underlying 

molecular mechanisms? 

 
Some evidence suggests that microglia can, indeed, initiate tau pathology. Aberrant microglial 

activation and synapse loss precedes NFT formation in the P301S mouse model of familial, 

early-onset frontotemporal dementia (Yoshiyama et al., 2007). Adoptive transfer of microglia 

purified from transgenic mice engineered to exhibit accelerated hTau pathology is sufficient to 

induce tau hyperphosphorylation in WT mice that do not normally develop tau aggregates 

(Maphis et al., 2015). A recent PET analysis of individuals across the aging and AD spectrum 

agrees with the rodent findings. The study showed that the spatiotemporal pattern of human 

microglial activation follows the stereotypical tau propagation trajectory. Importantly, the tau 

propagation depended on microglia and was potentiated by a synergistic effect between 

microglial activation and Ab burden (Pascoal et al., 2021).  

 
Functional studies have recently attempted to obtain mechanistic insight into how microglia 

may drive tau pathology. Incubation of cultured rodent microglia with truncated recombinant 

tau instigated microglial pro-inflammatory cytokine production (Kovac et al., 2011). The 

proinflammatory microglial activation, in turn, induced tau production and release from cultured 

neuroblastoma cells (M. Lee et al., 2015), and tau hyperphosphorylation in murine neurons in 

vitro and in vivo via IL-1b-mediated regulation of tau kinases and phosphatases (Bhaskar et 

al., 2010; Y. Li et al., 2003). In addition, the exposure to exogenous tau in vitro promoted 

microglial phagocytosis of living neurons (Butler et al., 2021; Pampuscenko et al., 2020). 

Experimental ablation of microgliosis using a variety of strategies in vivo, including the 

suppression of microglial IL-1b secretion (Ising et al., 2019) and systemic treatments with 
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immunosuppressant Tacrolimus (Yoshiyama et al., 2007), broad-spectrum antibiotic 

minocycline (Noble et al., 2009), or the IL-1 receptor blocking antibody (Kitazawa et al., 2011), 

significantly reduced tau phosphorylation and aggregation, and in some cases also rescued 

cognitive deficits.  

 
Collectively, the results suggested that microglia may drive neuronal tau production and 

aggregation via proinflammatory cytokine release and signalling. Accumulating evidence from 

rodents, however, shows that microglia may also directly contribute to prion-like tau spread 

across the brain. Specifically, microglia were demonstrated to internalise tau from the 

extracellular space (Andersson et al., 2019; Asai et al., 2015; Bolós et al., 2016a; Funk et al., 

2015a; W. Luo et al., 2015; Majerova et al., 2014; van Olst et al., 2020; Zilkova et al., 2020)  or 

contained within phagocytosed neurons (Sanchez-Mejias et al., 2016). Following tau 

internalisation, microglia actively secreted seeding-competent tau to the extracellular space 

(Asai et al., 2015; Clayton et al., 2021; Crotti et al., 2019; Hopp et al., 2018; B. Zhu et al., 2022). 

In further support of the concept, both the microglia depletion with PLX3397, a CSF1R inhibitor, 

and inhibition of microglial tau secretion impeded aggregated tau propagation along 

neuroanatomically-connected regions in two mice models of tauopathy (Asai et al., 2015).  

 
The molecular mechanisms underlying microglia-mediated tau spreading are understudied. 

Key information is still missing, including the mechanisms of tau uptake, the type of intracellular 

signalling triggered by tau internalisation, the impact of microglial intracellular environment on 

tau seeding, microglial capacity to fully degrade tau, and whether a putative lack of tau 

proteolysis or other mechanisms such as antigen presentation may result in tau secretion by 

microglia. These are very relevant questions to address as many of the pathways involved in 

microglial tau processing potentially represent a druggable target.  
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1.9 Microglial LRRK2 and tau pathology 

The importance of investigating microglial tau processing is further emphasized by the 

outcome of genetic studies and pathway analyses of tauopathy-associated risk-variants. The 

studies have found that many of the risk variants are highly or exclusively expressed in 

microglia, or enriched in microglia-specific enhancers, and modulate all aspects of microglial 

cargo processing, including cargo recognition, engulfment, trafficking between organelles, 

degradation, and secretion (Figure 1.10). (Andersen et al., 2021; Efthymiou & Goate, 2017; 

Farrell et al., 2022; Huang et al., 2018; Langston et al., 2022; Nott et al., 2019). Together, the 

results point out phagolysosomal clearance by microglia as a key candidate mechanism 

affecting disease susceptibility  (reviewed in Podleśny-Drabiniok et al., 2020). 

 
LRRK2 is one of the risk factors associated with the progression of at least two tauopathies, 

PD and PSP (Herbst et al., 2022)  (Table 1.1). Importantly, LRRK2 is highly expressed in 

myeloid cells (Ahmadi Rastegar & Dzamko, 2020) and has been long-implicated in the 

regulation of membrane and cargo trafficking (Hur et al., 2019). LRR2K may therefore 

represent a potential genetic determinant of microglia-mediated tauopathy progression. 

 
LRRK2, also known as dardarin, is a large multidomain, multifunctional protein (Figure 1.11). 

Autosomal dominant missense mutations in LRRK2 cause familial form of Parkinson’s disease 

(PD) (Paisán-Ruıź et al., 2004; Zimprich et al., 2004), and several variants in the LRRK2 locus 

are also associated with the development of sporadic PD (Nalls et al., 2014a, 2014b; Simón-

Sánchez et al., 2009). PD has been conventionally characterised as a-synucleionopathy. 

Primary neuropathological features of PD include progressive accumulation of a-synuclein (a-

syn) aggregates into intracellular Lewy bodies (LB), and a loss of dopaminergic neurons in the 

Substania Nigra pars compacta of the midbrain (reviewed in Dickson, 2018). However, 

compelling evidence suggests that PD could be fittingly categorised also as a secondary 

tauopathy (L. Pan et al., 2021; X. Zhang et al., 2018). Genome-wide association studies 

(GWAS) studies have repeatedly linked MAPT H1 haplotype with PD risk (Pascale et al., 
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2016), and particularly with the risk of developing dementia in PD (Edwards et al., 2010; Nalls 

et al., 2014b). Tau deposits are frequently observed in PD patients (J. Zhang et al., 2023), 

often colocalising with a-syn pathology (Arima et al., 1999; Moussaud et al., 2014) and able to 

interact with a-syn in an aggregation-promoting manner (Dasari et al., 2019; Giasson et al., 

2003). Notably, between 21-54% of LRRK2 PD patients never develop LB pathology but some 

degree of tau pathology has been consistently reported in over 75% of LRRK2 PD patients 

(Henderson et al., 2019; Kalia et al., 2015; Poulopoulos et al., 2012; X. Zhang et al., 2018). 

The G2019S LRRK2 mutation is of specific interest to this thesis, as it is the most frequent 

pathogenic variant in both familial and sporadic form of PD, that is also strongly associated 

with tau pathology (Henderson et al., 2019; Simpson et al., 2022). In addition to PD, LRRK2 

mutations (G2019S and R1441C) and overall expression levels have been recently linked with 

the progression of PSP – a primary 4R tauopathy (Herbst et al., 2022; Jabbari et al., 2021; 

Sanchez-Contreras et al., 2017) (Table 1.1).  

 
It is unclear how LRRK2 may drive tau pathology in PD or PSP.  Functionally, LRRK2 has 

been implicated in the regulation of membrane trafficking through phosphorylation of 

membrane-associated subset of Rab GTPases (Pfeffer, 2017; Steger et al., 2016, 2017). The 

G2019S LRRK2 mutation, associated with two to eight-fold increase in kinase activity (Anand 

et al., 2009; Greggio et al., 2006; L. Guo et al., 2007; Luzon-Toro et al., 2007; MacLeod et al., 

2006), increases Rab phosphorylation (Steger et al., 2016, 2017) and frequently results in 

endolysosomal trafficking defects (Henry et al., 2015; Madureira et al., 2020; Manzoni et al., 

2013; Obergasteiger et al., 2020; Schapansky et al., 2014; Yadavalli & Ferguson, 2022). In 

agreement with the inferred LRRK2 function, endogenous neuronal LRRK2 was found to 

regulate extracellular tau uptake (Evans et al., 2020) and the G1029S mutation to enhance 

neuronal tau transmission (Nguyen et al., 2018) but not tau pathology induction (Henderson et 

al., 2021). 
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Figure 1.10: Candidate tauopathy-associated risk genes in microglial cargo processing  

pathways 

Microglia constantly survey the environment and internalise smaller, soluble cargo by endocytosis, and 

large macromolecules (i.e., aggregated proteinopathic seeds, apoptotic bodies, myelin debris, synapses) 

by phagocytosis. The engulfed material reaches early endosomes or phagosomes that progressively 

mature and fuse with lysosomes for cargo degradation. The internalised receptors can be sorted to 

the trans-Golgi network (TGN) via retrograde transport, or recycled back to the plasma membrane.  

The schematic illustrates AD-specific risk genes. Risk-associated decrease in gene expression is 

highlighted in green, increase in red, and unknown expression effect in gold. Adapted from Podleśny-

Drabiniok et al., 2020. 
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Figure 1.11: LRRK2 protein structure 

The armadillo, ankyrin, and leucine-rich repeat domains at the N-terminal region, together with the 

WD40 domain at the C-terminal region, are believed to be involved in protein-protein interactions. Two 

additional, enzymatic domains are embedded in the primary sequence: the Roc-COR (Ras of complex 

proteins - C-terminal of Roc) bidomain, hydrolysing guanosine triphosphate (GTP), and a kinase domain 

which serves as a serine/threonine kinase Pathogenic PD-associated mutations (in red), risk factor 

mutations (in blue) and mutations associated with reduced risk for PD (in green) are outlined above the 

protein schematic. Auto- (in red) and heterologous phosphorylated sites (in blue) are outlined below the 

schematic. Adapted from Taymans et al., 2023. 
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Given the notable LRRK2 expression levels in microglia (Ahmadi Rastegar & Dzamko, 2020; 

Hakimi et al., 2011; H. Lee et al., 2017; Wallings & Tansey, 2019), I reviewed existing evidence 

for the role of microglial LRRK2 in tau pathology progression. PSP progression and severity 

was consistently correlated with microglia activation by PET studies (Alster et al., 2020; 

Gerhard et al., 2006b; Malpetti et al., 2021). In PD, recent genetic study identified a non-coding 

LRRK2 variant conferring PD-risk via modulating LRRK2 expression specifically and only in 

microglia (Langston et al., 2022). Most importantly, LRRK2 has been proposed to regulate 

phagolysosomal clearance in myeloid cells, albeit the precise mechanisms are unresolved 

(Bonet-Ponce & Cookson, 2022). Some publications have found that LRRK2 may directly 

influence phagocytic cargo uptake (K. S. Kim et al., 2018a; Maekawa et al., 2016; Marker et 

al., 2012), others showed no effect on cargo internalisation (Ahmadi Rastegar & Dzamko, 

2020; H. Lee et al., 2020; Schapansky et al., 2014) but demonstrated a potential role in 

phagosomal maturation instead (Härtlova et al., 2018a; H. Lee et al., 2020). Additionally, two 

studies described LRRK2 recruitment to damaged or stressed lysosomes, and suggested a 

Rab GTPase-mediated LRRK2 function in membrane repair and lysosomal exocytosis of non-

degraded cargo (Eguchi et al., 2018; Herbst et al., 2020) The contradicting results may reflect 

methodological differences, including the choice of phagocytic cargo, cell model, and model 

organism (summarised in Table 1.2 and further discussed in section 1.10 and Chapter 3).  

 
Overall, it is becoming clear that LRRK2 is critically involved in microglial phagolysosomal 

pathways, but the specific role requires further investigation in relevant human cells. 

Importantly, the role of microglial LRRK2 in the propagation of tau pathology has never been 

interrogated.  
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Table 1.2: Summary of published evidence on the role of LRRK2 in phagolysosomal  
pathways  
                 
 
 
 
 
 
 

Publication 
LRRK2 

genotype/ 
expression 

manipulation 
Cell model Organism Cargo Findings 

Marker et 
al., 2012 siRNA KO BV2 line Mouse HIV-1 Tat protein Phagocytosis 

decrease 

Maekawa et 
al., 2016 KO Microglia Mouse a-syn monomer Internalisation 

increase 

Kim et al., 
2018 KO BMDM, 

Microglia Mouse Latex beads, 
E. coli 

Phagocytosis 
decrease 

Härtlova et 
al., 2018 

KO BMDM Human, 
Mouse 

Mycobacterium 
tuberculosis 

Enhanced 
phagosomal 
maturation 

KO iPSC-
macrophages Human 

Schapansky 
et al., 2014 shRNA KO BV2 Mouse Polystyrene 

beads No effect 

Rastegar et 
al., 2020 G2019S iPSC-

macrophages Human Latex beads No effect 

Lee et al., 
2020 

WT/KO/ 
G2019S 

iPSC-
macrophages Human 

Zymosan,  
E. coli,  

S. typhimurium 

LRRK2 
recruitment to 

LAMP1+ Rab9+ 
maturing 

phagosomes, 
bona fide 

phosphorylation 
of Rab8a and 

Rab10 

Kim et al., 
2018 

G2019S BMDM Human 
Latex beads, 

E. coli 
Phagocytosis 

increase 
 BMDM, 

microglia Mouse 
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1.10 In vitro modelling of human microglia using iPSCs 

So far, I have discussed the evidence for prion-like tau propagation in tauopathies and the 

putative role of microglial endolysosomal system in the process. The majority of studies 

investigating the topic have been, however, carried out in rodents. Corroborative evidence 

using an authentic model of human microglia is yet to be provided.   

 
The lack of human data stems largely from the lack of availability of human brain tissue and 

technical challenges associated with the extraction of primary human microglia. Primary human 

microglia can be currently isolated from neurosurgical resection specimen, and from foetal or 

adult post-mortem brain samples (Mizee et al., 2017; T. I.-H. Park et al., 2022; Popova et al., 

2021) (Table 1.3). However, in addition to variable quality and limited yield, primary microglia 

removed from the brain environment rapidly undergo a major transition away from their 

homeostatic gene-expression and phenotype (Bohlen et al., 2017; Butovsky et al., 2014; 

Dachet et al., 2021; Gosselin et al., 2017; Lue et al., 2019). 

 
Primary rodent microglia, immortalised microglia cell lines, or human, blood-monocyte-derived 

macrophages (BMDMs) are frequently used as an alternative to primary human microglia, but 

each of these models is associated with important limitations and may thus provide a narrow 

translational value (Table 1.3). Rodent microglia, the most commonly used microglia model, 

fail to fully recapitulate human microglial physiology in health and disease (A. M. Smith & 

Dragunow, 2014). Distinct spatial and temporal gene expression differences between human 

and rodent microglia have been consistently demonstrated (Geirsdottir et al., 2019; Masuda et 

al., 2019), particularly in the pathways involving brain parenchyma surveillance and 

phagocytosis (Abels et al., 2021), inflammatory responses, responses to Ab plaques (Zhou et 

al., 2020), as well as general aging (Galatro et al., 2017). In addition, at least one third of the 

human microglia-expressed, AD-associated risk variants lacks adequate mouse orthologs 

(Hasselmann & Blurton-Jones, 2020a; Mancuso et al., 2019). The absence of rodent research 

translation to clinic further illustrates the point. The immortalised microglia cell lines, while cost-
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effective through their ability to self-renew, show chromosomal instabilities (C. Dello Russo et 

al., 2018; He et al., 2023; Luan et al., 2022; Tsuchiya et al., 1980) and alterations in metabolic 

profile (C. Dello Russo et al., 2018). In addition, their abnormal proliferative capacity makes 

them unsuitable to model the terminally-differentiated microglia. Lastly, human BMDMs differ 

from brain-residing microglia in ontogeny as discussed in section 1.5 (i.e., adult, definitive 

haematopoiesis vs microglia primitive haematopoiesis), as well as their environment-induced 

responses (Bennett et al., 2018; Ginhoux et al., 2013a), and therefore cannot faithfully 

reproduce authentic human microglial responses. 

 
The identification of microglial ontogeny (reviewed in Ginhoux et al., 2013b) (section 1.5)  

together with the development of the human iPSC technology (I.-H. Park et al., 2008; Takahashi 

et al., 2007; J. Yu et al., 2007) revolutionised modelling of human microglia in vitro. The use of 

microglia differentiated from iPSCs overcomes the majority of issues associated with other 

microglia models, including the abnormal karyotype, inadequate cell yield, and the lack of cell 

terminal differentiation. In addition, iPSCs are genetically tractable and retain patient’s genetic 

background, enabling a thorough interrogation of genes of interest, more accurate disease 

modelling, and a potential development of personalised therapeutic strategies (Penney et al., 

2020; Valadez-Barba et al., 2020). 

 
Several iPSC-derived microglia differentiation protocols have been published recently 

(summarised in Washer et al., 2022), all aiming to recapitulate the sequence of events during 

embryonic primitive haematopoiesis. The protocols, however, vary greatly in medium 

composition, produced population purity, and reproducibility among different cell lines and labs 

(reviewed in Haenseler & Rajendran, 2019; Hasselmann & Blurton-Jones, 2020; Hedegaard et 

al., 2020; Speicher et al., 2019). Our lab has recently conducted a systemic comparison of the 

available protocols to identify medium that best recapitulates authentic human microglia in vitro. 

As a result, we have described an optimised, highly scalable method for differentiation of 

microglia from iPSCs with an improved microglia identity and morphology (Washer et al., 2022). 

Earlier work from our lab also provided a highly-efficient protocol for differentiation of iPSC-
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macrophages – a more straightforward, time- and cost-effective surrogate of iPSC-microglia 

(Karlsson et al., 2008; Vaughan-Jackson et al., 2021; Wilgenburg et al., 2013). Importantly, 

both cell models were shown to derive from MYB-independent, RUNX1 and PU.1-dependent 

precursors, thus faithfully reproducing the hallmarks of primitive haematopoiesis, characteristic 

of YS-derived peripheral tissue-resident macrophages and microglia (Buchrieser et al., 2017; 

Vanhee et al., 2015). In addition, both models are pathophysiologically authentic and 

genetically tractable.  
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Table 1.3: In vitro microglia models alternative to those differentiated from iPSCs 

Organism Source Phenotype Advantages Disadvantages 

Primary microglia 

Human 

Foetal tissue 
 

Post-mortem tissue 
 

Brain surgery 

Low/absent CD45 and 
CCR2 expression 

 
High expression of 
mature microglia-
enriched genes 

(P2RY12, TMEM19, 
TREM2, GPR34, 
CX3CR1, C1QA, 

GAS6) 

Patient-specific 
 

Best in vivo 
microglia correlate 

when freshly 
isolated 

Post-mortem delay 
 

Limited resource 
 

Tedious isolation 
 

Limited yield and purity 
 

Ethical challenges 
 

Variable phenotype 
depending on the 

isolation 

Rodents Neonatal/adult mice and rats, 
WT or transgenic 

 
 

Downregulation of 
mature microglia 

markers (P2RY12, 
TMEM119) 

 
Enhanced inflammatory 

activation 
 

Highly proliferative 
phenotype 

 
 
 
 

Controllable 
genotype 

 
No post-mortem 

delay 
 

Increased 
availability 

compared with 
human primary 

material 

Limited translation to 
humans due to 

interspecies differences 
in the expression of 

immune function related 
genes 

 
Limited yield 

 
Long-term cultures at risk 

for proliferation of 
contaminating cells (e.g., 

pericytes, astrocytes) 

Immortalised microglial cell lines 

Human 

HMO6 
Embryonic, transformed, v-myc 

oncogene 

Lack of response to 
inflammatory stimuli 

Easy maintenance 
 

Unlimited availability 
 

Homogeneous 
population 

 

Genetic alteration 
 

Prone to dedifferentiation 
 

Lack of sensitivity to 
inflammatory stimuli 

 
Chromosomal 

abnormalities (prone to 
genetic drift) 

 
Metabolic abnormalities 

 
Subject to morphology 

changes 

HμGlia 
Adult, transformed, SV40 large 

T antigen 

Lack of expression of 
microglia-enriched 

genes 
CHME-5 

Embryonic, transformed, SV40 
large T antigen 

Uncertain origin (rat 
origin suggested) 

HMC3 
Derived from CHME-5 

Lack of expression of 
microglia-enriched 

genes 

C13NJ 
Derived from CHME-5 

Lack of expression of 
microglia-enriched 

genes 
SV40 

Embryonic, transformed, SV40 
large T antigen 

Lack of expression of 
microglia-enriched 

genes 

Rodents 

BV2 (mouse) 
Neonatal, transformed,  
v-raft/v-myc oncogene 

Lack of responses to 
inflammatory stimuli 

N9, N11 (mouse) 
Embryonic, transformed,  

v-myc oncogene 

Limited expression of 
inflammatory mediators 

EOC (mouse) 
Neonatal, spontaneously 

immortalised 

Attenuated antigen-
presenting (MHCII) 

gene expression 
IMG (mouse) 

Adult, transformed,  
v-raft/v-myc oncogene 

Amoeboid morphology 

HAPI (rat) 
Neonatal, spontaneously 

immortalised 

Attenuated response to 
inflammatory stimuli 

Blood monocyte-derived macrophages 

Human Isolation from peripheral blood 

Peripheral tissue 
macrophage 

phenotype (low 
expression of TREM2, 
TMEM119, P2RY12 
compared with adult 

microglia  

Cost-effective 
protocol compared 
with iPSC-microglia 

differentiation 

Do not recapitulate 
microglial ontogeny 

 
Limited resource 
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1.11 Scope of the work 

To summarise the introduction to this thesis, pathogenic tau aggregates have been shown to 

propagate through neuroanatomically-connected brain regions in a prion-like manner in 

tauopathies, correlating with the disease progression and severity. Compelling data from 

rodents suggests that microglia, the brain-resident phagocytes, are central to the pathological 

process. However, the mechanisms by which microglia may contribute to pathogenic tau 

transmission are unclear. In addition, direct involvement of human microglia has never been 

demonstrated.  

 
Here, I address these gaps in our knowledge and investigate the molecular mechanisms 

surrounding human microglial processing of exogenous native and aggregated tau. Within this 

broad goal, I focus specifically on microglial tau uptake, degradation, secretion, and on the 

seeding capacity of tau processed by microglia. Given the emerging role of LRRK2 in the 

microglial phagolysosomal system, as well as in the development and progression of PD and 

PSP tauopathies, I additionally interrogate the role of microglial LRRK2 in tau clearance and 

prion-like transmission.  

 
To model authentic human microglia and examine their responses in vitro, I capitalise on the 

James lab protocols for differentiation of iPSC-macrophages and microglia (section 1.10), and 

on the access to healthy donor and G2019S LRRK2 PD patient fibroblasts. Isogenic LRRK2 

WT and CRISPR/Cas9-induced LRRK2 KO iPSC lines, together with G2019S LRRK2 PD 

patient-isolated iPSC lines will be used for the differentiation (sections 2.1.1 and 2.2.1). The 

particular cell type used (i.e., iPSC-macrophages vs microglia) is clearly indicated in the 

individual experiment descriptions.  

 
The investigation of tau processing by an in vitro model of human microglia is described in 

Chapter 5. The result Chapters 3 and 4 provide an important, preliminary groundwork to 

Chapter 5 (Figure 1.12). Specifically, the experiments in Chapter 3 are motivated by the lack 

of consensus on the role of LRRK2 in microglial phagolysosomal pathways. Here, I describe 
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an assay I have optimised to quantitate baseline phagolysosomal clearance in iPSC-

macrophages. Using the assay, I further examine the influence of LRRK2 on baseline 

phagolysosomal clearance in iPSC-macrophages. The results will be contrasted with the 

influence of LRRK2 on tau-specific clearance by iPSC-macrophages investigated in Chapter 

5. In Chapter 4, I describe the optimised protocol for large-scale production of endotoxin-free, 

human recombinant 2N4R tau protein in monomeric and in vitro aggregated form. In contrast 

with brain tissue-extracted tau, the recombinant tau has a distinct advantage of readily 

quantifiable, known composition, and can be reproducibly obtained in high yield and purity. The 

recombinant preparation is therefore used to interrogate microglial responses to tau protein in 

Chapter 5.  
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Figure 1.12.: The main aims of individual result chapters 
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Chapter 2 
Materials and Methods 
 
 
 
2.1 Cell culture  

2.1.1 iPSC lines 

KOLF2.1S iPSC line (Washer et al., 2022) was obtained under material transfer agreement 

(MTA) from the Wellcome Sanger Institute in Cambridge, UK. All other iPSC lines used in this 

thesis (detailed in Table 2.1) were derived from dermal fibroblasts of G2019S PD patients and 

disease-free donors recruited through the Oxford Parkinson’s Disease Center and 

StemBANCC projects (Morrison et al., 2015) and have been published previously. Participants 

gave signed, informed consent for procedures which included mutation screening and 

derivation of iPSC lines from skin biopsies (Ethics Committee that specifically approved this 

part of the study: National Health Service, Health Research Authority, NRES Committee South 

Central, Berkshire, UK, REC 10/H0505/71 and 16/SC/0108). 

 
The iPSC lines (except KOLF2.1S) were derived in the James Martin Stem Cell Facility using 

non-integrating Sendai viral kit (Cytotune, Life Technologies) for the delivery of Oct3/4, Sox2, 

Klf4, and cMyc reprogramming factors. Each reprogrammed line passed a quality-control (QC) 

check for mycoplasma, sterility, viability, Tra-1-60 and Nanog expression, and SNP analysis 

for genome integrity and tracking on the bulked masterstock deposited in long-term, liquid 

nitrogen (LN) storage.  

 
To ensure consistency across multiple differentiation rounds, low passage number cell lines 

from large-scale, SNP-QCed batches were used for all experiments.   
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Table 2.1.: iPSC lines used in the thesis 

 

2.1.2 iPSC culture 

iPSC lines were thawed from a frozen stock in 37°C water bath, topped up with 9 mL of 1x 

Phosphate-buffered saline (PBS) (Sigma, D8537-500ML) and centrifuged at 400g (VWR, 

Rotanta 460R) for 5 minutes at room temperature (RT). Cell pellet was gently resuspended in 

OXE8 medium (Table 2.2) (Vaughan-Jackson et al., 2021) and the iPSCs were distributed 

evenly on GeltrexTM (Gibco, A1413302)-coated 6-well plates (Greiner, 657160) to generate a 

feeder-free iPSC culture. OXE8 medium was supplemented with 10 μM Y-27632 (ROCKi) 

(Abcam, ab120129) for the first 24 hours of the iPSC growth to aid their survival. 

 

Thesis 
label 

Fibroblast 
ID iPSC clone ID Diagnosis LRRK2 

Genotype Gender 
Age of 
biopsy 
(years) 

 SF841  SFC841-03-01 Healthy WT/WT M 36 

 SF856 SFC856-03-04 Healthy WT/WT F 78 

 n/a KOLF2.1S Healthy WT/WT M 57 

 SF840 SFC840-03-03 Healthy WT/WT F 67 

 SF840 SFC840-03-03 
D10 

CRISPR/Cas9 
edited -/- F 67 

 SF832 SFC832-03-06 G2019S PD G2019S/WT F 77 

 SF833 SFC833-03-05 G2019S PD G2019S/WT M 81 

 SF855 SFC855-03-06 G2019S PD G2019S/WT M 57 
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Cells were cultured at 37°C, 5% CO2, with daily, 100% medium changes. At approximately 80-

90% confluency, cells were passaged in clusters using 0.5 mM EDTA (ThermoFisher Scientific, 

15575-020) in 1x PBS (Beers et al., 2012) for 5 minutes at 37°C. Passaging was carried out 

only once before further differentiation to minimise potential karyotype changes.  

 

 
Table 2.2: OXE8 medium composition 
 
 
 
2.1.3 iPSC-derived macrophage differentiation 

iPSCs were differentiated into macrophages using our previously developed serum- and 

feeder-free protocol (Wilgenburg et al., 2013) with minor modifications. Specifically, iPSCs 

were washed with once with 1 mL of TryplETM Express Enzyme (Gibco, 12604013), incubated 

for 5 minutes at 37°C, 5% CO2, and lifted into a single-cell suspension with 1x PBS. Cells were 

then counted, centrifuged at 400g for 5 minutes at RT, and resuspended in EB medium 

supplemented with 10 μM ROCKi at 4x106 cells per 1 mL. EB medium - OXE8 medium 

supplemented with 50 ng/mL BMP4 (Peprotech, PHC9534), 50 ng/mL VEGF (Peprotech, 

Medium Component Manufacturer Cat no. Final 
concentration 

OXE8 

Advanced DMEM/F12 ThermoFisher 
Scientific 12634010 97.4% 

GlutaMAX (100x) ThermoFisher 
Scientific 35050-038 1x 

Heparin solution 0.2% STEMCELLTM 07980 100 ng/mL 

Ascorbic Acid-2-phosphate 
magnesium salt Sigma A8960 0.22 mM 

HEPES 1M pH 7.4 ThermoFisher 
Scientific 15630080 15mM 

FGF-2 basic 145aa R&D Systems 4114-TC-
01M 100 ng/mL 

TGF-b Peprotech AF-100-
21C 2 ng/mL 

30% human serum albumin 
(HAS) in water (buffer for 

FGF-2) 
Sigma A9080-

10ML 0.001% 
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PHC9394), and 20 ng/mL SCF (Miltenyi Biotec, 130- 096-695) - was formulated to promote 

mesodermal lineage and hemogenic endothelium differentiation. 

 
In parallel, Aggrewell TM 800 plates (STEMCELL Technologies, 34815), which iPSCs were to 

be transferred to in order to encourage embryoid body (EB) formation, were prepared for 

plating. First, potential bubbles were removed from the Aggrewell microwells by the addition of 

500 μL of Anti-Adherence Rinsing solution (STEMCELL Technologies, 07010), followed by 

centrifugation at 1,200g for 3 minutes at RT. Aggrewells were then washed once with 1x PBS 

and filled with 1 mL of EB medium supplemented with 10 μM ROCKi. 4x106 cells of iPSCs were 

transferred to each Aggrewell and the plates were spun gently at 100g for 3 minutes at 4°C 

with no braking to ensure even distribution of cells across microwells. EBs formed within 24 

hours of plating and were cultured for 7 days at 37oC, 5% CO2. EBs were fed daily by 75% EB 

medium change. This was achieved by two consecutive, gentle removals and additions of 1 

mL of medium to avoid disturbing the EBs. 

 
At the end of the 7-day maturation, approximately 300 EBs from each Aggrewell were gently 

lifted with 5 mL serological pipette, passed through 40 μm strainer to remove dead cells and 

debris, and distributed evenly into two T175 tissue culture flasks (Corning, 431080) filled with 

20 mL of XVIVO or OXM precursor medium (Table 2.3). This step initiated the IL-3 directed 

myeloid differentiation stage. These long-term, precursor ‘’factory’’ cultures were kept at 37oC, 

5% CO2 for a total period of 12 weeks. Weekly addition of 10 mL medium was performed until 

the start of precursor production (typically around week 2 from the factory set-up), then 

increased to 20 mL addition until week 5.  

 
Precursors were harvested for the final iPSC-macrophage differentiation each week between 

weeks 5 and 12 of the factory lifetime. Each harvest involved up to 50% medium change, with 

minimum of equal volume of medium replaced to the amount collected. The collected 

precursors were counted, centrifuged at 400g for 5 minutes, resuspended in XVIVO or OXM 

macrophage medium (Table 2.3), plated in appropriately sized tissue culture plates, and 
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cultured for 7 days at 37oC, 5% CO2. 50% medium change was performed on day 4. From day 

7, the now-terminally differentiated iPSC-macrophages were used for further experiments.  

 
2.1.4 iPSC-derived microglia differentiation 

iPSC-microglia were differentiated according to protocol described by Washer et al., 2022 . The 

protocol follows steps delineated in section 2.1.3 up to the precursor plating. Precursors 

harvested for iPSC-microglia differentiation were resuspended in ITMG microglia medium 

(Table 2.3), containing M-CSF, GM-CSF and IL-34 to aid microglia survival and TGFb1 to 

promote microglia identity and maturation. The precursors were plated in tissue culture plates, 

and cultured for 14 days at 37°C, 5% CO2. 50% medium change was performed on day 4, 7, 

and day 11. Day 14 terminally differentiated iPSC-microglia were used for further experiments.  

 
2.1.5 Cell count 

19 μL of single cell suspension was stained with 1 μL of Solution 13 AO-DAPI (Chemometec, 

910-3013) and transferred to A8-slide (Chemometec, 942-0003). Automated quantification of 

cell number, size, and viability was performed by the NucleoCounter® NC-3000TM 

(Chemometec).  

 
2.1.6 Resazurin cell viability assay 

Resazurin (Sigma, 199303-5G) was used to establish cytotoxic dose of drug compounds, and 

recombinant human tau monomer and fibrils used in cell assays. The lyophilised powder was 

dissolved in 1x PBS to make up 10 mg/mL resazurin stock stored at -20°C. Terminally 

differentiated iPSC-macrophages or microglia, plated in a clear, 96-well tissue culture plate 

(Corning, 3596) were washed once with 1x PBS, then incubated for an appropriate amount of 

time with 100 μL of cell medium alone or with tested compound dissolved in cell medium. At 

the end of the stimulation, resazurin was added directly to all wells in 1:1,000 final dilution. 

Minimum of three cell-free wells were also filled with 100 μL of 1:1,000 resazurin in cell medium 

in order to subtract background fluorescence from the final reading. The plate was incubated 

for 2 hours at 37°C, 5% CO2, during which viable cells with intact mitochondrial respiratory chain 
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would reduce the internalised, non-fluorescent blue resazurin to a red fluorescent resorufin 

(excitation wavelength 530-560 nm, emission wavelength 590 nm). The amount of resorufin 

produced is proportional to the number of viable cells. Fluorescence was detected on the 

SpectraMax M5 microplate reader using the SoftMaxPro software v5. 

 
2.1.7 Live cell staining  

Cell-permeable fluorescent dyes (Table 2.4) were used to stain cell cytoplasm and organelles 

for the downstream application of live confocal microscopy. Terminally differentiated iPSC-

macrophages or microglia, plated in tissue culture plates, were washed once with 1x PBS and 

incubated with dyes dissolved to their respective appropriate final concentration in cell medium 

for 30 minutes at 37oC, 5% CO2. Uninternalised dye was then removed, and cells were washed 

with 1x PBS. All downstream assay were carried out with cells protected from direct light.  

 
2.1.8 iPSC-macrophage/microglia treatment 

Table 2.5 lists reagents used for iPSC-macrophage/microglia stimulation. 

 
2.1.9 iPSC-macrophage incubation with reporter beads 

Reporter bead stock to assay iPSC-macrophage phagolysosomal clearance was prepared as 

described in section 2.4.1. Prior to incubation with cells, minimum of 50 μL of the stock was 

washed in 1x PBS (2,000g centrifugation for 2 minutes), then resuspended in cell culture 

medium and counted with Kova Glasstic 10-chamber slide (Hycor, 87144). The suspension 

was diluted further in cell culture medium to achieve the desired concentration. 
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Table 2.3: iPSC-macrophage and microglia differentiation media components  

Medium Component Manufacturer Cat no. Final 
concentration 

XVIVO 
precursor 
medium 

X-VIVO-15TM SLS (Lonza) BE02-060F 97.8% 

GlutaMAX (100x) ThermoFisher 
Scientific 35050-038 1x 

2-Mercaptoethanol 
(1000x) 

ThermoFisher 
Scientific 31350-010 1% 

IL-3 Invitrogen PHC0033 25 ng/mL 

M-CSF Invitrogen PHC9501 50 ng/mL 
Penicillin-Streptomycin 

(100x) 
ThermoFisher 

Scientific  15140-122 1% 

OXM 
precursor 
medium 

Advanced DMEM/F12 ThermoFisher 
Scientific 12634010 96.3% 

GlutaMAX (100x) ThermoFisher 
Scientific 35050-038 1x 

HEPES 1 M pH 7.4 ThermoFisher 
Scientific 15630080 15 mM 

Human recombinant 
Insulin solution Sigma 19278-5ML 5 μg/mL 

Tropolone Sigma T89702-1G 15 μM 
IL-3 Invitrogen PHC0033 25 ng/mL 

M-CSF Invitrogen PHC9501 50 ng/mL 
Penicillin-Streptomycin 

(100x) 
ThermoFisher 

Scientific  15140-122 1% 

XVIVO 
macrophage 

medium 

X-VIVO-15TM SLS (Lonza) BE02-060F 97.9% 

GlutaMAX (100x) ThermoFisher 
Scientific 35050-038 1x 

M-CSF Invitrogen PHC9501 50 ng/mL 

OXM 
macrophage 

medium 

Advanced DMEM/F12 ThermoFisher 
Scientific 12634010 96.5% 

GlutaMAX (100x) ThermoFisher 
Scientific 35050-038 1x 

Human recombinant 
Insulin solution Sigma 19278-5ML 5 μg/mL 

HEPES 1 M pH 7.4 ThermoFisher 
Scientific 15630080 15 mM 

M-CSF Invitrogen PHC9501 50 ng/mL 

ITMG 
microglia 
medium 

Advanced DMEM/F12 ThermoFisher 
Scientific 12634010 96.2% 

GlutaMAX (100x) ThermoFisher 
Scientific 35050-038 1x 

M-CSF Invitrogen PHC9501 25 ng/mL 

GM-CSF Invitrogen PHC2013 10 ng/mL 

IL-34 Peprotech 200-34 100 ng/mL 

TFGb1 Peprotech 100-21C 50 ng/mL 
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Table 2.4: Cell-staining reagents 
 
 
2.1.10 iPSC-macrophage/microglia incubation with recombinant tau protein 

iPSC-macrophages/microglia were incubated with human recombinant 2N4R tau monomer or 

in vitro aggregated synthetic tau fibrils (see section 2.3) to assess their phenotypic and 

molecular response to tau. Stored aliquots of tau monomer or fibrils were thawed immediately 

before cell stimulation. Appropriate dilutions were prepared in Protein LoBind® tubes 

(Eppendorf, 0030108116) and mixed by thorough but gentle pipetting. This was particularly 

important for tau fibril preparations to ensure even dispersion in the solution. Tau monomer or 

fibrils were then added as 10x of the required final concentration directly to the cell medium 

covering adherent cells, in an effort to prevent protein adsorption to the tissue culture plastic. 

Plates were agitated side-to-side to aid even tau distribution before returning to the incubator 

for a required amount of time. 2.5% TryplETM incubation for 1 minute (Michel et al., 2014) 

followed by 1x PBS wash was used to remove uninternalised tau at the end of tau incubation, 

prior to further assays. All labware that came into contact with tau monomer or fibrils was 

soaked overnight in 1% sodium dodecyl sulfate (SDS) (Sigma, 436143) solution according to 

the lab COSHH assessment to ensure safe removal and disassembly from the surface (Fenyi 

et al., 2018). 

 

 

 

Probe Manufacturer Cat No. Exc /Em 
(nm) Stains Final 

concentration 

NucBlueTM Live 
ReadyProbesTM 

Reagent 

ThermoFisher 
Scientific R37605 360/460 DNA 1 drop/3 mL 

medium 

LysoTracker TM 
Red DND-99 

ThermoFisher 
Scientific L7528 577/590 Acidic cellular 

compartments 50 nM 

CellTrackerTM 
Deep Red 

ThermoFisher 
Scientific C34565 630-650 Protein amine 

groups 4 μM 
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Table 2.5: iPSC-macrophages and microglia treatment list 
 
 
 
 
 
 
 
 
 
 
 
 
 

Reagent Manufacturer Cat No. Mode of 
action 

Incubation 
length 

Final 
concentration 

Cytochalasin 
D 

Cayman 
Chemical 
Company 

11330 
Actin 

polymerization 
inhibitor 

45 minutes 10 μM 

E64d Abcam Ab144048-
1mg 

Cathepsin 
B/H/L inhibitor 2/24 hours 50 μM 

IFNg Gibco #PHC4031 Cytokine 72 hours 100 ng/mL 

IL-4 Gibco #PHC0044 Cytokine 16 hours 50 ng/mL 

Leupeptin Enzo Life 
Sciences 

ALX-260-
009-M005 

Broad 
protease 
inhibitor 

2/24 hours 50 μM 

LPS Invivogen #tlrl-eklps TLR-4 agonist 16 hours 100 ng/mL 

Pepstatin A Enzo Life 
Sciences 

ALX-260-
085-M005 

Aspartyl 
protease 
inhibitor 

2/24 hours 50 μM 

MG-132 Sigma 474791 
26S 

proteasome 
inhibitor 

24 hours 25 μM 

Mli-2 Tocris 
Bioscience 5756 LRRK2 kinase 

inhibitor 2 hours 100 nM 

sRAP Ximbio 153996 LRP1 
antagonist  2 hours 5-500 nM 
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2.2 Genome engineering 

2.2.1 CRISPR/Cas9-edited iPSC line 

One CRISPR/Cas9-edited, homozygous LRRK2 KO iPSC line was used in this thesis (table 

2.1). The line was previously generated in our lab by Dr Sally Cowley, using a double nickase 

strategy to target exon 3 with a pair of guide RNAs (Ran et al., 2013). Line expansion, validation 

and characterisation of genotype following differentiation into iPSC-macrophages/microglia 

was performed by Dr Heyne Lee (H. Lee et al., 2020).  

 
2.2.2 CRISPR/Cas9-mediated knockdown (KD) in iPSC-macrophages  

A lentivirus-mediated CRISPR/Cas9 editing strategy was used to manipulate the levels of LRP1 

(Gene ID: 4035) directly in iPSC-macrophages, omitting the need to create an edited iPSC line. 

The method was optimised by Dr Sam James Washer.  

 
2.2.2.1 Plasmid preparation 

Three LRP1 CRISPR/Cas9 lentiviral vectors were prepared to knockdown LRP1. The guide 

RNAs (gRNA) sequences targeted exon 12, 13, and 38 of LRP1 (Table 2.6, Figure 5.5A). In 

addition, eight intergenic control (INTG) CRISPR/Cas9 lentivectors, predicted not to affect 

LRP1 or other protein-coding sequences, were prepared as a negative control of DNA damage 

response. Golden Gate Assembly (Engler et al., 2008, 2009) via BsmBI was used to clone 

gRNA oligos into pLentiCRISPRv3 backbone, a novel version of pLentiCRISPRv2 (Addgene, 

#52961) with a modified gRNA scaffold. The backbone details are yet to be published.  

 
The plasmids were transformed into chemically competent Stbl3TM E. coli (ThermoFisher 

Scientific, C737303) for amplification. 100 ng of plasmid DNA was added to 50 μL of cells and 

incubated on ice for 30 minutes. Cells were then heat-shocked at 42°C for 30 seconds, followed 

by 5-minute incubation on ice. 450 μL of InvitrogenTM S.O.C. Medium (ThermoFisher Scientific, 

15544-034) at RT was added, and the mixture was incubated at 37°C for 30 minutes with orbital 

shaking at 180rpm. 50 μL of cells was spread on Luria-Bertani (LB) agar plates containing 100 

μg/mL ampicillin and incubated overnight at 37°C. Selected clones were further grown 
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overnight in LB broth supplemented with 100 μg/mL ampicillin (Sigma, A9518-25G) at 37°C 

with 180rpm shaking, for plasmid isolation using EndoFree® Plasmid Maxi Prep Kits (QIAGEN, 

12362). Plasmid sequence was validated through Source BioScience (Sanger Sequencing, 

Cambridge, UK) and stored at -20°C.  

 
gRNA design, plasmid cloning, and maxi-prep was carried out by Dr Yixi Chen at the Wellcome 

Sanger Institute, Cambridge, in collaboration with Dr Sam James Washer. 

Target gRNA # Sequence 

LRP1 1 GTCTCGATGCGGTCGTAGA 
LRP1 2 TCTGTACTGGACGGACGAT 
LRP1 3 GCCGAGACCGCTCAATACG 
INTG 1 TTGGGCAGAATGTCTGCCC 
INTG 2 AAGCTCCTCACCATGCCCA 
INTG 3 CAGTTGCCTAACAGGAGCA 
INTG 4 ACCAAGGGTTACCAAGAAG 
INTG 5 CACCTCCCAGTGTCTTGAA 
INTG 6 CAGAGGTCAACCTTGACCC 
INTG 7 CTTATTAGGGATCAAGGGT 
INTG 8 CTAGATCTAGGGTGTGTTG 

 
Table 2.6: LRP1- and INTG-gRNA sequences 
 
 
2.2.2.2 Production of lentivirus 

The LRP1 gRNA and INTG gRNA lentiviral production using HEK293T cells was carried out by 

Amy Napier, a James lab PhD student. 24 hours prior to transfection, two T175 flasks per 

lentivirus to be made were seeded with 11x106 HEK293T each, in 30 mL HEK293T medium 

(DMEM/F12 (Gibco, 11320-0330 supplemented with 10% FBS (Sigma, F9665-500ML), and 

GlutaMAX (Gibco, 35050-061)) to achieve 70-80% confluency on the day of transfection. 

JetPRIME® Buffer was mixed with 100 μL of JetPRIME® transfection reagent (Polyplus, 

101000046), 5.5 μg of psPAX2 lentiviral packaging plasmid DNA, 4.4 μg of pMD2.G lentiviral 

envelope plasmid DNA, and total of 9 μg of gRNA plasmid DNA (3 μg per each LRP1 gRNA 

plasmid or 1.1 μg per each INTG gRNA plasmid) to a 2 mL total reaction volume. The 

transfection mixture was vortexed for 15 seconds and incubated at RT for 15 minutes before 
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adding 1 mL directly to each flask, mixing gently with the cell medium. Cells were incubated at 

37°C, 5% CO2 for 24 hours before complete medium change. Supernatant containing lentivirus 

was collected at 48- and 72-hour timepoint, pooled, spun at 2,000g for 5 minutes to remove 

any floating cells and cell debris, and passed through a 0.45 μm filter (Starlab, E4780-1456). 

Virus was concentrated by ultracentrifugation (SW-32Ti rotor) in 38.5 mL Open-Top Thinwall 

Ultra-Clear Tubes (Beckman Coulter, 344058) at 100,000g for 2 hours at 4°C. Pellets were 

resuspended in ice-cold, sterile-filtered, 1.5% bovine serum albumin (BSA) (Merck, A9418-

50G) in 1x PBS, aliquoted, and stored at -80°C.  

  
2.2.2.3 Quantification of viral titer and iPSC-macrophage transduction 

The CRISPR/Cas9 lentiviruses were titrated on iPSC-macrophages. 3.3x104 iPSC-

macrophage precursors were seeded on 96-well tissue culture plate in iPSC-macrophage 

differentiation medium supplemented with 4 ug/mL of polybrene (Sigma, TR-1003-G) to 

increase binding between the cell membrane and lentivirus envelope. Immediately after plating, 

cells were double-transduced simultaneously with 1:400 dilution of virion-associated protein 

(Vpx) packaged in Virus-Like-Particles (VLP) and a total of five, 2-fold serial dilutions of LRP1 

or INTG gRNA lentivirus. The human immunodeficiency virus type 2 (HIV-2)- and simian 

immunodeficiency virus (SIV)-encoded accessory protein Vpx was used to counteract the 

cytoplasmic nucleotide depletion by SAM Domain and HD domain-containing protein 1 

(SAMHD1) (Goujon et al., 2006; Hofmann et al., 2012; Lahouassa et al., 2012; Nègre et al., 

2000) thus improving lentiviral transduction efficiency in SAMHD1-expressing myeloid cells 

such as monocytes and macrophages (Bobadilla et al., 2013; Moyes et al., 2017). Vpx VLP 

was prepared and titrated by Dr Sam Washer from a pSIV3+_Vpx plasmid (Figure 2.1) 

generously gifted by the Cosset lab at Inserm, France. Each transduction reaction was run in 

triplicate. Cells were incubated at 37°C, 5% CO2. Medium was replaced with standard iPSC-

macrophage medium 24 hours later. Puromycin was added to the wells at 3 μg/mL 72 hours 

post transfection. Puromycin selection, indicative of successful lentiviral integration, was 

assessed by resazurin cell viability assay (described in 2.1.6). 
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Figure 2.1: SIV3+_Vpx plasmid map including all accessory genes  

Map generated with DNADynamo DNA Sequence Analysis Software. 
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2.3 Human recombinant 2N4R tau protein production 

2.3.1 Plasmids and cloning 

A glycerol stock of Mach1 T1R Chemically Competent E. coli (ThermoFisher Scientific, 

C862003) transformed with pNIC28-Bsa4_6xHis-tag_TauWT 2N4R vector (Figure 2.2) was a 

kind gift from Donatella Di Rienzo at the Oxford Drug Discovery Institute (ODDI). The plasmid 

had been created by ligation-independent cloning (LIC) of the human 2N4R tau (aa1-441) 

(Uniprot P10636-8) coding sequence into the BsaI restriction site of the pNIC28-Bsa4 

expression backbone (Addgene #26103), downstream of 22-aa N-terminal fusion of poly-

histidine (6xHis) tag and Tobacco Etch Virus (TEV) protease-recognition sequence 

(ENLYFQG). A single colony from the glycerol stock was inoculated into 10 mL of selective LB 

broth containing 50 μg/mL kanamycin (ThermoFisher Scientific, 11815024) and grown 

overnight at 37°C with 180rpm orbital shaking for amplification. Plasmid was purified using the 

QIAprep Spin Miniprep Kit (QIAGEN, 27104), eluted in ddH2O, and stored at -20°C.  

 
In order to optimise tau purification, tau protein sequence from the pNIC28-Bsa4_6xHis-

tag_TauWT 2N4R vector was subcloned into SUMO-GFP_TB004_pETM11SUMO3_sense 

backbone with Gibson assembly (Gibson et al., 2009). The SUMO-

GFP_TB004_pETM11SUMO3_sense plasmid (Figure 2.3) was a generous gift from the Bharat 

lab at the Sir William Dunn School of Pathology. The plasmid features N-terminal fusion of 

6xHis_SUMO3 tag demonstrated to enhance protein expression, solubility, and yield during 

affinity chromatography purification (Malakhov et al., 2004) (see section 4.2.4). PCR reaction 

for Phusion® High-Fidelity DNA Polymerase (New England Biolabs, M0530AA) was used to 

amplify tau sequence and the entire SUMO plasmid sequence except the EGFP region that 

was to be deleted. Primer design and binding is described in Table 2.7 /Figure 2.4.  Template 

DNA was then digested with 4U DpnI in CutSmart® Buffer (New England Biolabs, R0176S) at 

37°C for 30 minutes followed by 15-minute heat deactivation at 65°C. The products were 

analysed in 1.5% agarose gel, extracted with QIAquick® Gel Extraction Kit (QIAGEN, 28704), 

and purified with Monarch® PCR & DNA Cleanup Kit (NEB, T1030L). The purified fragments 
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were assembled in a Gibson Assembly reaction with NEBuilder HiFi DNA Assembly Master 

Mix (New England Biolabs, E2621L) for 15 minutes at 50°C. The assembled SUMO_TauWT 

2N4R_pETM11SUMO3_sense plasmid (Figure 2.5) was transformed into Stbl3TM E. coli, then 

grown on warm LB agar supplemented with 30 μg/mL kanamycin at 37°C overnight. Single 

colonies were selected and returned to liquid culture overnight for amplification. Plasmids were 

isolated as described above and sequenced using T7 forward and reverse primers. Plasmids 

with confirmed correct sequence were further transformed into standard BL21(DE3) E. coli for 

tau protein expression and purification. 

 
DNA concentration was determined by the NanoDropTM 2000/2000c Spectrophotomer 

(ThermoFisher Scientific, ND-2000). DNA sequencing was performed externally by Source 

BioScience (Sanger Sequencing, Cambridge, UK). SnapGene Viewer v6.2.1 and SnapGene 

v6.2 were used to analyse plasmid sequences and alignments.   

 

 

Target Primer  5’(overlap/spacer/ANNEAL)3’ Length 
(bp) GC% Tm 

(°C) 

Tau F tccagcaacagaccggtggaATGGCTGAGCCCCGCCA
G 

38 66 76 
R tggtgctcgagtgcggccgcTCACAAACCCTGCTTGGC

CAG 
41 66 78 

pSUMO 
backbone 

F GCGGCCGCACTCGAGCAC 18 78 65 
R TCCACCGGTCTGTTGCTGGAAC 22 59 63 

 
Table 2.7: Tau fragment and SUMO plasmid primer pair for Gibson assembly 
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Figure 2.2: pNIC28-Bsa4_6xHis-tag_TauWT 2N4R plasmid map featuring 6xHis tag,  

donated by Donatella Di Rienzo at the Oxford Drug Discovery Institute 
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Figure 2.3: SUMO-GFP_TB004_pETM11SUMO3_sense plasmid map featuring 

6xHis_SUMO tag, donated by Bharat lab at the University of Oxford 
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Figure 2.4: Primer binding diagram to (A.) TauWT_2N4R fragment and (B.) SUMO- 
GFP_TB004_pETM11SUMO3_sense plasmid  

. 
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Figure 2.5: SUMO_TauWT 2N4R_pETM11SUMO3_sense plasmid created by subcloning  
TauWT_2N4R fragment into SUMO-GFP_TB004_pETM11SUMO3_sense  
backbone using Gibson assembly 
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2.3.2 Bacterial transformation 

Transformation of the chemically competent Stbl3TM E. coli or BL21(DE3) E. coli (a gift from the 

Bharat lab) was carried out as per protocol described in section 2.2.2.1. 50 μL of the heat-

shock transformed cells was plated on pre-warmed LB agar plates supplemented with 30 

μg/mL kanamycin and incubated overnight at 37°C. Single colonies formed overnight were then 

used to inoculate 10 mL LB broth supplemented with 50 μg/mL kanamycin and grown overnight 

at 37°C with 180rpm agitation. 800 μL of the overnight culture was mixed with 200 μL of 80% 

glycerol (Sigma, G5516-1L) to prepare glycerol stocks of the transformed cells to be stored at 

-80°C. 

 
The electrocompetent ClearColiTM BL21(DE3) cells (Lucigen, 60810-1) were transformed by 

electroporation. Protocol was based on the manufacturer’s recommendations with 

modifications. 25 μL of cells, thawed on ice, was mixed with 50 ng of plasmid DNA and 25 μL 

glycerol, and transferred to a pre-chilled electroporation cuvette (VWR, 732-2268, 2mm gap), 

taking care not to introduce bubbles to prevent arcing. Cells were electroporated using Gene 

Pulser II electroporator (BioRad) set to 2.4 kV, 25 μF, 750 Ω. 975 μL Expression Recovery 

Medium (provided with the cells) was added to the cells and the mixture was incubated at 37°C 

for 1 hour with 250rpm orbital shaking. 50 μL of the cells was then spread onto pre-warmed LB 

Miller agar plate containing 50 μg/mL kanamycin and grown for 36 hours at 37°C with 350rpm 

agitation. Glycerol stock of transformed cells was prepared from single colonies as described 

above.  

 
2.3.3 Tau protein expression and purification 

Starter cultures were prepared by inoculating 40 mL of standard LB broth with 50 μg/mL 

kanamycin or LB Miller broth with 50 μg/mL kanamycin and 0.2 g glucose (Sigma, G8270), with 

a single colony from glycerol stocks of transformed BL21(DE3) or ClearColi cells, respectively. 

Cultures were grown overnight at 37°C with 180rpm agitation for BL21(DE3) or 250rpm for 

ClearColi. Each overnight culture was further inoculated to 1 L of Terrific Broth (TB) broth 

supplemented with 50 μg/mL kanamycin and 1x TB salts and returned to the shaking incubator 
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at 37 °C with 200rpm agitation. At OD600 = 0.5-0.7, the cells were induced with 0.5 mM isopropyl 

b-D-1-thiogalactopyranoside (IPTG) (Sigma, 15502-5G) and left to grow overnight at 25°C with 

200rpm agitation, unless stated otherwise. Cell pellets were harvest the next morning by 

centrifugation at 5,000g for 30 minutes at 4°C using the Beckman Coulter Avanti JXN-26 

centrifuge with a JLA-8.1000 rotor. Pellets were resuspended in 25 mL ice-cold lysis buffer per 

1 L of pelleted culture and stored at -80°C until required.  

 
ÄKTA Pure 25M was used for all purification described in this thesis. The buffer composition is 

described in Table 2.8. As all purification steps were carried out at 4°C, buffer pH was adjusted 

at 4°C, and buffers were kept at 4°C following sterile-filtering and thorough degassing. If 

columns were re-used multiple times, a column cleaning procedure (1-hour soak with 1 M 

NaOH followed by 10 column volumes (CV) ddH2O and 10 CV buffer A1 or buffer C washes) 

would precede sample application. Eluted protein fractions were analysed with SDS-PAGE gel 

electrophoresis. 25 μL samples composed of 5-15 μL eluate mixed with NuPAGETM 4x LDS 

sample buffer (Invitrogen, NP0007) and ddH2O were boiled at 70°C for 10 minutes. Samples 

were loaded on NovexTM WedgeWellTM 8-16%, Tris-Glycine pre-cast mini gels (Invitrogen, 

XP08165BOX), along with 5 μL of Precision Plus Protein Dual Colo Standards (Bio-Rad, 

1610374), and ran in NovexTM Tris-Glycine SDS Running Buffer (Invitrogen, LC2675) at 200 V 

for 45 minutes. 1-hour RT gel incubation with SimplyBlueTM Safe Stain (ThermoFisher 

Scientific, LC6060) was used to detect protein. 

 
On the day of the purification, bacteria cells were thawed, lysed using EmulsiFlex-C5 French 

Press homogeniser (Avestin) operating at 15 kpsi, and centrifuged at 4,500g for 1 hour. An 

additional step of 10-minute direct heating in 70°C water bath, followed by 4,500g 

centrifugation for 1 hour, was used for the large-scale purification of SUMO-tagged tau. Pellets 

were discarded and supernatant passed through a 0.45 μm cut-off filter. All centrifugation was 

carried out at 4°C and samples were kept on ice throughout the entire purification procedure 

except during the cell heating step.  
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The crude extract was applied to HisTrap column (Cytiva Life Sciences, 17-5248-02) pre-

equilibrated with 5 column volumes (CV) of buffer A1. The column was washed with 20 CV 

buffer A1 for purification from ClearColi or with 50 CV buffer A2 followed by 20 CV buffer A1 

for purification from BL21(DE3). Protein was eluted with linear gradient of buffer B. Overnight 

dialysis at 4°C in SnakeSkinTM Dialysis Tubing (ThermoFisher Scientific, 3.5K MWCO, 60835) 

in the presence of TEV or Sentrin-specific protease 2 (SENP2) proteases (1:100 

protease:protein ratio), against 4 L of dialysis buffer was used to remove imidazole and cleave 

the 6xHis-TEV or 6xHis-SUMO tags.	TEV and SENP2 proteases, purified in-house from E. 

coli, were generous gifts from the Fodor and the Bharat lab, respectively. The dialysed, cleaved 

product was re-applied to the HisTrap column, endotoxin-decontaminated with 1 M NaOH (1 

hour contact time) and equilibrated as described above, to isolate the tag-less tau. Selected 

fractions were pooled and purified further using the CaptoS column (Cytiva Life Sciences, 17-

5441-23), pre- equilibrated with 5 column volumes (CV) of buffer C. The column was washed 

with 6 CV of buffer C and eluted with linear gradient of buffer D. Purest tau-containing fractions 

were concentrated to 2 mL using 10K MWCO Pierce Protein concentrator (ThermoFisher 

Scientific, 88528) and filtered through a 0.22 μm cut-off filter (Starlab, E4780-1226). Residual 

endotoxin was removed from the final product using PierceTM High-Capacity Endotoxin 

Removal Spin Column (ThermoFisher Scientific, 88275), as per manufacturer’s instructions. 

Endotoxin levels in preparations were quantified with PierceTM Limulus Amebocyte Lysate 

(LAL) Chromogenic Endotoxin Quantitation Kit (ThermoFisher Scientific, A39553) based on 

the agglutination of the haemolymph of a horseshoe crab (Limulus polyphemus) in the 

presence of endotoxins (L. Chen & Mozier, 2013). 
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Table 2.8: Buffer composition used for the purification of 2N4R recombinant tau 

Buffer Component Manufacturer Cat no. Final 
concentration 

Lysis  
(pH 7.6) 

HEPES Sigma H33575 25 mM 
NaCl Sigma S9888 150 mM 

Imidazole Sigma I2399 10 mM 
Bond Breaker TM TCEP Invitrogen 77720 1 mM 

DNase I Invitrogen 18047-019 1.68 U/mL 
Halt Protease and 

Phosphatase Inhibitor 
Cocktail, EDTA-free 

(100x) 

ThermoFisher 
Scientific  78441 1x 

HisTrap  
A1 

(pH 7.6) 

HEPES Sigma H33575 25 mM 
NaCl Sigma S9888 150 mM 

Imidazole Sigma I2399 10 mM 
Bond Breaker TM TCEP Invitrogen 77720 1 mM 

PierceTM Protease 
Inhibitor XL Capsules, 

EDTA-free  

ThermoFisher 
Scientific  A37989 1:500 

HisTrap 
A2 

(pH 7.6) 

HEPES Sigma H33575 25 mM 
NaCl Sigma S9888 150 mM 

Imidazole Sigma I2399 10 mM 
Bond Breaker TM TCEP Invitrogen 77720 1 mM 

TritonTMX-114 Sigma 648468 0.1% 

HisTrap 
B 

(pH 7.6) 

HEPES Sigma H33575 25 mM 
NaCl Sigma S9888 150 mM 

Imidazole Sigma I2399 500 mM 
Bond Breaker TM TCEP Invitrogen 77720 1 mM 

PierceTM Protease 
Inhibitor XL Capsules, 

EDTA-free  

ThermoFisher 
Scientific  A37989 1:500 

Dialysis (pH 
7.6)  

HEPES Sigma H33575 25 mM 
NaCl Sigma S9888 100 mM 
BME Sigma 97622 5 mM 

HisTrap 
Rebind  

A 
(pH 7.1) 

HEPES Sigma H33575 25 mM 
NaCl Sigma S9888 100 mM 

Imidazole Sigma I2399 10 mM 
BME Sigma 97622 5 mM 

HisTrap 
Rebind  

B 
(pH 7.1) 

HEPES Sigma H33575 25 mM 
NaCl Sigma S9888 100 mM 

Imidazole Sigma I2399 500 mM 
BME Sigma 97622 5 mM 

CIEX  
C 

(pH 7.1) 

HEPES Sigma H33575 25 mM 
NaCl Sigma S9888 100 mM 
BME Sigma 97622 5 mM 

CIEX  
D 

(pH 7.1) 

HEPES Sigma H33575 25 mM 
NaCl Sigma S9888 1 M 
BME Sigma 97622 5 mM 
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Protein concentration was estimated using PierceTM BCA Protein Assay Kit (ThermoFisher 

Scientific, 23225). Protein purity was determined by liquid chromatography with tandem mass 

spectrometry (LC-MS/MS) for trypsin-digested in-gel protein as well as LC/MS for intact protein 

characterisation, carried out externally by the Centre for Medicines Discovery at the University 

of Oxford. Following the mass spectrometry verification, purified tau was aliquoted, flash-frozen 

in LN, and stored at -80°C until required.  

 
2.3.4 In vitro synthetic tau fibril assembly 

Aggregation of unlabelled, purified recombinant tau monomer was induced by heparin at 4:1 

tau:heparin molar ratio as previously described (Fichou, Oberholtzer, et al., 2019; Goedert et 

al., 1996b; von Bergen et al., 2005). 500 μL aliquot of 28 μM tau in Protein LoBind® tube was 

thawed and incubated with sterile filtered, 7 μM heparin (Sigma Aldrich, H3393, average 

molecular weight of 18kDa) and 2 mM DTT (Sigma Aldrich, 43816) for 11 days at 37°C with 

orbital shaking at 250rpm. The formation of fibrils was assessed by negative stain electron 

microscopy (section 2.4.5) and Thioflavin T assay (section 2.3.5). Protein concentration was 

determined by PierceTM BCA Protein Assay Kit. Fibrils were aliquoted to Protein LoBind® tubes 

and stored at -80°C.  

 
2.3.5 Thioflavin T (ThT) assay 

ThT assay was used to verify the presence of b-sheets in tau fibril preparation (Biancalana & 

Koide, 2010; Krebs et al., 2005).100 uL reactions were prepared in black, clear-bottom 96-well 

PhenoPlateTM (PerkinElmer, 6055300) by mixing 28 μM tau monomer, 7 μM heparin, and 25 

μM ThT (Sigma, T3516-5G) in 1x PBS, pH 7.2. The sealed plate was incubated at 37°C with 

250rpm agitation for 11 days. ThT fluorescence readings (excitation wavelength 440 

nm/emission wavelength 510 nm) were taken at regular intervals using SpectraMax M5 

microplate reader. Background fluorescence of 1x PBS buffer only was subtracted from all 

values at corresponding timepoints. 
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2.3.6 Labelling of purified recombinant tau 

Monomeric and aggregated tau were labelled with DyLight 488 NHS Ester (ThermoFisher 

Scientific, 53024, Excitation wavelength 493nm, Emission wavelength 518nm) according to the 

manufacturer’s protocol with minor modifications. Thawed, 500 μL aliquots of tau monomer (1.3 

mg/mL) and tau fibrils (1 mg/mL) were mixed with 50 μg of DyLight 488 desiccated dye in 

Protein LoBind® tubes and left incubating in the dark with end-to-end mixing, either overnight 

at 4°C for the monomer or for 2 hours at RT for the fibrils. Non-incorporated dye was removed 

from the monomer preparation using the spin columns provided in the kit. Overnight dialysis in 

D-TubeTM Dialyzer Midi (Sigma, 71507-3, MWCO 6-8kDa) against 4 L of 25 mM HEPES 

(Sigma, H3375-500G), pH 7.1 at 4°C was used to remove non-reacted dye from the fibril 

preparation. Protein concentration was determined by PierceTM BCA Protein Assay Kit. 

Samples were aliquoted to Protein LoBind® tubes and stored at -80°C. 

 
2.4 General methods 

2.4.1 Generation of double-labelled reporter beads 

DQ Red BSA and Alexa Fluor 488 double-labelled reporter beads were used to assess 

phagolysosomal clearance by iPSC-macrophages (see section 2.1.9). To prepare the beads, 

50 μg/mL of 3 μm, carboxy-modified silica beads (Kisker Biotech, PSI-3.0COOH) were 

transferred to 1.5 mL Protein LoBind Eppendorf to minimize bead loss between washes, spun 

to remove the storage solution, and washed twice with 1 mL of 1x PBS, using benchtop 

centrifuge at 2,000g for 2 minutes. The beads were next treated with 25 mg/mL of 

heterobifunctional crosslinker cyanamide (Sigma, 187364-5G), freshly dissolved in 1x PBS, for 

30 minutes at RT with end-to-end mixing. Excess cyanamide was removed by washing the 

beads twice with coupling buffer (0.1 M sodium tetraborate (Sigma, 221732-100g) in ddH2O, 

pH 8.0). Bead-conjugated cyanamide served as a substrate for subsequent covalent 

attachment of 1 mg DQ Red BSA (ThermoFisher Scientific, D12051) resuspended in 500 μL 

coupling buffer. The DQ Red BSA bead solution was left to react overnight at 4°C with constant, 

gentle end-to-end mixing. The next day, the beads were washed twice with 250 mM glycine 
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quenching buffer (250 mM glycine (Sigma, 50046) in 1x PBS, pH 7.2) to remove excess DQ 

Red BSA and to quench unreacted cyanamide, and two more times with coupling buffer, prior 

to incubation with 50 μg/mL of Alexa Fluor 488 NHS Ester (AF-488) (ThermoFisher Scientific, 

A20000) in coupling buffer for 60 minutes at RT with agitation. This step ensured sufficient 

labelling of the amine-reactive green-fluorescent dye to the bead-cyanamide-DQ Red BSA 

complex. Finally, the beads were washed three more times with quenching buffer to remove 

excess fluor and quench any unreacted BSA, and resuspended in 1 mL 1x PBS with 0.02% 

sodium azide (Sigma, 71289) to inhibit microbial growth during long-term storage at 4°C.  

 
All buffers and reagents were sterile-filtered and the protocol was carried out in laminar flow 

cabinet to prevent contamination. LAL assay was used prior to bead incubation with cells to 

determine potential microbial contamination.   

 
2.4.2 Flow cytometry 

Cells differentiated on 24-well tissue culture plate (Corning, 3524) and treated according to 

experimental design were lifted by 10-minute incubation with StemProTM AccutaseTM (Gibco, 

A1110501) at 37oC, 5% CO2. Lifted cells in suspension were transferred to a 96-well V-bottom 

plate (ThermoFisher Scientific, 611V96 and 642000) and kept at 4°C or on ice throughout all 

steps, unless stated otherwise. All centrifugation was carried out at 400g for 5 minutes.  

 
For live-cell flow cytometry analyses of phagolysosomal proteolysis (Figures 3.3, 3.4, 3.5 F, 

3.6) and tau internalisation (Figures 5.3, 5.4, 5.6), cells were spun, washed with 1x PBS, spun 

again, and resuspended in 40 μL/well of ice-cold InvitrogenTM Live Cell Imaging Solution (LCIS) 

(ThermoFisher Scientific, A14291DJ) in preparation for acquisition.  

 
For cell surface marker staining, cells were lifted into ice-cold 1x PBS, counted, spun, and 

resuspended in ice-cold FACS buffer (1x PBS supplemented with 1% FBS, 10 μg/mL human-

IgG (Sigma, I8640-100MG), and 0.01% sodium azide) before being transferred into a 96-well 

V-bottom plate at 100,000 cells/well. Non-specific Fc-receptor interactions were blocked by 30-
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minute incubation in FACS buffer. Cells were then spun again and stained with primary 

antibodies diluted in FACS buffer (Table 2.9) directly without fixation for 1 hour in the dark. If 

using fluorescent primary antibodies, isotype controls conjugated to the same fluorophore, 

obtained from the same company, were used at the same dilution. If using non-fluorescent 

primary antibodies, isotype control was achieved by staining with secondary antibody only. 

Whenever secondary antibody incubation was necessary, cells were washed once with 1x 

FACS buffer following primary antibody incubation, then stained with secondary antibodies 

diluted in FACS buffer (Table 2.10) for 30 minutes in the dark. After staining, cells were washed 

once with FACS buffer and fixed by resuspension in 2% PFA (ThermoFisher Scientific, 

J61899.AP) in FACS buffer. 

 
The protocol steps for total marker staining were identical to those used for surface marker 

staining, with the following exception. Cell fixation was carried out with 2% PFA in FACS buffer 

for 10 minutes at RT immediately after transfer to a 96-well V-bottom plate. Cells were then 

washed once with FACS buffer, and permeabilised with 0.1% Triton-X100 (Sigma, T8787) in 

1x PBS for 10 minutes at RT, before blocking and staining.  

 
Forward scatter (FSC-H), side-scatter (SSC-A), and fluorescence measurements were 

obtained by passing single-cell suspension through Cytoflex LX (Beckman Coulter) flow 

cytometer. Minimum of 20,000 events was recorded per condition. Laser settings and gating 

strategy are described in detail in individual results chapters. Acquired data was analysed using 

the FlowJoTM v10 software. 
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Table 2.9: List of primary antibodies 
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CD14 MEM-18 Mouse IgG1 FITC Immunotools 21270143 1:50   

CD45 MEM-28 Mouse IgG1 FITC Immunotools 21270453X2 1:50   

CD16 LNK16 Mouse IgG1 PE Immunotools 21279164 1:50   

CD86 IT2.2 Mouse IgG2bk PE Bio-legend 305405 1:50   

CD11b ICRF44 Mouse IgG1k APC Bio-legend 301310 1:50   

IgG1 PPV06 Mouse - FITC Immunotools 21335013 1;25   

IgG1 11711 Mouse - PE R&D IC002P 1:50   

IgG2bk MPC-11 Mouse - PE Bio-legend 400311 1:50   

IgG1k MOPC-21 Mouse - APC Bio-legend 400120 1:50   

LAMP-1 D2D11 Rabbit IgG - Cell 
Signaling 9091  1:200  

LRP1 EPR3724 Rabbit IgG - Abcam ab92544 1:100 1:200  

LRP1 5A6 Mouse IgG2b - Calbiochem 438192  1:200  

LRP1  Rabbit IgG - Cell 
Signaling 64099   1:500 

LRRK2 N241A/34 Mouse IgG2b - NeuroMab 75-253  1:1,000  

Rab8a 
(pT72) MJF-R20 Rabbit IgG - Abcam ab230260  1:250  

Rab10 
(pT73) 

MJF-R21-
22-5 Rabbit IgG - Abcam ab241060  1:250  

Tau Tau-12 Mouse IgG1k - Sigma MAB2241  1:200 1:250 

Vinculin V284 Mouse IgG1 - Bio-Rad MCA465GA   1:2,000 

ITGaV  Rabbit IgG - Proteintech 27096-1-AB   1:250 
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Table 2.10: List of secondary antibodies 
 
 
 
2.4.3 Immunocytochemistry 

Cells were fixed with 2% PFA in 1x PBS for 10 minutes at RT. Cells were then washed once 

with 1x PBS, permeabilized with 0.1% Triton-X100 for 10 minutes at RT, washed again with 1x 

PBS, and blocked with 10% donkey serum (Bio-Rad, C06SB) in blocking buffer (PBS 

supplemented with 5% BSA (Sigma, A7906-100G) and 0.01% sodium azide) for 1 hour at RT. 

Blocking buffer was replaced with primary antibodies against targeted antigens (Table 2.9), 

diluted in blocking buffer for an overnight incubation at 4°C with shaking.  After two, 10-minute 

1x PBS washes to remove unbound antibodies, cells were incubated in the dark with secondary 

antibodies (Table 2.10) diluted in blocking buffer for 1 hour at RT with shaking. Secondary 

antibodies were replaced with 1:2,000 4′,6-diamidino-2-phenylindole (DAPI) stain (Abcam, 

ab228954) in 1x PBS for 10 minutes at RT. Finally, cells were washed twice with 1x PBS, 15 

minutes each, then stored at 4°C in 1x PBS, parafilmed and protected from light.  

 
2.4.4 Light and fluorescence microscopy  

Cells were differentiated in black, 96-well ibiTreat μ-plates (ibidi, IB-89626) for all fluorescence 

microscopy readouts.   

 
20x, 2D images of live or fixed iPSC-macrophages/microglia were captured with EVOS FL Auto 

fluorescent microscope (ThermoFisher Scientific) and analysed with ImageJ v1.53 freeware. 

Target Species Fluorochrome Manufacturer Cat no FACS ICC WB 

Rabbit IgG  goat IRDye® 800 Licor 926-3221   1:2,000 
Mouse IgG donkey IRDye® 680 Licor 926-68072   1:2,000 

Rabbit IgG (H+L) donkey Alexa Fluor 488 Invitrogen A21206 1:500 1:500  
Rabbit IgG (H+L) donkey Alexa Fluor 568 Invitrogen A10042 1:500 1:500  
Rabbit IgG (H+L) donkey Alexa Fluor 647 Invitrogen A31573 1:500 1:500  
Mouse IgG (H+L) donkey Alexa Fluor 647 Invitrogen A31571 1:500 1:500  
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Minimum of 3 random fields per well were used for analysis. Mean fluorescence intensity was 

defined as integrated density normalised to the cell number per each thresholded image.  

 
63x, Z-stack (0.5 – 8 μm, 0.5 μm apart) images were acquired with the automated spinning 

disk confocal Opera Phenix High Content Screening System (Perkin Elmer, 63x objective, 

water lens). Subsequent image analysis was performed with Columbus Image Data Storage 

and Analysis System (CambridgeSoft). Minimum of 15 randomised fields per well were 

captured and used for analysis.  

 
2.4.5 Transmission electron microscopy (TEM) 

The formation of in vitro aggregated recombinant tau fibrils was assessed by negative stain 

TEM (see section 2.3.4). Tau monomer and fibril preparation were diluted 1:20 in 25 mM 

HEPES, pH 7.1. 10 μL of each sample was applied to freshly glow-discharged (Pelco 

EasiGlow) 300-mesh carbon-coated copper grids (TAAB Laboratories, C267) for 2 minutes. 

After removing excess sample with filter paper, grids were washed once with ddH2O, negative-

stained with 2% uranyl acetate (Agar Scientific, R1260A) for 20 seconds, and air-dried.  

 
TEM was also used to analyse the uptake of tau fibrils by iPSC-macrophages. Cells were 

differentiated on a glass coverslip inserted into 24-well tissue culture plate. Following an 

overnight incubation with vehicle or 2.5 μg/mL of tau fibrils, cells were prepared for image 

capture by Dr Errin Johnson at the Dunn School EM Facility. Briefly, cells were fixed with pre-

warmed 2.5% glutaraldehyde (Agar Scientific, R1020) and 2% PFA in 0.1 M PIPES buffer 

(Sigma, P6757) pH 7.2, for 1 hour at RT. After five washes with 0.1 M PIPES buffer, cells were 

incubated with 50 mM glycine (Sigma, G7126) in 0.1 M PIPES for 15 minutes at RT, then 

washed once with 0.1 M PIPES again. Secondary fixation was carried out with 1% osmium 

tetroxide (TAAB Laboratories, O001/1) + 1.5% potassium ferrocyanide (Acros Organics, 

223111000) in 0.1 M PIPES at 4°C for 1 hour. Samples were washed 5 times with ddH2O, 

stained with 0.5% uranyl acetate overnight at 4°C in the dark, then washed again with ddH2O, 

10 minutes each, protected from light. Consecutive, 10-minute long, ice cold ethanol 
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incubations (30%, 50%, 70%, 80%, 90% and 95%) on ice were used to dehydrate the samples. 

Final 20-minute incubation in 100% dry ethanol was repeated twice. After epoxy resin infiltration 

(Agar Scientific, Agar 100-Hard epoxy resin, AGR1140), coverslips were removed from the 

wells, inverted onto Beem capsules (Agar Scientific, Type 00, AGG360-1) filled with fresh 100% 

resin and blocks were polymerised for 24 hours at 60°C.  Ultrathin (90 nm) sections of the resin-

embedded cells were obtained with a Diatome diamond knife on a Leica UC7 ultramicrotome. 

Individual sections were mounted onto 200-mesh carbon-coated copper grids, stained with 

Reynold’s lead citrate (Reynolds, 1963) for 5 minutes at RT, washed with five droplets of 

degassed ddH2O, and air-dried.  

 
All images were acquired using a Gatan OneView camera on a FEI Tecnai T12 transmission 

electron microscope operated at 120 kV. 

 
2.4.6 Scanning electron microscopy (SEM) 

SEM was used to visualise the surface of iPSC-macrophages following tau fibril incubation. 

Similar to the TEM protocol, iPSC-macrophages were differentiated on coverslips inserted to 

24-well tissue culture plates, then incubated overnight with vehicle or 2.5 μg/mL of tau fibrils. 

Primary fixative of 2.5% glutaraldehyde in 0.1 M PIPES, pH 7.2 was added for 1 hour at RT for 

crosslinking. Cells were rinsed three times with 0.1 M PIPES, then fixed with 1% osmium 

tetroxide in 0.1 M PIPES for 1 hour at 4°C. After three washes with ddH2O, samples were 

dehydrated in an increasingly more concentrated ethanol (50% - 70% - 90% - 95%) for 5 

minutes each, then three times in 100 % ethanol for 10 minutes each. Cells were then 

chemically dried using Hexamethyldisilazane (HMDS, 440191 Sigma) as follows: 1:1 100% 

ethanol:HMDS for 3 mins, followed by two consecutive 2-minute incubations with pure HMDS, 

after which the HMDS was removed, and the samples were left to dry overnight. Samples were 

sputter coated with ~15 nm of gold using a Quorum Technologies Q150R ES coating unit. 

Images were captured with Zeiss Sigma 300 Field Emission Gun Scanning Electron 

Microscope (FEG-SEM). 
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2.4.7 Western blot (WB) 

Levels of total and cell-surface proteins of interest in cell lysates were analysed with WB. iPSC-

macrophages were differentiated in 6-well tissue culture plates at 1.5x106 cells/well density. 

 
For total protein extraction, cells were washed once with ice-cold 1x PBS, then lysed directly 

with 100 μL/well of ice-cold Radioimmunoprecipitation (RIPA) buffer (Cell Signalling, 

(ThermoFisher Scientific, 89901) supplemented with cOmpleteTM ULTRA Tablets, Mini, EDTA-

free, EASYpack Protease Inhibitor Cocktail (Roche, 5892791001) and PierceTM Phosphatase 

Inhibitor Mini Tablets (ThermoFisher Scientific, A32957). Cell lysates were scraped into tubes 

(NovasBio, MCT-175-C) and centrifuged at 21,000g for 30 minutes at 4°C. Cleared lysates 

were snap-frozen in LN and stored at -80°C for further use.  

 
Cell surface proteins were extracted using PierceTM Cell Surface Biotinylation and Isolation Kit 

(ThermoFisher Scientific, A44390). The manufacturer’s protocol was adapted as follows. 

Adherent cells were washed once with BupHTM Phosphate Buffered Saline at RT and 

biotinylated with 2 mL of 1x EZ-LinkTM Sulfo-NHS-SS-Biotin for 10 minutes at RT. After two 

washes with ice-cold BupHTM Tris Buffered Saline (TBS), cells were scraped into 1 mL of TBS, 

transferred to Eppendorfs, and centrifuged at 500g for 5 minutes at 4°C. Supernatants were 

discarded. Cell pellets were lysed on ice for 30 minutes with 200 μL of kit-provided Lysis buffer 

supplemented with Halt Protease and Phosphatase Inhibitor Cocktail, EDTA-free (100x) 

(ThermoFisher Scientific, 78441), then centrifuged at 21,000g for 5 minutes at 4°C. Biotinylated 

proteins in the clarified supernatant were captured by 1-hour RT incubation with NeutrAvidinTM 

Agarose in 1:1 ratio. The captured protein-resin complex was washed four times before final 

protein elution with 50 μL of Elution buffer supplemented with 10 mM Dithithreitol (DTT). Eluted 

protein samples were snap-frozen in LN and stored at -80°C until required.  

 
After thawing, protein concentration in all samples was determined with PierceTM BCA Protein 

Assay Kit and normalised by dilution with ddH2O. Samples were mixed with NuPAGETM 4x LDS 

sample buffer and NuPAGETM  10x Sample Reducing Agent (Invitrogen, NP0009), unless 



 

91 

eluted in buffer supplemented with DTT. Samples were then heated at 70°C for 10 min. 25 μL 

of sample containing minimum of 10-50 μg of protein was loaded onto NovexTM WedgeWellTM 

8-16%, Tris-Glycine pre-cast mini gels, along with 5 μL of Precision Plus Protein Dual Color 

Standards, and ran in NovexTM Tris-Glycine SDS Running Buffer at 180V for 45 minutes.  

 
Following the electrophoresis, gels were rinsed with ddH2O and 1x Trans-Blot Turbo Transfer 

Buffer (Bio-Rad, #10026938) before semi-dry protein transfer to a Low-Fluorescence PVDF 

transfer membrane (ThermoFisher Scientific, 22860) using the Mixed Molecular Weight (1.3 A, 

25 V, 7 minutes) pre-programmed settings on Trans-Blot Turbo transfer machine (Bio-Rad). 

Membranes were blocked with iBindTM Flex blocking solution (ThermoFisher Scientific, 

SLF1020) for 1 hour at RT and probed with relevant, iBindTM Flex-diluted primary antibodies 

(Table 2.9) overnight at 4°C. After three washes with 1x PBS buffer supplemented with 0.1% 

Tween® 20 (PBS-T) (Sigma, P7949-500ML) membranes were further stained with relevant, LI-

COR fluorophore-conjugated secondary antibodies (Table 2.10) diluted in iBindTM Flex 

supplemented with 1:200 10% SDS. Unbound antibody was removed with six 1x PBS-T 

washes. Blots were visualised using the Odyssey Sa Infrared Imaging System (LI-COR 

Biosciences). Image Studio Lite open-source software v5.2 was used for densitometric 

analysis.   

 
2.4.8 Enzyme-linked immunosorbent assay (ELISA) 

Levels of intracellular tau and tau released to conditioned medium by iPSC-macrophages were 

quantified using InvitrogenTM Tau (Total) Human ELISA kit (ThermoFisher Scientific, 

KHB0041). Cytokine secretion by iPSC-macrophages was quantified using Human Uncoated 

TNF-α and IL-6 ELISA Kits (ThermoFisher Scientific, 88-7346-88, 88-7066-88). Protocols were 

used as per manufacturer’s instructions.  

 
Total protein was extracted from iPSC-macrophages at baseline or following tau treatment 

using protocol described in section 2.4.7. Protein concentration was quantified with PierceTM 

BCA Protein Assay Kit. Samples were snap-frozen in LN and stored at -80°C until required.   
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Collected conditioned medium for tau or cytokine quantification was centrifuged at 400g for 5 

minutes at 4°C to remove any floating cells and cell debris, aliquoted to 96-well V-bottom plates, 

parafilmed, and stored at -80°C until required.  

 
After thawing, sample dilution was optimised to 1:100 for tau quantification in cell lysates, 1:10 

for tau quantification in supernatants, and 1:10 and 1:100 for cytokine quantification in 

supernatants. Absorbance (450 nm) was measured using the SpectraMax M5 microplate 

reader. Background reading was subtracted from all values. Tau or cytokine concentration in 

samples was calculated by interpolation from standard curve (sigmoidal, 4PL, X is 

concentration) in GraphPad Prism v9.0. Values above and below the range of the standard 

curve were excluded. If multiple dilutions of a sample were assessed, values presented are an 

average of the dilutions.  

 
2.4.9 4R tau real time quaking-induced conversion (RT-QuIC) 

Modified version of the 4R tau RT-QuIC seed amplification assay (Metrick et al., 2020b; Saijo 

et al., 2020b) was used to determine seeding capacity of soluble and insoluble intracellular tau 

and tau secreted to conditioned medium by iPSC-macrophages.  

 
iPSC-macrophages were differentiated in 6-well tissue culture plates and treated overnight with 

2.5 μg/mL of tau monomer, tau fibrils, or vehicle. 2.5% TryplETM incubation for 1 minute (Michel 

et al., 2014) followed by 1x PBS wash was used to remove uninternalised tau. Cells were left 

to process internalised tau in standard, tau-free, iPSC-macrophage differentiation medium at 

37°C, 5% CO2. After 24 hours, conditioned medium and cell lysates were collected. Medium 

was spun at 400g for 5 minutes at 4°C to remove floating cells and cell debris, then aliquoted, 

frozen on dry-ice, and stored at -80°C until further processing. The amount of tau in 

supernatants was quantified with InvitrogenTM Tau (Total) ELISA. Cells were lysed with 100 μL 

of ice-cold Triton lysis buffer (1% Triton-X100 in 50 mM Tris (Sigma, T1503-500G), 150 mM 

NaCl, pH 7.6) supplemented with EASYpack Protease Inhibitor Cocktail and PierceTM 

Phosphatase Inhibitor Mini Tablets. Cell lysates were collected by scraping, then centrifuged 
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at 21,000g for 30 minutes at 4°C. Supernatants containing total cell protein including soluble 

tau (the Triton fraction) were transferred to Eppendorfs. Pellets containing insoluble tau were 

solubilised in SDS lysis buffer (1% SDS in 50mM Tris, 150mM NaCl, pH 7.6) supplemented 

with EASYpack Protease Inhibitor Cocktail and PierceTM Phosphatase Inhibitor Mini Tablets to 

form the SDS fraction (Michel et al., 2014). Protein concentration in both fractions was 

quantified with PierceTM BCA Protein Assay Kit and normalised by dilution with ddH2O. Samples 

were snap-frozen in LN, then stored at -80°C.  

 
Medium and cell lysate aliquots were shipped on dry ice for RT-QuIC analysis by Alessia 

Santambrogio at the Yusuf Hamied Department of Chemistry, University of Cambridge.  

 
K11 tau (tau residues 244-394) was used as tau seeding substrate (see section 5.) One aliquot 

of lyophilized K11 purified from E. coli was dissolved in 1 mL of 8 M GuHCl prior to size-

exclusion chromatography (SEC) separation on Superdex 75 10/300 column equilibrated in 20 

mM sodium phosphate, 200 mM NaCl, pH 7.4. 50 μL/well total volume reactions were prepared 

in a 384-well optical BTM Polybase Black plate (Thermo Scientific, 242764) by adding the 

individual samples-to-be-examined (i.e., the Triton/SDS cell lysate fractions and the 

conditioned medium) in respective 1:10,000 and 1;100 final dilutions to the reaction buffer. The 

reaction buffer comprised of 4 μM K11 tau monomer, 10 μM ThT, 500 mM Na2SO4, and 40 mM 

HEPES buffer at pH 7.4. Reactions were transferred to a 384-well Nunc microplate (non-treated 

polymer base #242764) covered with aluminium sealing cover to prevent evaporation and 

subjected to rounds of 60 s shaking (500 rpm, orbital) and 60 s rest with periodic ThT readings 

every 15 min at 37 °C in a BMG FluoStar Omega lite microplate reader. 
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1.12 Statistical analysis 

All statistical analyses were performed in GraphPad Prism v9.0 (GraphPad Software Inc.) using 

one-way ANOVA, two-way ANOVA or Student's t-test, with Tukey's, Dunnett’s or Šídák’s 

multiple comparison tests, as appropriate. Specific methods used are detailed in individual 

results chapters. Data is presented as mean ± standard deviation (SD), unless stated 

otherwise. Significance was defined as *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001. n.s. 

= not significant. 
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Chapter 3 
The influence of LRRK2 on 
phagolysosomal pathways in microglia 
 

3.1 Introduction 

Protein coding mutations in LRRK2 and noncoding variations increasing LRRK2 expression 

levels have been linked with the risk and progression of PD and PSP (Herbst et al., 2022; 

Jabbari et al., 2021; Nalls et al., 2014a; Zimprich et al., 2004). Emerging evidence suggests 

that the risk may be mediated specifically by perturbed phagolysosomal clearance of cargo, 

including aggregated tau, by microglia (Langston et al., 2022; Podleśny-Drabiniok et al., 2020). 

LRRK2 is highly expressed in microglia and has been proposed to modulate membrane 

trafficking events (Bonet-Ponce & Cookson, 2022; H. Lee et al., 2017) but its precise role in 

the microglial phagolysosomal pathways is unclear. As discussed in the section 1.9., published 

studies offer contradicting evidence, reflecting the lack of assay standardisation (summarised 

in Table 1.2, reviewed in Russo et al., 2022).  

 
The methodological differences are likely to affect the results in a number of ways. Firstly, the 

majority of studies have used rodent microglia which fail to recapitulate the unique cell-state 

and gene-expression heterogeneity of human microglia in health and disease (see section 

1.10) (Geirsdottir et al., 2019; Gosselin et al., 2017; Mancuso et al., 2019; Masuda et al., 2019). 

Investigations in human microglia or an authentic microglial model are lacking. 

  
Secondly, commercially available media formulations used to culture macrophages and 

microglia in vitro may contain undisclosed components, likely to influence cellular metabolism 

and phenotype. XVIVO, the medium used previously in our lab to differentiate iPSC-

macrophages, and utilised in several studies investigating LRRK2, was recently shown to 
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contain anti-inflammatories, anti-infectives, cell-permeable cryoprotectants, and excessive 

glucose concentration (Vaughan-Jackson et al., 2021). Given that phagocytosis is a highly 

energy-demanding mechanism, results from studies using XVIVO or other proprietary medium 

should be interpreted with care. 

 
The choice of readout analysis, too, has to be considered. Recent technological advancements 

in microscopy now allow for high temporal and sub-cellular resolution of phagocytosis. 

However, a microscopy readout can produce erroneous results, in the absence of 

sophisticated image analysis software and quantity of analysed samples sufficient for robust 

statistical analysis. 

 
Finally, the majority of studies investigating microglial LRRK2 focus on the initial part of 

phagocytosis, the act of cargo internalisation. Phagolysosomal cargo degradation is generally 

studied separately, if at all, offering a limited insight into the increasingly more recognised 

kinetic coupling of the two processes (Frankenberg et al., 2008; Wong et al., 2017a; Y. Yu et 

al., 2022). Successful degradation of internalised cargo was recently found necessary for 

continuous phagocytosis of the exogenous cargo (Wong et al., 2017b). Investigating the 

uptake-clearance dynamics may therefore be particularly relevant in the context of sustained 

presence of neuronal debris and aggregated, pathogenic proteins in neurodegenerative 

diseases.  

 
Altogether, the current state of art highlights the need for a reliable method assessing 

phagolysosomal clearance in human microglia. With a robust method in place, we can begin 

addressing the specific role of microglial LRRK2 in the process and contrast the baseline 

responses with responses specific to tau protein (i.e., the main aim of Chapter 5).  

 
Considering this need, I focused on the following aims within this chapter: 
 
1. Development of a high-throughput assay for quantitation of phagolysosomal proteolysis in  
 
an authentic, in vitro model of human microglia (sections 3.2.1, 3.2.2).  
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2. Utilising the assay to examine the influence of LRRK2 on the microglial baseline phagocytic 

and degradative capacity (section 3.2.3). 

 

3.2 Results 

3.2.1 Set up and optimisation of quantitative, in vitro phagolysosomal proteolysis 

assay 

The first aim of this chapter was to establish a dependable method for visualizing and 

quantitating real-time phagocytic uptake and bulk phagolysosomal proteolytic activity in 

relevant in vitro model of human microglia. The assay development stage was carried out using 

iPSC-macrophages as faster and cost-effective iPSC-microglia surrogate.  

 
To measure the intracellular proteolytic activity, I relied on a previously described DQTM BSA 

fluorescent reporter. DQTM BSA is a BSA molecule conjugated to boron-dipyrromethene 

(BODIPY) dyes, either the green fluorescent BODIPY-FL (DQ Green BSA) or the red 

fluorescent BODIPY TR-X (DQ Red BSA), at degree of substitution so high that it results in 

intramolecular fluorescence self-quenching. Following DQ BSA internalization, cellular 

proteases within acidic compartments hydrolyse the DQ BSA probe to albumin fragments 

bound to individual fluorophores. The probe proteolysis thus effectively relieves the 

fluorescence self-quenching and produces a strong, measurable fluorescent signal (Figure 

3.1A). 

 
I first used a cell-free approach to verify the use of DQ BSA for monitoring proteolysis. 50 

μg/mL of DQ Red BSA dissolved in x1 PBS was incubated in a standard, 96-well, flat-bottom 

plate in presence or absence of 50% TrypLE at 37°C for 24 hours. TrypLE was used as a 

highly pure and specific recombinant substitute for trypsin. Fluorescence was measured every 

10 minutes using SpectraMax M5 plate reader at 550 nm excitation and 620 nm emission 

wavelengths. Intact DQ Red BSA displayed very low levels of background fluorescence while 

DQ Red BSA fragments generated by TrypLE proteolysis resulted in a ten-fold increase in 
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fluorescence that saturated over time (Figure 3.1B). DQ Red BSA peak fluorescence intensity 

following 3-hour TrypLE digest remained unchanged regardless of the buffer pH (Figure 3.1C). 

TrypLE works at optimum across the examined pH range, therefore we can be reasonably 

confident that the observed stability of DQ Red BSA signal reflects the manufacturer’s claim 

that DQ Red BSA allows for a detection of proteolytic activity within acidic intracellular 

compartments. 

 
Next, I aimed to validate the use of DQ Red BSA for studying proteolysis within cells in vitro. 

iPSC-macrophages from healthy controls were differentiated as per standard XVIVO 

differentiation protocol (section 2.1.3). Cells were stained with a nuclear NucBlue live cell stain 

(section 2.1.7), and pulsed for 30 minutes with 10 μg/mL DQ Red BSA dissolved in medium. 

Uninternalized DQ Red BSA was washed off with two changes of 1x PBS and replaced by 

XVIVO macrophage medium with or without the addition of 50 μM each of broad-spectrum 

protease inhibitors, leupeptin, pepstatin A and E64d. The cells were placed in a temperature 

and humidity–controlled stage of the EVOS FL Auto microscope maintained at 37°C and 5% 

CO2. Images were captured every 4 hours over the course of 24 hours for live, time-lapse 

visualization of DQ Red BSA hydrolysis in vitro. Representative pictures are shown in Figure 

3.1D. Image analysis revealed an increase of DQ Red BSA fluorescent signal over time 

indicating a successful DQ Red BSA internalization and hydrolysis by iPSC-macrophages. 

The presence of protease inhibitors in cell culture medium significantly decreased the DQ 

Red BSA proteolysis (Figure 3.1E). The individual protease inhibitor concentration selected 

for the assay (50 μM) did not affect cell viability (Figure 3.1F) as determined by a resazurin 

cell viability assay (section 2.1.6).  

At the end of the time-course, the iPSC-macrophages were fixed and immunocytochemistry 

was undertaken for the lysosomal LAMP-1 marker (section 2.4.3). Figure 3.1G depicts 

representative confocal images of red DQ Red BSA fluorescence colocalising with the green-

fluorescent LAMP-1 lysosome marker. Columbus image analysis indicated 70.4% of LAMP-
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1 positive DQ Red BSA puncta, decreased to 51.7% in presence of protease inhibitors 

(Figure 3.1H).  

iPSC-macrophages are likely to take up DQ Red BSA in solution by bulk fluid-phase uptake 

mechanisms, notably by macropinocytosis. Macropinocytosis involves constitutive, non-

specific internalisation of fluids and small soluble material from the extracellular space. It is, 

therefore, distinct from phagocytosis, a process of engulfing particles larger than 0.5 μm in 

diameter by professional phagocytes, including macrophages and microglia  (Mukherjee et al., 

1997; Rabinovitch, 1995).  

The experiments thus far validated DQ Red BSA as a suitable tool for tracking intracellular 

proteolysis following a fluid-phase uptake. The main aim of this chapter was, however, 

quantifying proteolysis occurring specifically within phagosomes and phagolysosomes of 

iPSC-macrophages. To achieve that, I utilised reporter beads; a simple phagocytic cargo 

widely used in the field to investigate basic mechanisms of phagocytosis in myeloid cells. The 

beads were created according to a published protocol by step-wise, double-labelling of 3 μm 

carboxylated silica beads with AF-488 fluorophore to track bead internalisation, and the DQ 

Red BSA for simultaneous indication of hydrolysis of the BSA conjugated to the phagocytosed 

beads (Figure 3.2A, section 2.4.1) (Yates & Russell, 2008). 
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Figure legend on the next page. 
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Figure 3.1: Characterization of DQ Red BSA fluorogenic substrate as degradation  

probe for use in iPSC-macrophages 

(A.) Schematic of DQ Red BSA processing in cells. (B.) DQ Red BSA hydrolysis with 50% TrypLE 

(cell-free). (C.) DQ Red BSA hydrolysis with TrypLE is independent of the buffer pH (cell-free). n=3 

technical replicates. (D.) 30-minute DQ Red BSA pulse in iPSC-macrophages, followed by 24-hour 

chase visualized by live-cell fluorescence microscopy. Scale bar = 20 μm. (E.) Quantification of D. 

Protease inhibitors significantly reduce DQ Red BSA degradation by iPSC-macrophages. Two-way 

ANOVA with Šídák multiple comparison corrections. n=1 in 3 cell lines, mean ± SD, * p<0.05, ** 

p<0.01. (F.) Resazurin cell viability assay in iPSC-macrophages (n=3) after 24-hour incubation with 

protease inhibitors. (G.) Hydrolysed DQ Red BSA signal colocalizes with lysosomal LAMP-1 marker 

in iPSC-macrophages. Scale bar =10 μm. (H.) % LAMP-1 positive hydrolysed DQ Red BSA spots 

in iPSC-macrophages. n=2 in 3 cell lines, mean ± SD, Welch’s t-test, * p<0.05. 

MFI = mean fluorescence intensity 
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Figure legend on the next page. 
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Figure 3.2: Production of double-labelled reporter beads as phagocytic cargo for  

iPSC-macrophages 

(A.) Schematic of reporter bead production protocol. (B.) Experiment workflow. (C.) 24-hour live-

cell, time-lapse fluorescence microscopy showing that iPSC-macrophages effectively phagocyte 

the beads and degrade the attached DQ Red BSA label over time. Scale bar = 20 μm 
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The following proof of principle experiment was designed to test the efficacy of this approach 

(Figure 3.2B). Healthy donor derived iPSC-macrophages were pre-treated with either vehicle, 

10 μM cytochalasin D (cytD), or 50 μM each of broad protease inhibitors, leupeptin, pepstatin 

A and E64d at 37°C. CytD is an actin polymerization inhibitor that blocks actin-remodelling-

requiring modes of uptake, including almost 90% of phagocytosis (Kapetanovic et al., 2007) 

and as such was selected as a negative control of bead uptake. Protease inhibitors were 

selected as a negative control of DQ Red BSA hydrolysis. 

Following the preincubation, reporter beads were added directly to the cell culture in 1:2 

cell:bead ratio. Live bead uptake and DQ Red BSA label hydrolysis was visualized over the 

course of 24 hours using the EVOS FL Auto fluorescence microscope. Representative images 

captured at the 1-, 4- and 24-hour timepoints are shown in Figure 3.2C. Image observation 

analysis showed an intracellular increase of the green-fluorescent AF-488 signal, reduced in 

presence of cytD, indicative of a phagocytic bead uptake by iPSC macrophages. Similarly, 

intracellular increase in the red fluorescent signal beads was observed over time in the cells, 

colocalizing with the green-fluorescent beads, unless pre-treated with protease inhibitors, 

implying that iPSC-macrophages effectively hydrolysed the DQ Red BSA label conjugated to 

the phagocytosed bead cargo. Thus, the results validated the use of the reporter beads for 

monitoring the phagolysosomal proteolysis in iPSC-macrophages.  

In the next step, I aimed to supplement the visual observations generated by microscopy with 

a robust and quantifiable flow cytometry readout. iPSC-macrophages from three healthy 

donors were treated as in the previous experiment. Cells were harvested at 1-, 4-, and 24-hour 

incubation timepoints, resuspended in ice-cold LCIS to prevent any further internalization or 

degradation, and analysed live with Cytoflex LX flow cytometer (section 2.4.2). The following 

laser settings were used for the two bead-conjugated fluorophores:  

For AF-488: 488 nm laser, 525/40 nm detection channel 

For DQ Red BSA: 561 nm laser, 610/20 nm detection channel 
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Figure legend on the next page. 
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Figure 3.3: Flow cytometry quantification of phagolysosomal proteolysis assay in  

iPSC-macrophages 

(A.) Flow cytometry gating strategy. (B.) Flow cytometry analysis of phagocytic and degradation 

index in control iPSC-macrophages incubated with reporter beads at 1:2 cell:bead ratio in the 

presence or absence of cytD and protease inhibitors. n=4 in 3 independent cell lines, mean±SD. 

Significance was calculated with two-way ANOVA, Dunnett’s multiple comparison test. *** p<0.001, 

**** p<0.0001. Phagocytic index represents the geometric mean fluorescence intensity of 

internalized beads. Degradation index represents the geometric mean fluorescence intensity of 

hydrolysed DQ Red BSA, relative to phagocytic index. (C.) Optimisation of phagocytic cell:bead ratio 

following 4-hour reporter bead incubation. n=2 in 4 independent cell lines. One-way ANOVA with 

Tukey’s multiple comparisons test. **** p<0.0001. 
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Figure 3.3A describes the selected gating strategy in detail. Reporter beads were analysed 

first to adjust the laser power settings due to the brightness of the AF-488 signal (Figure 3.3A, 

‘’Beads only’’ row). In agreement with Figure 3.1B results, intact DQ Red BSA label attached 

to the beads displayed low levels of background fluorescence. Untreated control samples were 

analysed next to identify the single cell population based on the forward scatter height and 

width, and the bead negative population due to natural iPSC-macrophage autofluorescence 

detectable with both the 488 and 561 nm lasers (Figure 3.3A, ‘’Cells only’’ row). Finally, bead-

treated sample analysis allowed for gating on bead-positive macrophage population (Figure 

3.3A, ‘‘1h and 24h bead incubation’’ rows). 

Results from four independent biological replicates are summarised in Figure 3.3B. The 

phagocytic index, defined as geometric mean of the 488-fluorescence intensity in the bead 

positive population, did not increase significantly between 1- and 4- and or between 1- and 24-

hour timepoint. This indicates that iPSC-macrophages internalized the majority of the beads 

within the first few hours of incubation. Presence of protease inhibitors in the cell culture 

medium did not negatively affect the bead uptake. CytD pre-treatment significantly decreased 

bead internalization across all timepoints, confirming phagocytosis to be the most likely mode 

of bead uptake. The degradation index, indicative of the macrophage proteolytic activity 

generating fluorescent DQ Red BSA degradation products, was determined as the geometric 

mean ratio of the 561- to the 488- fluorescence intensity in the bead positive population. 

Protease inhibition significantly decreased the DQ Red BSA label hydrolysis at 4- and 24-hour 

timepoints. These findings were consistent with the qualitative observations from the live 

fluorescence microscopy. Interestingly, cells pre-treated with cytD hydrolysed significantly less 

DQ Red BSA probe relative to the number of internalized beads compared to the non-treated 

cells at 24-hour timepoint, possibly hinting at the cellular mechanisms coupling phagocytosis 

and degradation. 
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Finally, to optimise the rate of bead uptake and the number of internalized beads per cell, I 

incubated iPSC-macrophages with reporter beads at 1:1, 1:10, and 1:20 cell:bead ratio. At 4-

hour incubation timepoint, cells were harvested and analysed with flow cytometry. I observed 

significant increase in percentage of bead-positive cells in the 10-fold bead:cell ratio compared 

with the equal bead:cell ratio condition. Incubating cells with 20-times more beads did not 

increase the percentage of bead positive cells any further than the 10-fold ratio, therefore, 1:10 

cell:bead ratio was chosen for all future experiments (Figure 3.3C). 

Collectively, these results validate the use of DQ Red BSA- and AF-488- double-labelled bead 

cargo for monitoring phagocytic and degradative capacity of iPSC-macrophages in vitro, and 

describe an optimised protocol for a quick, robust and reliable assay quantification. 

3.2.2 Validating the use of new, defined-formula, iPSC-macrophage culture 

medium for studying phagolysosomal proteolysis 

Parallel with establishing the phagolysosomal proteolysis assay, our lab published a novel 

protocol for differentiating iPSC-macrophages using a serum-free, defined, open-source 

culture medium with physiological levels of glucose, termed OXM. Culturing iPSC-

macrophages in OXM, compared with the previously used, proprietary XVIVO medium, 

improved terminal macrophage differentiation and morphology, as well as polarization capacity 

and responsiveness upon inflammatory stimuli (Vaughan-Jackson et al., 2021). Considering 

the chapter aim of investigating phagocytic clearance in an authentic and relevant cell type, I 

sought out to examine potential differences in XVIVO vs OXM-differentiated macrophages 

utilizing the above-described phagolysosomal proteolysis assay.  

The experiment schematic is outlined in Figure 3.4A. Four independent macrophage 

differentiations from healthy donor-derived iPSC were set up: two following the standard 

XVIVO differentiation protocol, and two using the OXM differentiation protocol (section 2.1.3). 

The apparent morphological differences between the terminally differentiated macrophages 

were in line with the published observations (Vaughan-Jackson et al., 2021). Specifically, 
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OXM-cultured macrophages were more flattened out and adherent, and contained multiple 

projections compared with the rounded, large, XVIVO-produced macrophages (Figure 3.4A).  

Prior to the phagolysosomal proteolysis assay, half of the cultured macrophages were pre-

stimulated with 100 ng/mL of interferon gamma (IFNg) for 72 hours to induce proinflammatory 

phenotype as described previously (H. Lee et al., 2020). Both protocols yielded equally 

phagocytically competent macrophages under basal conditions. However, IFNg treatment 

significantly reduced bead phagocytosis in OXM-differentiated macrophages compared to 

XVIVO-macrophages across all timepoints. Furthermore, two-way ANOVA analysis of the 

degradation index showed an increased phagolysosomal proteolysis in OXM-cultured 

macrophages in both basal and proinflammatory state (Figure 3.4B). 

IFNg is an important immunomodulator, affecting multiple macrophage effector functions, 

including phagocytosis, intracellular pathogen clearance, antigen processing, as well as 

cytokine secretion (reviewed in Schroder et al., 2004). The limited responsiveness of XVIVO-

differentiated macrophages to IFNg stimulation shown in Figure 3.4B, therefore, highlighted 

the benefits of shifting from XVIVO to OXM macrophage differentiation protocol in order to 

maximise the assay’s physiological relevance. 

The OXM differentiation protocol, however, produces significantly lower macrophage precursor 

yield (Vaughan-Jackson et al., 2021). This outcome would have consequently prevented me 

from conducting any large-scale experiments. To overcome the limitation, I investigated 

whether combining the two differentiation protocols into a hybrid method could recapitulate the 

OXM-induced, faithful in vitro representation of human macrophages in quantities yielded 

using the XVIVO medium. 
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Figure 3.4: XVIVO- and OXM-differentiated iPSC-macrophages differ in phagocytic  

uptake and proteolysis 

(A.) Schematic of iPSC-macrophage differentiation using XVIVO vs OXM-based culture medium. (B.) 

Flow cytometry analysis of reporter bead phagocytosis and DQ Red BSA label proteolysis by XVIVO 

vs OXM-cultured iPSC-macrophages at baseline and following IFNg stimulation. Results are shown 

from 4 experiments in 3 control cell lines across two differentiations per medium, mean±SD. 

Significance was calculated with two-way ANOVA, Šídák multiple comparison test. ** p<0.01, *** 

p<0.001, **** p<0.0001. 
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The experiment design is outlined in Figure 3.5A. The aim was to compare morphology and 

phenotype of iPSC-macrophages produced by standard XVIVO differentiation protocol, the 

new OXM differentiation protocol, and a hybrid protocol whereby macrophage precursors are 

generated in XVIVO medium, followed by macrophage differentiation in OXM medium. 

Morphologically, differentiated hybrid macrophages resembled OXM macrophages with 

multiple processes, and flattened, adherent cell bodies (Figure 3.5B). Next, I measured the 

baseline surface CD marker expression using flow cytometry. The selection of analysed 

markers was based on the previously identified significant differences between XVIVO vs OXM 

macrophages (Vaughan-Jackson et al., 2021). The following laser settings were used for the 

different fluorophores in this experiment: 

For FITC: 488 nm laser, 525/40 nm detection channel 

For PE: 561 nm laser, 585/42 nm detection channel 

For APC: 638 nm laser, 660/10 nm detection channel 

All macrophages regardless of the differentiation protocol expressed the same levels of the 

key markers of macrophage lineage, the lipopolysaccharide (LPS) co-receptor CD14 and the 

pan-leukocyte marker CD45 (Figure 3.5C). Previous findings identified significantly higher 

levels of Fc gamma receptor III, CD16, and significantly lower amount of b2-integrin receptor, 

CD11b, and its costimulatory receptor, CD86, in OXM macrophages compared with XVIVO-

cultured macrophages (Vaughan-Jackson et al., 2021). The findings were recapitulated in this 

experiment. Furthermore, the difference in CD16, CD11b, and CD86 expression between 

XVIVO- and hybrid-cultured macrophages closely mimicked the differences between XVIVO 

vs OXM macrophages, suggesting that XVIVO precursors readily adopt the OXM macrophage 

surface marker phenotype upon OXM macrophage medium stimulation (Figure 3.5C). 

To test whether hybrid macrophages also resemble the OXM-differentiated cells in polarization 

capacity, I assessed the surface markers of polarization after stimulation. Cells were activated 
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towards classically defined ‘’M1’’ phenotype with LPS and IFNg, or towards alternative ‘’M2’’ 

state with IL-4 overnight as previously described (Wilgenburg et al., 2013). Following the 

stimulation, cells were immunostained for polarization surface markers CD11b and CD86 

(Mosser, 2003; Rőszer, 2015). Activation did not alter the surface CD45 expression in 

macrophages produced with any of the three methods. However, both surface CD11b and 

CD86 expression increased significantly in classically activated macrophages produced using 

the OXM as well the hybrid protocol (Figure 3.5D). 

Supernatants from the same experiment were also collected to supplement the data on 

macrophage polarization capacity with a functional cytokine secretion readout (section 2.4.8). 

In line with the previous report, XVIVO macrophages secreted constitutive low levels of TNF-

a at resting condition, unlike the OXM or hybrid-protocol differentiated cells (Figure 3.5E). 

XVIVO macrophages also secreted significantly higher levels of TNF-a and IL-6  following the 

LPS/IFNg activation compared with the OXM and hybrid macrophages. However, the mean 

fold change in TNF-a secretion in activated vs resting state was higher in OXM and hybrid cells 

(10,000 and 3,460 respectively) than in XVIVO cells (1,593), indicating a blunted sensitivity of 

the XVIVO cells to classical activation. 

Finally, I used the phagolysosomal proteolysis assay to examine whether the process of 

differentiating iPSC-macrophages with the hybrid protocol generates just as sensitive model 

of in vitro phagocytosis and phagolysosomal degradation as the OXM protocol. The hybrid 

protocol-differentiated macrophages showed no significant difference in phagocytic nor 

degradation index compared to the OXM protocol-differentiated cells, suggesting further 

similarities in the overall macrophage phenotype (Figure 3.5F). 

Overall, the results showed that differentiating iPSC to macrophages using the hybrid protocol 

produces OXM-protocol-like macrophages while simultaneously overcoming the OXM protocol 

precursor yield barrier. The hybrid protocol was therefore used to differentiate iPSC-

macrophages in all further experiments.  
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Figure legend on the next page. 
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Figure 3.5: XVIVO macrophage precursors differentiated in OXM macrophage 

medium readily take on the OXM-protocol phenotype 

 (A.) Workflow diagram. (B.) iPSC-macrophage morphology. Scale bar = 50 μm. (C.) Baseline 

surface expression of CD14, CD45, CD16, CD11b and CD86 on unstimulated macrophages 

measured by flow cytometry.  Data is shown as geometric MFI normalized to the isotype control. 

One-way ANOVA, Šídák multiple comparison test. (D.) Flow cytometry-measured surface 

expression of CD45, CD11b and CD86 on LPS/IFNg and IL-4 stimulated cells relative to the 

unstimulated cell expression. One-way ANOVA, Šídák multiple comparison test. (E.) IL-6 and TNF-

a secretion from unstimulated, LPS/IFNg, or IL-4 stimulated cells. Two-way ANOVA with Bonferroni 

multiple comparisons test.  (F.) Phagolysosomal proteolysis assay in unstimulated or IFNg-

stimulated macrophages. Two-way ANOVA with Bonferroni multiple comparisons test.   

C-E. XVIVO: n=1 in 3 control cell lines, HYBRID and OXM: n=2 in 3 control cell lines.  

F. n=2 in 3 control cell lines.  

All data is displayed as mean±SD, *p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
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3.2.3 Investigation of the influence of LRRK2 on phagolysosomal proteolysis in iPSC-

macrophages  

Having optimised the method for quantification of phagolysosomal degradation in a more 

authentic model of human microglia, I next investigating the influence of the LRRK2 protein on 

the process. 

Healthy control iPSC lines (LRRK2 WT), CRISPR/Cas9-edited LRRK2 KO line, and LRRK2 

G2019S PD patient-derived lines (see sections 2.1.1 and 2.2.1 for details) were differentiated 

to iPSC-macrophages. Cells were treated as described in Figure 3.6A. 72-hour IFNg pre-

stimulation was selected to upregulate endogenous LRRK2 protein levels and its kinase 

activity in our cell model, as per previous findings (H. Lee et al., 2020) (Figure 7.1A). LRRK2 

kinase activity was modulated using Mli-2, a potent and highly selective LRRK2 kinase inhibitor 

(Fell et al., 2015; Härtlova et al., 2018b; Scott et al., 2017) (Figure 7.1B).  

Compared with LRRK2 WT, G2019S iPSC-macrophages internalised significantly fewer beads 

following both short (4-hour) and long-term (24-hour) incubation (Figures 3.6B and D). 

However, LRRK2 KO cells showed no difference in phagocytic index at neither timepoint, 

suggesting LRRK2 may not be involved in the process.  Furthermore, if LRRK2 kinase activity 

negatively regulated bead internalisation, I would have expected to see a reduced number of 

beads in IFNg-stimulated LRRK2 WT cells and a phenotype rescue following Mli-2 – induced 

LRRK2 kinase inhibition. Phagocytic index was indeed significantly decreased in IFNg-

stimulated LRRK2 WT cells at both timepoints but Mli-2 treatment did not restore the levels to 

baseline (Figures 3.6C and E).  Neither IFNg nor Mli-2 stimulation, alone or combined, had an 

effect on bead internalisation in LRRK2 KO and G2019S iPSC-macrophages.  

Next, G2019S macrophages showed significantly increased BSA hydrolysis per bead taken 

up at both timepoints, compared with the LRRK2 WT (Figures 3.6B and D). The opposite was 

true in LRRK2 KO cells at the 4-hour timepoint (50.6% reduction). The degradation index was 

25.5% lower in LRRK2 KO cells also at 24 hours but the difference did not reach statistical 
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significance. Increased degradation index, similar to the G2019S phenotype, was also 

observed in WT cells in response to IFNg-induced LRRK2 upregulation and the effect was 

reversed by Mli-2 treatment at 24-hour timepoint (Figures 3.6C and E).  LRRK2 upregulation 

in G2019S cells showed an upward trend in degradative capacity but did not reach 

significance. Most interestingly, Mli-2 LRRK2 inhibition significantly decreased the levels of 

BSA hydrolysis in G2019S macrophages back down to the levels observed in WT cells.   

Altogether, the results did not identify a clear effect of LRRK2 kinase activity phagocytosis in 

iPSC-macrophages but suggested an involvement in regulation of phagolysosomal proteolytic 

activity in a temporal manner.  
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Figure legend on the next page. 
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Figure 3.6: LRRK2 influences phagolysosomal proteolysis in iPSC-macrophages 

(A.) Workflow diagram. (B-C.) 4-hour and (D-E.) 24-hour phagolysosomal proteolysis assay iPSC-

macrophages derived from healthy control lines (LRRK2 WT), CRISPR/Cas9 induced LRRK2 KO 

line (LRRK2 KO), and G2019S LRRK2 patient lines.  

Open symbols represent values for LRRK2 WT cell line isogenic to the LRRK2 KO. MFI is expressed 

as relative to the individual cell line autofluorescence. 

Two-way ANOVA with Dunnett’s multiple comparisons test for A. and C. 

Two-way ANOVA with Tukey’s multiple comparison test for B. and D. 

n=3 in x3 LRRK2 WT, x1 LRRK2 KO, and x2 LRRK2 G2019S cell lines. All data is displayed as 

mean±SD, *p<0.05, ** p<0.01, **** p<0.0001. 
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3.3 Discussion 

This chapter describes an optimised protocol for quantitation of phagolysosomal clearance in 

iPSC-macrophages, a simple, preliminary in vitro model of human microglia. The assay was 

successfully applied to investigate the influence of LRRK2 on phagolysosomal pathways. The 

results identified a potential relationship between LRRK2 and proteolytic activity inside the 

phagolysosomes of iPSC-macrophages.  

DQ Red BSA fluorescent probe was selected as a practical tool to measure intracellular 

proteolytic cleavage. The initial set of results (Figure 3.1) validated the use of DQ Red BSA for 

the stated purpose in agreement with published literature (Filipello et al., 2023; L. S. Frost et 

al., 2017; Gray et al., 2016; Marwaha & Sharma, 2017). Beads were chosen as phagocytic 

cargo to be conjugated with the DQ Red BSA probe. Beads of various sizes and material (i.e., 

silica, polystyrene, latex) have long been utilised in the field as a simple yet functional 

phagocytic substrate (Aderem & Underhill, 1999; Champion et al., 2008; Desjardins & Griffiths, 

2003; Podinovskaia et al., 2013; Tabata & Ikada, 1988). In addition, the non-degradable beads 

can be viewed as an approximation to the proteolysis-resistant tau fibrils (Quinn et al., 2018), 

thus creating an opportunity to study basic cellular responses to non-digestible material.  

3 μm silica beads were conjugated with AF-488 and DQ Red BSA fluorescent dyes, allowing 

for a convenient, simultaneous tracking of cargo internalisation and proteolytic degradation. 

This particular combination of bead labelling was first described by the group of David G 

Russell (Yates & Russell, 2008) and has since been widely utilised to understand the 

responses of peripheral innate immune system (Cheung et al., 2017; Fabrik et al., 2023; Pei 

et al., 2014; Podinovskaia et al., 2013; Podinovskaia & Russell, 2015; Tan & Russell, 2015; 

Tram et al., 2019). Here, I build on this work and demonstrate the AF-488/DQ Red BSA 

reporter beads can also be adapted to understand the basics of phagolysosomal proteolysis 

in iPSC-macrophages, serving as a simple in vitro model of brain-resident, human microglia. 

Live flow-cytometry was selected as a readout to provide a real-time, semi-automated, and 
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robust data analysis, and to eliminate the operator-bias and low-throughput typically 

associated with microscopy. 

The use of phagocytic cargo reporting simultaneously on its uptake and degradation enables 

investigation into the potential coupling of the two events. Recent studies have begun to shed 

light into the tight regulations and bridging of the processes. For example, defective 

phagocytosis associated with the loss of TREM2 receptor in Nasu-Hakola disease was shown 

to attenuate lysosomal acidification, and led to an accumulation of undigested material within 

multivesicular bodies in iPSC-microglia (Filipello et al., 2023). Conversely, defective lysosomal 

degradation of E. coli in RAW 264.7 macrophages compromised further phagocytosis of 

bacteria and downstream NFkB signalling activation (Wong et al., 2017b).  

In my set of results, inhibition of phagocytosis via cytD-induced actin depolymerisation 

significantly decreased intracellular proteolytic activity (Figure 3.3B). This observation adds to 

the previously observed coupling of degradation to intracellular transport. Inhibition of actin 

rearrangement was found to prevent phagolysosomal fusion, and with that the subsequent 

acidification necessary for cargo degradation (Guérin & de Chastellier, 2000; Kjeken et al., 

2004; Lancaster et al., 2021). Furthermore, in macrophages exposed to overwhelming, non-

degradable phagocytic load, transient F-actin networks assembled on immature phagosomes, 

actively preventing contact between early phagosomes and endolysosomes (Liebl & Griffiths, 

2009). This evidence highlights the crucial role of healthy actin dynamics on the effector 

function of the innate immune system. It is also an important phenomenon to consider with 

regards to the specific role of LRRK2 in cargo processing, given its association with 

microtubules and potential control of actin rearrangement (Civiero et al., 2018; B. Kim et al., 

2022; K. S. Kim et al., 2018b; Leschziner & Reck-Peterson, 2021; Snead et al., 2022).  

Among the limitations of the phagolysosomal proteolysis assay described in this chapter is the 

lack of extracellular fluorescence quenching. The otherwise routinely used trypan blue 

exclusion could not be performed. As observed previously, upon binding to the BSA protein on 
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the reporter beads, trypan blue exhibiting strong spectral overlap with DQ Red BSA (Mosiman 

et al., 1997). It is therefore possible that the green fluorescence detected by flow cytometry 

accounted both for internalised beads as well as beads merely bound to the plasma 

membrane. Nevertheless, the assay provides an efficient tool to study the intracellular 

pathways associated with cargo phagocytosis and clearance in vitro.  

Using the phagolysosomal proteolysis assay, I further demonstrate how the selected microglial 

model may impact the overall study outcome. In this chapter, iPSC-macrophages 

recapitulating the microglial MYB-independent ontogeny were used as a simple in vitro model 

of human microglia (Buchrieser et al., 2017; Karlsson et al., 2008; Wilgenburg et al., 2013) The 

differentiation protocol was developed in our lab using commercial, proprietary XVIVO 

medium, later replaced with an open-source OXM medium to maximise both physiological 

relevance and medium-composition transparency (Vaughan-Jackson et al., 2021). Compared 

with OXM-differentiated iPSC-macrophages, the XVIVO-macrophages had elevated levels of 

classical M1 (proinflammatory) markers and displayed relative insensitivity to LPS/IFNg 

stimulation (Vaughan-Jackson et al., 2021). In agreement with these findings, IFNg stimulation 

of XVIVO-macrophages did not significantly change their phagocytic or degradative phenotype 

(Figure 3.4B) In contrast, the IFNg-stimulated OXM-macrophages appeared less phagocytic 

but hydrolysed more BSA per bead taken up.  

IFNg is a fundamental modulator of innate and adaptive immune system responses, exerting 

antiviral, antimicrobial and antitumor effects. Relatively little is known about microglial 

responses to IFNg stimulation (reviewed in Kann et al., 2022). In murine microglia, IFNg seems 

to increase their proteolytic enzyme secretion and oxidative burst activity (M. E. Smith et al., 

1998), while decreasing myelin phagocytosis (Shen et al., 2021). Upregulation of genes 

involved in antigen presentation was recorded in human foetal microglia stimulated with IFNg 

(Rock et al., 2005). Importantly, PD pathology is distinctly associated with an increase in IFNg 

levels (Chakrabarty et al., 2011; Kustrimovic et al., 2018; Liscovitch & French, 2014; Mogi et 
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al., 2007; Mount et al., 2007). As LRRK2 is also one of the genes induced by IFNg (H. Lee et 

al., 2020; Panagiotakopoulou et al., 2020), it was important to select for a in vitro cell model 

responsive to IFNg stimulation. I therefore sought to switch exclusively to the OXM-

macrophage differentiation protocol.  

OXM-differentiation protocol yields significantly poorer number of macrophage precursors 

harvestable for an experimental use, probably due to increased cell adherence (Vaughan-

Jackson et al., 2021). To overcome this technical limitation, I describe a novel hybrid protocol 

combining XVIVO-precursor culture with a terminal macrophage differentiation in the OXM 

medium (Figure 3.5). I show that the terminal, 7-day differentiation in OXM macrophage 

medium is sufficient for the hybrid macrophages to readily adopt the OXM phenotype, including 

OXM-like morphology, relevant phagocytic and proteolytic responses to reporter beads, 

cytokine secretion, and polarization capacity. The hybrid protocol allowed for continued 

modelling accuracy and sufficient number of cells for downstream applications, and was 

therefore used for all further experimental work involving iPSC-macrophages. 

Finally, the phagolysosomal proteolysis assay was utilised to study the influence of LRRK2 on 

cargo uptake and proteolysis in iPSC-macrophages. Neither CRISPR/Cas9-induced LRRK2 

KO nor pharmacological inhibition of LRRK2 in WT cells significantly impacted bead 

phagocytosis at 4- or 24-hour timepoint. The patient-derived G2019S iPSC-macrophages were 

overall less phagocytic compared with LRRK2 WT but the phenotype was not rescued by 

LRRK2 kinase inhibition (Figure 3.6). These results partially agree with a recent observation 

by Ahmadi Rastegar et al., 2022. In this study, 3-hour phagocytosis of latex beads by iPSC-

macrophages produced the same outcome. However, by 16-hour timepoint, the LRRK2 KO 

macrophages have internalised less beads and the phagocytic uptake of G2019S cells 

matched that of the WT. The authors did not examine the influence of pharmacological LRRK2 

inhibition on phagocytosis. It should be noted that the flow cytometry readout used in this 

chapter allowed for a significantly higher statistical power, analysing a minimum of 10,000 cells 
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per condition compared with the 250 cells assessed on average by the image-based approach 

in Ahmadi Rastegar et al., 2022. Compelling evidence by two studies using our lab’s earlier 

protocol for XVIVO-differentiated iPSC-macrophages suggested LRRK2 may not be involved 

in the act of cargo engulfment at all (Härtlova et al., 2018c; H. Lee et al., 2020). Phagocytic 

uptake of beads and zymosan particles remained unaltered in both LRRK2 KO cells and 

LRRK2 WT cells treated with LRRKK2 kinase inhibitors. Instead, LRRK2 appeared to 

negatively regulate phagosome maturation upon Mycobacterium tuberculosis (Mtb) treatment. 

LRRK2 inhibition significantly increased phagosomal maturation and intra-phagolysosomal 

proteolytic activity, ultimately limiting Mtb replication (Härtlova et al., 2018c). In agreement with 

the idea that LRRK2 regulates later stages of phagocytosis, Lee et al., 2020 showed LRRK2 

kinase activity-dependent recruitment of Rab8a and Rab10 GTPases to maturing 

phagosomes.  

My results further showed increased hydrolysis of bead-conjugated DQ Red BSA label per 

bead taken up by G2019S iPSC-macrophages. LRRK2 WT iPSC-macrophages pre-treated 

with IFNg to express high levels of LRRK2 (H. Lee et al., 2020) were more proteolytically active 

compared to the untreated ones, phenocopying the increased LRRK2 kinase activity in the 

G2019S genotype. Inhibition of LRRK2 kinase activity with Mli-2 reduced the degradation index 

at 24-hour timepoint in both G2019S and IFNg-treated LRRK2 WT cells. Consistently, genetic 

deletion of LRRK2 led to significantly reduced proteolysis. Interestingly, the effect was only 

apparent at 4-hour but not at 24-hour timepoint (Figure 3.6). Overall, the results point towards 

a strong positive association between LRRK2 kinase activity and proteolytic degradation in 

phagolysosomes of IPSC-macrophages. However, these findings are in direct contrast with 

published literature. Proteomics analysis of isolated late phagosomes loaded with latex beads 

revealed a strong enrichment for genes associated with proteolytic activity in LRRK2 KO 

BMDMs compared to WT (Härtlova et al., 2018c). Moreover, LRRK2 KO BMDMs showed 

greater association of Mtb with hydrolytically-active lysosomes, as measured by LAMP-1 

colocalization, and cathepsin L and D activity. Yadavalli & Ferguson, 2022 used fluid-phase 
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DQ BSA uptake to investigate degradation in iPSC-macrophages and microglia. Similar to 

Hartlova, their results indicated a negative modulation of proteolytic activity by LRRK2 in both 

cell types via inhibition of TFE3 transcription factor.  

Overall, the inconsistencies between experimental approaches and contradictory evidence 

have prevented consensus in the literature on the role of LRRK2 in microglial phagocytosis and 

phagolysosomal proteolysis. The results presented in this chapter fit better with the proposed 

model of LRRK2 as a modulator of later phagocytosis stages, such as phagosomal transport, 

maturation, and cargo degradation. However, it is becoming increasingly evident that LRRK2 

may play varying roles in specific cell type and with respect to specific stimuli. In addition, the 

molecular mechanisms surrounding LRRK2’s involvement in cargo processing are yet to be 

elucidated.  A focused, systematic comparison is needed in the future to help resolve these 

questions.   
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Chapter 4 
Production of endotoxin-free,  
human recombinant 2N4R tau protein  
in native and aggregated form 

 

4.1 Introduction 

In the previous chapter, I completed the assessment of iPSC-macrophage baseline capacity 

to clear a simple phagocytic cargo. The work served as an important stepping stone to 

compare these findings with microglial processing of tau as a tauopathy-specific cargo.  

 
The objective of characterising microglial response to tau required an exploratory approach 

with relatively high sample-throughput experiments and an extensive protocol optimisation. A 

need emerged for large volume of tau preparations, in native and aggregated form. Human 

post-mortem brains remain a precious and scarce resource to extract tau from. I, therefore, 

opted to utilise human recombinant tau instead, as purification of synthetic proteins offers the 

distinct advantage of generating high yields of pure material. Importantly, the biophysical and 

biochemical properties of recombinant tau have been reported to closely mimic those of native, 

human tau (Goedert & Jakes, 1990b).To that effect, recombinant tau has been widely utilised 

in the field as a substrate of choice for studies investigating its behaviour and function under 

physiological conditions and in disease. In addition, the composition of recombinant 

preparations is largely reproducible and readily quantifiable, compared with brain tissue-

extracted tau preparations. The recombinant preparation can therefore provide insight into 

fundamental cellular responses to tau protein itself, before assessing physiologically complex, 

tauopathy-associated deposits composed of post-translationally modified, fibrillised tau, 
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aggregated with other co-factors (Arakhamia et al., 2021; Fichou et al., 2018; Fichou, 

Oberholtzer, et al., 2019). 

 
The 4R tau isoforms are the predominant tau isoforms observed in tauopathy-associated 

aggregates (Arendt et al., 2016; Waheed et al., 2023; Zhong et al., 2012). The 4R isoforms 

have been also specifically associated with PD and PSP, relevant to the interest of this thesis 

(Flament et al., 1991; Henderson et al., 2019; Nakano et al., 2020; Poorkaj et al., 2010). For 

that reason, the 2N4R full-length tau isoform was chosen for recombinant production and 

subsequent investigation of microglial responses to tau. 

 
To date, several protocols have been published describing the expression and purification of 

tau protein from E. coli (Barghorn et al., n.d.; Bugiani et al., 1999; Combs et al., 2017; Csokova 

et al., 2004; Ferrari & Rüdiger, 2018a; Goedert & Jakes, 1990b; Hasegawa et al., 1998; 

Karikari et al., 2017, 2020; Tepper et al., 2014). Such preparations are, however, likely to 

contain significant levels of residual bacterial endotoxin. Endotoxin is a type of LPS, forming a 

major outer-membrane component on all gram-negative bacteria, including E. coli. The 10-20 

kDa large endotoxin monomers are composed of an outermost, bacteria strain-specific O-

antigen glycan, a conserved oligosaccharide core, and Lipid A inserted in the bacterial 

membrane (reviewed in Raetz & Whitfield, 2002) (Figure 4.1A). Biochemically, endotoxins 

present as extremely heat-stable, partially phosphorylated, amphipathic molecules carrying an 

overall negative charge in solution. Owing to their amphipathic nature, endotoxins can 

assemble into supra-molecular aggregates of various sizes (up to 1,000 kDa) and shapes 

(Hirayama & Sakata, 2002; Petsch, 2000). During recombinant purification process from E. 

coli, endotoxin monomers are released into the solution following bacteria lysis and can stably 

bind protein to be purified via hydrophobic and electrostatic interactions (Berlec & Štrukelj, 

2013; R. Chen, 2012). As the full length 2N4R tau protein has an overall positive charge 

(Mandelkow & Mandelkow, 2012), a strong binding to negatively charged bacterial endotoxin 

during purification process is likely (Petsch et al., 1998).   
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Figure legend on the next page. 
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Figure 4.1: LPS structure and inflammatory response orchestrated upon LPS-TLR4  

activation. 

(A.) LPS is a large, amphipathic component of the outer membrane of gram-negative bacteria. LPS 

comprises of hydrophobic Lipid A, a core oligosaccharide, and a distal polysaccharide known as O-

antigen. The well-conserved Lipid A mediates LPS biological activity. Adapted from Marcano et al., 

2021. (B.) Proinflammatory response induced upon activation of TLR4 by LPS. CD14 facilitates LPS 

transfer to TLR4/MD2 receptor complex. Dimerisation of the receptor complex triggers signalling 

pathways leading to the production of proinflammatory cytokines. Adapted from Plociennikowska et al., 

2014. 
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Figure 4.2: Number of publications examining the relationship between microglia and  

tau protein between years 2010 – 2022. Data generated by PubMed database  

using ‘’(microglia) AND (tau)’’ search. 
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Endotoxin contamination in purified tau preparation does not represent a major limitation for 

publications utilising cell-free approach or those applying recombinant tau to cell types of non-

myeloid origin (i.e., neurons). However, near complete elimination of endotoxin is required for 

studies investigating microglial response to tau. This is because the cells of the innate immune 

system, including microglia, orchestrate a strong inflammatory response upon endotoxin 

stimulation, as part of the immune system’s ability to detect and destroy pathogens (Akira et 

al., 2006; Kawai & Akira, 2010; D. Li & Wu, 2021). The response is mediated by cell-surface 

pattern recognition receptors (PRRs) recognising structural motifs characteristic of pathogen-

associated molecular patterns (PAMPs). Myeloid cells recognise the 6-acyl chain of Lipid A 

synthesized by E. coli via the main PRR complex of CD14/toll-like receptor 4 (TLR4) / myeloid 

differentiation factor 2 (MD2) (Lu et al., 2008; Maeshima & Fernandez, 2013; Park & Lee, 2013; 

Yamamoto & Akira, 2009). The glycolipid-anchored plasma membrane glycoprotein CD14 

binds and transfers LPS to the TLR4/MD2 complex. The LPS-TLR4 activation promotes MD2-

dependent TLR4 internalisation and triggers the p38(MAPK)-STAT3 and NF-kB signal 

transduction pathways leading to a secretion of pro-inflammatory cytokines, including TNF-a, 

IL-6, and IL-1b. (Bode et al., 2012; T. Liu et al., 2017) (Figure 4.1B). CD14 is highly expressed 

by myeloid cells, making microglia exquisitely sensitive to LPS stimulation (Janova et al., 2016; 

Vasudevan et al., 2022). As little as 0.1 ng/mL, equivalent to 1 endotoxin units/mL (EU/mL) 

induces TNF-a proinflammatory cytokine production in microglia  (Kim & Li, 2013). In the event 

of endotoxin entering a bloodstream of a host organism, the immune system’s inflammatory 

response can culminate in fever, intravascular coagulation, and ultimately sepsis and death 

(Beutler & Rietschel, 2003; M. Wilson et al., 2001). 

 
The interest in microglial processing of tau protein has grown over the last decade, evident by 

the steady increase in number of publications (data generated by PubMed database using 

‘’(microglia) AND (tau)’’ search) (Figure 4.2). Amongst the published studies, several incubated 

in vitro microglia cultures with recombinant tau (summarised in Table 4.1). Surprisingly, only 

one study out of the 14 found, provided demonstrable evidence of using endotoxin-free tau 
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preparation. Four studies tested their preparations for the level of endotoxin but not all 

disclosed the results. Those that did, indicated endotoxin contamination higher than generally 

acceptable (i.e., ≤ 0.01 EU/mL, Haenseler, Zambon, et al., 2017; S. Liu et al., 2012) to avoid 

triggering the TLR4 response (i.e., <1 EU/mL in Wang et al., 2022, and between 14-95 EU/mL 

in Pampuscenko et al., 2020, 2021). Pampuscenko et al attempted to control for the endotoxin 

contamination using polymixin B, an antibiotic binding and neutralising LPS.  

 
Altogether, the evidence shown in studies that have failed to report and/or address the 

endotoxin contamination is hard to interpret. It is yet to be determined whether the observed 

effects were tau-specific or due to the endotoxin inflammagen co-presented with tau.  

 
The main focus of the work described in this chapter was therefore to address these 

methodological limitations and generate high yield of endotoxin-free, recombinant tau 

preparation as a pre-requisite for examining authentic microglial response to the tau protein.  
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Publication Recombinant tau 
source 

Endotoxin 
removal  

methods used 

Endotoxin 
detection 

test 
Test results 

provided 

Asai et al., 2015 rPeptide (T-1001-1), 
E. coli purification N N N 

Zhu et al., 2022 AnaSpec (AS-55556), 
E. coli purification N N N 

Udeochu et al., 
2023 non-disclosed N N N 

Perea et al., 2022 ClearColi purification Y Y N/A 

Funk et al., 2015 E. coli purification N N N 

Ising et al., 2019 E. coli purification N Y N 

Stancu et al., 2019 E. coli purification N N N 

Pampuscenko  
et al., 2020 E. coli purification N Y 

Y (0.001-
0.007% w/w 

LPS/tau) 

Zilkova et al., 2020 E. coli purification Y N N 

Das et al., 2020 E. coli purification N N N 

Pampuscenko  
et al., 2021 E. coli purification N Y 

Y (0.001-
0.007% w/w 

LPS/tau) 
Jin et al., 2021 E. coli purification N N N 

Wang et al., 2022 E. coli purification N Y 
Y (<1 EU/mL in 

working 
concentration) 

Chinnathambi and 
Das, 2023 E. coli purification N N N 

 
Table 4.1: Endotoxin contamination of recombinant tau preparations used in published 
studies 
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4.2 Results 

4.2.1 Endotoxin removal from purified recombinant tau preparation represents a major 

challenge 

Human recombinant 2N4R tau was generated by Donatella Di Rienzo at the ODDI, using an 

adaptation of the original tau purification protocol by Goedert & Jakes, 1990. The method 

involved a combination of immobilised nickel ion affinity chromatography followed by 6xHis-

tag cleavage, with SEC to maximise protein purity (Figure 4.3A). Details of the tau expression 

plasmid pNIC28-Bsa4_6xHis-tag_TauWT 2N4R can be found in section 2.3.1. The preparation 

was kindly gifted to me in order to investigate microglial responses to tau protein. However, 

the preparation was found to contain high endotoxin levels (i.e., 83.47 EU/mL) Figure 4.3C) 

following an assessment with FDA-approved, gold-standard LAL assay (L. Chen & Mozier, 

2013). Therefore, the first approach taken was to test the efficacy of commercially available 

endotoxin-removal reagents to reduce the endotoxin contamination in recombinant tau 

preparation to acceptable levels. 

 
Two, widely-used endotoxin removal columns exploiting distinct separation methods were 

used in the test (Figure 4.3B). Column A (PierceTM High Capacity Endotoxin Removal Spin 

Column, 88275) guarantees 2,000,000 EU/mL binding capacity, >99% endotoxin removal, and 

simultaneous 85% protein recovery. The column matrix is composed of porous cellulose beads 

covalently modified with cationic e-poly-L-lysine polymer, trapping the negatively charged 

endotoxin. As a naturally occurring, food-grade antimicrobial produced by fermentation, e-poly-

L-lysine serves as a safer alternative to the reportedly toxic, polycationic polymixin B, an 

antibiotic traditionally used for endotoxin decontamination (Bhor et al., 2005). Column B 

(Endotrap®, Lionex, LET0009) cites best-in-class binding capacity of 5,000,000 EU/mL, 

removal of 99.9% endotoxin, and higher than 95% sample recovery. The precise column resin 

composition is proprietary but according to the manufacturer, it is based on a bacteriophage-

derived protein, neither polymixin B nor antibody, binding specifically the endotoxin core region 

conserved across all gram-negative bacteria with high affinity.  
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Recombinant tau samples were passed through the columns according to the respective 

manufacturer’s instructions. Sterile PBS used to normalise protein concentration was also run 

through the columns as a negative control. Procedures were carried out in the tissue culture 

class 2 containment cabinet to avoid introducing further contamination. All buffers were sterile-

filtered or sterile, and all labware used was certified pyrogen-free. Endotoxin concentration in 

the samples was determined with the LAL assay.  

 
Only 5% endotoxin removal was achieved using Column A, 12% with Column B (Figure 4.3C). 

Neither increasing the sample-resin contact time to an overnight incubation at 4°C nor 

recycling the sample through the columns up to three consecutive times improved the removal 

efficiency. As a comparison, human recombinant a-syn (rPeptide, S-1011-1), also purified from 

E. coli, was passed through the columns following the manufacturer’s recommendations. 

Baseline endotoxin levels in a-synuclein preparation before removal were about 50% lower 

compared with tau. Column A provided 89% removal, whilst column B removed 98% of the 

endotoxin.  

 
These results confirmed the general efficacy of both columns in removing endotoxin from 

recombinantly expressed proteins but specifically not from the tau preparation, suggesting a 

particularly strong endotoxin interaction with tau. 
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Figure legend on the next page. 



 

136 

Figure 4.3: Commercially available endotoxin removal columns fail to remove endotoxin 

from recombinant tau purified with standard method 

(A.) Human recombinant 2N4R tau purification workflow and SimplyBlueTM-stained gel depicting final 

eluted fractions. Work was carried out by Donatella Di Rienzo at the ODDI. Tau is an intrinsically 

disordered protein with hydrodynamic radius larger than that of a globular protein of similar size, 

therefore tau MW on a gel is higher than the one predicted (45 kDa) (cite Churion and Bondos). (B.) 

Workflow diagram of endotoxin removal from tau purified in (A.) using commercially-available products. 

(C.) LAL assay results showing endotoxin levels (EU/mL) in recombinant tau purified in (A.) and 

recombinant a-syn gifted by Dr. Nora Bengoa-Vergniory at DPAG, University of Oxford. Protein levels 

were normalised to 1 mg/mL in sterile PBS. 
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4.2.2 Endotoxin-free tau purification from ClearColi BL21(DE3) electrocompetent cells 

provides poor yield 

In the absence of an effective, commercially-available method for endotoxin depletion from 

purified recombinant tau, I next explored the use of ClearColiTM BL21(DE3) cells, an 

alternative, low-endotoxin protein expression system. ClearColiTM cells have been genetically 

modified through a series of strain deletions to express Lipid IVA in place of the regular Lipid 

A. Lipid IVA is composed of only 4-acyls instead of the characteristic Lipid A 6-acyl chain 

recognised by the TLR4 receptor (Figure 4.4A). Lipid IVA contamination in the purified protein 

preparation therefore completely bypasses triggering the formation of TLR4-MD-2 complex 

and downstream proinflammatory signalling in mammalian cells (Mamat et al., 2015). 

 
A pilot tau purification from ClearColi was carried out. 6xHis-tag-TauWT 2N4R expression 

plasmid was extracted from Mach1 T1R E. coli stock donated by Donatella Di Rienzo and 

transformed into ClearColi by electroporation (section 2.3.1 and 2.3.2). The workflow selected 

for ClearColi tau expression and purification was identical to the one outlined in Figure 4.3A 

with two modifications (Figure 4.4B). Specifically, direct boiling cell lysis was replaced with 

French Press high-pressure cell homogenisation as a preferred technique traditionally used 

for high volume cell extrusion. The cost-effective and protein yield-sparing cation exchange 

chromatography (CIEX) was chosen in place of SEC. Detailed expression and purification 

steps including the list of buffers and elution steps are described in section 2.3.3. 

 
A substantial 6 L volume of bacterial culture provided only a total of 173 μg of concentrated 

tau protein (Figure 4.4B). The yield was insufficient for downstream in vitro application. 

Therefore, other avenues of producing endotoxin-free recombinant protein had to be 

investigated.  
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Figure 4.4: Human recombinant 2N4R tau purification from ClearColiTM BL21(DE3) 

produces poor yield 

(A.) ClearColi cells have been genetically modified to express only four acyl chains of the normally 6-

acyl Lipid A to avoid triggering the endotoxin response in human cells by TLR4/MD2 complex activation. 

Image adapted from https://clearcoli.com/technology. (B.) Workflow of tau purification from ClearColi 

and SimplyBlueTM-stained gels depicting eluted fractions. Red arrows point to the bands of interest. 6 L 

bacterial culture yielded a total of 173 μg of recombinant tau. 
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4.2.3 Endotoxin-free tau purification from standard BL21(DE3) E. coli 

Both endotoxin depletion and high yield of tau were critical to continue any work pertinent to 

this thesis. Since the discovery of recombinant DNA technology, purification from standard E. 

coli cells has remained the simplest, most cost-effective way of producing large quantities of 

recombinant proteins. The failure to dissociate the strongly-bound endotoxin from purified tau, 

however, still presented a challenge. I therefore sought to identify a method eliminating 

endotoxin during rather than after the purification workflow. 

 
The use of non-ionic TritonX-114 detergent is one of the oldest and most effective methods 

cited to date for removal of endotoxin from purified protein and plasmid DNA preparations (S. 

Liu et al., 1997). It was first described in 1981 for the purpose of separating amphiphilic 

membrane proteins from hydrophilic proteins in crude cell extracts, based on its property to 

undergo phase separation into an aqueous and detergent phase at temperatures above its 

cloud point (20°C) (Bordier, 1981). The method got later adapted for protein endotoxin 

decontamination (Aida & Pabst, 1990). Below 20°C, Triton X114 dissociates endotoxin from 

the protein of interest. Above 20°C, the dissociated, hydrophobic endotoxin precipitates into 

the detergent phase while the hydrophilic protein remains in the aqueous solution. The initial 

protocol required multiple, time-consuming cycles of temperature changes. In addition, traces 

of TritonX-114 remained in the protein preparations, adversely affecting downstream in vitro 

applications. A novel, one-step protocol combining affinity chromatography with TritonX-114 

on-column wash step at 4°C was recently described, showing efficient endotoxin reduction of 

up to 99% and near 100% protein recovery in six separate preparations of varying chemical 

properties (Reichelt et al., 2006a). 

 
I tested the feasibility of this protocol for endotoxin-free purification of tau. Standard BL21(DE3) 

E. coli cells were transformed with the 6xHis-tag-TauWT 2N4R expression plasmid used for 

tau purification from ClearColi (section 4.2.2.). The same purification workflow was repeated, 

with the addition of 0.1% TritonX-114 wash step immediately after the clarified lysate 

application to HisTrap column (Figure 4.5A, section 2.3.3). LAL assay results confirmed the 
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protocol was successful at removing the majority of endotoxin from tau already after the first 

purification step (Figure 4.5B). Standard affinity chromatography lacking the detergent wash 

can result in protein elution contaminated with upward of 103 EU/mL (Reichelt et al., 2006a). 

In contrast, tau eluted from the HisTrap column with TritonX-114 wash contained only 13.77 

EU/mL. The endotoxin concentration was further reduced to 5.4 EU/mL after elution from the 

CIEX column. Final passage of concentrated tau through PierceTM High Capacity Endotoxin 

Removal Spin Column eliminated the remaining endotoxin from tau preparation to below 

detection level of 0.01 EU/mL.  

 
A total of 3.5 mg of endotoxin-free tau was purified from 6 L bacterial culture, demonstrating 

the efficacy of this method. Multiple protein bands were detected following SDS-PAGE of the 

final tau preparation, initially raising concerns about the protein purity. However, subsequent 

tryptic in-gel digestion and peptide mass fingerprinting (PMF) matched the peptides only to tau 

protein sequence (Figure 4.5C). LC-MS analysis of intact tau in solution revealed a successful 

cleavage of the 6xHis-tag and a match to the theoretical 2N4R MAPT amino acid sequence 

(441aa + an additional serine linker at the artificial N-terminus) (Figure 4.5D). Additionally, C-

terminal tau truncation (378aa) was identified, explaining the presence of low-MW 

contaminants on SimplyBlueTM-stained gel. 
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Figure legend on the next page. 
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Figure 4.5: Combination of affinity chromatography with on-column TritonX-114 

detergent wash effectively removes the majority of endotoxin contaminants from tau 

purified from standard BL21(DE3) E. coli 

(A.) Purification workflow and SimplyBlueTM-stained gels depicting eluted fractions. Red arrows point to 

the bands of interest. 6 L bacterial culture yielded a total of 3.5 mg of recombinant tau. Recombinant tau 

purified by standard, non-endotoxin free purification method by Donatella Di Rienzo (Figure 4.2A) was 

including on the gel for a reference. (B.) LAL assay results showing endotoxin levels (EU/mL) in 

individual purified tau fractions. Numbers in red correspond to fractions described in (A.). Protein levels 

were normalised to 1 mg/mL in sterile ddH2O. (C.) SimplyBlueTM-stained gels showing bands excised 

for trypsin-digested in-gel protein analysis by LC-MS/MS. Mascot software was used for protein 

identification from peptide sequence databases. (D.) Results of intact protein characterisation by LC/MS. 
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4.2.4 Protocol optimisation for the production of endotoxin-free, full-length tau protein 

in high yield 

The presence of truncated products in purified tau preparation fitted the published observations 

of tau’s propensity to truncate (Csokova et al., 2004; Karikari et al., 2017).This occurs most 

likely due to tau’s intrinsically disordered nature (Jeganathan et al., 2008; Mukrasch et al., 

2005b; Schwalbe et al., 2014). The lack of well-defined structure in solution makes tau 

particularly vulnerable to recombinant host proteases targeting foreign material for degradation 

(Graether, 2022; Rozkov & Enfors, 2004; Uversky, 2002). The most common troubleshooting 

for proteolytic degradation of IDPs involves recombinant host lysis by direct boiling. The host 

proteins including proteases denature and aggregate while the hydrophilic IDPs with no 

structure to lose, remain soluble (Graether, 2022). 

 
Other methods include secretion by the host system into medium (reviewed in Kleiner-Grote 

et al., 2018), the use of protease inhibitors (Prouty & Goldberg, 1972) or gene fusion systems 

(Costa et al., 2014; Murby et al., 1996). Multiple fusion systems cloned between the tag and 

the protein N-terminus have recently been developed to protect against proteolytic degradation 

via translocation of the fused protein away from the protease-rich cytosol to a different cellular 

compartment of the recombinant host (Varshavsky, 1996). One such widely-used system is 

the 6xHis_SUMO (small ubiquitin-like modifier) fusion (Butt et al., 2005; Malakhov et al., 2004). 

In addition to proteolytic protective effect, SUMO with its amphipathic, detergent-like structure 

aids the solubility of otherwise insoluble proteins (Butt et al., 2005). Finally, unlike TEV 

proteases recognising a very short sequence, SUMO proteases (e.g., SENP2) target its tertiary 

structure, thus offering a highly efficient and specific cleavage, and enabling the release of 

proteins with desired N-terminus (Marblestone, 2006) (Figure 4.6A).  

 
In the next steps, I therefore sought to explore the 6xHis_SUMO fusion expression system to 

further optimise recombinant tau yield, remove the non-native aa at the N-terminus post TEV 

protease tag cleavage, and to eliminate the C-terminus truncated products in the purified 

preparation.  
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First, SUMO_TauWT 2N4R_pETM11SUMO3_sense expression plasmid was created using 

Gibson assembly (section 2.3.1, Figures 2.4 and 2.5), and transformed into BL21(DE3) E. coli 

cells. Subsequently, conditions for optimal tau expression and extraction were investigated. 1 

L overnight bacteria culture expressing SUMO_TauWT 2N4R_pETM11SUMO3_sense 

plasmid was divided into 12 equal aliquots at OD600 = 0.6 and subjected to varying IPTG 

induction concentrations, post-induction expression temperatures, and cell lysis methods. 

French press homogenisation was replaced with sonication due to the small cell culture 

volume. Clarified cell lysates were applied to SDS-PAGE and total protein was visualised with 

SimplyBlueTM stain (Figure 4.6B). 4-hour bacteria growth at 37°C increased tau expression 

compared to overnight growth at 18°C. 0.5 mM IPTG induction was found to be the best for 

tau expression at 37°C. The increased temperature seemed to have favoured tau aggregation 

but a cell lysis by a combination of sonication with direct boiling effectively removed the larger 

as well as some of the lower MW products.  

 
Purification from 6 L of SUMO_TauWT 2N4R expressing BL21(DE3) E. coli was carried out 

based on the optimised conditions identified in Figure 4.6B. Figure 4.7A shows the selected 

workflow steps and corresponding elutions visualised on a SimplyBlueTM-stained gel. A total 

yield of 9.1 mg of tau protein was purified and subsequently confirmed endotoxin-free by LAL 

assay (Figure 4.7B). A few low-MW protein bands additional to the one predicted for tau were 

still visible on a gel but subsequent PMF confirmed 100% tau sequence match (Figure 4.7C). 

The SUMO gene fusion system did not eliminate tau C-terminal truncation completely but 

notably reduced its abundance compared to 6xHis-tagged tau system, according to the LC-

MS analysis (Figure 4.7D vs Figure 4.5D).  

 
This purified and QC-ed tau batch was either fibrillised (see section 4.2.5) or aliquoted, snap-

frozen in LN, and used in all subsequent experiments in chapter 5.  
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Figure legend on the next page. 
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Figure 4.6: Optimisation of 2N4R tau expression in SUMO_TauWT 

2N4R_pETM11SUMO3_sense-transformed BL21(DE3) cells  

(A.) DNA sequences of 6xHis- and 6xHis_SUMO-tagged tau expression vectors. 2N4R tau coding 

sequence was cloned into the pETM11SUMO3_sense vector to prevent truncation during purification, 

aid solubility, and to remove artificial N-terminus created by TEV protease cleavage site. (B.) 

SimplyBlueTM-stained gels comparing the effect of varying IPTG concentration, expression temperature, 

and cell lysis methods on tau protein expression and purity. 
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Figure legend on the next page. 
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Figure 4.7: Tau purification using the SUMO_TauWT 2N4R_pETM11SUMO3_sense 

construct further improves yield of endotoxin-free tau 

(A.) Purification workflow and SimplyBlueTM-stained gels showing eluted protein fractions. Red arrow 

points to the tagged tau, purple arrow points to the tag-less tau post SENP2 cleavage. 6L bacterial 

culture yielded a total of 9.1 mg of recombinant tau. (B.) Endotoxin levels (EU/mL) in individual purified 

tau fractions, determined by LAL assay. Numbers in red correspond to fractions shown in (A.). Protein 

levels were normalised to 1 mg/mL in sterile ddH2O. (C.) SimplyBlueTM-stained gels depicting bands 

excised for trypsin-digested in-gel protein analysis by LC-MS/MS. Protein identification from peptide 

sequence databases was performed using Mascot software. (D.) Results of intact protein 

characterisation by LC/MS. 
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4.2.5 Production of in vitro aggregated tau fibrils 

Native, unfolded tau assembly into amyloidogenic, cross-b-sheet-structured filaments 

underlies the pathological signature of tauopathies (Berriman et al., 2003; Goedert et al., 2017; 

Y. Wang & Mandelkow, 2016). With an optimised protocol for the production of endotoxin-free 

tau monomer, I next aimed to generate fibrillar tau preparation which is more relevant to the 

form of tau observed in diseased brains. 

 
Truncated forms of tau efficiently self-assemble into filaments (Crowther et al., 1992; Wille et 

al., 1992). In contrast, full-length 2N4R requires the addition of negatively-charged co-factors, 

such as RNA, arachidonic acid, or heparin (Friedhoff et al., 1998; Goedert et al., 1996a; 

Kampers et al., 1996; Pérez et al., 2002; M. Wilson et al., 2001). Of those, heparin has been 

widely utilised in the field to investigate the kinetics and potential inhibitors of tau aggregation 

(reviewed in Fichou et al., 2019). 

 
To facilitate tau fibril formation, recombinant monomeric tau purified as indicated in section 

4.2.4 was mixed with heparin at the established optimal stoichiometric ratio of 4 tau molecules 

per 1 heparin molecule (section 2.3.4) (Figure 4.8A). Aggregation kinetics was monitored at 

regular intervals with ThT assay (section 2.3.5) (Figure 4.8B). Increase in ThT fluorescence 

confirmed successful conformation change of soluble tau in mostly random coil formation to b-

sheet-rich ordered assemblies induced by heparin. ThT maxima plateau was observed after 7 

days. On day 11, negative stain TEM microscopy further visually validated presence of tau 

fibrils in the preparation (Figures 4.8C and D).  

 
One of the intrinsic features of tau aggregates is their capacity for a seeding behaviour, i.e., 

the ability to template the distinct conformation onto unfolded monomeric tau substrate 

(reviewed in Goedert et al., 2017). The seeding competency of heparin-induced in vitro 

generated tau fibrils was assessed with 4R tau RT-QuIC assay (section 2.4.9) in collaboration 

with Alessia Santambrogio at the University of Cambridge. Unlike recombinant monomeric tau, 

the synthetic tau fibrils induced aggregation of truncated tau substrate, as confirmed by the 
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characteristic kinetic curve with a discernible lag phase, followed by an exponential growth and 

stationary phase (Figure 4.8E) (Kamath et al., 2021). 
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Figure 4.8: Heparin-induced in vitro aggregation of recombinant tau monomer 

generates tau fibrils 

(A.) Workflow diagram. (B.) ThT assay confirming presence of b-sheet structures in recombinant tau 

preparation, purified as per section 4.2.4 and aggregated with heparin. Negative stain TEM images of 

recombinant tau monomer (C.) and heparin-aggregated tau fibrils (D.). (E.) Results of 4R tau RT-QuIC 

assay investigating seeding of truncated tau substrate (K11, tau aa residues 244-394) in presence of 

purified recombinant tau monomer or heparin-induced fibrils. 4 technical replicates were run per 

condition. Data is presented as mean±SD. 
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4.3 Discussion 

In this chapter, I present an original protocol for the production of endotoxin-free 2N4R human 

recombinant tau monomer, and the monomer-derived, in vitro aggregated seeding-competent 

tau fibrils. 

 
All six individual tau isoforms were first recombinantly expressed and purified from E. coli by 

Goedert & Jakes in 1990. Since then, multiple adaptations of the protocol have been published 

(Barghorn et al., n.d.; Bugiani et al., 1999; Combs et al., 2017; Csokova et al., 2004; Ferrari & 

Rüdiger, 2018a; Goedert & Jakes, 1990b; Hasegawa et al., 1998; Karikari et al., 2017, 2020; 

Tepper et al., 2014). All used E. coli as the preferred expression host of choice and various 

chromatography methods or combinations thereof to produce full-length or truncated version 

of tau. None so far have, however, demonstrated endotoxin concentration compatible with in 

vitro assays investigating microglial response to tau.  

 
The absence of controlling for endotoxin contamination can be explained by a number of 

reasons. Firstly, the issue of endotoxin contamination needs no addressing for in vitro 

applications of tau to pure cultured neurons or other cell types lacking the TLR4 receptor 

recognising endotoxin molecules and triggering the innate immune response (Beutler & 

Rietschel, 2003; Zettel et al., 2017).  

 
Secondly, endotoxins are highly heat and pH stable (Raetz & Whitfield, 2002). Thus, endotoxin 

removal from recombinant protein preparation typically involves an elaborate and expensive 

procedure with limited results (reviewed in Miyamoto et al., 2009). Several endotoxin removal 

methods have been described over the years. Common chromatography approaches, such as 

immobilised divalent metal (typically Ni2+) affinity chromatography and ion exchange, exploit 

endotoxin’s formation of aggregates that readily adsorb onto cationic surfaces with their 

exposed, negatively charged phosphate group (Anspach & Hilbeck, 1995; Gorbet & Sefton, 

2005; Kozlowski, 2017; Mack et al., 2014; Ongkudon et al., 2012). These methods are, 

however, only applicable for tagged or net negatively-charged proteins, and risk product loss 
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due to adsorption. Diverse, convenient-to-use columns have also been developed, packed 

with beads modified with affinity ligands for endotoxin, including polymyxin B, e-poly-L-lysine, 

L-histidine, poly(γ-methyl L-glutamate), activated charcoal, or bacteriophage-derived protein. 

Other methods utilise detergent-based phase separation, sucrose-gradient centrifugation, or 

ultrafiltration. Care must be taken particularly using the latter two, as the protein preparations 

can get easily damaged by physical forces in the process. The following reviews summarise 

the pros and cons of each of the individual methods in detail: S. Liu et al., 1997; Magalhães et 

al., 2007; Petsch, 2000; Schneier et al., 2020; Serdakowski London et al., 2012. 

 
The majority of endotoxin removal methods lack broad applicability, as the specific steps must 

always be adjusted to the biochemical properties of the particular protein to-be-

decontaminated. The precise mechanisms by which endotoxins bind various proteins aside 

from the PRRs are not completely understood. Interactions with neutral and acidic proteins 

have been shown, ascribed to hydrophobic interactions or possibly the formation of calcium 

bridges (Petsch, 2000). Electrostatic interactions are thought to underlie the binding of 

endotoxin to net positive-charged proteins, driving the formation of stable complexes and 

making endotoxin molecules inaccessible for removal (Petsch, 2000; Reichelt et al., 2006b). 

In line with the hypothesis, endotoxin removal from basic proteins was shown to be less 

efficient compared with acidic proteins (Petsch et al., 1998). Our results demonstrating failure 

to remove high levels of endotoxin contamination from recombinant, net positive-charged tau 

purified from E. coli using two independent affinity columns fit this observation (Figure 4.2).  

 
Complete or near complete endotoxin elimination is required for E. coli-derived tau incubation 

with CD14- and TLR4-expressing myeloid cells, including microglia. Recent recognition of 

microglial role in neurodegenerative diseases (reviewed in Bartels et al., 2020; X. Chen & 

Holtzman, 2022; Hickman et al., 2018; Kumari & Gensel, 2023; Odfalk et al., 2022) drove an 

increase in studies investigating microglial response to tau. The majority, however, failed to 

show sufficient evidence for endotoxin elimination from their recombinant tau preparations. 
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I first tried to overcome this limitation by purifying tau from ClearColi, a genetically modified E. 

coli strain that expresses biologically inert version of the immune response-inducing Lipid A. 

Contrary to the published claims (Mamat et al., 2013), the method did not generate product 

yield comparable with purification from standard E. coli cells (Figure 4.3). This occurred most 

likely due to the previously-observed slow growth kinetics of the cells and could be potentially 

bypassed in the future by optimisation of the cell culture conditions (Hunt et al., 2019). 

 
I next returned to purification from standard E. coli strain, verified to produce tau quantities 

sufficient for further in vitro work (KrishnaKumar & Gupta, 2017). To eliminate the endotoxin, I 

adapted a published one-step protocol combining Ni-NTA affinity chromatography with 0.1% 

TritonX-114 on-column wash step (Reichelt et al., 2006b). The on-column TritonX-114 wash 

step attenuates protein loss occurring during standard, post-purification endotoxin removal 

methods. In addition, it increases depyrogenation efficiency by minimising tau-endotoxin 

contact time and therefore an opportunity for strong interaction. Our results confirmed 

successful elimination of the majority of endotoxin from tau eluted from the HisTrap column 

(Figure 4.5B). This method requires a use of 6xHis-tagged tau expression construct which 

could be perceived as a disadvantage. The tag can, however, be easily removed with an 

additional overnight cleavage and dialysis step.  

 
Two additional steps were added to the purification protocol; CIEX to increase tau purity, 

followed by the use of PierceTM High Capacity Endotoxin Removal Spin Column to achieve a 

complete endotoxin elimination. LAL assay results subsequently confirmed endotoxin 

concentration below detection levels (<0.01 EU/mL) in the final preparation.  

 
A substantial amount of tau truncation occurred during the early versions of the purification 

process, despite the continuous presence of protease inhibitors in all relevant buffers (Figure 

4.5). This could most likely be explained by the intrinsically disordered nature of tau, rendering 

the protein vulnerable to the heterologous host’s proteases (Suskiewicz et al., 2011; Uversky, 

2019). I attempted to circumvent the issue by cloning tau coding sequence into pET SUMO 
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expression vector. The plasmid features an N-terminal SUMO3 protein fusion with traditional 

6xHis-tag under the standard T7 promoter. Compared with the classical 6xHis-tag, SUMO 

fusion system favours protein yield by facilitating increased protein solubility and decreased 

proteolytic degradation by host proteases (Butt et al., 2005; Graether, 2022; Marblestone, 

2006). In addition, the high specificity of SUMO proteases enables more precise tag cleavage 

compared with TEV protease, enabling a release of an authentic protein N-terminus with 

methionine as the first aa. Finally, the 6xHis_SUMO tag cleavage efficiency can be 

immediately confirmed by gel electrophoresis unlike cleavage of 6xHis-tag, on account of the 

more pronounced size differences between the tagged and untagged protein (Figures 4.5A 

and 4.7A).  

 
Interestingly, 4-hour tau expression at 37°C showed more favourable results compared with 

overnight expression at 18°C during a pilot expression optimisation experiment. The higher 

temperature promoted formation of aggregates, in agreement with previous observations 

(Figure 4.6B). The aggregates were, however, subsequently efficiently removed during the 

purification process.  

 
Overall, the SUMO system reduced but did not completely eliminate the problematic tau 

truncation, as evident by LC-MS analysis results (Figure 4.7D). Further separation by SEC 

could have been utilised to maximise purity but the risk of further product loss outweighed the 

benefits. Several strategies could be trialled in the future to eliminate the tau truncation 

completely. The majority of proteolytic degradation occurs during cell lysis (Ryan & Henehan, 

2017). French Press homogenisation is used traditionally to lyse large volumes of bacterial 

cultures. However, the length of time required to lyse cells with homogenisation is sufficient for 

proteases to degrade the protein of interest, despite presence of protease inhibitors in the cell 

lysis buffer. Using direct boiling method exclusively to extract the thermostable tau, instead of 

a combination of French Press and direct boiling as in this thesis, could help reduce the degree 

of tau degradation by denaturing the bacterial proteases. In addition to the cell lysis method, 
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CIEX buffer pH optimisation has been reported to significantly influence tau purity with lower 

pH buffers promoting increased elution of truncated tau products (Ferrari & Rüdiger, 2018b). 

 
Purification of the 6xHis_SUMO-tagged construct from a 6 L bacterial culture yielded 9.1 mg 

of endotoxin-free tau; that is 2.6-times more product compared with the 6xHis-tagged version 

(Figures 4.5 and 4.7). The yield was sufficient for the purpose of this thesis. However, the 

protein quantity could be potentially further improved upon. The final endotoxin removal step 

using PierceTM High Capacity Endotoxin Removal Spin Column results in 10% tau loss. This 

process could potentially be eliminated by optimising the efficacy of TritonX-114 on-column 

wash step, either by increasing the number of CV washes or performing several consecutive 

washes alternating with non-detergent buffer wash.  

 
Self-propagating activity is one of fundamental features of pathological, aggregated tau 

(Goedert & Spillantini, 2019). Clinically, tau pathology spreads throughout neuroanatomically-

connected brain regions in a predictable spatio-temporal manner, correlating with the 

progression of cognitive decline (Goedert et al., 2017; Mudher et al., 2017; Vogels et al., 2020). 

It was, therefore, important to verify that the purified tau monomer is aggregation- and seeding-

competent.  Incubation of the monomer with polyanionic cofactor heparin at 37°C with constant 

orbital shaking induced formation of b-sheet rich tau aggregates, confirmed by the increase in 

ThT fluorescence and also by negative-stain TEM (Figures 4.7B-D). The fibril formation was 

in line with previous studies reporting heparin-induced conformation change from random coils 

to b-sheet filaments in the two aggregation-protein hexapeptide motifs present on tau MBD-

region (Berriman et al., 2003; von Bergen et al., 2000, 2005). Furthermore, the in vitro 

aggregated tau fibrils facilitated fibrillizations of monomeric tau fragment in an 4R RT-QuIC 

assay, thus validating their seeding capacity (Figure 4.7E) (Saijo et al., 2020b). 

 
While the heparin-induced aggregation is a convenient, simple, scalable in vitro method for 

producing tau fibrils, it does not completely reproduce the structure and composition of tau 

aggregates in vivo. The heparin-induced tau fibrils are structurally heterogeneous and capable 



 

159 

of transitioning between at least four conformations. This is in contrast with the brain-derived 

tau fibrils that adopt a disease-characteristic, stable conformation (Fichou et al., 2018; 

Morozova et al., 2013; Zhang et al., 2019 Arakhamia et al., 2021; Falcon et al., 2018, 2019; 

Fitzpatrick et al., 2017; Shi et al., 2021; Zhang et al., 2020). The synthetic tau fibrils are also 

more resistant to chemical denaturation or proteolytic digestion (Morozova et al., 2013), and 

display reduced seeding potency compared with the brain-derived fibrils, on account of their 

overall increase in stability (Falcon et al., 2015). The heparin-induced fibrils show weak affinity 

for RNA, unlike in vivo tau fibrils that were found to extensively associated with RNA and other 

co-factors (Ginsberg et al., 1997; Jiang et al., 2021). Lastly, unlike the recombinant tau purified 

from E. coli, endogenous tau undergoes extensive PTMs in vivo, which heavily influence the 

protein’s biophysical properties, function, and aggregation (Arakhamia et al., 2021; Lövestam 

et al., 2022; Wesseling et al., 2020b).  

 
The issue of physiological relevance could potentially be overcome by replacing heparin with 

tauopathy-specific, brain-extracted tau aggregate to propagate relevant fold onto the 

recombinant tau preparation (Ficulle et al., 2022; Kraus et al., 2019b; Narasimhan et al., 

2017b). This is the aim in the next phase of the project, though beyond the scope of this thesis. 

In the meantime, heparin-induced recombinant tau fibrils still represent a convenient and 

reproducible method allowing us to gain mechanistic insight into tau aggregation kinetics and 

the cellular response to the aggregates.  
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Chapter 5 
Characterisation of microglial response  
to tau protein in native and aggregated form 

 

5.1   Introduction 

Having successfully developed a method for purification of endotoxin-free human recombinant 

tau, and its aggregation to fibrillar form, I focused on the final aim of the thesis; the investigation 

of microglial response to tau protein. 

 
As discussed in sections 1.7 and 1.8, evidence from the past decade consistently highlights 

the importance of microglia in tauopathies (reviewed in Chen & Holtzman, 2022; Heneka, 2019; 

Salter & Stevens, 2017)). Post-mortem tissue analyses (Imamura et al., 2003; Minett et al., 

2016; Parachikova et al., 2007; Perez-Nievas et al., 2013) and PET studies have demonstrated 

a strong association between microglial phenotypic changes, pathological tau deposition, and 

clinical disease presentation (Cagnin et al., 2001, 2006; Crotti et al., 2014; Dani et al., 2018; 

Gerhard et al., 2004, 2006a; Pascoal et al., 2021; Terada et al., 2019). Genetic studies showed 

a large number of tauopathy-associated risk variants is expressed highly or exclusively within 

microglia (Andersen et al., 2021; Efthymiou & Goate, 2017; Farrell et al., 2022; Langston et 

al., 2022). Whether microglia directly propagate tau pathology is, however, still unclear. 

Functional studies are needed to elucidate the precise mechanisms, timing, and 

consequences of microglial response in tauopathies.  

 
The majority of functional studies investigating the topic has been carried out in rodents, largely 

due to the limited availability of primary human microglia or protocols for relevant in vitro 

microglia models. Some findings have been informative (summarised in section 1.8). Asai et 

al., 2015 and van Olst et al., 2020 demonstrated tau uptake by microglia in vivo. Following tau 
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internalisation, rodent microglia actively secreted seeding-competent tau encased in EVs to 

the extracellular space (Asai et al., 2015; Clayton et al., 2021; Crotti et al., 2019; B. Zhu et al., 

2022). Exposure to extracellular tau in vitro further promoted microglial phagocytosis of living 

neurons (Butler et al., 2021; Pampuscenko et al., 2020) but repeated incubation with phospho-

tau bearing neurons induced hypophagocytic and senescent microglial phenotype (J. H. 

Brelstaff et al., 2021). Microglia-specific pharmacological depletion significantly reduced tau 

propagation in two mice models of tauopathy (Asai et al., 2015).  

 
Together, the findings help provide an insight into the potential mechanisms by which microglia 

may affect tau pathogenesis. However, as discussed in section 1.10, rodent microglia do not 

accurately recapitulate human physiology. In addition, the majority of rodent tauopathy models 

rely on the overexpression of hTau protein (reviewed in Ren et al., 2015), and as such, offer 

limited value in understanding of the disease pathogenesis.  

 
Recent advances in iPSC technology in combination with genome editing strategies have 

created an unprecedented platform for studying the role of human microglia in tauopathies. 

We now have the opportunity to study the impact of tauopathy-associated gene variations on 

a molecular level, selectively manipulate individual variables to understand the mechanisms 

of microglial response to tau, and conduct high-throughput screens, all in a more authentic and 

relevant cell model. Studies using iPSC-microglia and pathogenic tau are already under-way. 

In a proof-of-concept study, Abud et al., 2017 demonstrated that iPSC-microglia internalise 

and direct AD brain-derived tau oligomers into the intracellular acidic compartments. 

Furthermore, Udeochu et al., 2023 showed that aggregated tau can induce cGAS-STING-IFN 

type 1 inflammatory and anti-viral pathway in iPSC-microglia, potentially underlying the loss of 

cognitive resilience through reduction in neuronal MEF2C transcription network. However, it 

should be noted that this study did not use demonstrably endotoxin-free tau protein (see 

section 3.1).  
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Crucially, the mechanisms surrounding uptake and clearance of pathogenic tau by iPSC-

microglia have never been systematically investigated. In addition, no study has inspected the 

role of LRRK2 protein in microglial tau processing despite its reported risk for PD development 

(Nalls et al., 2014a, 2019; Paisán-Ruıź et al., 2004; Simón-Sánchez et al., 2009; Zimprich et 

al., 2004) and PSP progression ((Herbst et al., 2022; Jabbari et al., 2021; Sanchez-Contreras 

et al., 2017), association with enhanced tau seeding (Cornblath et al., 2021; Nguyen et al., 

2018), macrophage and microglial cargo trafficking (H. Lee et al., 2020; Z. Liu et al., 2020; 

Moehle et al., 2015), endolysosomal pathway perturbations (Erb & Moore, 2020; Madureira et 

al., 2020), and overall innate inflammatory responses (I. Russo et al., 2022; Wallings & Tansey, 

2019) (see section 1.9 for details). Such studies are critical though, as they may help provide 

mechanistic insight into the microglial role in tauopathies and uncover potential druggable 

targets for translation into the clinic. 

 
I address the need in this chapter, using iPSC-macrophages and microglia to characterise 

microglial functional responses to endotoxin-free, human recombinant 2N4R tau protein in its 

monomeric and aggregated form. I hypothesize that impaired clearance of internalised tau by 

microglia may contribute to prion-like tau spreading in tauopathies. I therefore focus the 

investigation on tau uptake, clearance, and seeding capacity of tau processed by microglia 

(Figure 5.1). Additionally, I explore the influence of microglial LRRK2 on the aforementioned 

processes.  
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Figure 5.1: Workflow diagram 
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5.2   Results 

All experiments described within this chapter were first carried out using iPSC-macrophages 

as a simpler surrogate for iPSC-microglia, as previously explained in section 3.2. Some of the 

critical findings were also reproduced in the iPSC-microglia model. However, time constraints 

did not all for verification of all findings using both cell models, despite best efforts.  

 

5.2.1 iPSC-macrophages and microglia internalise tau in monomeric and 

aggregated form 

Tau uptake by healthy control-derived iPSC-macrophages and microglia was first visualised 

using overnight, live, time-course confocal microscopy (Figures 5.2A and B). Image inspection 

confirmed an overlap between DyLight 488-conjugated tau monomer and fibrils (section 2.3.6), 

and CellTracker-labelled cytoplasm or LysoTracker-labelled acidic intracellular compartments 

(section 2.1.7). A considerable portion of tau fibrils appeared to have lined the cell surface, 

raising questions about microglial ability to fully internalise tau fibrils. Scanning and 

transmission electron microscopy techniques were therefore selected next to inspect tau fibril 

uptake at higher resolution. iPSC-macrophages were incubated with vehicle or tau fibrils 

overnight, and prepared for image acquisition as described in sections 2.4.5 and 2.4.6. Image 

analyses revealed frequent tau fibril tethering to the cell plasma membrane (Figures 5.2C and 

E, blue arrows). Red arrows in Figures 5.2D and E point at a potential process of tau fibril 

uptake. The fibrils appeared to have associated with cell surface but the overall fibril length 

may have negatively affected the rate of internalisation by iPSC-macrophages. Though beyond 

the scope of this thesis, the impact of fibril size on uptake by microglia should be systematically 

investigated in the future. Sonication could be used to generate shorter fibrils. However, 

biochemical and biophysical properties of the sonicated preparation should be carefully 

characterised as tau and other amyloid fibril sonication has been reported to produce a mixture 

of small aggregates and potentially toxic oligomeric species rather than intact, shorter fibrils 

(Ghag et al., 2018). 
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Trypan blue fluorescence quenching in combination with flow cytometry readout was examined 

next to optimise the quantitation of internalised tau monomer and fibrils. Trypan blue is a cell-

impermeable azo dye reported to absorb light emitted by the green-yellow fluorescent 

compounds. It is widely used to quench cellular autofluorescence or extracellular green-

fluorescent signal emitted by surface-bound but non-internalised molecules (Graham et al., 

2013; Shilova et al., 2017). Following a 6-hour incubation of healthy control-derived iPSC-

macrophages with DyLight 488-conjugated tau monomer or fibrils, cells were fixed and 

harvested for a flow-cytometry analysis (section 2.4.2) in presence or absence of 2.5% trypan 

blue solution (Figure 5.3A). 488 nm laser with 525/40 detection channel was used to detect 

the DyLight 488 signal. Figure 5.3B describes the gating strategy. Untreated cells were 

analysed first to identify the single-cell and tau-negative populations (Figure 5.3B, ‘’Cells only’’ 

row). Tau-treated samples were analysed next to select for the tau-positive population (Figure 

5.3B, ‘‘Tau monomer incubation’’ and ‘’Tau fibril incubation’’ rows). Extracellular fluorescence 

quenching with trypan blue significantly reduced MFI of DyLight 488-tau fibril-positive 

population but not tau monomer-positive population (Figure 5.3C). These results confirmed the 

presence of non-internalised tau fibrils at the cell surface and highlighted the need for trypan 

blue extracellular fluorescence exclusion for an accurate quantitation of tau fibril internalisation. 

The protocol was therefore adopted in all further experiments. 

 
Tau concentration used thus far, 10 μg/mL (∼200 nM for the 2N4R tau isoform), was based on 

the published literature (Andersson et al., 2019; Asai et al., 2015). While it did not affect cell 

viability (Figure 5.3D), such concentration is likely higher than physiological. The precise 

extracellular tau concentration in the human brain is unknown but currently estimated in high 

pico- to low nanomolar range, based on in vivo microdialysis experiments measuring tau levels 

in the interstitial and cerebrospinal fluid of mice transgenic for human tau (Yamada et al., 

2011). Therefore, to optimise the exogenous tau concentration for further use, iPSC-

macrophages were treated with 0.1, 1, and 10 μg/mL of tau monomer or fibrils (∼ 2, 20, and 

200 nM respectively) for 6 hours, and tau internalisation was assessed by flow cytometry. 
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Significantly higher tau monomer and fibril internalisation was observed after cell treatment 

with 10 compared with 1 μg/mL treatment but no significant difference was detected between 

1 a 0.1 μg/mL tau treatment (Figure 5.3E). To maximise the physiological relevance and still 

challenge cells with sufficient levels of exogenous tau, I opted to use the tau preparation at 2.5 

μg/mL (∼50 nM) in all downstream experiments.   
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Figure legend on the next page. 
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Figure 5.2: iPSC-macrophages and microglia can internalise tau in monomeric and 

fibrillar form 

Representative, fluorescent confocal microscopy images of iPSC-macrophages (A.) and iPSC-microglia 

(B.) derived from a healthy control after 14-hour incubation with DyLight 488- conjugated tau monomer 

or fibrils. (C.) Scanning and (D., E.) transmission electron micrographs of iPSC-macrophages with tau 

fibrils tethered to the plasma membrane (blue arrows) and potentially in the process of fibril uptake (red 

arrows).  

(C.) Scale bar = 200 nm, magnification = 69.75K  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

171 

 

 



 

172 

 

Figure 5.3: Optimisation of tau internalisation assay in iPSC-macrophages 

(A.) Workflow diagram. (B.) Flow cytometry gating strategy. (C.) Flow cytometry analysis of DyLight 488-

tau monomer or fibril uptake by iPSC-macrophages in presence or absence of extracellular fluorescence 

quenching with trypan blue. n=1 in 3 control cell lines, two-way ANOVA with Šídák multiple comparison 

test, mean±SD, *p<0.05. (D.) Resazurin cell viability assay in healthy donor-derived iPSC-macrophages 

after 24-hour incubation with 10  μg/mL of  tau monomer or fibrils, relative to unstimulated control (n=3 

in 3 cell lines). (E.) Flow cytometry analysis of iPSC-macrophage uptake of DyLight 488-tau monomer 

or fibrils at increasing concentrations. n=1 in 3 control cell lines, two-way ANOVA with Tukey’s multiple 

comparison test, mean±SD, ***p<0.001.  
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5.2.2 Microglial LRP1 facilitates tau entry 

Next, I explored the mechanisms of tau internalisation by iPSC-macrophages and microglia. 

LRP1, a large (600 kDa) and ubiquitously expressed endocytic receptor from the family of 

closely related low-density lipoprotein (LDL) receptors (Beisiegel et al., 1989; Y. Li et al., 2000), 

has previously been described as the master regulator of tau uptake in neurons (Rauch et al., 

2020). Microglial tau receptor has not been clearly identified thus far.  

 
Immunocytochemistry revealed a clear and frequent colocalization of iPSC-macrophage-

expressed LRP1 with tau, following a 2-hour tau incubation (Figure 5.4A). The percentage of 

LRP1-positive tau monomer puncta was significantly higher compared with tau fibrils (Figure 

5.4B). I next sought to investigate whether LRP1 inhibition impacts tau internalisation. 

Receptor-associated protein (RAP) is a 39 kDa molecular chaperon binding LRP1 synthesized 

at the endoplasmatic reticulum, in order to prevent premature association with other ligands 

and enable successful delivery to the Golgi apparatus (Herz et al., 1991; Willnow et al., 1995, 

1996). RAP binds LRP1 tightly (Figure 5.4C) (De Nardis et al., 2017) but dissociates in acidic 

environments upon denaturation of its unstable three-helical bundle D3 domain. A synthetic, 

pH- and heat-stable form of RAP (referred to as sRAP throughout the thesis) was recently 

engineered by an introduction of disulfide bonds between the second and third helical D3 

domain, to maximise LRP1 inhibition (Prasad et al., 2015). iPSC-macrophage and microglia 

treatment with sRAP reduced tau uptake in a dose-dependent manner, as revealed by confocal 

microscopy (Figure 5.4E). The effect was not mediated by sRAP-induced cell cytotoxicity 

(Figure 5.4D). Flow cytometry quantitation confirmed the results. The presence of 500 nM 

sRAP in culture medium concurrently with tau significantly reduced the percentage of tau 

monomer- and tau fibril-positive iPSC-macrophages and microglia. Tau monomer MFI but not 

tau fibril MFI was significantly decreased in both cell models. Overall, these findings suggested 

human microglia internalise tau monomer via LRP1-mediated endocytosis but an alternative 

entry route may also exist for tau fibrils (Figure 5.4F) 
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Figure legend on the next page. 
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Figure 5.4: LRP1 mediates tau entry to iPSC-macrophages and microglia 

(A.) Representative confocal microscopy images of LRP1 colocalising with DyLight 488-conjugated or 

anti-Tau12 immunostained tau monomer and fibrils after 2-hour incubation with iPSC-macrophages. (B.) 

Quantification of A. Two-way ANOVA with Šídák multiple comparison test, n=3 in 3 control cell lines. 

(C.) Schematic of LRP1 and LRP1–RAP binding sites (adapted from Rauch et al, 2020). (D.) Resazurin 

cell viability assay in iPSC-macrophages and microglia following 2-hour sRAP incubation, relative to the 

unstimulated control (n=1 in 3 control cell lines per cell type). (E.) 2-hour incubation of iPSC-

macrophages and microglia with sRAP and tau reduces tau uptake in a dose-dependent manner. 

Representative confocal microscopy images. (F.) Flow cytometry analysis of 2-hour DyLight 488-tau 

monomer and fibril uptake in presence or absence of 500 nM sRAP. Two-way ANOVA with Bonferroni’s 

multiple comparison test, n=1 in 3 lines in both iPSC-macrophages and microglia. 

All data is displayed as mean±SD, ** p<0.01, *** p<0.001, **** p<0.0001. 

MFI = mean fluorescence intensity in tau-positive cells.  
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To supplement the results obtained by pharmacological LRP1 inhibition, I investigated tau 

uptake in CRISPR/Cas9-induced LRP1 KD iPSC-macrophages.  

 
The lentiviral-mediated CRISPR/Cas9 genome editing has emerged as a powerful way for 

manipulating gene expression in various iPSC-derived cell types. Unlike neurons or astrocytes, 

mature microglia are typically resistant to lentiviral transduction owing to the cell’s essential 

role in pathogen defence (reviewed in Maes et al., 2019). Creating a stably-transduced iPSC 

line or using CRISPR/Cas9 ribonucleoprotein complex to directly KO a gene in iPSCs could 

bypass the issue. However, the process is lengthy, requires clone selection, and can be further 

complicated by the population bottleneck arising during the differentiation process. 

 
An alternative platform for gene manipulation directly in iPSC-microglia was recently optimised 

by Dr Sam Washer in our lab (see section 2.2.2, Figure 5.5A). The method relies on co-

transduction of microglia precursors with VLP-packaged Vpx along with the lentiviral Cas9-

gRNA pools on differentiation day 0. The HIV-2- and related SIV-encoded accessory protein 

Vpx facilitates proteasomal degradation of SAMHD1, a potent triphosphohydrolase of 

deoxynucleotides (dNTPs), thus increasing the pool of cytoplasmic dNTPs available for an 

efficient RNA reverse transcription (Hofmann et al., 2012; Lahouassa et al., 2012). The use of 

Vpx was previously demonstrated to improve lentiviral transduction of SAMHD1-expressing 

myeloid cells (Bobadilla et al., 2013; Dolan et al., 2022; Laguette et al., 2011). Dr Sam Washer 

showed also a significant transduction efficiency increase in iPSC-microglia when Vpx is 

included (manuscript in preparation). 

 
I utilised this method to manipulate the LRP1 gene expression in iPSC-macrophages (Figure 

5.5A). LRP1- or INTG region-targeting CRISPR/Cas9 lentiviruses were produced in HEK293T 

cells (sections 2.2.2.1 and 2.2.2.2). A pool of three LRP1, and a pool of eight INTG gRNAs 

were used to ensure target efficiency. Macrophage precursors were then harvested from 

differentiation factories (section 2.1.3) and co-transduced at the start of differentiation.  
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First, lentiviral titer was determined with puromycin selection (section 2.2.2.3). 32.8% and 

24.9% of iPSC-macrophages were successfully transduced following the incubation with 1:400 

dilution of the LRP1- and INTG-gRNA lentivirus stocks, respectively, corresponding to MOI~0.7 

(Figure 5.5B). This MOI was selected for all downstream assays.  

 
WB analysis of macrophage lysates subsequently confirmed significant LRP1 protein reduction 

upon Cas9-LRP1 gRNA lentivirus transduction (Figure 5.5C). The findings are in line with the 

expected LRP1 KD as this editing strategy omits the pure clone selection, and results in 

homozygous and heterozygous population mix. Neither transduction with Vpx VLPs nor Cas9-

INTG gRNA lentivirus affected LRP1 protein levels, confirming LRP1 gRNA target specificity. 

 
Functional consequences of LRP1 KD were examined next. Flow cytometry analysis of surface 

LRP1 expression and tau uptake was performed following 2-hour incubation of LRP1 KD iPSC-

macrophages with vehicle, DyLight 488-tau monomer, or DyLight 488-tau fibrils (Figure 5.5A). 

Puromycin selection was omitted in this experiment to prevent microglial phagocytosis of dead, 

untransduced cells from affecting the microglial tau uptake. Lentiviral transduction impacted 

the cell size and granularity. MFI of the cell surface LRP1 and internalised DyLight 488-tau are 

therefore expressed as relative to the individual condition-associated autofluorescence 

(Figures 5.5D and E). LRP1 KD in iPSC-macrophages significantly reduced surface LRP1 

expression (Figure 5.5D) as well as overall percentage of tau monomer- or tau fibril-positive 

cells (Figure 5.5E). Gating strategy separating the surface LRP1-negative and positive 

populations is described in Figure 5.5F. The analysis revealed significant reduction of 

internalised tau levels in surface LRP1-negative cells following Cas9-LRP1 gRNA lentivirus 

transduction.  

 
Altogether, both genetic and pharmacological LRP1 inhibition converged on the same finding 

that LRP1 facilitates tau entry in iPSC-macrophages and microglia. The LRP1 KD-mediated 

decrease in tau internalisation was smaller compared with that observed after sRAP LRP1 
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inhibition (Figures 5.5E and F). However, this was most likely caused by the modest % LRP1 

KD using this particular genetic approach. 
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Figure legend on the next page. 
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Figure 5.5: CRISPR-Cas9 mediated LRP1 KD in iPSC-macrophages reduces tau uptake 

(A.) Workflow schematic. To ensure successful genome editing, iPSC-macrophages are co-transduced 

with Cas9-gRNA lentivirus and VLP-packaged Vpx counteracting SAMHD1-induced inhibition of viral 

reverse transcription. (B.) Lentiviral titer in iPSC-macrophages determined by resazurin cell viability after 

puromycin selection. (C.) Western blot confirmation of LRP1 KD. One-way ANOVA with Tukey’s multiple 

comparisons test. (D.) iPSC-macrophage transduction with Cas9-LRP1 gRNA lentivirus reduces % 

surface LRP1+ve cells and (E.) % tau+ve cells. One-way ANOVA with Šídák’s multiple comparisons 

test for D, two-way ANOVA with Tukey’s multiple comparisons test for E. Relative MFI = MFI relative to 

condition-associated autofluorescence. (F.) Reduction in surface LRP1 following Cas9-LRP1 gRNA 

transduction of iPSC-macrophages is associated with decreased levels of internalised tau. Two-way 

ANOVA with Tukey’s multiple comparisons test. 

n=1 in in 3 control cell lines. All data is displayed as mean±SD, * p<0.05, ** p<0.01, **** p<0.0001. 
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5.2.3 Microglial LRRK2 influences tau uptake 

In parallel with the investigation of microglial tau receptor, I explored the role of microglial 

LRRK2 on tau uptake. Isogenic LRRK2 WT and LRRK2 KO lines, as well as G2019S LRRK2 

PD patient-derived lines (sections 1.11, 2.1.1) were differentiated to iPSC-macrophages and 

microglia, and labelled with CellTracker Deep Red and LysoTracker DND-99 to visualise their 

cytoplasm and acidic compartments, respectively (section 2.1.7). The cells were then 

monitored using live using time-course confocal microscopy during an incubation with 2.5 

μg/mL DyLight 488-conjugated tau monomer or fibrils. Figures 5.6A and B show representative 

images taken at 6- and 14-hour timepoints. Visual image inspection indicated that LRRK2 KO 

cells may have internalised less tau in both monomeric and aggregated form.  

 
A follow-up flow-cytometry analysis of 6-hour tau uptake was performed to quantitate the 

results and to further elucidate whether tau internalisation is LRRK2 kinase-dependent. (Figure 

5.6C). Gating strategy is explained in Figure 5.6D.  Similar to the findings in Figure 3.6, the 

varying cell size and granularity associated with LRRK2 genotype affected baseline 

intracellular autofluorescence levels (Figure 5.6E). The MFI of internalised tau was therefore 

expressed as relative to the individual cell line autofluorescence. G2019S iPSC-macrophages 

internalised significantly more tau monomer and fibrils compared with LRRK2 WT. Conversely, 

LRRK2 KO cells internalised significantly less tau than LRRK2 WT, but only in the monomeric 

form (Figure 5.6F). Neither upregulation of endogenous LRRK2 levels with 72-hour IFNg pre-

stimulation (H. Lee et al., 2020), nor inhibition of LRRK2 kinase activity with Mli-2 affected the 

rate of tau monomer or fibril internalisation by LRRK2 WT and KO cells (Figure 5.6G). 

Interestingly, IFNg treatment of G2019S iPSC-macrophages appeared to have significantly 

decreased monomeric and fibrillar tau uptake (Figure 5.6G). Overall, these findings suggested 

the LRRK2 genotype does influence tau internalisation by iPSC-macrophages but the effect is 

not reversed by short-term pharmacological inhibition of LRRK2 kinase activity.  
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Figure legend on the next page. 
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Figure 5.6: LRRK2 influences tau uptake 

LRRK2 WT, KO, and G2019S iPSC-macrophages (A.) and iPSC-microglia (B.) internalising DyLight 

488-conjugated tau monomer or fibrils for 6 or 14 hours. Representative confocal microscopy images. 

Cell cytoplasm is labelled with CellTracker Deep Red (red) and lysosomes with LysoTracker DND-99 

(yellow). (C.) Workflow diagram. (D.) Flow cytometry gating strategy for tau-positive cells. (E.) The 

difference in cell morphology (size and granularity) between LRRK2 cell lines is associated with varying 

levels of cell autofluorescence. (F. - G.) MFI of internalised tau monomer or fibrils after 6-hour incubation 

with iPSC-macrophages, relative to individual cell-line autofluorescence. Open symbols represent 

values for LRRK2 WT cell line isogenic to the LRRK2 KO. 

Two-way ANOVA with Dunnett’s multiple comparisons test for F.  

Two-way ANOVA with Tukey’s multiple comparisons test for G. 

n=3 in x2 LRRK2 WT lines, x1 LRRK2 KO line, x3 G2019S LRRK2 lines.  

All data is displayed as mean±SD, ** p<0.01, **** p<0.0001. 
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5.2.4 LRRK2 affects LRP1-tau complex recycling in iPSC-macrophages 

Further efforts focused on elucidating the mechanisms by which LRRK2 participates in tau 

internalisation by iPSC-macrophages. Previous work in our lab demonstrated that LRRK2 

recruited its bona-fide kinase substrates, Rab8a and Rab10, to maturing phagosomes, 

possibly regulating the trafficking of the internalised cargo (H. Lee et al., 2020). Coincidentally, 

a literature search revealed that LRP1 colocalises with Rab8a to signalling sites on 

micropinosomes in human and mouse primary macrophages (L. Luo et al., 2018), and that in 

retinal Müller glial cells, Rab10-dependent exocytosis is needed for trafficking of the 

internalised LRP1 back to the plasma membrane (Jaldín-Fincati et al., 2019). Based on the 

suggested interplay between LRRK2, LRRK2 substrates, and LRP1, I hypothesised that 

LRRK2 may influence tau internalisation by regulating the LRP1-tau complex trafficking. I 

focused on the mechanisms of tau monomer internalisation as previous finding from sections 

5.2.2 and 5.2.3 suggested less clear involvement of LRP1 and LRRK2 in tau fibril uptake. 

 
Healthy control-derived iPSC-macrophages were incubated with DyLight 488-conjugated tau 

monomer for 2 hours, then immunostained for LRRK2, LRP1, pRab8a, and pRab10. Image 

analysis revealed colocalisation of LRRK2, pRab8a, and pRab10 each with tau monomer 

alone, as well as with double-positive LRP1-tau puncta (Figure 5.7A). IFNg-induced increase 

in LRRK2 expression enhanced the colocalization frequency. LRRK2 and pRab8a but not 

pRab10 appeared to be recruited to LRP1-tau complex more frequently compared to tau 

monomer alone. It is important to note, however, that the pRab8a antibody is not entirely target 

specific and can cross-react pRab3A, pRab10, pRab35 and pRab43 (Lis 2018). Statistical 

analysis was not performed on this data set as this experiment was carried out only once thus 

far.  

 
Following the immunocytochemistry results, I sought to examine whether LRRK2 is necessary 

for the recruitment of pRab8a and pRab10 to LRP1-tau complex using the isogenic LRRK2 

WT and LRRK2 KO cell line pair. Time constraints and the lack of reagents allowed only for 
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n=1 experiment, with no label against the internalised tau. Nevertheless, visual image 

inspection of LRRK2 KO iPSC-macrophages following 2-hour tau monomer incubation 

revealed the lack of pRab10 signal compared with the LRRK2 WT iPSC-macrophages (Figure 

5.7B). Some pRab8a signal was observed in LRRK2 KO cells but this could potentially be 

attributed to the non-specificity of the antibody (see above paragraph). 

 
To further examine LRRK2 influence on LRP1-tau complex trafficking, I measured the cell-

surface and total LRP1 levels at baseline and post 2-hour tau monomer incubation using two 

independent techniques. Regardless of their LRRK2 genotype, all iPSC-macrophages 

expressed the same total LRP1 levels at baseline, confirmed by WB (Figure 5.7C, ‘’- Tau’’) 

and flow cytometry (Figure 5.7E, ‘’- Tau’’). However, G0291S cells significantly upregulated 

their total LRP1 levels, following 2-hour tau monomer incubation (Figures 5.7C and E, “+ Tau’’). 

WB analysis (Figure 5.7D, ‘’- Tau’’) but not flow cytometry analysis (Figure 5.7F, ‘’- Tau’’), 

indicated that LRRK2 KO iPSC-macrophages may express overall reduced amount of surface 

LRP1 at baseline. Importantly, both techniques confirmed the surface LRP1 levels decrease 

significantly upon tau incubation in G2019S macrophages but remain unchanged in LRRK2 

KO cells (Figures 5.7D and F, ‘’- Tau’’ vs ‘’+ Tau).  

 
Altogether, the findings confirmed the hypothesis that the enhanced tau monomer 

internalisation observed in patient-derived G2019S iPSC-macrophages and microglia may be 

mediated by a more efficient LRRK2-mediated receptor-cargo complex trafficking in these 

cells.  
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Figure legend on the next page. 
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Figure 5.7: LRRK2 enhances LRP1-tau complex internalisation 

(A.) LRRK2 and its Rab GTP-ase substrates colocalise with LRP1-tau monomer complex in control 

iPSC-macrophages following 2-hour tau incubation (n=1 in 3 LRRK2 WT cell lines). Representative 

confocal microscopy images in IFNg-stimulated iPSC-macrophages. (B.) Representative LRRK2, 

pRab8a, pRab10, and LRP1 immunostaining in isogenic LRRK2 WT and KO iPSC-macrophage 

pair. (C.) Western blot analysis of total and (D.) biotinylated surface LRP1 levels in iPSC-

macrophages at baseline (red) and after 2-hour tau monomer stimulation (purple). n=2 in 3 LRRK2 

WT, 1 LRRK2 KO, 3 G2019S lines for the total, and n=3 in 2 LRRK2 WT, 1 LRRK2 KO, 2 G2019S 

lines for the surface protein levels. (E.) FACS analysis of total and (F.) surface LRP1 levels in iPSC-

macrophages at baseline ( ‘’-Tau,’’ red) and after 2-hour tau monomer stimulation (‘’+Tau,’’ purple). 

MFI relative to individual cell-line isotype. n=2 in 3 LRRK2 WT, 1 LRRK2 KO, 3 G2019S patient 

lines.  

C-F. Two-way ANOVA with Šídák’s multiple comparisons test, mean±SD, * p<0.05, ** p<0.01. Open 

symbols represent values for LRRK2 WT cell line isogenic to the LRRK2 KO. 
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5.2.5 iPSC-macrophages efficiently degrade monomeric but not fibrillar tau  

Clearance of tau monomer and fibrils internalised by iPSC-macrophages was characterised 

next.  

 
First, I explored the intracellular degradation pathways by which the internalised tau may get 

hydrolysed. iPSC-macrophages were either fixed at the end of an overnight incubation with 

tau monomer or fibrils (Pulse), or allowed to process the internalised tau in presence or 

absence of degradation pathway-specific drugs for 24 hours (Chase) (Figure 5.8A). 

Intracellular tau levels were quantified by anti-tau immunostaining and confocal microscopy. 

The amount of tau remaining within iPSC-macrophages post clearance was plotted as relative 

to the amount of internalised tau. Neither protease inhibitors (a combination of leupeptin, 

pepstatin A, and E64d, as per previous use in Chapter 3, nor the 26S proteasome inhibitor 

(MG-132, section 2.1.8) significantly inhibited tau monomer clearance, though slightly more 

tau remained intracellularly in the presence of protease inhibitors (29%) compared with vehicle 

(22%). Fibrillar tau clearance was significantly inhibited by drugs targeting both types of 

degradation pathways (Figures 5.8B and C). 

 
I then investigated whether clearance of the internalised tau is affected by the exogenous tau 

concentration, the incubation length, or the length of time allowed for post-uptake processing. 

Intracellular tau levels were quantified with immunostaining against tau. Tau released to 

conditioned medium during clearance was determined with total tau ELISA. The experiment 

design is detailed in Figure 5.9A. 
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Figure legend on the next page. 
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Figure 5.8: Investigating degradation of tau internalised by iPSC-macrophages 

(A.) Experimental workflow. (B.) Representative confocal microscopy images of tau uptake (pulse) and 

clearance (chase) in the presence or absence of lysosomal protease or proteasome inhibitors. iPSC-

macrophages are immunostained with anti-Tau12 and DAPI. (C.) Quantification of B. n=2 in 3 control 

lines, two-way ANOVA with Dunnett’s multiple comparisons test, mean±SD,  * p<0.05, ** p<0.01. 

Both chase and pulse MFI are normalised to the number of cells.  
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Figure legend on the next page. 
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Figure 5.9: Tau clearance is dependent on its conformation, concentration and 

incubation length  

(A.) Experimental workflow. (B.) Passive dissociation of tau from tissue-culture plate does not explain 

the presence of tau in the conditioned media. (C.) Quantification of tau monomer/fibril internalisation 

(pulse) and clearance (chase) by iPSC-macrophages. Intracellular tau levels were quantified by anti-

Tau 12 immunostaining (MFI), relative to the number of cells. The amount of tau in the conditioned 

media was determined with total tau ELISA relative to the number of cells. 

n=2 in x3 control cell lines.  

Two-way ANOVA with Tukey’s multiple comparisons test, mean±SD, * p<0.05, ** p<0.01, *** p<0.001.  
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The percentage of non-cleared tau monomer was on average lower compared with the fibrils, 

suggesting tau monomer clearance is more efficient (Figure 5.9C, % Non-cleared monomeric 

tau vs % Non-clear fibrillar tau). Long-term (24-hour) incubation of cells with tau monomer at 

high concentration (10 μg/mL) significantly reduced the internalised tau clearance compared 

with short-term (6-hour) incubation at the same concentration. However, the effect was only 

evident at short-term (6-hour) clearance timepoint, indicating that iPSC-macrophages may be 

able to successfully process tau monomer even at high concentrations, if sufficient processing 

time is allowed (Figure 5.9C, % Non-cleared monomeric tau). 

 
Tau fibril clearance appeared dependent on the length of the clearance phase (Figure 5.9C, 

% Non-cleared fibrillar tau). Significantly more tau fibrils were cleared after 24 hours compared 

with the 6-hour clearance timepoint but only following a short-term fibril uptake (6 hours). In 

contrast, after 24-hour fibril incubation, the cells have cleared less than 75% of the internalised 

fibrils, regardless of the length of time allowed for cargo processing. Altogether, the data 

indicated tau fibril clearance by iPSC-macrophages may be possible if low internalised 

quantities can be processed over a sufficient period of time. However, long-term tau fibril 

uptake significantly impairs their clearance. 

 
Tau release to conditioned medium during the clearance phase was strongly affected by the 

exogenous tau concentration. Significantly more tau was detected in the medium after cells 

had been presented with high exogenous concentrations of tau, regardless of tau conformation 

(Figure 5.9C, Released tau graphs). However, fibrillar tau incubation resulted in overall more 

tau release than monomeric tau incubation. Importantly, the data revealed a potential 

relationship between fibrillar tau clearance and release to medium. Following a long-term (24-

hour) fibrillar tau uptake at high concentration, the internalised tau accumulated within the cells 

(Figure 5.9C, % Non-cleared fibrillar tau), and significantly more tau was released to medium 

after 24 hours compared with the short-term fibrillar tau uptake (Figure 5.9C, Released tau 

graph, Tau fibrils incubation panel). The association between the lack of intracellular fibrillar 

tau clearance and enhanced extracellular tau release indicates that tau release to medium 
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may serve as a mechanism by which cells alleviate stress from the accumulating intracellular 

load.  

 
In parallel with the investigation, a control experiment was performed to ensure the tau 

detected in the conditioned medium had been actually processed and released by iPSC-

macrophages and not a contamination from tau adhered to the plate surface (Figure 5.9B). 

High concentration (10 μg/mL) of tau monomer and fibrils was allowed to adhere to the plastic 

surface of a cell-free, standard, 96-well tissue culture plate for 6 or 24 hours. After the 

incubation, the tissue culture plate was washed with TryplETM and PBS to remove non-

adherent tau (Michel et al., 2014), and incubated for 24 hours in iPSC-macrophage medium. 

The amount of tau detected in the medium by tau ELISA at the end of the incubation was below 

detection point (<31 pg/ mL). The results minimise the possibility that tau present in the 

conditioned medium following incubation with iPSC-macrophages (Figure 5.9C, Released tau) 

passively diffused into medium from the tissue-culture plate surface.  

 
5.2.6 LRRK2 affects tau clearance 

Following the characterisation of tau clearance by healthy control-derived iPSC-macrophages, 

I sought to test the impact of LRRK2 genotype on the process (Figure 5.10A). To increase 

detection accuracy, intracellular tau levels were quantified with two independent methods; anti-

tau immunostaining of fixed cells and tau ELISA of cell lysates. Tau ELISA was also used to 

determine tau amount in the conditioned medium.  

 
LRRK2 genotype had no significant effect on clearance of the internalised tau monomer 

(Figures 5.10B-E). In contrast, fibrillar tau clearance was strongly affected by LRRK2. 

Significantly lower amount of tau fibrils remained unprocessed within G2019S iPSC-

macrophages compared to LRRK2 WT. Conversely, unprocessed tau fibrils appeared to 

accumulate within LRRK2 KO macrophages (Figures 5.10B-D). Moreover, without LRRK2, 

cells released significantly more tau to conditioned medium, in line with findings from section 

5.2.5 suggesting that intracellular fibril accumulation leads to enhanced extracellular tau 
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release (Figure 5.10 E). Overall, the results suggest LRRK2 may be needed for successful 

intracellular degradation of tau fibrils.  
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Figure legend on the next page. 
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Figure 5.10: LRRK2 influences tau clearance 

(A.) Experiment workflow. (B.) Representative confocal microscopy images of tau uptake (Pulse) 

and intracellular clearance (Chase) in LRRK2 WT, KO, and G2019S iPSC-macrophages 

immunostained with anti-Tau12 and DAPI. (C.) Quantification of B. n=2 in x2 LRRK2 WT, x1 LRRK2 

KO, and x3 G2019S lines. (D.) Total tau ELISA quantification of non-cleared intracellular tau 

remaining in iPSC-macrophages lysates post 24-hour clearance. n=1 in x3 LRRK2 WT, x1 LRRK2 

KO, and x3 G2019S lines. (E.) Total tau ELISA quantification of tau in the conditioned media post 

24-hour clearance. n=3 in x2 LRRK2 WT, x1 KO, and x3 G2019S lines.  

Two-way ANOVA with Dunnett’s multiple comparisons test. All data is displayed as mean±SD, * 

p<0.05, ** p<0.01, **** p<0.0001. 
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5.2.7 Prion-like capacity of tau processed by iPSC-macrophages 

The final set of experiments interrogates the contribution of human microglia and microglial 

LRRK2 to prion-like tau propagation.  

 
LRRK2 WT, KO, and G2019S iPSC-macrophages were pulsed with vehicle, monomeric, or 

fibrillar tau overnight, followed by a 24-hour clearance period. Conditioned medium, and cell 

lysates containing soluble (Triton fraction in 1% Triton lysis buffer) or sarkosyl-insoluble (SDS 

fraction in 1% SDS lysis buffer) tau were then collected and applied to 4R tau RT-QuIC assay 

in collaboration with Alessia Santambrogio from the Vendruscolo lab at the University of 

Cambridge (Figure 5.11A, section 2.4.9).  

 
RT-QuIC is an ultra-sensitive and specific biochemical assay providing insight into the dosage 

and conformational strain of proteopathic aggregates in biospecimen. Initially developed for 

the diagnosis of prion diseases (Atarashi et al., 2011; Wilham et al., 2010), the assay has been 

lately adapted to test the presence of a-syn (Bongianni et al., 2019; Candelise et al., 2019; 

Fairfoul et al., 2016; Groveman et al., 2018; Shahnawaz et al., 2017) and tau seeds (Kraus et 

al., 2019a; Metrick et al., 2020a; Saijo et al., 2017, 2020a; Tennant et al., 2020) in clinical 

samples (reviewed in Vascellari et al., 2022). The 4R tau RT-QuIC assay utilised in this thesis 

detects the ability of 4R tau in sample to induce templated conversion of a monomeric tau 

substrate to an aggregate. The conversion is measured by a time-dependent increase in ThT 

fluorescence intensity above background threshold upon detection of b-sheet structures 

(Figure 5.11B). Previous version of the assay (Saijo et al., 2020a) used a cysteine-free, poly-

histidine-tagged K18 tau fragment as the monomeric tau substrate (von Bergen et al., 2001). 

Following the determination of cryo-EM structures of tau filaments from 4R tauopathy patient 

brains (Y. Shi et al., 2021; W. Zhang et al., 2020), the K18 fragment was extended to tau aa 

residue 400 to create a novel K11 substrate used in this thesis to encompass the entire fibril 

core of typical 4R tau aggregates (Figure 5.11C).  
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No seeding activity was detected in neither of the cell lysate fractions nor in the conditioned 

medium collected from cells treated with vehicle or tau monomer. In contrast, SDS-soluble cell 

lysate fraction and conditioned medium collected from tau fibril-treated cells both showed 

positive K11 seeding. The SDS-soluble cell lysate fraction containing non-cleared, sarkosyl-

insoluble tau produced strong, kinetically fast, and consistent ThT responses, regardless of 

LRRK2 genotype. In comparison, tau released to the conditioned medium by iPSC-

macrophages treated with tau fibrils showed more variable ThT fluorescence, weaker in 

amplitude, and longer nucleation time (Figure 5.11D). 

 
Potential confounding effect of the Triton and SDS lysis buffers as well as the iPSC-

macrophage culture medium on the reaction kinetics was also investigated (Figure 5.11E). 

Interestingly, SDS lysis buffer alone showed efficient templation of the K11 substrate, unlike 

Triton lysis buffer or macrophage culture medium. We speculate that the effect could have 

been caused by SDS-induced fragmentation of the spontaneously-forming K11 aggregates, 

leading to multiple secondary nucleation events. Due to this potentially confounding effect, 

data described in Figure 5.11D (SDS fraction) should be interpreted with caution.   

 
Lastly, we analysed the reaction half-times (t1/2) to understand the influence of LRRK2 on the 

seeding kinetics (Figure 5.11F). T1/2 refers to time required for ThT fluorescence to increase 

by 50% of its maximum intensity. No significant differences were found between any of the 

conditions tested. However, sarkosyl-insoluble tau accumulating in G1029S iPSC-

macrophage lysates post tau fibril clearance, exhibited faster reaction times (mean t1/2 = 8.97 

hours) compared with the LRRK2 WT (mean t1/2 = 12.11 hours). Conversely, insoluble tau 

accumulating in LRRK2 KO cells following tau fibril incubation showed slower ThT increase 

compared with LRRK2 WT (mean t1/2 = 13.27 hours). The opposite was true for conditioned 

medium samples. Without LRRK2, cells released tau capable of slightly faster seeding activity 

(mean t1/2 = 41.53 hrs) compared to LRRK2 WT cells (mean t1/2 = 54.74 hrs).  
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Figure 5.11: Investigating the seeding competency of tau processed by iPSC-

macrophages 

(A.) Workflow diagram. Conditioned media and cell lysates from iPSC-macrophages were collected 

following tau uptake and clearance, and applied to 4R tau RT-QuIC assay. (B.) ThT readout is used to 

detect the sample capacity to template K11 monomeric tau fragment to b-sheet-rich aggregates in the 

updated assay version. (C.) Schematics of K18 and K11 4R tau RT-QuIC assay substrates. (D.) 

Representative seeding activity of samples collected LRRK2 WT, KO and G2019S iPSC-macrophages 

in (A.). Total protein levels in cell lysates and media were normalised to the 1 and 5 mg/mL, respectively. 

Cell lysates were applied to the reaction buffer at 1:10,000 dilution, conditioned media at 1:100, to 

account for tau concentration differences. Individual, technical replicate reactions are shown in each 

panel (minimum of n=7). Biological replicates: n=1 in x3 LRRK2 WT, x1 LRRK2 KO, x3 G2019S lines. 

(E.) Seeding capacity of cell lysate buffers and iPSC-macrophage media alone. Minimum of 4 individual 

technical replicate is shown. (F.) t1/2 calculated from (D.): sigmoidal dose-response, variable slope, 

logEC50. Values are displayed as mean±SD. Two-way ANOVA with Tukey’s multiple comparisons test.  
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5.3   Discussion  

Genetic, epidemiological, as well as interventional studies in rodents have consistently 

implicated microglia in tau pathogenesis. But direct evidence of human microglial contribution 

to tau pathogenesis in tauopathies is missing. In this chapter, I investigated whether impaired 

microglial processing of tau may underlie the propagation of prion-like tau species, using iPSC-

macrophages and microglia and endotoxin-free, human recombinant 2N4R tau.  

 
First, I focused on characterising microglial tau internalisation. Past functional studies have 

already showed that various microglia models can take up tau from the extracellular space 

(Abud et al., 2017; Asai et al., 2015; Bolós et al., 2016b; W. Luo et al., 2015; Majerova et al., 

2014; Stancu et al., 2019; B. Zhu et al., 2022; Zilkova et al., 2020) as well as tau-containing 

neurons (J. Brelstaff et al., 2018; J. H. Brelstaff et al., 2021; Pampuscenko et al., 2020). Little 

is still known about the precise mechanisms by which microglia internalise tau. Soluble 

monomeric and oligomeric tau were found to interact with CX3CR1 (Bolós et al., 2016b) and 

P2Y12 (Chinnathambi & Das, 2023) microglial chemoattractant receptors. Considerable 

attention has also focused on the TREM2 receptor based on previous reports of Ab uptake via 

TREM2 (Yeh et al., 2016; Zhao et al., 2018) but Zhu et al., 2022 recently clearly showed no 

difference in tau uptake following microglial TREM2 KO in vitro. 

 
Our data demonstrates for the first time that human microglia internalise tau via LRP1. LRP1, 

also known as the ApoE receptor, is type I glycosylated, ubiquitously expressed, 

transmembrane protein involved in the endocytosis of extracellular molecules as well as in 

signal transduction regulating lipid homeostasis and inflammatory processes (reviewed in 

Gonias & Campana, 2014). Following 2-hour tau monomer incubation with iPSC-

macrophages, we observed 73.2% and 69.9% LRP1-positive, anti-tau12-stained or DyLight 

488-conjugated tau puncta, respectively (Figure 5.4). Pharmacological and genetic LRP1 

perturbations significantly reduced monomeric tau uptake, overall pointing to LRP1-mediated 

monomeric tau endocytosis (Figures 5.4 and 5.5).  
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Receptor mediated endocytosis is a form of micropinocytosis by which cells selectively 

internalise small soluble molecules into vesicles formed by the invagination of plasma 

membrane. Micropinocytosis may further require vesicle scaffold proteins, including clathrin 

and caveolin, or can be clathrin/caveolin-independent (Solé-Domènech et al., 2016). Whether 

scaffold proteins are necessary for LRP1-mediated monomeric tau endocytosis in microglia 

was beyond the scope of this thesis. Such investigation could, however, provide valuable 

insight into internalised tau processing pathways, since the mode of cargo uptake by microglia 

shapes their effector function (Kiss & Botos, 2009; S. Kumari et al., 2010). Interestingly, a 

vascular smooth muscle cell study demonstrated increased LRP1 expression following P2Y12 

receptor (P2Y12R) activation with ADP (J. Chen et al., 2020). Considering the previously 

reported P2Y12R and tau interaction (Chinnathambi & Das, 2023), P2Y12R-LRP1 interplay in 

monomeric tau uptake could be another valuable hypothesis to examine in the future.  

 
Only 32.1 and 37.1% anti-tau12-stained and DyLight 488-conjugated tau puncta colocalised 

with LRP1 following 2-hour tau fibril incubation with iPSC-macrophages (Figure 5.4). Tau fibril 

uptake was also less affected by LRP1 inhibition with sRAP and LRP1 knockdown, compared 

with tau monomer uptake (Figures 5.4 and 5.5). The data suggests an alternative route of 

entry, besides LRP1, may exist for tau fibrils in human microglia. Reduced but not inhibited tau 

fibril uptake following LRP1 silencing in neurons (Rauch et al., 2020) confirms our findings. 

Aggregated tau species were previously reported to bind HSPGs on microglial surface (Funk 

et al., 2015a). HSPGs are highly interactive, ubiquitously expressed, cell surface and 

extracellular matrix glycoproteins. HSPGs are constitutively endocytosed via fluid-phase 

macropinocytosis (Christianson & Belting, 2014; Sarrazin et al., 2011). Given that homeostatic 

microglia use pinocytosis to constantly survey their environment (Booth & Thomas, 1991; 

Canton, 2018; Ranson & Thomas, 1991), macropinocytic uptake of tau fibrils bound to HSPGs 

should be investigated in the future. Importantly, LRP1 often forms a co-receptor complex with 

HSPGs (Bres & Faissner, 2019), as was shown in the case of Ab (Kanekiyo et al., 2011) and 

ApoE/lipoprotein particle (Wilsie & Orlando, 2003) uptake. Such co-dependent uptake 



 

214 

regulation could explain why inhibition of microglial LRP1 only partially affected tau fibril uptake 

in our results. 

 
Overall, LRP1 has emerged from this thesis as an important regulator of tau uptake in 

microglia. Given its reported involvement in the uptake of tau in neurons (Rauch et al., 2020) 

as well as other proteopathic seeds, including ab (Shinohara) (Shinohara et al., 2017), a-syn 

(Chen et al., 2022), and cellular prion protein (Jen et al., 2010; Taylor & Hooper, 2007), 

manipulation of LRP1 levels could potentially be explored for therapeutic purposes across 

multiple neurodegenerative diseases.  

 
Of note is also the CRISPR/Cas9-mediated gene editing platform used in this chapter to 

knockdown LRP1. Dr Sam Washer (manuscript in preparation) and Dolan et al., 2022 

independently demonstrated that SAMHD1 degradation by Vpx delivered simultaneously with 

Cas9-gRNA of interest to iPSC-microglia, overcomes the long-standing issues with lentiviral 

transduction of SAMHD1-expresing myeloid cells (Navarro-Guerrero et al., 2021). Successful 

LRP1 KD in iPSC-macrophages shown in this chapter further demonstrates the method 

suitable for stable gene delivery in an in vitro model of human microglia (Figure 5.5)   

 
Microglial internalisation of neurodegeneration-associated proteins has been traditionally 

considered a beneficial phenomenon, similar to microglial phagocytosis of pathogens and 

cellular debris (Sierra et al., 2013). Translational efforts into potentiating microglial effector 

function via TREM2-activating antibodies are already under way (Schlepckow et al., 2020; van 

Lengerich et al., 2023; S. Wang et al., 2020). Yet, no direct evidence exists confirming 

microglial ability to fully degrade the internalised tau. In fact, very few studies have 

systematically investigated the downstream tau processing by microglia.  

 
Data emerging from the tau clearance-focused experiments presented in this chapter (Figures 

5.8 and 5.9) significantly expands our understanding of the topic. Internalised monomeric tau 

is readily degraded by iPSC-macrophages, as very little tau was detected intra- or 

extracellularly already post 6-hour clearance. In contrast, processing of internalised tau fibrils 
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appears to be slower. At least 50% of tau fibrils could still be detected within iPSC-

macrophages post clearance phase, regardless of the examined condition (Figure 5.9). In 

agreement with our findings, Luo et al., 2015 previously reported degradation of internalised 

sarkosyl-insoluble, brain-derived tau at low concentration (1 μg/mL) by primary rodent 

microglia. According to Andersson et al., 2019, lysosomal acidification but not proteasomal 

degradation was necessary for successful insoluble tau clearance by rodent microglia. In 

contrast, our data in relevant, human microglial model indicates both degradation pathways 

may be involved (Figure 5.8).  

 
Immunocytochemistry was used as a quick and simple method for quantification of intracellular 

tau levels in the tau clearance-focused experiments, due to the number of conditions 

examined. However, a significant amount of tau fibrils can be bound to the cellular surface at 

the end of incubation, as evident by Figures 5.2C and 5.3C. It will be therefore essential to 

verify the findings on tau clearance with quantification methods excluding the membrane-

bound tau, such as flow cytometry with trypan-blue quenching. It will be equally important to 

examine whether microglia can fully clear the internalised tau, given long-enough time-course 

beyond 24 hours, and how the intracellular clearance relates to the extracellular tau release in 

this scenario.  

 
The detection of tau in the conditioned medium from iPSC-macrophages (Figure 5.9) confirms 

previous evidence of extracellular tau release by rodent microglia (Asai et al., 2015; J. H. 

Brelstaff et al., 2021; Clayton et al., 2021; Crotti et al., 2019; Hopp et al., 2018; B. Zhu et al., 

2022). The amount of tau released by iPSC-macrophages depended strongly on the pulsed 

tau conformation and concentration. Cells stimulated with tau fibrils at high concentrations 

released the most tau. Future quantification of tau levels in the conditioned medium following 

the inhibition of microglial secretory pathways could provide an important proof of active tau 

secretion. Given the accumulating reports of microglia secreting tau packaged in EVs (Asai et 

al., 2015; Clayton et al., 2021; Crotti et al., 2019; B. Zhu et al., 2022), determining the 
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proportion of tau secreted freely vs in EVs in our samples could help further elucidate microglial 

processing of the internalised tau. 

 
Furthermore, data presented in this chapter indicates a potential coupling of tau fibril uptake, 

degradation, and release. Specifically, I found that the length of tau fibril incubation with iPSC-

macrophages negatively affects their clearance, followed by an enhanced release of tau to 

conditioned medium (Figure 5.9). Importantly, the non-cleared, insoluble tau accumulating 

within iPSC-macrophages, as well as tau released by the cells following tau fibril stimulation, 

show capacity to template b-sheet rich conformation onto a native, monomeric tau substrate 

(Figure 5.11). The data provides important evidence supporting the putative role of microglia 

in tau prion-like spreading.  

 
Interestingly, the released tau showed weaker seeding capacity compared with the cell lysate-

contained tau (Figure 5.11). It is conceivable that microglial processing of tau partially 

neutralises tau seeding capacity. Alternatively, microglia may release the partially neutralised 

tau in a free form while seeding-competent tau is specifically destined for EV-packaged 

release. These speculations would fit previous preliminary findings of seeding-competent tau 

in EVs derived from rodent microglia (Crotti et al., 2019; B. Zhu et al., 2022).  

 
It is important to note that the RT-QuIC assay used in this thesis reports only on the sample 

capacity to seed cell-free tau substrate. Currently, direct evidence for templated aggregation 

of endogenous tau expressed in neurons by microglial-processed tau is lacking. The majority 

of studies published on the topic utilised tau-biosensor cell lines (Hitt et al., 2021; Holmes et 

al., 2014) in place of neurons. Reduced phospho-tau spreading in vivo was reported following 

inhibition of microglial EV secretion (Asai et al., 2015; Crotti et al., 2019) but only one study so 

far demonstrated neurons can internalise tau released by microglia (Asai et al., 2015). 

Following up on our RT-QuIC data with an in vitro tau seeding assay in neurons could therefore 

confirm the physiological relevance of our data and, crucially, provide the missing direct 

evidence of microglia-mediated pathological tau propagation. 
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Genetic studies have consistently highlighted several molecular components of microglial 

phagolysosomal pathways as key variants associated with development and progression of 

tauopathies (reviewed in Podleśny-Drabiniok et al., 2020; Romero-Molina et al., 2022). LRRK2 

protein represents one such candidate variant. The LRRK2 kinase activity-increasing G2019S 

mutation, associated with the most common, tau pathology-featuring form of PD (Bonifati, 

2006, Henderson et al., 2019) and PSP (Sanchez-Contreras et al., 2017) is an example of one 

such variant. As discussed throughout the thesis, microglia become the highest LRRK2-

expressing brain cells under inflammatory conditions (H. Lee et al., 2020). Yet the role of 

microglial LRRK2 in tau pathogenesis has never been examined. 

 
This thesis provides pioneering evidence of LRRK2 influence on all aspects of microglial tau 

processing, including uptake, clearance, and tau seeding activity. G2019S LRRK2 iPSC-

macrophages and microglia show enhanced tau uptake, potentially mediated via accelerated 

LRP1-tau complex trafficking. Conversely, LRRK2 absence decreases tau uptake but short-

term LRRK2 kinase pharmacological inhibition did not phenocopy the KO, implying that the 

effect is not mediated through simple transient LRRK2 kinase activity (Figure 5.6). It is possible 

that other, G2019S LRRK2-mutation-induced phenotypic changes besides the increased 

LRRK2 kinase activity, underlie the increased tau uptake.  

 
Furthermore, our data suggests LRRK2 may be needed for tau fibril degradation. Compared 

with LRRK2 WT, internalised tau fibrils accumulated in LRRK2 KO cells, followed by an 

enhanced extracellular tau release. The opposite was true in G2019S iPSC-macrophages 

(Figure 5.10). The data agrees with our earlier observations linking impaired tau fibril 

degradation with an enhanced tau release in healthy control-derived iPSC-macrophages 

(Figure 5.9). Tau in the conditioned medium from LRRK2 KO iPSC-macrophages trended 

towards faster seeding activity compared with LRRK2 WT or G2019S cells, though the data 

did not reach significance (Figure 5.11). Altogether, these observations potentially fit our 

speculations about the importance of microglial processing for neutralisation of tau fibril 

seeding capacity.  
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The data would also appear to support the initial hypothesis that impaired microglial tau 

clearance mediates prion-like tau spreading in tauopathies. However, in vivo evidence from 

rodents and humans indicate that pathogenic tau spread is associated with the LRRK2-activity-

increasing G2019S mutation rather that LRRK2 KO (Henderson et al., 2019; Nguyen et al., 

2018). Interestingly, insoluble non-degraded tau within G2019S macrophage lysates, though 

reduced in the amount compared with LRRK2 WT or KO, showed tendency towards faster and 

more consistent seeding capacity (Figure 5.11). It is therefore possible that not only 

degradation efficiency but also the identity of processed tau species may underlie prion-like 

tau spreading by microglia. Proteomic analysis could help further elucidate how LRRK2 affects 

microglia tau clearance to species with varying seeding competencies. 
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Chapter 6 
General Discussion 
 
 
 
 
The overarching aim of this thesis was to examine the contribution of human microglia to the 

propagation of tau pathology in tauopathies. Using iPSC-macrophage and microglia as a 

relevant and authentic in vitro model of human microglia, I have provided novel insight into the 

molecular mechanisms underlying microglial processing of exogenous native and aggregated 

tau at healthy baseline and in disease.  

 
The thesis workflow is divided into three complementing stages:    

In the first stage (Chapter 3), I interrogate the influence of LRRK2 protein on microglial baseline 

phagocytic and degradative capacity. LRR2K has emerged as candidate genetic determinant 

of microglia-mediated tauopathy progression (Herbst et al., 2022; Nalls et al., 2014a; Nguyen 

et al., 2018; Podleśny-Drabiniok et al., 2020; Sanchez-Contreras et al., 2017; Zimprich et al., 

2004) but little is known about its precise mechanistic involvement in the process. Previous 

studies have suggested LRRK2 may regulate phagocytic cargo uptake by microglia but 

inconsistencies between experimental approaches and contradictory evidence have prevented 

consensus on the topic. To address the gap in our knowledge, I have first optimised a protocol 

to simultaneously monitor phagocytosis and degradation of a basic, versatile cargo in IPSC-

macrophages, a simple, yet authentic in vitro model human microglia. Next, I applied the assay 

to investigate the influence of microglial LRRK2 on the processes. Neither genetic nor 

pharmacological manipulation of LRRK2 altered iPSC-macrophage uptake of double-labelled 

reporter beads. However, the disease-associated G2019S LRRK2 mutation appeared to have 

enhanced iPSC-macrophage proteolytic activity. Collectively, the results implied that LRRK2 

may not be involved in the initial step of phagocytic cargo engulfment but may be needed for 

proteolytic activity necessary to degrade the internalised cargo.  
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Subsequently, I aimed to compare these findings with the influence of LRRK2 on microglial 

tau-specific processing. To do so, I needed sufficient quantities of tau preparation, in native 

and aggregated form. I addressed the need in the second stage of the workflow, summarised 

in Chapter 4, Here, I present an optimised protocol for the production of human recombinant 

tau protein from E. coli, having overcome the highly challenging removal of residual bacterial 

endotoxin from the preparation in order to measure accurate microglial responses to the 

protein alone. The method is the first to provide an effective, scalable workflow for the 

purification of endotoxin-free, human recombinant 2N4R tau in respectable yield and purity. 

The purified tau can be further aggregated into seeding-competent fibrils in presence of 

heparin co-factor. There are known structural, biochemical, and biophysical differences 

between the recombinant tau fibril preparation and disease-associated tau extracted from the 

brains of tauopathy patients  (Fichou et al., 2018; Fichou, Oberholtzer, et al., 2019; Y. Shi et 

al., 2021). However, the use of recombinant fibrils in experimental settings can be viewed as 

complementary to the use of brain-extracted tau preparation, as it offers a modular, 

reproducible system for the systematic investigation of cellular response to the individual tau 

isoforms and modifications.   

 
Having succeeded in the production of recombinant tau monomer and aggregates, I examined 

the role of human microglia and microglial LRRK2 in tau pathogenesis in the last stage. The 

results are summarised in Chapter 5. Using iPSC-macrophages and microglia, and endotoxin-

free human recombinant tau, I provide novel observation that LRP1 mediates tau 

internalisation by microglia. I further show that degradation of internalised tau involves both 

the proteasomal and lysosomal system in iPSC-macrophages, and is more efficient for the 

soluble compared with the aggregated tau. Intracellular clearance of the insoluble fibrils is 

concentration- and incubation-length dependent, and inversely associated with tau release to 

conditioned medium. Following tau fibril incubation, the intracellular non-cleared tau and tau 

released by microglia to the conditioned medium, shows seeding competency, supporting the 

role for microglia in tau prion-like spreading. 



 

221 

Importantly, the results here demonstrate that the PD and PSP-associated G2019S LRRK2 

mutation enhances tau uptake by microglia. The effect is potentially mediated by LRRK2 

phosphorylation of Rab8a and Rab10 GTPases involved in the LRP1-tau complex trafficking 

and influences the monomeric tau LRP1-mediated endocytosis more prominently than the 

hypothesised phagocytosis of aggregated tau. These observations would agree with the 

Chapter 3 findings of no LRRK2 involvement in bead phagocytosis. Intriguingly, the G2019S 

LRRK2 iPSC-macrophages also exhibited enhanced tau fibrillar clearance, in line with the 

observed increase in baseline proteolytic capacity, described in Chapter 3. Precisely how 

these observed phenotypes relate to the progression of pathology in vivo is yet to be 

elucidated. Despite the enhanced fibrillar tau clearance by G2019S iPSC-macrophages, the 

non-cleared fibrillar tau retained in G2019S iPSC-macrophages post 24-hour clearance 

showed faster seeding capacity compared with the non-cleared fibrillar tau in LRRK2 WT cells. 

It is conceivable that tau degradation by microglia may generate species with enhanced 

seeding capacity. Future proteomic and conformation analyses of the processed tau, including 

the Fourier-transform infrared spectroscopy, could help provide mechanistic insight into how 

microglia may affect tau prion-like behaviour.  

 
To conclude, dysregulation of microglial homeostatic phenotype had long been recognized as 

a secondary pathological hallmark of tauopathies. Substantial evidence from rodents have 

indicated that microglia play a more direct role in the propagation of tau pathology. This thesis 

importantly extends the evidence by providing detailed characterisation of human iPSC-

macrophage and microglial response to tau protein in its native and aggregated form. The 

results presented here support the putative role of human microglia in tau pathogenesis and 

provide further reasoning for investigating microglia-enriched tauopathy risk variants as 

potential druggable targets.  
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Appendix 

 
 
Figure 7.1: IFNg- and Mli-2-induced changes in LRRK2 protein expression levels and 
LRRK2 kinase activity in OXM macrophage media-cultured iPSC-macrophages 
(A.) Western blot analysis confirms upregulation of LRRK2 and pRab 10 (T73) protein levels upon 
24- and 72-hour IFNg treatment. (B.) Mli-2, a LRRK2 kinase inhibitor, effectively decreases pLRRK2 
(Ser 935) and pRab10 (T73) levels in iPSC-macrophages.  
n=1 in LRRK2 WT line. 
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