
1 
 

Isoform-specific tau antibodies and 
degrabodies to study 4R tau function in 

MAPT mutant iPSC-derived neurons 
 
 
 

Dale Owen Starkie 
 
 
 

UCL – Institute of Neurology 
 
 
 

Submitted in accordance with the 
requirements for the degree of Doctor of 

Philosophy 
 
 
 
 

October 2020 



2 
 

I Dale Owen Starkie confirm that the work presented in this thesis is my own. 

Where information has been derived from other sources, I confirm that this has 

been indicated in the thesis. 

  



3 
 

Acknowledgements 

First and foremost, I would like to thank my supervisor’s Professor Selina Wray 

and Dr. Daniel Lightwood for their guidance throughout my PhD. Without them, 

this project would have not been as successful, and I will be forever grateful 

for their scientific input and generally support throughout this project.  

I would also like to add a mention to Dr. Lightwood for his continued support 

throughout my scientific career outside of my PhD project, starting with taking 

a chance on me as a lowly undergraduate placement student over 10 years 

ago. 

Next, I would like to thank everyone within at UCB who have helped provide 

expertise, reagents and generally always being a fantastic and supportive 

team to work in and with. They have never been shy to offer a hand, helpful 

opinion, or drink as required!  

From Professor Wray’s laboratory at UCL I would like to pay specific thanks to 

Dr. Charlie Arber who taught me the requisite cell culture techniques for the 

differentiation of iPSC-derived neurons. Then subsequently, for patiently 

answering all my questions and provided advice throughout this critical phase 

of my work.  

Finally, special thanks also go to my wife Dr. Laura Starkie, for both being a 

scientific sounding board for new ideas and allowing me to air my frustrations 

at unsuccessful experiments when required. On top of this, she has been 

incredibly supportive taking on more than her fair share of childcare and 

generally life’s responsibilities during long weekends of laboratory work 

especially during the iPSC neuronal differentiation phase of this project.  

I would like to dedicate my hard work during this PhD project to my daughter 

Evelyn. She is incredible and the incessant and repetitive questioning of an 

inquisitively minded toddler about what I was doing and why was really 

“helpful” during both the experimental and thesis writing stages of my PhD! I 

love her deeply and I hope her enthusiasm and joy for life never waivers. 

  



4 
 

Abstract 

Hyperphosphorylated, insoluble aggregates of the microtubule-associated 

protein tau are a pathological hallmark of a group of clinically diverse diseases 

termed the tauopathies.  There are six protein isoforms of tau protein 

separated into two groups; 3-repeat (3R) and 4-repeat (4R) tau, based on the 

number of repeats within the microtubule-binding region. Within neurons under 

normal healthy conditions, the ratio of expression of 3R and 4R tau is equal. 

However, in several tauopathies there is an imbalance of 3R and 4R tau, 

suggesting a disruption in tau splicing may be associated with disease.  This 

is observed in Frontotemporal dementia and parkinsonism linked to 

chromosome-17, where intronic and splice-site mutations in MAPT increase 

the relative amount of 4R tau and cause early-onset neurodegeneration. This 

altered tau splicing has been recapitulated in induced pluripotent stem cell 

(iPSC) derived neurons, which recapitulate increased 4R tau levels along with 

other phenotypes including hyperpolarised mitochondrial membranes and an 

associated increase in reactive oxygen species (ROS) production. This highly 

relevant to neurodegeneration as ROS-induced cell death is a key feature of 

many neurodegenerative diseases.  

The mechanisms by which increased 4R results in neuronal dysfunction and 

neurodegeneration are not fully understood, and progress has been limited in 

part by a lack of suitable tools to investigate tau isoform imbalance.  In this 

project, I generated and characterised novel 3R and 4R tau specific 

antibodies. I then used these antibodies to develop a multiplexed flow 

cytometry assay to show a correlation between 4R tau levels and 

mitochondrial membrane polarisation in iPSC-derived neurons containing the 
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10+16 MAPT splice mutation. Finally, I generated a 4R tau specific degrabody 

(target degrading intracellular antibody). I demonstrated this causes the 

specific degradation of 4R tau to achieve phenotypic restoration of non-mutant 

levels of mitochondrial membrane polarisation within the mutant neurons. 
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Impact statement 

The impact of the work presented in my PhD project is wide-ranging and has 

the potential to touch upon many areas of scientific research.  

Firstly, this project has confirmed a role for 4R tau in the hyperpolarisation of 

mitochondrial membranes with a clear link to neurodegenerative phenotypes. 

As discussed extensively (7 Discussion and future direction) this opens 

several interesting questions as to the role of 4R tau that require further 

investigation.  

Secondly, this project has generated 3R and 4R tau specific antibodies that 

can be utilised in a range of assays to further study the role of tau in 

neurodegeneration. The 4R specific antibody has also demonstrated utility as 

an intrabody that could be used for tracing cellular levels of 4R tau within live 

neurons. The 4R tau degrabody that could be applied to different 

neurodegenerative phenotypes to further elucidate the role of 4R tau. 

Although the data is not presented, I have also converted the 3R specific 

antibody to an intrabody capable of binding 3R tau within live cells that could 

have similar applications in tracking the subcellular locations of 3R in live cells. 

Although not undertaken, I am also confident that the generation of a 3R tau 

degrabody from this intrabody would not prove technically challenging and 

could prove useful in studying the role of 3R tau in healthy cells or 3R 

tauopathies such as Picks disease.   

The use of a 4R tau specific antibody and degrabody could also have 

therapeutic application in specifically lowering the levels of 4R tau in 

tauopathies as an AAV delivered degrabody or blocking the spread of 4R tau 
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low molecular weight oligomers as a traditional monoclonal antibody therapy. 

Both avenues will continue to be investigated following the completion of my 

PhD project. 

The impact of the degrabody technology that has been showcased by this 

work is also very wide-ranging. This technology could be applied to many 

areas of research to degrade specific forms of a protein of interest and explore 

the subsequent biology.  

Degrabodies also have application in targeted degradation-based therapies as 

either a therapeutic entity or as a target validation tool for potential targeted 

protein degradation targets. The key advantage of a degrabody therapeutic 

(as discussed 1.3.3 Protein knock down via direct protein targeting) is that 

they harness the exquisite specificity achievable by an antibody derived from 

the developing immune response. As such, they can target splice variants (as 

demonstrated in this project), specific disease-associated post-translational 

modifications, or secondary structures. Furthermore, as a target validation tool 

for more the traditional PROTAC or molecular glue modalities degrabody 

generation is (relatively speaking compared to a chemical degrader) fast and 

would allow triage of targets or proof of concept before committing to a 

medicinal chemistry campaign to find chemical matter capable of degradation. 

As a consequence of this PhD, I have established a platform to leverage 

degrabody technology across a wide range of therapeutic projects in several 

disease areas. 
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1 Introduction 

 

1.1 Tau  

1.1.1 Tau protein expression, structure and function 

The microtubule-associated protein tau (tau) was discovered in 1975 

(Weingarten et al. 1975). Tau was initially characterised as a microtubule-

binding protein essential for microtubule growth and stabilisation within the 

axons of neurons (Binder et al. 1985; Black et al. 1996; Witman et al. 1976). 

Binding to microtubules is mediated at the C-terminal end of tubulin via the 

microtubule-binding regions (MTBRs) of tau (encoded via exons 9-12) (Butner 

and Kirschner 1991). It has been shown by peptide competition NMR that tau 

interacts with the interface between α- and β-tubulin, specifically at residues 

224-237, 245-253, 275-284 and 300-317 (Kadavath et al. 2015). 

The tau gene (MAPT) is located on chromosome 17q21 and is comprised of 

16 exons (Neve et al. 1986). The MAPT gene has two haplotypes in 

Caucasians, H1 and H2, resulting from an ancestral inversion (Stefansson et 

al. 2005). The H1 haplotype is associated with an increased risk of several 

neurodegenerative disorders including Corticobasal degeneration (CBD), 

Progressive supranuclear palsy (PSP) (Baker et al. 1999; Conrad et al. 1997), 

Frontotemporal dementia (FTD) (Verpillat et al. 2002), and Parkinson’s 

Disease (Martin et al. 2001). This linkage was further confirmed utilising 

genome-wide association studies (Yokoyama et al. 2017). It has also been 

demonstrated that this trend is also true for Alzheimer’s disease (AD) where 

H1 haplotype carries are more likely to develop the disorder (Sánchez-Juan et 
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al. 2019; Yokoyama et al. 2017) The H1 haplotype can be further classified 

into sub-haplotypes H1a, b and c, with H1c showing the heaviest association 

with the PSP and CBD (Heckman et al. 2019). 

Alternative splicing from a single tau pre-mRNA gives rise to six splice variant 

isoforms of tau within the central nervous system, with the protein products 

ranging from 342 to 441 amino acids in length (M. Goedert et al. 1989b; 

Himmler et al. 1989).  

Tau isoforms can be grouped into two categories based on inclusion or 

exclusion of exon 10 (within the MTBR) giving rise to either a form of tau with 

four MTBRs (4 repeat (4R) tau) or three MTBRs (3 repeat (3R) tau) 

respectively (Figure 1.1). Within both 4R and 3R forms of tau, are three N-

terminal variants of tau based on the splicing of exons 2 and 3. This gives rise 

to 0N tau (with neither exon 2 or 3), 1N tau (with exon 2 only) and 2N tau 

(containing both exons 2 and 3) (Figure 1.1).   

 
Figure 1.1 Schematic of 6 tau isoform and their alternative exon usage and 
nomenclature for each isoform 

 

Tau nomenclature is based upon amino acid numbering from the largest 

isoform (2N4R) of tau. Tau protein has four separate functional domains; N-

terminal projection (amino acids 1-165); proline-rich domain (amino acids 166-



31 
 

242); MTBR (amino acids 243-367); C-terminal domain (amino acids 368-

441). In the context of this project, the most important functional region of tau 

is the MTBR (Figure 1.2A), as this is the domain that denotes 3R or 4R tau, 

as previously discussed. 

 
Figure 1.2 Tau MTBR sequence alignment 

A Alignment of all six-tau amino acid MTBR sequences, yellow highlighted residues 

are those that are identical in all sequences and blue are those that are identical in 

more than two sequences. B Alignment of four individual repeats within the tau 

MTBR. Identical residues are highlighted in yellow, similar amino acid residues in 

identical positions are highlighted in green, conservative amino acid differences are 

highlighted in blue, weakly similar amino acids are shown in green text and non-

similar residues are not highlighted. 

 

The tau MTBR (Figure 1.2A) is a repeating region of the protein which 

consists of three (3R tau) or four (4R tau) repeat regions, where each of the 

repeat regions is 100% conserved between all tau isoforms (Figure 1.2A). 

Each repeat is encoded by a different exon of the MAPT gene; repeat 1 (exon 

9) (amino acids 242-273); repeat 2 (exon 10) (amino acids 274-304); repeat 3 

(exon 11) (amino acids 305-335); repeat 4 (exon 12) (336-367). There is only 

34% complete identical sequence homology across all four repeat regions 

(Figure 1.2B). However, when including amino acids of similar classes (polar, 

charged, non-charged) at each position or where at least two of the repeat 
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regions are identical the level of amino acid homology across the MTBR is 

90%, with repeat region 1 and repeat 4 being the most divergent (Figure 1.2 

B).   

The levels of specific tau isoforms are tightly regulated within neurons.  The 

levels of 3R and 4R tau are approximately equal. The ratio of the N-terminal 

isoforms of tau in the healthy adult CNS is also precise: 1N tau makes up the 

largest proportion at 54%, followed by 0N tau at 37% with only 9% of the total 

tau being due to the 2N isoforms (Athena Andreadis et al. 1995; M. Goedert 

and Jakes 1990). Whilst little is understood about the distinct roles of the 

differing tau isoforms studies have shown that they appear to exist at differing 

levels in distinct cellular locations (C. Liu and Götz 2013). It was shown that 

1N tau strongly localised to the nucleus and dendrites with 0N and 2N tau 

mainly found in cell bodies and axons (C. Liu and Götz 2013). Furthermore, 

2N tau was shown to have detectable expression in dendrites (C. Liu and Götz 

2013). Although tau is predominantly described as a microtubule-binding 

protein tau staining 1N tau has been shown in the nucleus where it is 

associated with nucleolin (a protein important in nuclear organisation) and at 

AT-rich α-satellite DNA sequences (Sjöberg et al. 2006). It has is hypothesised 

that tau has a DNA protective role within the nucleus by binding to major 

grooves of DNA to protect from DNA damage (Wei et al. 2008). How and why 

this role is reserved mainly for 1N tau is unclear. It does raise the interesting 

question that in tauopathies (where tau insoluble aggregates are formed) does 

this affect nuclear health or function?  

In mice, it was demonstrated that 2N tau was found in the cytoplasm but not 

predominantly found in the cytoskeletal fraction of cells (C. Liu and Götz 2013), 
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and the authors inferred that this could indicate a role for 2N tau cytosolic 

functionality rather than cytoskeletal rearrangement. This suggestion was 

strengthened by further studies utilising co-immunoprecipitation of tau 

isoforms and their interacting proteins where it was observed a higher 

percentage of co-IP with 2N tau and proteins involved in ATP biosynthetic 

process, synaptic transmission, and the regulation of the system process 

pathway (C. Liu et al. 2016a). It has also been suggested that the N-terminal 

exons of tau help prevent tau aggregation by inhibition of tau polymerisation 

(Horowitz et al. 2006). This suggests that the N-terminal repeats of tau might 

have a neuroprotective effect, which could be supported by the finding that 

carriers of the protective H2 haplotype of tau express significantly more 2N 

isoforms of tau than carries of the H1 haplotype (Caffrey et al. 2008). 

Control of tau splicing is also developmentally regulated. Only 0N3R tau is 

expressed during fetal stages of development. However, postnatally all six 

isoforms of tau are expressed in the adult CNS with 3R and 4R tau being 

expressed in equal amounts (M Goedert et al. 1989a). As with alternative 

splicing of many genes the relative inclusion or exclusion of tau exons is 

controlled by cis-regulatory elements contained with the flanking intronic 

sequences and by enhancer or silencer elements within the exons 

themselves. However, given that tau splicing is regulated throughout 

development it indicates that the cellular environment contains trans-

regulatory factors that suppress the splicing of all but 0N3R tau transcripts 

until neurons reach the postnatal stage of development (extensively 

reviewed by (A. Andreadis 2005)). 
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Tau is a largely unstructured protein, however, Forster resonance energy 

transfer (FRET) experiments suggested that the N and C termini are in close 

proximity (Jeganathan et al. 2006). Further studies using NMR (Mukrasch et 

al. 2009) confirmed that the N and C terminal ends of tau are folded back in a 

“paperclip” like structure onto the central regions of the protein. Furthermore, 

it has been demonstrated that tau has a propensity to form more complex 

transient local secondary structures.  Specifically, β – strands in the MTBR 

(Mukrasch et al. 2009) and polyproline helices in the proline-rich domain 

(Sibille et al. 2012).  

Tau is expressed predominantly in neurons and at low levels in 

oligodendrocytes and astrocytes (LoPresti et al. 1995; Muller et al. 1997). Tau 

was originally identified associated with axonal microtubules (Morris et al. 

2011) and to a lesser extent is associated with the plasma membrane, nucleus 

and mitochondria (X. C. Li et al. 2016). In healthy adult neurons, the 

association of tau to the axon cross-links tubulin and allows interconnection 

with other cytoskeletal components such as neurofilaments and actin (Aamodt 

and Williams 1984). These interactions stabilise tubulin assembly into 

microtubules and regulate their dynamically unstable nature allowing for the 

reorganisation of the cytoskeleton as required for axonal growth (Derisbourg 

et al. 2015; Drubin et al. 1984). Tau has also been shown to directly regulate 

the microtubule-binding of motor transport proteins dynein and kinesin, which 

transport cargo in the retrograde and anterograde direction along axons 

respectively (Stamer et al. 2002). This regulatory effect is thought to occur via 

direct competition with the aforementioned motor proteins for access to the 

microtubules (Dixit et al. 2008; Stamer et al. 2002). In tau overexpression 
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systems, a greater effect on kinesin is observed resulting in net retrograde 

transport and an accumulation of cargo (such as mitochondria) in cell bodies 

rather than evenly distributed down axons(Dixit et al. 2008).  However, this 

regulatory effect is not completely understood and may have complementary 

mechanisms as it has been demonstrated, in tau knock-out mice, that there is 

no influence on axonal transport (Yuan et al. 2008).  

It is interesting to note that 4R tau binds more tightly than 3R tau to tubulin and 

causes it to more readily form microtubules (M. Lu and Kosik 2001). This has 

interesting connotations in the regulation of transport as discussed above, i.e. 

if there is a differential effect of the 3R and 4R isoforms of tau. However, it 

should also be considered in the context of tau-associated diseases 

(tauopathies) as an increase in 4R tau has been postulated to decrease free 

tubulin levels within the cell (Esteras et al. 2017). This is important as free 

tubulin has been shown to have a regulatory effect on mitochondrial 

membrane polarisation (Maldonado et al. 2010; Rostovtseva et al. 2008) 

(1.1.4 Role of mitochondrial dysfunction in neurodegeneration) 

 

1.1.2 Tauopathies  

Tauopathies are a clinically diverse group of diseases that are defined 

pathologically by the deposition of tau fibrils. Although the majority of 

tauopathies occur sporadically in the population, the discovery in 1998 of 

mutations in MAPT that cause frontotemporal dementia linked to chromosome 

17 with tau pathology (FTDP-17-MAPT) demonstrates a causative link 

between tau dysfunction and disease (Hutton et al. 1998; Poorkaj et al. 1998). 
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At the time of writing this, 112 disease mutations had been identified in the 

human MAPT gene (https://www.alzforum.org/mutations/MAPT). Many of 

these mutations show clinical overlap with tauopathies such as CBD (Kouri et 

al. 2014), PSP (Coppola et al. 2012) and Frontotemporal dementia and 

parkinsonism’s linked to chromosome 17 (FTDP-17) (Hutton et al. 1998).  

1.1.2.1 MAPT mutations 

MAPT mutations can be defined as missense mutations or splice mutations. 

There are reported many mutations in the MAPT gene those reported to be 

pathogenic by genetic, neuropathological or functional evidence are shown 

and classified (where possible) in Figure 1.3. 

 

Figure 1.3: Tau mutations reported to be pathogenic by genetic, 
neuropathological or functional evidence 

Tau exons are shown diagrammatically Exon 2 and 3 that are subject to alternative 

splicing are shown in red and yellow respectively. The MTBR exons are shown in blue 

with the alternatively spliced exon 10 in blue. Intronic regions are shown in the black 

line. Where possible mutations have been classified based on colour. Mutations 

reported to be pathogenic are shown above each exon or intronic section. Mutations 

in pink are exons that display unusual pathogenic mechanisms. Mutations in red have 

been demonstrated to affect microtubule polymerisation and tau fibril formation. 

Mutations in blue are uncharacterised but found with higher prevalence in FTLD or 

AD patients. Mutations in green are atypical by clinical, neuropathological or 

transmission pattern features compared with others. Figure adapted from (Rossi and 

Tagliavini 2015). 

 

https://www.alzforum.org/mutations/mapt
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Missense mutations, resulting in an amino acid change, are clustered in or 

around the MTBR of tau, and the resulting mutant tau protein can have a lower 

affinity of tau for tubulin and a higher propensity for aggregation (Barghorn et 

al. 2000; Hong et al. 1998). It has been demonstrated that FTDP-17 specific 

mutations map to or near the tau MTBR which as a consequence of their 

lowered affinity for microtubules compromise the ability of tau to regulate 

microtubule dynamics in vitro (LeBoeuf et al. 2008). However, it should be 

noted that in cell lines over expressing tau with these mutations, there is no 

change in tau/microtubule colocalization (DeTure et al. 2000). This indicates 

that overexpression of mutant tau is not correctly re-capitulating the natural 

phenotype or prolonged exposure to mutant protein is required to observe 

disease effect. However, In vitro, it has been demonstrated that FTDP-17 

associated tau mutation P301L enhances the formation of insoluble tau fibrils 

(M. Goedert et al. 1999; Nacharaju et al. 1999).  

Splice mutations that affect the inclusion of Exon 10 are generally located in 

or near intron and exon 10. The most common splicing mutation is the 

intervening sequence (IVS) 10+16 C-T mutation, which results in the 

overinclusion of exon 10 and an increase in 4R tau. Specifically, the IVS 10+16 

C-T mutation causes a destabilisation of the splicing essential stem-loop 

structure, due to a one less hydrogen bond formation at the base of the hairpin. 

This structure is essential for engagement of the splicing machinery at the 3’ 

end of exon 10 (diagrammatically represented in Figure 1.4) (Hutton et al. 

1998). The result of this mutation is a 2 to 6 fold increase in 4R tau mRNA in 

neurons (A. Grover et al. 1999).  
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Figure 1.4: 3’ Exon 10 MAPT splice site hairpin loop structure 

A Non-mutant splice site indicated with 10+16 location correct GC pairing. B 10+16 

MAPT C-T mutant splice site in red is the change of RNA base from C-T (DNA level) 

and C-U at the RNA level. 

There are however other mutations that can affect the inclusion of exon 10 

and hence result in an increase in 4R tau mRNA. These can be within the 

stem-loop structure such as S305N and S305I which in a similar way to the 

intronic mutations destabilise the stem-loop causing increased inclusion of 

exon 10 (Hasegawa et al. 1998; Kovacs et al. 2008; Stanford et al. 2000).  

Alternatively, mutations within regulatory elements of exon 10 have been 

demonstrated to increase exon 10 inclusion. The mutations N279K and L284L 

strengthen enhancer regions within exon 10 resulting in an increased inclusion 

and excess 4R tau expression (D'Souza and Schellenberg 2002; D’Souza et 

al. 1999; Hasegawa et al. 1999). Other mutations within exon 10 that have 

been demonstrated to increase 4R tau expression include N296N and N296H 

which have been postulated to either disrupt silencer regions (D'Souza and 
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Schellenberg 2002) or create a new enhancer (Andrew Grover et al. 2002). 

Somewhat counterintuitively mutations within exons 12 and 13 (E342V and 

N410H respectively) have been reported to increase the expression of 4R tau 

within neurons (Lippa et al. 2000). This presents interesting connotations for 

the mechanisms of splicing control within the MAPT gene and suggests the 

possibility that unknown regulatory elements exist outside of exon 10 and the 

flanking intronic sequences.  

The molecular mechanisms for how excess 4R tau contribute to disease are 

not yet fully understood. What is clear is that the ratio of tau isoforms appears 

to play an important role in maintaining tau in a non-pathogenic state. As such 

tauopathies can exist as either 3R tauopathies or 4R tauopathies 

characterised by an excess of 3R or 4R tau respectively. Pick’s disease is the 

only tauopathy predominantly associated with an excess of 3R demonstrating 

the formation of filamentous 3R tau inclusions known as Pick bodies (Kato and 

Nakamura 1990; Murayama et al. 1990). The major pathology associated with 

Pick’s disease (originally described by Arnold Pick in 1892) are neuronal and 

glial loss in the frontal, temporal and parietal lobes of the brain. The much 

more common form of tauopathy associated with an imbalance of tau isoforms 

are the 4R tauopathies.  In diseases such as FTDP-17,  PSP and CBD an 

excess of 4R tau and 4R tau inclusions have been observed (Takanashi et al. 

2002).  

1.1.2.2 Pathology of the tauopathies 

There are two classes of tauopathies that can be observed, primary or 

secondary. Primary tauopathies are a subgroup of frontotemporal lobar 

degeneration (FTLD), which are characterised by neuronal tau inclusions with 
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predominant cell death in the frontal and temporal lobes of the brain. Within 

these lobes, tau inclusions are believed to be the major driving factor in 

pathology (Revesz and Holton 2003). FTLD with positive tau immunoreactivity 

(FTLD-tau) accounts for around 40% of all FTLD cases (Mackenzie and 

Neumann 2016).  There are two well-characterised FTLD-tau primary 

tauopathies; PSP and CBD.  Both PSP and CBD are characterised 

pathologically by the accumulation of (predominantly) 4R tau inclusions in 

neurons and glial cells (Feany and Dickson 1995; Yamada et al. 1992). PSP 

helped to provide initial evidence that tau itself can cause neurotoxicity and 

neurodegenerative disease. It was demonstrated that PSP disease severity is 

heavily associated with tau load (Koga et al. 2017). Pathologically, the brains 

of PSP patients contain primarily straight tau filaments in PSP tangles within 

neurons and tufted astrocytes. This tufted astrocyte pathology of straight 

filamentous tau aggregates is a hallmark of PSP that is rarely found in other 

tauopathies (Bergeron et al. 1997; Bugiani et al. 1979). However, astrocytic 

pathology is observed in CDB but is in the form of astrocytic plaques (Komori 

et al. 1998). Although any genetic underpinnings of PSP and CBD are not 

completely understood although it has been observed by genome-wide 

association studies that the H1 haplotype in the tau gene has frequently shown 

an association with PSP and CDB (Yokoyama et al. 2017). 

 

In contrast, secondary tauopathies are diseases where tau pathology is 

observed in association with other brain pathologies (Revesz and Holton 

2003). A well-characterised example of a secondary tauopathy is AD where 

disease pathology is characterised by both neuronal tau fibrils and 



41 
 

extracellular amyloid plaques, (defined by Alois Alzheimer in 1907 and 

translated to English in 1995) (Alzheimer et al. 1995). The insoluble 

aggregates of tau in AD originally were observed as paired helical filaments 

(PHFs) in neurofibrillary tangles (Alzheimer et al. 1995; Kidd 1963). It has been 

demonstrated that straight filaments also exist within AD and that the structural 

subunits that make up the filament core (known as protofilaments tau residues 

306-378) are identical between PHFs and SFs (Crowther 1991). It has more 

recently been demonstrated (via cryo-EM from AD patient brain) it is 

differences in the inter-protofilament packing that responsible for the rise of 

two different filament subclasses (Fitzpatrick et al. 2017). Interestingly 

between tauopathies, it has been shown that distinct tau filament structures or 

“tau folds” are observed (Scheres et al. 2020). This is interesting in the context 

of disease-modifying therapies, as a pan tauopathy therapeutic would need to 

be capable of interacting with filaments or low molecular weight oligomeric 

spreading species with potential differing structural properties across the 

various tauopathies.  

 

In AD a link has been established between tau load and cognitive decline 

(Arriagada et al. 1992), indicating the important role tau plays even in this 

multifactorial disease.  Braak staging of AD demonstrates a predictable 

correlation with tau-based neurofibrillary tangles and disease progression (H. 

Braak and Braak 1991). Originally observed by silver iodate staining technique 

(Gallyas 1971) and more recently using antibody staining for 

hyperphosphorylated tau (AT8) staining (Heiko Braak et al. 2006) the tau 

neurofibrillary tangles pathology is broken down into 6 stages grouped into 3 
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groups. Stages I-II are defined by a single layer of pathology in the 

transentorhinal region of the brain with mild hippocampal involvement. Stages 

III-IV demonstrate severe involvement of the entorhinal and transentorhinal 

layer pre-α. Finally, Stages V-VI are marked by isocortical destruction and in 

an increased density of staining indicating increased severity of tau 

neurofibrillary tangles (H. Braak and Braak 1991). Shown diagrammatically 

from Braak’s 1991 descriptions in Figure 1.5. 

 
Figure 1.5: Diagrammatic representation of Braak staging in AD (H. Braak and 
Braak 1991) 

 

Both the amyloid plaques and neurofibrillary tangles of tau in AD can be 

spatially quantified in live brains of patients via positron emission tomography 

(PET) imaging (Villemagne et al. 2018) allowing monitoring before the onset 

of symptoms.  It is interesting to note that (as was observed in Braak staging) 

tau tangles show a distinct stereotyped pattern of spread as disease pathology 

progresses. Due to this, it was postulated that pathological tau or a 

pathological process that incurs tau hyperphosphorylation might spread from 

cell to cell along connectivity pathways (Frost and Diamond 2010). It has since 
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been demonstrated (in rodent studies where hyperphosphorylated tau is 

injected into distinct brain regions) that tau pathology is capable of spread to 

only to those regions anatomically connected to the initial injection site (de 

Calignon et al. 2012; L. Liu et al. 2012). The method by which pathological tau 

spreads throughout the brain is not completely clear. However, it has been 

noticed that tau can be secreted and taken up by neurons (Fuster-Matanzo et 

al. 2018), and more specifically that tau showed increased secretion from 

activated neurons (Pooler et al. 2013). Secondly, it has been observed that 

secreted tau has a preferential effect on excitatory neurons (DeVos et al. 

2013). Furthermore, It has been demonstrated using induced pluripotent stem 

cell (iPSC) derived neurons in microfluidic systems (where it is possible to 

achieve single axon-dendrite connection) that tau can be released from donor 

cells, taken up by a recipient cell, and subsequently propagate tau release into 

further cells (J. W. Wu et al. 2016). This would support the idea that tau spread 

occurs along the path of excitatory neuronal connections (as observed in 

rodent studies and in line with Braak staging) via release of tau from active 

excitatory neurons which subsequently goes on to induce release from the 

next excitatory neuron along the neuronal network. This theory is somewhat 

supported by the idea that in AD excitatory neurons are preferentially effected 

by tau pathology (H. Braak and Braak 1991; H. Fu et al. 2017; Hyman et al. 

1984). More recent studies have looked to further characterise this preferential 

effect on excitatory neurons demonstrating (via RNA-seq) a distinct gene 

expression profile for tau homeostasis in excitatory neurons of AD brains 

compared with inhibitory neurons and non-AD brains (Hongjun Fu et al. 2019). 

BAG3 (previously identified as a protector of protein aggregation(Lei et al. 
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2015)) was identified in these studies as a key regulator (with a differential 

expression profile) of tau accumulation in excitatory and inhibitory neurons 

(Hongjun Fu et al. 2019).  

 

1.1.3 Neurotoxicity of tau in neurodegeneration 

1.1.3.1 Soluble tau oligomers 

Despite the extent of neurofibrillary tangles (NFTs) showing a close correlation 

with disease progression in AD (H. Braak and Braak 1991) the neurotoxic 

effects of tau, and indeed the toxic tau species that cause them are not 

completely understood.  

As has been discussed the distribution of NFT in the AD brain demonstrates 

a high level of correlation with cognitive decline. However, it has been shown 

that NFT-bearing neurons can survive for 20 years (Morsch et al. 1999). This 

observation has been confirmed in mouse models where it is demonstrated 

that neuronal loss does not correlate with the formation of NFTs (Santacruz et 

al. 2005). It has been suggested that smaller molecular weight tau oligomers 

are a potential toxic tau species as they demonstrate an increased prevalence 

(demonstrated by the level of Sodium Dodecyl Sulphate(SDS)-stable tau 

oligomers) in brains of AD and PSP patients (Lasagna-Reeves et al. 2012; 

Maeda et al. 2007). However, the exact role and toxic nature of these 

oligomers is heavily debated and how exactly tau aggregates exert neurotoxic 

effects is unclear. It has however been demonstrated that soluble tau 

oligomers derived from the CSF of AD patients and a transgenic mouse model 

of AD are capable of inducing tau aggregation in a HEK based bioassay of tau 
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aggregation (Takeda et al. 2016). However, when the soluble tau oligomers 

were compared across patients with a common phenotypic presentation of AD 

it was observed that the makeup of the tau oligomers contained large amounts 

of heterogeneity (Dujardin et al. 2020). It has therefore been suggested that 

the large difference in clinical presentation or progression of AD is heavily 

linked to a tau oligomeric species footprint across the brain of a patient 

(Dujardin et al. 2020). 

 

1.1.3.2 Tau phosphorylation 

Another mediator of tau aggregation and neurotoxicity that has been proposed 

is the hyperphosphorylation of tau. Tau phosphorylation is required to carry 

out normal cellular localisation and function for example phosphorylation of 

residues S262, T356, S214 and T231 have been shown to regulate the ability 

of tau to bind microtubules (Cho and Johnson 2003; Schneider et al. 1999). 

Cellular localisation of tau also appears to be regulated by phosphorylation for 

example membrane association of tau has been demonstrated to be heavily 

regulated by the phosphorylation state of tau (Maas et al. 2000; Pooler et al. 

2012). As previously discussed tau has also been demonstrated to have a 

potential role in protecting DNA in the nucleus (Sultan et al. 2011) and it 

appears that this localisation could be controlled by phosphorylation with 

nuclear tau appearing largely de-phosphorylated (Sultan et al. 2011). As 

discussed, hyperphosphorylated tau has been shown to have a weakened 

affinity for microtubules (Lindwall and Cole 1984). Specifically, the 

phosphorylation S214 or S262 and S356 have been demonstrated to 

decrease the affinity of tau for microtubules (Biernat et al. 1993; Scott et al. 
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1993; Sengupta et al. 1998). As such it has been proposed to more readily 

self-associate and form neurotoxic oligomers (Hanger et al. 2009). Outside of 

a direct role in aggregation hyperphosphorylated tau has been shown to 

interact with JIP1 and impair the formation of the kinesin complex (essential 

for cellular transport) (Ittner et al. 2009). In a Drosophila melanogaster model 

of tauopathy, this was shown to lead to the accumulation and misalignment of 

F-actin filaments and induce neurodegeneration (Fulga et al. 2007). The F-

actin filaments observed in this study were proposed to form actin rods 

resembling structures such as Hirano bodies in humans which have been 

noted in human disease (Fulga et al. 2007). Despite the role of these filaments 

being unclear in yeast studies increased actin filaments were shown to 

increase reactive oxygen species (ROS) leading to apoptosis-induced cell 

death(Gourlay et al. 2004). Hyperphosphorylation of tau has also been 

demonstrated to cause tau mis localisation to dendritic neuronal 

compartments. This phenomenon has been observed as one of the early and 

clear markers of pathology (Tai et al. 2012).  When overexpressed, tau has 

been shown to be driven to the postsynaptic compartments, which in several 

studies has led to synaptic dysfunction (Hoover et al. 2010; Tai et al. 2014; 

Thies and Mandelkow 2007). 

The regulation of tau phosphorylation is caused by a large range of Kinases 

and Phosphatases. There are several proline-directed kinases such as 

glycogen synthase kinase-3 (Hanger et al. 1992; Lovestone et al. 1994; Noble 

et al. 2005) and cyclin-dependent kinase-5 (Baumann et al. 1993; Noble et al. 

2003) that have shown an association with tau phosphorylation. As well as 

non-proline-directed kinases such as casein kinase-1 (Hanger et al. 2007) and 
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tyrosine kinases such as Fyn and Ab1 (Derkinderen et al. 2005; Williamson et 

al. 2002). The activities of these kinases in health are balanced by several 

phosphatase enzymes such as protein phosphatase-1, 2A and 5 (F. Liu et al. 

2005) and it is believed that an imbalance of these enzyme subclasses plays 

a critical role in the hyperphosphorylation of tau observed in disease. It is 

interesting to note that many of these enzymes have been implicated in 

pathways that are affected by amyloid-beta in models of AD (Killick et al. 2014; 

Mairet-Coello et al. 2013; Williamson et al. 2008; Yoon et al. 2012). This is 

particularly interesting as it has been observed that amyloid-beta deposition 

precedes hyperphosphorylated tau pathology in disease.  

 
1.1.4 Role of mitochondrial dysfunction in neurodegeneration   
 

The main function of mitochondria is to produce energy for cells in the form of 

Adenosine triphosphate (ATP). Essential in the production of ATP is retaining 

mitochondrial membrane potential for redox transformations and as a 

temporary energy store utilised by ATP synthase (Zorova et al. 2018). 

Mitochondria have two membranes, firstly, an inner mitochondrial membrane, 

that houses proton pumps  (Complexes I, III, IV and V) which are key in the 

electron transport chain and retaining membrane potential/polarisation (P. 

Mitchell 1966) as well as other ATP/ADP transporters such as adenine 

nucleotide translocator 1 (ANT1). Secondly, an outer mitochondrial membrane 

that separates the inner membrane space from the cytosol and controls the 

flow of protons, nucleotides, adenosine diphosphate (ADP)/ATP and other key 

metabolites into the mitochondria for the generation of ATP. This is especially 

important in neurons as they rely almost exclusively on electron transport 
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chain-derived ATP and draw very little energy from glycolysis (Kety 1957; 

Sokoloff 1960). The mitochondrial membranes are represented 

diagrammatically in Figure 1.6. 

 
Figure 1.6 Diagrammatic representation of mitochondrial inner and outer 
membranes 

Shown as yellow objects in the inner mitochondrial membrane are the proton pumps 

of the electron transport chain (Complex I, II, III, IV and V). Complex I, III and IV 

generate a proton gradient in the intermembrane space. Complex V then utilises this 

gradient to generate ATP from ADP + P. VDAC1 shown in the blue object in the outer 

mitochondrial membrane facilitates (with ATN1, green object and mCK, red circle) 

transport of ADP, ATP and key ions both in and out of the mitochondria.  

 

A key regulator of the flow of these metabolites through the outer mitochondrial 

membrane are voltage-dependent anion channels (VDACs), also known as 

mitochondrial porin (Kleene et al. 1987; Lemasters and Holmuhamedov 2006; 

Mihara and Sato 1985). VDACs under physiological conditions have been 

demonstrated to be regulated by free cytosolic tubulin (Rostovtseva et al. 

2008). In binding to VDACs tubulin has been shown to block the channel and 

both regulate respirations rates (Rostovtseva et al. 2008) and reduce/control 
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the mitochondrial membrane potential (Maldonado et al. 2010). Conversely, a 

lack of tubulin binding opens/activates the VDAC causing an increase in 

mitochondrial membrane potential/polarisation (Maldonado et al. 2010). 

Active/open VDACs have been shown to be associated with NADH oxidation 

(Maldonado et al. 2010) which can result in an increase of ROS (Vinogradov 

and Grivennikova 2016). This increase in ROS due to disruption of 

mitochondrial membrane potential has been demonstrated to cause cell death 

(J. Wang et al. 2017). It has also been observed that an increase in ROS 

catalysed cell death occurs in many neurodegenerative diseases as well as 

during the natural aging process, for further details this topic has been 

reviewed by (Castelli et al. 2019). 

 

In general mitochondrial dysfunction is a common feature of many 

neurodegenerative tauopathies (Esteras et al. 2016).  This has most frequently 

been reported as a lowering of mitochondrial membrane potential due to a 

reduced mitochondrial function (Schulz et al. 2012). 

However, in studies with patient-derived iPSC neurons containing the 10+16 

MAPT mutation, the opposite phenotype has been observed (Esteras et al. 

2017). In these studies neurons derived from patient iPSCs expressing the 

10+16 MAPT mutation expressing excess 0N4R tau (Sposito et al. 2015) 

 demonstrate a hyperpolarised mitochondrial membranes and an increase in 

reactive oxygen species (Esteras et al. 2017). This phenotype has also been 

observed in the P301L model of neurodegeneration (Delic et al. 2015). This 

study demonstrated in an aggressive in vivo model of neurodegeneration that 



50 
 

there was both an increase in mitochondrial membrane potential and an 

increase in reactive oxygen species  (Delic et al. 2015) as observed in the 

iPSC-derived neuron system (Esteras et al. 2017). Although the exact cause 

of this hyperpolarised membrane phenotype remains unclear, what is clear is 

that increased polarisation of mitochondrial membranes and increased ROS 

production plays an important role in disease progression in these FTDP-17 

patients and other models of neurodegenerative disease.  

Alterations in mitochondrial trafficking are also an important factor in 

neurogenerative disease. As previously discussed, hyperphosphorylated tau 

has been shown to interact with JIP1 and impair the formation of the kinesin 

complex (Ittner et al. 2009). Kinesin has been shown to be essential for 

transport of mitochondria in the anterograde direction along axons to synaptic 

compartments (reviewed by (Gunawardena and Goldstein 2004))(Tanaka et 

al. 1998). It has recently been shown that the effect of this in AD is an uneven 

distribution of mitochondria resulting in synaptic compartments devoid of 

mitochondria  (Pickett et al. 2018). This would conceivably lead to a lack of 

ATP in distal compartments where they are essential to maintain release of 

neurotransmitter (Cai and Tammineni 2017).  

However, it has been observed in mouse cortical neurons expressing P301L 

tau there is a 50% reduction in the number of mitochondria in the axons to 

wild-type mice cortical neurons (Rodríguez-Martín et al. 2016). Interestingly 

the motility rate and the direction of travel of these mitochondria was not 

significantly affected by the P301L mutation (Rodríguez-Martín et al. 2016).  
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This has a causative link to neurodegeneration as synaptic misfunction has 

been shown to be an early indicator of AD and other tauopathies (Zhou et al. 

2017). This is similar to results observed with the P301L mutation in 

hippocampal and dopaminergic neurons (Kim-Han et al. 2011; Shao et al. 

2013). It was also seen that in line with previous observations (in P301S mice 

where synaptic loss was observed  (Yoshiyama et al. 2007)) the P301L 

mitochondria appeared to be swollen (Rodríguez-Martín et al. 2016). It is also 

worth noting there are conflicting reports of no change in mitochondrial 

numbers or dynamics in axons of P301L mice at 18-months (David et al. 2005) 

indicating the direct implications of the P301L mutation are not completely 

clear. Whilst increases in 4R tau have been demonstrated to cause a 

decreased velocity of movement of mitochondria in both dopaminergic and 

cortical neurons (Beevers et al. 2017; M. Iovino et al. 2015). In the above 

studies of P301L transgenic mice, the level of 3R and 4R tau remain 

unchanged compared to wildtype possibly indicating a differing mechanism of 

action for the tau’s effect on mitochondrial trafficking in these models 

(Rodríguez-Martín et al. 2016).  

Whilst it is clear that mitochondrial health and homeostasis play a large role in 

neurodegenerative diseases (reviewed extensively (Johri and Beal 2012; W. 

Wang et al. 2020). The role that tau plays in this dysfunction remains an area 

for further study.  
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1.1.5 iPSC-derived neurons as a model of tauopathies 

1.1.5.1 Generation of iPSC-derived neurons 

A challenge in modelling tauopathies is ensuring that both the disease 

phenotypes and underlying molecular mechanisms recapitulate the human 

form of the disease. To this end, several -disease mouse models have been 

created to attempt to accurately recapitulate neurodegenerative disease by 

manipulation of genes, such as MAPT, to accurately reflect the human disease 

phenotypes. These models are extensively reviewed by (Dawson et al. 2018). 

It is noted however, that animal models have yielded limited success in 

translating model derived insights into a treatment of neurodegeneration 

(Dawson et al. 2018). This likely indicates that no animal model is completely 

recapitulating the underlying molecular mechanisms of neurodegenerative 

disease in humans. What is therefore required is a greater understanding, at 

the cellular level, in a disease relevant human in vitro system to complement 

these disease animal models.  

The generation of iPSCs was first described from both mouse embryonic and 

mouse adult tail tip fibroblasts. This was achieved via retroviral-mediated 

transfection of four transcription factors, organic cation transporter 2/3 

(Oct2/3), sex determining region Y box 2 (Sox2), c-Myc and kruppel like factor 

4 (Klf4) (Takahashi and Yamanaka 2006). These cells were shown to be 

indistinguishable from mouse embryonic stem cells in terms of their 

morphology, proliferative state and gene expression profiles (Takahashi and 

Yamanaka 2006). Despite being an exciting breakthrough in the field, this work 

did not satisfactorily provide a system for modelling human disease in relevant 

human cell populations. However, in 2007 the same four transcription factors 
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were used to generate human iPSCs from adult human dermal fibroblasts 

(HDF) (Takahashi et al. 2007a). These again were shown to be similar to 

human embryonic stem cells in many respects including morphology, 

proliferation, surface markers, gene expression and telomerase activity 

(Takahashi et al. 2007b). This technology provided a reliable and reproducible 

method for the generation of iPSCs which importantly can be applied to tissue 

that is relatively straightforward to isolate (fibroblasts) via normal cell culture 

methodologies.  

iPSC-derived neuronal systems have been revolutionary for the study of 

tauopathies and neurodegeneration.  When combined with the discovery of 

familial mutations in MAPT that show a causative link between tau and FTD 

(Hutton et al. 1998; Poorkaj et al. 1998) it creates an incredibly powerful 

system where disease specific mutations can be introduced to neurons to 

assess the molecular mechanisms of disease. Building on this platform, it was 

therefore possible to isolate fibroblasts from patients with neurodegenerative 

mutations and differentiate them into disease relevant mutation containing 

cells of the central nervous system to model disease such as AD (Penney et 

al. 2020). iPSCs generated from patients or genetic mutation of healthy 

generated iPSCs have been reportedly differentiated into many cell types of 

the CNS as indicated by the publications referenced Figure 1.7. 
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Figure 1.7: Diagrammatic representation of iPSC differentiation protocols 
adapted from (Penney et al. 2020) 

Patient-derived iPSC neurons continue to represent an exciting opportunity in 

neuroscience research. It makes it possible to observe the mutation in a 

patient and then use neurons derived from that individual to model the 

molecular mechanisms of the disease. However, there are drawbacks, 

especially when considering specific questions around protein function. It is 

possible between patient lines and non-mutant control lines there could be 

many uncharacterised mutations or epigenetic factors. Both of which are 

known to play a role in the neurodegenerative disease phenotypes (Hwang et 

al. 2018). To address this potential issue isogenic mutant iPSC cell lines have 

been generated with single disease mutations introduced into a control non-

mutant background (Y. Wang et al. 2014). This has subsequently been 

achieved for the 10+16 MAPT mutation (Verheyen et al. 2018). There are 
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many diseases relevant lines that are commercially available. At the time of 

writing, there were 86 lines available for Alzheimer’s disease, 15 for 

frontotemporal dementia and 4 for progressive supranuclear palsy as well as 

many others from the EBISC cell repository (https://cells.ebisc.org/).  It is worth 

noting, that not only do these lines represent an excellent source of cells for 

studying single natural mutations, but it is possible to create biallelic variants 

of disease relevant mutations. These mutations often do not exist naturally but 

represent an exciting source of study as they might present an earlier or more 

pronounced disease phenotype.   

 

1.1.5.2 Tau splicing in iPSC-derived neurons 

As previously discussed, tau splicing is developmentally regulated with only 

the 0N3R isoform of tau expressed at fetal stages and postnatal switching for 

expression of all six tau isoforms (Athena Andreadis et al. 1995)   (Athena 

Andreadis et al. 1995; M Goedert et al. 1989a). 

It has been demonstrated that iPSC-derived neurons broadly recapitulate the 

gene expression profiles of fetal neurons (Handel et al. 2016; Patani et al. 

2012). Interestingly in patient derived iPSC neurons tau splicing was also 

shown to follow a similar pattern of developmental regulation with only 0N3R 

tau being expressed in non-mutant neurons from day 20 to day 100 in culture 

(Sposito et al. 2015).  With a switch to the expression of exon 10 containing 

4R tau and exon 2 containing 1N tau isoforms by day 365 (but no detectible 

expression of the lowest abundance 2N tau isoform) (Sposito et al. 2015). 

However, other contradicting studies have indicated that exon-10 containing 

4R tau is observed between 4-10 weeks in culture in both iPSC-

https://cells.ebisc.org/
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dopaminergic neurons and mixed neuronal (Beevers et al. 2017; Hartfield et 

al. 2014; Mariangela Iovino et al. 2010; M. Iovino et al. 2015). The inclusion 

of exon 10 containing 4R tau is also observed via mass spectrometry in 

iPSC-derived cortical neurons at day 120 in culture (Paonessa et al. 2019).  

It is not clear why different studies are observing differing tau expression 

profiles. However, it could be due to differences in culture techniques or the 

sensitivity of the techniques applied to quantify tau levels. It is also worth 

noting that differentiation of different neuronal subtypes such as cortical 

compared to dopamine neurons could affect the maturation rates of the 

neurons and hence differential timing of expression for non-fetal tau isoforms. 

When utilising the expression of all non-fetal 4R tau as a measure of neuronal 

maturity it appears that wild type dopaminergic neurons mature comparatively 

quicker than cortical neurons. It is observed that the wild type dopaminergic 

neurons produce exons 3 and 10 containing mRNA from an early stage in 

culture which translates to the expression of all tau isoforms within 6 months 

in culture (Beevers et al. 2017). This is contrasted with a slower maturation 

rate of wild type cortical neurons where expression of all tau isoforms is not 

observed for a year in culture (Sposito et al. 2015).  

Interestingly developmental regulation of tau splicing appears to be overridden 

by tau disease specific mutations. With 10+16 and 10+14 MAPT mutant 

neurons demonstrating the inclusion of exon 10 by day 30 in culture (Imamura 

et al. 2016; Sposito et al. 2015; Verheyen et al. 2018) 

. This earlier expression of 4R tau has also been observed in iPSC-derived 

neurons containing the N279K tau mutation (known to increase the 4R to 3R 
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tau ration) compared with their non-mutant controls (Ehrlich et al. 2015; M. 

Iovino et al. 2015; Wren et al. 2015). 

It is exciting to see that the iPSC-derived neurons can successfully recapitulate 

splicing of patterns of tau observed in cortical development and those 

observed as a result of MAPT mutation.  

Given the possible requirement to culture for up to 360 days to observe 

expression of 4R containing tau isoforms, there have been attempts made to 

increase the speed of iPSC neuronal maturity and recapitulate ageing (Kemp 

et al. 2016; Qi et al. 2017). This would allow observation of aggressive 

mutations such as P301S that rely on 4R tau expression  (Bugiani et al. 1999). 

Impressively, the subsequent neurons demonstrate higher action potential and 

synaptic activity, more complete development of a mature inhibitory gamma-

aminobutyric acid (GABA) receptor phenotype and faster production of 

electrical network activity compared with standard culture (Kemp et al. 2016). 

More recently accelerated differentiation of iPSC-derived cortical neuronal 

progenitor cells have been successfully transplanted into a mouse brain of an 

AD model mouse. Following successful transplantation (at day 24) into the 

brain of a murine AD model and wild-type mouse brain the human neurons 

display all the hallmarks of dementia pathology including 3R and 4R tau 

expression, abnormal phosphorylation and conformational tau changes. This 

resulted in signs of neurodegeneration following 4 months post-transplant and 

significant neuronal loss by 6 months post-transplant with 54% neuronal loss 

of the human neurons in AD mice compared with wild type (and no significant 

loss of mouse neurons) (Espuny-Camacho et al. 2017). The data presented in 

this work is exciting as it provides a possible method to accelerate 
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neurodegenerative phenotypes in human stem cell derived neurons that could 

be utilised to explore different human genetic backgrounds in AD relevant 

culture conditions.  

 

1.1.5.3 Tau pathology in iPSC-derived neurons 

The utilisation of iPSC-derived neurons to study tau pathology associated with 

MAPT mutations has been reported for several areas of tau pathology 

including aggregation, phosphorylation, tau seeding and cellular transport.   

Oligomeric tau aggregates (as demonstrated by the binding of the anti-

oligomeric tau antibody TOC1) and increased 4R tau expression have also 

been demonstrated in iPSC-derived neurons with other non-coding mutations 

of tau such as MAPT 10+14 and coding mutations such as R406W (Imamura 

et al. 2016). Interestingly the oligomers of tau were not the same molecular 

weight and the R406W aggregates which presented as AT100 

(phosphorylated at S212 and S214) filamentous aggregates, which were not 

observed with the 10+14 MAPT mutation (Imamura et al. 2016). An increase 

in soluble tau oligomers has been detected in A152T (shown to decrease 

microtubule affinity (Coppola et al. 2012)) mutant iPSC-derived neurons (Fong 

et al. 2013). However, It has also been demonstrated that aggressive tau 

mutations (such as P301L) iPSC-derived neurons do not demonstrate 

spontaneous tau aggregation (Verheyen et al. 2015) unless they are 

stimulated with hyperphosphorylated (from human brain extracts) or pre-

fibrillised recombinant K18-P301L tau (Verheyen et al. 2015). 
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Tau phosphorylation has also been observed in iPSC-derived neurons 

containing 10+16, P301L, N279K and V337M mutations via phosphorylation 

of S202 and T205 (AT8 antibody detected) (Ehrlich et al. 2015; M. Iovino et al. 

2015; Paonessa et al. 2019). These phosphorylations are not typically 

observed during development (Hefti et al. 2019) but are however observed in 

tauopathies (Alonso et al. 2004; J.-Z. Wang et al. 2013).  

iPSC-derived neurons have also been utilised to model tau spread and it has 

been observed that conditioned media containing truncated tau species are 

released independently of cell death these neurons (Kanmert et al. 2015). As 

previously discussed it has also been demonstrated in iPSC-derived neurons 

that this release is dependent on the activity state of the neurons (J. W. Wu et 

al. 2016). Other studies have further demonstrated that iPSC-derived neurons 

are able to take up tau (in the case of these studies monomeric and 

aggregated P301S tau) via endocytosis (Evans et al. 2018) suggesting that 

tau spread is not limited to a pathogenic activity and might confer more 

biological activity.  

Given the well characterised role of tau in microtubule assembly and transport, 

several groups hypothesised that MAPT mutations may lead to disrupted 

intracellular transport and trafficking phenotypes (M. Iovino et al. 2015; Wren 

et al. 2015).  

It has been demonstrated that the N279K MAPT disrupted the anterograde 

trafficking of mitochondria with a reduction of 23% observed (M. Iovino et al. 

2015) and other cellular vesicles including endosomes, multivesicular bodies 

and exosomes (Wren et al. 2015). Interestingly results with a separate MAPT 
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mutation (P301L that demonstrates an increase in 4R tau) has also 

demonstrated a 15.3% reduction in anterograde mitochondrial movement (M. 

Iovino et al. 2015). However, the phenotypic observation was limited to the 

disruption of anterograde trafficking of mitochondria and earlier neuronal 

maturation (M. Iovino et al. 2015). Whilst most reports of altered mitochondrial 

trafficking demonstrate a slowing of mitochondrial movement it has been 

observed in R406W mutation iPSC neurons that there is an increase 

mitochondrial trafficking (Nakamura et al. 2019). However, this is only an 

increase in retrograde transport of mitochondria, so the net result is likely to 

be similar to the previous reports (fewer mitochondria in distal axonal 

compartments).  

As previously discussed, tau haplotypes can confer a statistical pre-disposition 

to several neurodegenerative disorders. It has been demonstrated that H1 

MAPT  haplotype carriers express an increase in exon 10 containing 4R tau 

across multiple brain regions highly affected by tauopathy (Caffrey et al. 2006).  

Studies using H1 haplotype iPSC-derived dopaminergic neurons have nicely 

recapitulated this biology showing an increase in 4R tau protein (Beevers et 

al. 2017).  This work was able to demonstrate a reduced velocity of axonal 

transport in the presence of excess 4R tau in dopaminergic neurons (Beevers 

et al. 2017). Recovery of this phenotype was achieved by the knockdown of 

excess 4R tau using RNA interference (RNAi) (discussed below 1.3.2 Protein 

knockdown via RNA silencing) of tau exon 10 containing mRNA (Beevers 

et al. 2017) showing a defined role for excess 4R tau in the altered axonal 

trafficking observed.  
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1.2 Antibody technologies  

Since their initial description by Kohler and Milstein in 1975 (Kohler and 

Milstein 1975) monoclonal antibodies (mAbs) have become an essential 

research reagent and highly successful therapeutic entity. Over the years, 570 

monoclonal therapeutic mAbs have been studied in clinical trials (Kaplon and 

Reichert 2019) and at the time of writing 94 therapeutic mAbs had been 

approved by the United States Food and Drug Administration (FDA) and are 

currently available for treatment in patients suffering from a wide range of 

diseases (https://www.antibodysociety.org/resources/approved-antibodies/).  

 

1.2.1 Antibody structure  

Full length IgG antibodies are “Y-shaped” molecules consisting of two light and 

two heavy chains. One light chain associates with a heavy chain linked via a 

disulphide bond to form a heterodimer. This is then associated with a second 

heterodimer and linked via additional disulphide bonds producing a full-length 

immunoglobulin G (IgG) (Figure 1.8A). One notable exception to this 

schematic is the heavy chain only IgGs from Camelidae species where up to 

one third of their antibody repertoire (De Simone et al. 2008) is generated from 

heavy chain only antibodies (HCab) (Hamers-Casterman et al. 1993). These 

antibodies from Camelidae species are of particular interest as they represent 

good formats for intracellular antibodies or degrabodies due to their lack of 

interchain disulphide bonding (intrabody formats discussed below 1.2.3 

Intrabodies) This class of antibodies consists of two identical heavy chains 

https://www.antibodysociety.org/resources/approved-antibodies/
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linked via disulphide bonds and contains no light chain component (Figure 

1.8E). 

 
Figure 1.8: IgG and heavy chain only antibody structure diagrams 

A Full length IgG. B fragment antigen binding (Fab). C single chain fragment variable 

(scFv) D Camelidae full length heavy chain only antibody (HCab). E Variable heavy 

chain fragment (VHH). 

 

An intact IgG antibody (Figure 1.8A), contains two distinct functional 

components. Firstly, it contains two fragment antigen-binding domains (Fabs) 

consisting of the variable regions (variable heavy chain (vH) and variable light 

chain (vL)) as well as the first constant region (CH1 and CL). The vH and vL 

form the antigen binding site of the antibody encompassing a total of six 

complementarity determining regions (CDRs), of which there are three per 

chain. The function of the CDRs is to bind to the antigen and these regions 

provide the unique specificity of monoclonal antibodies.  

Secondly, the fragment crystallisable (Fc) domain consists of the second and 

third constant regions (CH2 and CH3). This region of the molecule is highly 

important in the immune response as it determines the effector function of the 

molecule, e.g. to activate compliment (Mathews et al. 1985), induce 
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phagocytosis (Fridman 1991) (both extensively reviewed in the context of 

infectious disease (L. L. Lu et al. 2018)) and controlling  IgG recycling via the 

neonatal Fc receptor (reviewed extensively (Pyzik et al. 2019)).  

These functional delineations of IgG largely hold true for HCabs (Figure 1.8D). 

The main difference being that they lack a light chain and as such binding is 

entirely induced via the three CDRs of the heavy chain variable region (VHH). 

Secondly, HCabs lack the first antibody constant region CH1. It is interesting 

to note that VHHs have been seen to contain generally longer CDR3s which 

can probe molecular clefts on target proteins not normally accessible via 

traditional IgG CDRs (De Genst et al. 2006). However, whether this feature 

has a specific natural application in Camelidae is unknown.  

All the domains of an antibody (vH/vL, CH1-3, CL) are approximately 110 

amino acids in length and have a similar structural folding pattern that is known 

as the immunoglobulin fold (Poljak et al. 1973; Poljak et al. 1974) consisting 

of two non-covalently stabilised β-sheets. The domains of the Fc are linked to 

the Fab or VHH domains via a flexible hinge region.  Both the Fab (Figure 

1.8B) or VHH (Figure 1.8E) domains can be expressed as smaller binding 

entities without the Fc portion of the antibody. Whilst a VHH represents one of 

the smallest naturally occurring antibody binding fragments it is possible to 

decrease the molecular weight of a Fab fragment further and still produce a 

viable binding moiety. This is achieved by linking the C terminus of the vH to 

the N terminus of the vL via a flexible Gly4Ser peptide linker (both orientations 

of vH and vL are possible) to make a single chain fragment variable (scFv) 

(Figure 1.8C)  (Bird et al. 1988). These molecules require no disulphide 

stabilisation to bind the target antigen, although this has been shown to 
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increase their stability and affinity for their target antigen (J. X. Zhao et al. 

2010). 

  

1.2.2 Monoclonal antibody discovery technologies 

Broadly speaking there are two ways of generating mAbs for scientific 

research or therapeutic intervention. Either via in vivo immunisation and 

immune repertoire screening or via in vitro display technologies. The original 

characterised methodology for the discovery of monoclonal antibodies was 

hybridoma (Kohler and Milstein 1975). This technique involves immunising a 

mouse with a target antigen and following animal sacrifice fusing the B-cells 

from that mouse to a myeloma cell line to generate a hybridoma, an 

immortalised cell capable of continued secretion of antibody for screening 

(Kohler and Milstein 1975). Single hybridoma cells can then be propagated in 

culture and the resulting monoclonal antibody containing culture supernatant 

can be screened for binding to the immunising target of interest. The antibody 

heavy and light chain genes from selected wells can then be isolated from the 

hybridoma colonies and cloned into mammalian expression vectors for large 

scale production of mAbs (Zhang 2012). This work was such a revolution to 

scientific research and modern medicine that George Kohler and Cesar 

Milstein received the Nobel Prize in Physiology and Medicine in 1984 for their 

work on this technology. 

Although there have been advances in hybridoma screening technologies, 

most recently the introduction of artificial hybridoma cell surface receptors for 

the capture of secreted antibody and subsequent multiplexed high through put 
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flow cytometry screening based screening (Listek et al. 2020), hybridoma 

technology has in essence, remained largely unchanged. As such it still 

involves a highly inefficient fusion step (5×10−6 efficiency with conventional 

PEG fusion)  to convert splenic resident B-cells into antibody secreting cells 

for screening (X. Yu et al. 2008). As a result, large portions of the B-cell 

diversity from an immunised animal is lost and consequently not interrogated.  

 

Display technologies offer a route around the inefficiencies of hybridoma 

fusion step. These technologies are based on the work of George P. Smith 

where he described the display of proteins on the surface of bacteriophage 

particles for screening (G. P. Smith 1985). The elegance of this technology is 

that the screening moiety (phage particle displaying protein) contains the DNA 

encoding the displayed protein and in doing so a link between binding 

phenotype and gene sequence is retained. This work was further adapted by 

Sir Gregory P. Winter to accommodate the display of antibody fragments on 

the surface of phage particles (Jones et al. 1986; McCafferty et al. 1990). This 

allows the generation of phage libraries, generated via the isolation of antibody 

sequences from large panels of human donors and displaying them in a format 

capable of binding antigen (scFv or Fab) on the surface of phage particles. 

These particles (with binding antibody fused to the surface and containing the 

DNA encoding the antibodies) can undergo rounds of directed evolution or 

“panning” to enrich for antibodies capable of binding that target (Bradbury et 

al. 2011; Hoogenboom 2005; McCafferty et al. 1990). So important and 

ground-breaking was this work to the scientific community, that Sir Gregory 

Winter and George P. Smith were awarded the Nobel Prize in Chemistry in 
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2018 for their development of this technology.  However, despite this critical 

advancement in antibody discovery, library construction for display 

technologies typically results in the loss of the natural heavy and light chain 

cognate pairings that are selected as part of an immune response. The 

consequence of this, particularly using antibody sequences from a naïve (non-

immunised) repertoire, is that they typically require in vitro optimisation to 

improve affinity or enhance biophysical characteristics (Kaleli et al. 2019).  

 

To overcome the inefficiency of both hybridoma and display technologies 

whilst enabling complete sampling of the in vivo affinity matured immune 

repertoire of an immunised animal several single B-cell technologies have 

been developed.  These technologies aim to rapidly isolate and retain antigen 

specific natural heavy and light chain mAb pairings and move them to a 

recombinant antibody system for further screening. Single B-cell methods can 

be used to isolate antigen specific antibody secreting cells fresh from immune 

tissues via; micromanipulation (Clargo et al. 2014); micro engraving 

technologies (Kishi et al. 2019); nanopen techniques (Winters et al. 2019); 

droplet microfluidics (R. Ding et al. 2020; Josephides et al. 2020). All these 

technologies are attempting to achieve the same result of compartmentalising 

single antibody secreting cells so they can be screened for antigen specific 

antibody binding. Followed by the subsequent isolation of the cells to recover 

the antibody genes from the cells.    

Using single B-cell technologies it is also possible to screen for antibodies from 

other immune compartments such as memory B-cells.  Memory B-cells 
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naturally contain surface expressed IgG as part of the B-cell receptor on the 

cell surface, so methods have been developed to screen and isolate these 

cells via labelled antigen and either magnetic (Carroll and Al-Rubeai 2005) or 

flow cytometric cell sorting (Starkie et al. 2016; Weitkamp et al. 2003). This 

has been demonstrated both from immunised animals such as mice and 

rabbits (Starkie et al. 2016) and natural human sources (Weitkamp et al. 

2003). Alternative methodologies for accessing the memory B-cell repertoire 

involve the activation of memory B-cells to antibody secreting cells in plates 

(Tickle et al. 2015). This technique provides the ability to perform up front B-

cell supernatant screening to enrich antibodies of interest. Followed by 

subsequent isolation of the single B-cells to recover the genes of those 

antibodies for further and more detailed characterisation. The advantage of 

such a method is that it indiscriminately activates all B-cells for screening. This 

is advantageous when considered with the frequency of antigen specific cells 

in a memory B-cell repertoire of an immunised animal (>1% of the memory B-

cells, via flow cytometry staining (Starkie et al. 2016)). As the activation 

method ensures that ultra-rare cells are not missed, which is possible during 

a flow cytometry sort.  

Overall, it can be seen that there are many methods for the generation of mAbs 

each with its technical limitations and benefits. A strategy that employs a range 

of complementary technologies will likely result in the discovery of fit-for-

purpose mAbs.  
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1.2.3 Intrabodies   

Intrabodies are antibodies, or antibody fragments, that are capable of 

expression, correct folding and antigen binding intracellularly. Unlike Fab 

fragments or whole IgGs, intrabodies are capable of folding correctly in the 

reducing environment of the cytoplasm due to a lack of inter- and intra-chain 

disulphide bonds (Biocca et al. 1995; Worn and Pluckthun 2001). Intrabodies 

fall into two categories cytosolic intrabodies (cyto-intrabodies) or targeted 

intrabodies. For example, ER-intrabodies are targeted to the ER lumen using 

a KDEL or SEKDEL sequence on their c-terminus (Lewis and Pelham 1992; 

Wheeler et al. 2003). They are then able to bind their target in the secretory 

pathway and retain it inside the cell where it is then degraded by the ER-

associated degradation (ERAD) pathway (Meusser et al. 2005). Intrabodies 

can also be targeted to the mitochondria or nucleus (Biocca et al. 1990) with 

the addition of a suitable targeting signal.  Cyto-intrabodies however are 

targeted directly to the cytoplasm via removing any leader/signal sequence. 

These can be used for direct functional modification of cytosolic targets. Such 

examples include EGFR (Hyland et al. 2003) and β-catenin (Newnham et al. 

2015). More recently phospho-tau specific cytosolic scFv intrabodies from 

PHF1 and CP13 as well as a total tau scFv intrabody derived from tau5 have 

been generated (Goodwin et al. 2020). These antibodies were tested as 

intrabodies and as secreted scFvs and interestingly it was demonstrated the 

intrabody versions were more effective at reducing hallmarks of pathogenesis 

in several models (Goodwin et al. 2020). Alternatively, cyto-intrabodies can be 

used to track and trace cellular proteins and components within the cell 

(Rothbauer et al. 2006). Or to induce target specific degradation (degrabodies) 



69 
 

within a live cell of which there are several examples in the neuroscience field 

for the targeted degradation of total tau (Gallardo et al. 2019), α-synuclein 

(Joshi et al. 2012) and huntingtin (Butler and Messer 2011). 

 

There are several valid and successful approaches for the generation of 

intrabodies including those of non-antibody-based scaffolds, IgG-derived 

intrabodies and single-domain antibodies. Non-antibody-based intrabodies 

are generally peptide scaffold binding moieties. The best characterised of 

these is the tenth domain of type III fibronectin, where desired binders are 

generated via randomised libraries that can be panned via display 

technologies  (Koide et al. 1998). IgG-derived intrabodies are mainly produced 

using the variable region domains of IgGs linked via a Gly4Ser peptide linker 

to make an scFv fragment (Bird et al. 1988). These can then be directly used 

as intrabodies as they no longer require disulphide bond formation for correct 

folding. Examples of scFv intrabodies that have previously been described 

include; anti-alpha-tubulin (Cassimeris et al. 2013), anti-PSD-95 (Fukata et al. 

2013) and anti-giantin (Nizak et al. 2003). Single-domain antibodies represent 

the smallest class of antibody fragments (Kaiser et al. 2014). The most 

common type of single-domain antibody intrabodies are derived from 

Camelidae heavy chain only antibodies (HCabs) (Hamers-Casterman et al. 

1993). The single variable regions of HCabs can be used as intrabodies 

(known as VHHs). Examples of VHH derived intrabodies that have been 

previously reported include those to Nuclear lamin (Rothbauer et al. 2006), 

cytokeratin (Rothbauer et al. 2006) and β-catenin (Newnham et al. 2015). 

Other examples of heavy chain only domain antibodies such as nurse shark 
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derived VNARS have been used as intrabodies to target hepatitis B virus pre-

core antigen (Walsh et al. 2011). Finally, there are examples of single-domain 

antibodies being derived from heavy chains of conventional rabbit IgG (Aires 

da Silva et al. 2004).  An in-depth review of intrabody formats and uses is 

described in (Zhang et al. 2020). 

 

1.3 Protein knock down technologies 

To understand the function of a protein and its contribution to a cellular 

phenotype, it is important to be able to perform corelative studies between the 

protein and phenotype of interest. However, it is also desirable to remove the 

protein from the assay system to assess any change in the phenotype. 

 

There are several mechanisms by which a protein can be knocked down in a 

cellular system. These techniques can be categorised based on where they 

interfere with the protein production, interfering at either the DNA, RNA or 

protein level to induce a reduction of cellular protein.  

 
1.3.1 Protein downregulation via genome alteration  
 

The intervention of protein expression at the DNA level involves genome 

editing. There are several methods for genome editing, such as zinc finger 

nuclease (ZNFs), transcription activator-like nucleases (TALENs), although 

recently the most popular methodology that is used is the clustered regularly 

interspaced short palindromic repeats (CRISPR)-associated protein 9 (Cas9) 

system. Whilst each of these technologies has separate advantages and 
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disadvantages, they all rely on their ability to introduce targeted double strand 

breaks in genomic DNA. This subsequently activates the cell DNA repair 

mechanisms and facilitates the introduction of site-specific genome 

modifications.  This is most commonly used to achieve gene knockout by the 

insertion or deletion of random bases that are introduced by non-homologous 

end joining (Bibikova et al. 2002). However, it is also possible to introduce 

donor template to facilitate the introduction of new DNA for gene activation or 

gene modification (for a full review of the applications of genome editing 

technologies see (H. Li et al. 2020)) 

 

ZNFs are a fusion between engineered zinc finger protein (for targeting) and 

the DNA cleavage domain of FokI restriction endonuclease (Kim et al. 1996). 

These proteins exist as dimers with each half of the dimer containing up to four 

zinc different fingers DNA recognition domains which recognise nine to 

eighteen base pair sections of DNA (in triple base pair stretches) fused to the 

FokI domain (Kim et al. 1996). Each half of the dimer recognises the up and 

downstream DNA elements and dimerization is via the FokI cleavage domains 

that induce cleavage between the two zinc finger DNA recognition domains (J. 

Smith et al. 2000). One of the major concerns with ZFNs for genome editing 

is off target mutations (Pattanayak et al. 2011). Whilst attempts have been 

made to improve the specificity of ZNF (Doyon et al. 2011) when combined 

with the technical challenge of constructing ZNFs their use has been 

somewhat superseded by other genetic manipulation techniques such as 

CRISPR editing (discussed below). 
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TALENs are based on TALE proteins from bacteria that in 2009 were 

discovered to recognise DNA (Boch et al. 2009; Moscou and Bogdanove 

2009). Like ZNFs, TALENs are a modular protein with a DNA targeting TALE 

domain fused to the same FokI cleavage domain used in ZFNs (Christian et 

al. 2010; Miller et al. 2011). TALEN cleavage is focused in a similar way to 

ZFNs with upstream and downstream TALE domains flanking a cleavage site 

that is introduced via the dimerised FokI domain (Miller et al. 2011). However, 

unlike zinc fingers that recognise DNA triplets (leading the off target binding), 

each TALE domain recognises a single nucleotide (Deng et al. 2012) ensuring 

they have an increased target specificity(Guilinger et al. 2014). Despite this 

increased DNA specificity, TALENs are larger constructs than ZFNs and their 

structure is highly repetitive which makes packaging their DNA constructs into 

the somewhat limited genome space of an adeno-associated virus (AAV) or 

lentivirus vectors challenging (Holkers et al. 2013).  

 

The CRISPR-Cas9 system has a natural role in bacterial immunity (Marraffini 

and Sontheimer 2010), providing viral protection by RNA guided cleavage of 

viral genomes via Cas proteins (Wiedenheft et al. 2012). It was demonstrated 

that the location of this DNA cleavage could be directed to a specific site by 

the introduction of site complimentary guide RNA (gRNA). This then ensures 

DNA engaging with Cas9 protein to direct cleavage of the DNA to specific sites 

of interest (Jinek et al. 2013; Wiedenheft et al. 2012). As the specific cleavage 

recognition sites are guided entirely by the gRNA and not the protein Cas9 
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element this ensured the technology was immediately applicable to many 

genes without the requirement for complex protein engineering to generate 

targeting moieties (like with ZFNs and TALENS).  

 

Whilst all DNA editing technologies provide opportunities to adjust the 

eventual proteomic state of a cell. They all suffer the same downside in that it 

is impossible to target post translational modifications on proteins whilst retain 

native amino acid composition. They also take time to become effective and 

are highly dependent on protein turnover for example a protein turned over at 

a slow rate would take a long time to clear from the cell even after successful 

genomic editing to silence the gene. 

 

 

1.3.2 Protein knockdown via RNA silencing   

RNA interference has enabled a greater understanding of gene expression 

regulation by demonstrating that small noncoding RNAs were able to regulate 

gene expression profiles (Lee et al. 1993). These 20-30 nucleotide sequences 

were originally discovered in the Caenorhabditis elegans genome (Lee et al. 

1993). More recently, synthetic RNA has been introduced to cells to achieve 

gene silencing as either microRNAs (miRNA) or short interfering RNAs 

(siRNA). Both miRNA and siRNA share a similar mechanism of action. They 

are typically targeted to the target mRNA sequence of interest via a 30-30nt 

si/miRNA stretch. These engage with ribonuclear protein complexes to induce 

RNA silencing, via the RNA induced silencing complex (RISC). This drives the 

silencing of gene expression via degradation of the target mRNA or 
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transcriptional repression, the process of RNAi based gene silencing is 

extensively reviewed by (Wilson and Doudna 2013).  

 

Another method by which gene expression can be affected at the RNA stage 

is antisense oligos (ASOs). ASOs are short antisense DNA oligonucleotides 

that are targeted by complimentary base pairing to mRNA (Opalinska and 

Gewirtz 2002). Unlike si/miRNA, ASOs do not require engagement with any 

accessory proteins and engage with target mRNA via standard nucleotide 

base pairing.  Once bound to RNA the RNA DNA hybrid molecule becomes a 

target for RNase H mediated degradation (H. Wu et al. 2004). Of the RNase 

H family of proteins, RNase H1 is both an essential mediator of degradation 

(Majorek et al. 2014) and the rate limiting step as there is generally a molecular 

excess of ASO compared with the levels of available RNase H1(H. Wu et al. 

2004).  

 

Although both si/miRNA and ASOs have many advantages in that they are 

relatively cost effective and can easily be designed and synthesised at a large 

scale. They do present some serious challenges (Gustincich et al. 2017). 

Firstly, both are highly susceptible to degradation (ASOs are the more stable 

entity) (Gustincich et al. 2017). Secondly, delivery can be a challenge with 

lipid-based transfection methodologies available for some cell types but not 

all. It has also been noted that cell penetrance of si/miRNA is at a low level 

and typically requires the addition of carrier vehicles or modifications such as 

cell penetrating peptides (Lingor et al. 2004). They do offer the advantage that 
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targeting of splice variants is possible as post spliced mRNA can be targeted. 

However, given the possibility that both can bind to their respective RNAs with 

wobble positions and still achieve gene silencing, off target specificity is a 

major concern when looking to silence a gene within a closely related family 

(Fedorov et al. 2006; Yoshida et al. 2018).  Both are also incapable of targeting 

post translational modifications on proteins as they are not acting post 

translationally. Despite these challenges both si/miRNA have proved 

extremely useful research tools and ASOs are being actively investigated as 

a human therapeutic entity (Verma 2018). 

 

1.3.3 Protein knock down via direct protein targeting   

The final way to affect protein levels inside the cell is to target the protein itself. 

There are three main methods employed to reduce protein levels directly 

inside the cell; small molecule chemical entities or peptide-based Proteolysis 

Targeting Chimeras (PROTACs); TrimAway (using full length antibodies); 

target degrading intracellular antibody fragments (degrabodies).   

The removal of target protein has several theoretical advantages over genome 

editing or mRNA targeting; targeting of misfolded or differently folded versions 

of a protein; targeting specific post translational modifications; targeting splice 

variants of a protein that arise from a single transcript. Although most of these 

have not yet been realised as efficient knockdown technologies, there are 

examples in the literature of confirmation specific antibodies (Kirchhofer et al. 

2010) and confirmation stabilising small molecules (O'Connell et al. 2019). As 

well as several examples of antibodies specific to post translational 

modifications (PTMs)(Gal-Tanamy et al. 2010). This thesis presents examples 
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of antibodies to splice variants of the tau protein and whilst they are not 

common, due to the technical challenges of discovery, there are other 

examples in the literature such as those specific to splice variants of human 

α3 integrin (Oku et al. 2016).  All of which could be used to target degradation 

to specific proteins or subclasses of proteins as discussed below.  

 

PROTACs were first developed in 2008 (Schneekloth et al. 2008) and are 

bispecific chemical entities or peptides that with one side of the molecule 

engage with the target of interest and with the other side recruit a cellular E3 

ubiquitin ligase (Schneekloth et al. 2008) to induce degradation. The E3 

ubiquitin ligase recruits a ubiquitin charged E2 ubiquitin ligase and catalyses 

the transfer of ubiquitin from the E2 ligase to free lysine’s on the target protein. 

Once a chain of at least four ubiquitin molecules is formed the target protein 

is accessible to the 26S proteasome for degradation (Schrader et al. 2009), 

diagrammatically summarised in Figure 1.9.  
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Figure 1.9 Overview of the mechanism of action of a PROTAC 

To induce degradation a PROTAC engages with the target protein (shown in green) 

via its targeting arm (shown in blue) and a cellular expressed E3 ubiquitin ligase 

(shown in pink) via its ligase recruiting arm (shown in the red triangle). The E3 

ubiquitin ligase recruits a ubiquitin charged E2 ubiquitin ligase (shown in yellow with 

the black circle representing ubiquitin). The E3 ligases catalyse the transfer of 

ubiquitin from the E2 ligase to free lysine’s on the target protein. Once a chain of at 

least four ubiquitin molecules is formed the target protein is accessible to the 26S 

proteasome (shown in dark red) for degradation. 

 

Several variants of PROTACs have also been generated to both circumvent 

issues such as poor solubility and cell permeability with traditional PROTACs 

(P. Wang and Zhou 2018) such as molecular glues (Yang et al. 2019). 

Molecular glues use the same degrading mode of action. However, they are 

more drug like chemical entities. Rather than engaging and bringing together 

a target and E3 ligase molecular glues work to stabilise the interaction with a 

target’s natural ligase. Hence increasing the rate of protein turnover (Yang et 

al. 2019). So called PHOTACs have also recently been reported that work in 

the same way as a PROTAC but enable control of degradation based on 

exposure to light (Reynders et al. 2020; Xue et al. 2019). In doing so they allow 

for pulse chase of protein expression and correlative function.   
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Although PROTACs and molecular glues represent interesting and exciting 

new therapeutic entities for previously undruggable targets (reviewed in detail 

(Zou et al. 2019)), the development of such molecules remains out of scope 

for many laboratories. Attempts have been made to address this with Halo-

PROTAC technology being commercially available (Buckley et al. 2015). The 

halo PROTIAC can degrade proteins that have a genetically fused halo tag. A 

halo tag is a 33kda protein tag (Los et al. 2008) that can be genetically fused 

to a target of interest via CRISPR-Cas9  genome editing (Tovell et al. 2019). 

However, although this technology circumvents the requirement to develop a 

specific PROTAC the use of a bulky tag on endogenous proteins can have 

effects on the protein dynamics and function. It has also been observed that 

not all proteins have small molecule available active sites and modulating 

protein-protein interactions with small molecules is challenging (Wells and 

McClendon 2007). 

  

Antibody technologies provide a good alternative to PROTAC technologies as 

relative to chemical binders they can be rapidly generated and as previously 

discussed can show exquisite specificity for their target proteins. A method 

has been developed to utilise full length antibodies to induce protein 

degradation called TrimAway (Clift et al. 2017; Clift et al. 2018). TrimAway 

utilises the intracellular Fc receptor/ E3 ubiquitin ligase trim21(James et al. 

2007) to induce the degradation of a target. Recombinant purified antibodies 

are introduced to the cell via electroporation or microinjection, where they bind 

antigen, as previously discussed, via their CDRs. Endogenous Trim21 protein 

is recruited, binding to the Fc domain of the antibody (James et al. 2007). 



79 
 

Following on target dimerization of Trim21, the E3 ubiquitin ligase domain is 

activated and allows for the transfer of ubiquitin to the target protein via an E2 

ubiquitin ligase (Clift et al. 2017). Degradation then occurs via the 26S 

proteasome as previously discussed for PROTACs (Figure 1.9).  

The advantage of this technology is that targeting is of the endogenous non-

modified protein. It is also possible to utilise commercially available IgGs 

making the technology very transferable. Finally, degradation is rapid with 

protein degradation reported within an hour of antibody administration (Clift et 

al. 2017). The disadvantage of this technology is that it relies on the 

endogenous trim21 inside the cell which could either suffer from a biological 

hook effect.  This is where too much antibody is delivered and saturates 

binding of target or Trim21 but does not form the complex. It has been 

demonstrated that overexpression or additional via protein transfection of 

Trim21 is required in some cases (Clift et al. 2018). However, this technology 

clearly demonstrates the utility of exquisite antibody specificity when targeting 

proteins for degradation as an antibody for huntingtin PolyQ has been 

demonstrated by this technology to show degradation of only expanded repeat 

pathogenic huntingtin whilst leaving non-mutant huntingtin intact (Clift et al. 

2017).  

 

As previously discussed (1.2.3 Intrabodies), intrabodies are antibody 

fragments capable of binding their target upon intracellular expression. 

Degrabodies refers to intrabodies that can catalyse the degradation of their 

target protein when bound. Degrabodies can be formatted in a variety of ways 
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either by direct E3 ligase fusions, such as carboxy-terminus of Hsc70 

interacting protein (CHIP) E3 ligase-fused degrabodies (Portnoff et al. 2014). 

Direct E3 ubiquitin ligase fused degrabodies are targeted via the antibody 

fragment and the E3 ligase fused domain catalyses target ubiquitination and 

degradation via the previously discussed methods highlighted for PROTACs 

(Figure 1.9). Alternatively, intrabodies can be fused to degron tags, these are 

short peptide sequences (from native proteins) that recruit an E3 ligase and 

subsequent degradation machinery, such as the CL1 degron (W. Zhao et al. 

2018). Finally, it is possible to tag degrabodies with sequences that are known 

to have high protein turnover, such as PEST tag (Butler and Messer 2011) or 

direct ubiquitin mutants (Gallardo et al. 2019), which act as degradation 

signals for proteasomal or non-proteasomal mediated degradation.   

Whilst generic GFP degrabodies do exist (Caussinus et al. 2011) and could 

be used in conjunction with GFP tagged native protein (Leonetti et al. 2016). 

The power of using a degrabody is to utilise highly specific antibody fragment-

based targeting of the untagged native protein. Examples of degrabodies 

targeting native proteins include; huntingtin (Butler and Messer 2011); α-

synuclein (Joshi et al. 2012); total tau in primary neurons and P301S 

transgenic mouse model (Gallardo et al. 2019).  

It is also worth noting that, delivery of a degrabody is via gene delivery utilising 

either lipid-based transfections, viral delivery or electroporation. Whilst this has 

advantages in that many constructs can be tested without the need to generate 

large volumes of recombinant protein it does provide some potential 

challenges in hard to transfect cells or tissues. 
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The main challenge of using the protein knockdown technologies is that if 

protein expression of a target is very high the rate of degradation might not be 

able to keep up with the rate of protein production and a knockdown phenotype 

may not be observed.  

In the context of scientific research technologies such as CRISPR, 

degrabodies and TrimAway present a huge advantage in protein phenotyping 

studies. As discussed above the generation of such entities is rapid and highly 

specific compared to generating a small molecule or peptide PROTAC.  

 

However, when considered in the context of developing a therapeutic entity, 

there are ethical concerns around the use of CRISPR for genome editing 

(Brokowski and Adli 2020) which do not apply to PROTAC or antibody-based 

medicine. Clearly, TrimAway is not a therapeutic option so in this context, the 

use of degrabodies and PROTACs present an attractive option. As the 

mechanism of action and the stage of intervention (protein level) is retained in 

the early scientific research through to the final drug molecule. It is also 

possible to deliver a degrabody as a gene therapy which as it is delivery of 

non-germline integrating DNA has less ethical considerations and could 

provide a potent therapy for previously hard to drug targets (Zhang et al. 2020).  
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1.4 Therapeutic intervention for tauopathies 

As discussed above tau has been proven to show disease association with 

many neurodegenerative disorders. It therefore makes sense that tau 

represents a keen protein target for disease modifying agents.  

The first of these approaches is antibody-based immunotherapy. The general 

strategy for raising anti-tau antibodies is to look to block the extracellular 

spread of tau via neutralising either monomeric (Boutajangout et al. 2011; 

Courade et al. 2018; Yanamandra et al. 2013; Yanamandra et al. 2015) or 

aggregated forms of tau (Castillo-Carranza et al. 2014). Other approaches 

have been to target disease specific phospho sites or conformationally altered 

forms of tau associated with disease (Chai et al. 2011; d'Abramo et al. 2013; 

Walls et al. 2014). Therapeutic quality antibodies have been raised to all 

regions of tau protein. It should however be noted that it is thought that the 

majority of tau in AD brains is truncated at the N-terminus of the protein (Zilka 

et al. 2012) meaning that the efficacy of an extreme N-terminally targeted 

antibody (for example (Agadjanyan et al. 2017)) might prove limited.  In AD 

there are currently six antibodies in active clinical trials (LY3303560, RO 

7105705, BMS-986168, C2N-8E12, JNJ-63733657 and UCB0107).  

The second clinical modality being investigated is tau therapeutic vaccines. In 

a similar way to the immunotherapy discussed above vaccines have been 

generated to drive an immune response to the mid-region, MTBR and C-

terminus of tau. Several of these vaccines have demonstrated reduction of tau 

pathology in pre-clinical studies (Kontsekova et al. 2014; Rajamohamedsait et 

al. 2017; Richter et al. 2014; Theunis et al. 2013).  However, despite reporting 



83 
 

pre-clinical success there are only two tau vaccines that have been tested in 

human clinical trials (AADvac1 for AD from Axon Neuroscience and ACI-35 for 

AD from AC Immune/Janssen).  

Whilst both forms of anti-tau immunotherapy are an attractive option for 

disease modification the development pathway for such antibodies is highly 

complex. Not least because standard antibody therapies are generally for 

diseases of the periphery where dosing is less complex and drug 

pharmacokinetics and dynamics are very favourable. This is not the case with 

anti-tau antibodies (either applied as therapy or derived from a vaccination) as 

these will have to cross the blood brain barrier (BBB) which is only permeable 

to around 0.1% of circulating antibody (Poduslo et al. 1994). However, there 

are approaches actively being investigated to increase therapeutic antibody 

delivery to the brain. The best characterised example of this is a BBB shuttle 

using an antibody with dual specificity to its therapeutic target and a receptor 

on the BBB which is engaged by the antibody and is used to traffic the antibody 

across the BBB (Y. J. Yu et al. 2014). 

A further method employed for the treatment of tau therapy attempting to 

reduce the levels of tau via protein knockdown technologies (as discussed 

above 1.3 Protein knock down technologies). Currently, an ASO has 

demonstrated the resolution of tau pathology in a P301S mouse model (DeVos 

et al. 2017). This ASO is currently in clinical development for the treatment of 

AD (https://www.alzforum.org/therapeutics/biib080). Interestingly a tau 

PROTAC is being investigated by Arvinas that they claim can eliminate 95% 

of pathological tau protein from a P301L mouse model of tauopathy 

(https://ir.arvinas.com/news-releases/news-release-details/arvinas-present-

https://www.alzforum.org/therapeutics/biib080
https://ir.arvinas.com/news-releases/news-release-details/arvinas-present-preclinical-tau-directed-protacr-protein
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preclinical-tau-directed-protacr-protein). It will be intriguing to track the 

progress of both of these therapeutics as they represent a completely different 

approach to modulating tauopathy by direct tau targeting compared with 

antibody-based therapies.  

There are also several attempts to regulate tau with chemical entities that look 

to inhibit aggregation of tau via a variety of mechanisms such as regulation of 

tau phosphorylation and direct inhibition of aggregation (extensively reviewed 

in the context of AD (Congdon and Sigurdsson 2018)). It is noted that whilst 

most of the compounds studied appear to demonstrate activity in in vitro only 

a small subset have been evaluated in vivo with limited success.  

It has been demonstrated that tauopathies are an important and highly active 

area of research for disease modifying agents. However, the complex nature 

of the diseases coupled with the challenges of therapeutic delivery still leave 

a large volume of therapeutic potential left untapped. This therapeutic need is 

compounded by the incredibly serious and debilitating clinical nature of 

tauopathies and further highlights the requirement for new and novel 

therapeutic agents to tackle these incredibly serious diseases. 

 

1.5 Central hypothesis and aims 

1.5.1 Central hypothesis 

The central hypothesis that I have investigated in this thesis is that excess 4R 

tau in neurons containing the 10+16 MAPT splice mutation leads to an 

increased polarisation of mitochondrial membranes and mitochondrial 

https://ir.arvinas.com/news-releases/news-release-details/arvinas-present-preclinical-tau-directed-protacr-protein
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dysfunction, and that targeted degradation of 4R tau in iPSC-derived neurons 

will be sufficient to ameliorate this phenotype.  

 

1.5.2 Project aims 
 

To address this hypothesis, the aims of my thesis were as follows: 

1. Generate isoforms specific antibodies to 3R and 4R tau (3 Generation 

and characterisation of 3R and 4R tau specific monoclonal 

antibodies) 

2. Develop a multiparameter flow cytometry assay to correlate the levels 

of 4R in 10+16 MAPT mutant neurones with mitochondrial membrane 

polarisation levels in those cells. (4 iPSC-derived neuron cell 

phenotyping) 

3. Develop a technology for the specific degradation of 4R tau (5 

Generation of a technology for the specific reduction of 4R tau 

levels) 

4. Assess the functional effect of 4R tau removal from iPSC derived 

neurons on mitochondrial membrane polarisation (6 Phenotypic 

consequences of knockdown of 4R tau in iPSC-derived neurons) 
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Chapter 2: Materials and Methods 
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2 Materials and methods 

2.1 General methods 

2.1.1 Media and buffers 

All media, buffers and solutions prepared in-house for this work are detailed 

below, any others were supplied directly by the detailed manufacturer. 

Reagent Volume/concentration Source 
Neurobasal media - ThermoFisher 
B27 supplement 1X ThermoFisher 
L-Glutamine 200mM ThermoFisher 
Pen/Strep 50U/ml 50mg/ml ThermoFisher  

Table 2.1: B27 media 

 

Reagent Volume/concentration Source 
RMPI - ThermoFisher 
FBS 10% (v/v) ThermoFisher 
HEPES buffer 25mM Sigma Aldrich 
L-Glutamine 200mM ThermoFisher 
Pen/Strep 50U/ml 50mg/ml ThermoFisher 
Normocin 0.2µg/ml Invivogen 
2-Mercaptoethanol 1µM Sigma Aldrich 
B-cell supplement 2% UCB internal product 

Table 2.2: B-cell culture media 

 

Reagent Volume/concentration Source 
dH2O - - 
Na3CO3 0.16% Sigma Aldrich 
NaHCo3 2.93% Sigma Aldrich 

Table 2.3: Carbonate coating buffer 
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Reagent Volume/concentration Source 
PBS - ThermoFisher 
FCS 1% (v/v) ThermoFisher 
HEPES 25mM Sigma Aldrich 
EDTA 1mM ThermoFisher 

Table 2.4: FACS buffer 

 

Reagent Volume/concentration Source 
dH2O - - 
Bacto-typtone 1% (w/v) Sigma Aldrich 
Bacto-yeast extract 0.5% (w/v) Sigma Aldrich 
Bacto-agar 1.5%(w/v) (not in broth) Sigma Aldrich 
NaCl 171mM Sigma Aldrich 

Table 2.5: LB agar/ broth 

 

Reagent Volume/concentration Source 
DMEM Glutamax F12 - ThermoFisher 
N2 supplement  1X ThermoFisher 
Insulin 5µg/ml ThermoFisher 
L-Glutamine 1mM ThermoFisher 
Non-essential amino 
acids 

100µM ThermoFisher 

2-Mercaptoethanol 1µM Sigma Aldrich  
Pen/Strep 50U/ml 50mg/ml ThermoFisher  

Table 2.6: N2 media 

 

Reagent Volume/co
ncentration 

Media  Source 

N2 media 50% neural maintenance - 
B27 media 50% neural maintenance - 
Noggin 500ng/ml Included to make 

neural induction 
Sigma Aldrich 

Dorsomorphin 1µM Included to make 
neural induction 

Sigma Aldrich 

SB431452 10µM Included to make 
neural induction 

Tocris Bioscience  

Table 2.7: Neural maintenance and induction media 
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Reagent Volume/concentration Source 
PBS - ThermoFisher 
PEG 8000 1% (w/v) Sigma Aldrich 
Tween20 0.1% (v/v) Sigma Aldrich 

Table 2.8: PEG block 

 

Reagent Volume/concentration Source 
dH2O - - 
PEG 8000 20% (w/v) Sigma Aldrich 
NaCl 2.5M% (v/v) Sigma Aldrich 

Table 2.9: PEG salt 

 

Reagent Volume/concentration Source 
dH2O - - 
Tris-acetate 40mM Sigma Aldrich 
EDTA 2.5mM Sigma Aldrich 

Table 2.10: TAE solution 

 

Reagent Volume/concentration Source 
dH2O - - 
Bacto-typtone 2% (w/v) Sigma Aldrich 
Bacto-yeast extract 1% (w/v) Sigma Aldrich 
NaCl 171mM Sigma Aldrich 

Table 2.11: 2xTY media 

 

2.1.2 E.coli transformations and single colony recovery 

1µl of DNA was added to 50µl of XL-1 Blue E.coli (Sigma Aldrich). These were 

incubated for 15minutes (min) on ice and then transferred to 42oC for 45 

seconds followed by further 2min incubation on ice. 150µl of SOC media was 

added to the transformation and they could recover for 1hour (h) at 37oC. 

During the recovery phase, LB agar plates were made up containing 

resistance marker antibiotic and allowed to dry. Following the recovery phase, 
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all of the transformations was plated out onto individual agar plates. Plates 

were incubated at 37oC overnight.  

After overnight incubation single colonies were picked and inoculated into 5ml 

LB broth containing resistance marker antibiotic. Cultures were incubated with 

shaking overnight at 37oC at 220 RPM. Following incubation, the DNA was 

mini prepped using a Qiagen mini prep kit according to the manufacturer’s 

instructions. 

 

2.1.3 ExpiHEK-293F transfections for antibody expression 

ExpiHEK-293F cells were seeded at 2x106 cells/ml. These were incubated 

overnight at 37OC in 5% CO2 with shaking at 220rpm. The following day 1µg 

of DNA per 2x106 cells originally seeded (or 5µl of vH or vL tertiary PCR 

product) was transfected according to manufacturer’s instructions.  The cells 

were then incubated for 6 days (for antibody expression or as described in the 

individual method for cell recoveries) in a 5% CO2 atmosphere shaking at 

220rpm. Following incubation, culture supernatants containing recombinant 

antibody were harvested by centrifugation at 4000g(av) for 20 min. 

Supernatants were harvested and filtered through a 0.22µm membrane and 

stored at 4OC. 

 

2.1.4 Nucleic acid concentration quantification 

The concentration of DNA or RNA was determined by the measurement of the 

optical density of the solution at 260nm. An optical density of 1 at this 

wavelength was assumed to be equivalent to 50μg/mL for DNA and 40μg/mL 
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for RNA, so the concentration of DNA was determined using the following 

formula: 

(OD260 x 50 x dilution factor)/1000 = DNA concentration in mg/mL 

Or: 

(OD260 x 40 x dilution factor)/1000 = RNA concentration in mg/mL 

 

2.1.5 Protein quantification via A280 absorbance 

Absorbance (OD280) readings of purified proteins were made and used to 

calculate the protein concentration using the following formula: 

Protein concentration = (OD280 / extinction co-efficient) x dilution factor 

The extinction co-efficient was calculated from the protein sequence using 

Vector NTI software. 

 

2.1.6 Primary antibodies 

 

Table 2.12: Primary antibodies used in this study 
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2.2 Cell culture 

2.2.1 ExpiHEK-293F / HEK-293F cell culture 

ExpiHEK-293F cells (ThermoFisher) were maintained in suspension culture in 

Exi-293 media. HEK-293F (ThermoFisher) were maintained in suspension 

culture in Freestyle media. In both cases, cells are passaged (by transferring 

removing the appropriate volume of cells pelleting at 300g(av) for 10 min and 

resuspending in fresh media) when they reach a cell density of approximately 

5x106 per ml and seeded in a fresh pre-warmed media at a density no less 

that 3x105 cells per ml. Cells are retained incubated at 37OC with 5% CO2 on 

an orbital shaker at 220rpm to allow for optimal growth. 

 

2.2.2 iPSC maintenance in culture 

Three iPSC cell lines were purchased from EBISC cell repository which 

contained either no tau mutations (Line SIGi001-A-1) hence forth referred to 

as wild type (WT), a mono allelic 10+16 MAPT mutation (line SIGi001-A-13) 

hence forth referred to as 10+16 mono or a biallelic 10+16 MAPT mutation 

(Line SIGi001-A-12) hence forth referred to as 10+16 biallelic.  

These lines were maintained in culture in feeder-free conditions gown on 

GelTrex coated plates in Essential 8 media (ThermoFisher). Plates were 

prepared by incubating 6 well plates (Thermo-Fisher) with GelTrex hESC-

qualified Ready-To-Use (Thermo-Fisher) for 60minutes at 37OC before being 

washed with pre-warmed Essential 8 media. Cells were fed daily with fresh 

pre-warmed media and passaged every 5-7 days using EDTA as described 

below. When the iPSC colonies reached approximately 1/5 of the field of view 
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on a 5x optic 1ml EDTA (50nM in PBS) was added to the wells. The wells were 

incubated for 2-4min at 37OC until the edges of the colonies began to lift and 

small holes appeared in the colonies. At which point the EDTA was removed 

and the colonies were gently jetted off the plate surface with pre-warmed 

Essential 8 media. Cells were split by volume at 1:6 and evenly distributed 

onto fresh GelTrex coated plates.  

 

2.2.3 iPSC neuronal differentiation 

iPSCs were differentiated into cortical neurons by a process of dual SMAD 

inhibition before a prolonged period of in vitro culture (80-100 days). This 

followed the well-defined protocol by Shi et al (Shi et al. 2012). 

To summarise, iPSCs were grown to 100% confluency before the media was 

switched from Essential 8 to neuronal induction media (Table 2.7). The media 

was changed daily for 12 days in culture. On day 12 (and for all subsequent 

cell splits), the cells were re-plated onto Poly-ornithine (Sigma Aldrich) and 

laminin (Sigma Aldrich). Poly-ornithine was added at 0.1mg/ml to culture 

plates and incubated for 1h at 37OC before being washed with pre-warmed 

PBS. Laminin (Sigma-Aldrich) was added to the plates at 50µg/ml and 

incubated overnight at 37OC. The Day 12 cultures were split using dispase 

(Thermo-fisher), approximately 10% of the culture volume dispase was added 

to give a final concentration of 1mg/ml. Cells were incubated for 25 min to 

allow all neuronal precursors to lift in a single sheet. The sheet was gently 

washed in PBS before being plated 1:2 into a fresh well pre-coated as with 

poly-ornithine and laminin as described above and fed daily with neuronal 
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induction media. Cell splitting was repeated with a 1:3 split at day 18 and the 

cells were switched to neuronal maintenance media (Table 2.7).  

At around day 28 following a substantial amount of neurogenesis the cells 

were split with accutase onto poly-ornithine and laminin coated plates. 

Neuronal maintenance media was aspirated from the wells and the wells were 

washed 2 times with PBS. Accutase (Sigma Aldrich) was added to the plates 

and incubated for 5-10min to allow the neurons to lift. Cells were gently jetted 

from the plate and mixed 3 times with a P1000 pipette to achieve a 

homogenous cell suspension. Cells were seeded on fresh poly-ornithine and 

laminin coated plates with fresh pre-warmed neuronal maintenance media at 

an approximate split ratio of 1:3. Cells were fed every 2 days at approximately 

50% feeds. At day 35 the cells were split for a final time (excluding for 

immunofluorescence where a day 60 split was achieved) into the final 

experimental plate types using accuatase onto poly-ornithine and laminin 

coated plates. Cells were fed on alternate days until day 80-100 when the cells 

were assayed. 

 

2.3 immunisations 

2.3.1 Rabbit immunisations 

Two rabbits were immunised separately with 500µg of the 3R peptideTE9/11 

(rabbit 6170) and the 4R peptide TE10 (rabbit 6171) conjugated to KLH, OVA 

and BSA on a two weekly dosing schedule for three doses with a three-week 

rest before terminal harvest. The first dose was done in complete Freund's 

adjuvant (CFA) (Sigma Aldrich) and all following doses were done in 
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incomplete Freund's adjuvant (IFA) (Sigma Aldrich). Bleeds were taken at 

each dose as well as a pre-bleed and terminal bleed and sera.  

Peripheral blood mononuclear cells (PBMCs) were harvested from whole 

blood using Cedarlane Lympholyte Mammal whole blood is mixed in equal 

volumes with PBS and layered onto the lympholyte solution in a 50ml falcon 

tube. This is then spun in a centrifuge at 1500g(av) for 40 min with no break on 

the centrifuge. PBMCs form a layer at the interface between the lympholyte. 

Spleen and lymph node were harvested using a MACS gentle dissociator 

(Miltenyi Biotec) and then pushed through a 22-micron cell strainer. Bone 

marrow was harvested by flushing out the femurs with PBS and pushed 

through a 22-micron cell strainer (ThermoFisher) to ensure they were a single 

cell suspension. All cells were then frozen in FCS with 10% DMSO (Sigma 

Aldrich) in a controlled freezing box too -80OC before being transferred to a 

liquid nitrogen dewar for long term storage. Coagulated blood supplied in a 

separate vial was spun at 1500g(av) to pellet the cells so a sera sample could 

be taken for immune monitoring.  

 

2.3.2 Llama immunisation 

A Llama was immunised with 1200µg of TE10 peptide every four weeks. The 

llama received five immunisation shots and ten days following the 5th and final 

shot, a 500ml bleed was taken.  

The 1st shot was carried out with KLH conjugated peptides, the 2nd OVA, 3rd 

with BSA, 4th OVA and the final shot with BSA conjugated peptide. peptide. All 

immunisations were carried out in the presence of gurbu adjuvant (Gurbu). 
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The Llama blood was mixed equal volume with PBS before being layered onto 

lympholyte mammal. Following a 1500g(av) spin for 40 min the PBMC layer 

found at the interface between the sera and the lympholyte was collected. The 

PBMCs were washed in PBS and frozen down in 10% DMSO in FCS.  

Coagulated blood supplied in a separate vial was spun at 1500g(av) to pellet 

the cells so a sera sample could be taken for immune monitoring.  

 

2.4 Antibody discovery  

2.4.1 Rabbit based antibody discovery 

2.4.1.1 B-cell culture  

PBMCs from rabbits 6170 and 6171 were cultured, as described by Tickle et 

al. (Tickle et al. 2015), at 2000 cells in 200µl per well over 200 x96 well culture 

plates per rabbit using the B-cell media (Table 2.2). Cells were cultured in the 

presence of an X-ray irradiated (18,000 Gy X-ray dosing) mutant EL4 feeder 

cell line (provided by UCB) added at 40,000 cells/well along with a human 

proprietary B-cell supplement at 2% (supplied by UCB). Cells were incubated 

in a 4.5% CO2 atmosphere for 7 days. 

2.4.1.2 Single B-cell isolation 

The fluorescent foci assay was used to identify and isolate single antigen 

specific B-cells (Clargo et al. 2014). Biotinylated peptide antigen (TE9/11 or 

TE10) was coated onto streptavidin coated magnetic beads (New England 

Biolabs) by overnight incubation before being washed in B-cell culture media. 

Frozen B-cells from selected wells were defrosted and mixed with antigen 
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coated beads before being spotted onto a glass slide and statically incubated 

for 1h. 

This incubation allowed the B-cells to secrete antibody that if specific for the 

target peptide coated onto the bead was captured on the surrounding beads 

and bound by the secondary alexa-488 labelled anti-rabbit IgG-Fc fragment 

specific polyclonal antibody (Jackson ImmunoResearch). This generates a 

halo of fluorescence around single B-cells secreting antibody of interest. 

These single B-cells were then picked using a fine glass pipette utilising an 

Eppendorf micromanipulator whilst visualising through an inverted Olympus 

fluorescence microscope and stored at -80OC to await reverse transcription. 

This process is known as the fluorescent foci technique and a full method is 

described in more detail in patent United States Patent 7993864/ Europe 

EP1570267B1 and a paper by Clargo et al. (Clargo et al. 2014).  

 

2.4.1.3 Reverse transcription and variable region PCR 

Reverse transcription was carried out with Superscript IV VILO master mix 

(ThermoFisher) with the addition of 0.5% volume 10%NP40 detergent (Sigma 

Aldrich). 20µl of this mix was used to defrost a single isolated B-cell. The 

resulting tubes were incubated at 25OC for 10 min, followed by a 50 OC 

incubation for 10 min and finally the samples were incubated at 80 OC for 5 

min. 

Following reverse transcription, the variable region genes were amplified using 

a 3 stage PCR with 1µl of each PCR subsequently being transferred to the 

next, except for the tertiary PCR where a 1:10 dilution of the secondary is used 

to seed 1µl into the tertiary PCR. The primary PCR amplifies the variable 
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region genes from the mRNA reverse transcription reaction. The secondary 

PCR adds restriction sites for cloning into IgG expression vectors and 

introduces overlapping regions for a pull through tertiary PCR that adds on 

both a CMV promoter region and a constant region fragment, for rabbit heavy 

or light chain constant regions, to generate a linear expression cassette 

capable of direct transfection for the production of recombinant rabbit IgG. All 

PCR steps utilise KOD hot-start DNA polymerase kit and the reagents supplied 

therein (Sigma Aldrich).  Tertiary PCR constant region and promotor fragments 

were supplied by UCB. 

PCR mix’s, cycling conditions and oligo primer sequences can be seen in  

Figure 2.1. 
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Figure 2.1 Rabbit variable region PCR mixes and cycling conditions 

A Primary PCR reaction mix. B Primary PCR cycling conditions. C Secondary PCR 

reaction mix. D Secondary PCR cycling conditions. E Tertiary PCR reaction mix. F 

Tertiary PCR cycling conditions. G Oligo primer sequences. 

 

Following the PCR 5µl of the secondary PCR products were run on a 2% 

agarose gel (in TAE buffer) at 90V for 50 min to ensure the single cell recovery 
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of variable region genes was successful. All PCR products were frozen at -

80OC. 

 

2.4.1.4 Cloning of rabbit variable regions into IgG expression vectors  

The heavy and light chain variable region secondary PCR products were run 

on a 2% agarose gel (in TAE buffer) at 90V for 50 min. The ~400bp variable 

region bands were carefully excised from the gel and the DNA was purified 

using a Qiagen gel extraction kit according to the manufacturer’s instructions 

eluting with 50µl.  

The gel purified bands were subsequently restriction digested using Thermo 

Fisher fast digest enzymes for 1h at 37OC. Digest conditions for the variable 

region vH and vL can be seen in Figure 2.2A and Figure 2.2B respectively. 

Following restriction digestion, the products were column purified using 

Qiagen PCR purification kit according to the manufacturer’s instructions and 

eluted in 30µl. 
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Figure 2.2: Restriction digest and ligation mixes for rabbit variable region 
cloning 

A vH restriction digest conditions. B vL restriction digest conditions. C Variable region 

ligation conditions 

 

The expression vectors for both the heavy chain (pMRbIgGFl) and light chain 

(pMRbCKdelta) (supplied by UCB) were also digested using the Thermo fisher 

fast digest enzymes as described in using the same conditions as previously 

described for the inserts, except using double the amount of enzyme and 

digesting 20µg of vector. The digested vector was treated with alkaline 

phosphatase (Thermo fisher) by adding 5µl to the digested vector mix and 

incubating for 10 min at 37OC and then 5 min at 70OC to inactivate the enzyme. 

The resulting mixture was run on a 2% agarose gel (in TAE buffer) at 90V for 

50 min and the digested vector bands were excised from the gel and gel 

purified using a Qiagen gel extraction kit according to the manufacturer’s 

instructions eluting into 60µl.  

The DNA was mixed at a 2:1 molar ratio of insert to vector in the ligation 

conditions described in Figure 2.2C.  
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Following ligation 1µl of the ligation was transformed into XL-1 blue  E.coli cells 

and mini prepped as described 2.1.2 E.coli transformations and single 

colony recovery. 

Dideoxy sanger sequencing was carried out by a CRO (Macrogen) on 5µl of 

the mini-prepped sample. 

 

2.4.1.5 Conversion of VR7081 and VR7082 to mouse chimeric 

antibodies 

To allow for the generation of mouse chimeric IgG versions of VR7081 and 

VR7082 the variable regions were subcloned out of the heavy chain 

(pMRbIgGFl) and light chain (pMRbCKdelta). This was achieved by restriction 

digest of 5µg of miniprepped vectors from 2.4.1.4 Cloning of rabbit variable 

regions into IgG expression vectors using the restriction digest conditions 

detailed in Figure 2.2A and Figure 2.2B for the heavy and light chains 

respectively. Restriction digests were also carried out on the mouse IgG heavy 

chain vector (pMmIgG1FL) and light chain (pMmcKS171C) expression 

vectors.  

Following restriction digestion, the products were column purified using 

Qiagen PCR purification kit according to the manufacturer’s instructions and 

eluted in 30µl. The digested vector was treated with alkaline phosphatase 

(Thermo fisher) by adding 5µl to the digested vector mix and incubating for 10 

min at 37OC and then 5 min at 70OC to inactivate the enzyme. The resulting 

mixture was run on a 2% agarose gel (in TAE buffer) at 90V for 50 min and 

the digested vector bands were excised from the gel and gel purified using a 
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Qiagen gel extraction kit according to the manufacturer’s instructions eluting 

into 60µl.  

The DNA was mixed at a 2:1 molar ratio of insert to vector in the ligation 

conditions described in Figure 2.2C.  

 

2.4.1.4 Large scale expression and purification of rabbit monoclonal 

antibodies 

Plasmid DNA for both the heavy and light chains of VR7081 and VR7082 was 

large scale prepared using a Qiagen giga Plus kit according to the 

manufacturer’s instructions. The DNA was subsequently transfected into a 1 

litre culture of ExpiHEK-293F (ThermoFisher) according to the manufacturer’s 

instructions and described above (2.1.3 ExpiHEK-293F transfections for 

antibody expression) 

Concentrations of IgG in the supernatant were calculated using a protein G 

HPLC assay. Briefly, a standard curve was generated using IgG at known 

concentrations with the area under the curve (AUC) being plotted against a 

dilution series of the standard. AUC values for each of the expressed 

antibodies were interpolated onto this standard curve to give the concentration 

of each sample.  

 

The IgG was purified from the culture supernatant using Protein A MabSelect 

SuRe resin (GE healthcare life sciences). The sample was loaded onto a 10ml 

column before being washed in PBS with 20 column volumes to remove 

unbound protein, samples were eluted in 5 column volumes 0.1M sodium 



104 
 

citrate and neutralised using 0.1M sodium hydroxide.  Peak fractions were 

pooled and concentrated into 5ml for gel filtration. A gel filtration step was 

performed using a Superdex column into PBS. The protein containing fractions 

were combined and run on analytical UPLC to assess the purity of the resulting 

protein preparation.   

 

The concentration of the resulting preparation was determined using A280 

measurements on a nano-drop (Thermo Scientific) (2.1.5 Protein 

quantification via A280 absorbance). To confirm the quality of the protein 

prep 3µg of each sample (as well as the load and flow through fractions from 

the Protein A MabSelect SuRe column) were run via SDS-PAGE (NuPage 4-

12% Bis-Tris protein gel (ThermoFisher)) for 1h at 200V. Gels were run in non-

reducing conditions and reducing conditions (where 1:10 sample volume of 

NuPage Sample reducing agent (ThermoFisher) was added to the sample 

before it was denatured at 95OC for 10 min).    

 

2.4.2 Llama antibody discovery methods 

2.4.2.1 Llama VHH phage library construction 

Llamas produce both heavy chain only antibodies and traditional heavy/light 

chain antibodies during an immune response. The best way to ensure that 

only the heavy chain only response is screened is to generate a phage display 

library. This is because heavy chain only antibody heavy chains are smaller 

than heavy/light chain antibody heavy chains (due to their lack of a CH1 
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region) and can be easily distinguished on a gel following PCR of the heavy 

chain repertoire using a CH2 reverse primer.  

 

To generate the library and RNA prep was carried out on 4x108 PBMCs using 

Qiagen RNeasy kit according to the manufacturer’s instructions. In an attempt 

to maintain as much diversity within the samples, 4x108 cells were split evenly 

over four RNeasy columns and these RNA pools were kept separate 

throughout the library generation process (until stated). 

 

cDNA preps were generated via a 2-step process, the first was to break down 

any secondary mRNA structure and allow the oligo dT primers to bind the 

template (reaction mix shown in Figure 2.3A). The reaction was heated to 

65OC for 5 min and then cooled for 5 min on ice.  The second step in the cDNA 

prep was to perform the RT reaction the mix shown in Figure 2.3B was added 

to the mix from step 1 and heated to 50OC for 1h then heated to 70OC for 15 

min. Following the cDNA prep, a primary PCR was carried out to amplify the 

llama heavy chains, from both heavy chain only and conventional heavy/light 

chain antibodies. The PCR mix are shown in Figure 2.3C, the oligo sequences 

are shown in Figure 2.3G and the PCR reaction conditions are shown in 

Figure 2.3D. 

The subsequent primary PCR products were run on a 2% agarose gel in TAE 

for 1h at 90V and the smaller approximately 600bp VHH band was excised 

from the gel and gel purified using Qiagen gel purification kits according to the 

manufacturer’s instructions.   
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The gel purified VHH primary PCR DNA bands were subsequently amplified 

in a secondary PCR utilising the mix shown in Figure 2.3E, the PCR cycling 

conditions in Figure 2.3F and the oligo primers shown in Figure 2.3G. The 

resulting PCR products were purified using Qiagen PCR purification kit 

according to the manufacturer’s instructions. 

 

 

Figure 2.3: Llama primary and secondary PCR mixes, conditions and primers 

A Step 1 conditions for cDNA preparation. B Step 2 conditions for cDNA preparation. 

C Primary PCR mix. D Primary PCR cycling conditions. E Secondary PCR mix. F 
Secondary PCR cycling conditions. G Primers for llama primary and secondary 

PCRs. 
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The resulting column purified secondary PCR products, as well as the phage 

phagemid vector pHEN2 (supplied by UCB) (containing a carbenicillin 

residence marker), were restriction digested using the reaction mix described 

in Figure 2.4A and incubated for 1h at 37OC. The subsequent digested 

fragments were run on 2% agarose gel in TAE for 1h at 90V. The VHH band 

and the larger vector backbone band were excised from the gel and extracted 

using Qiagen gel extraction kit according to the manufacturer’s instructions. 

The VHH insert and the cut vector were then mixed in a 3:1 insert to vector 

molar ratio and ligated using T4 DNA ligase (ThermoFisher) the reaction mix 

is shown in Figure 2.4B and these were incubated at 22OC for 3h before being 

column purified using Qiagen PCR purification kit according to the 

manufactures instructions and with final elution occurring in 50µl of DEPC 

treated water.  

 

Figure 2.4: VHH library construction restriction digest and ligation conditions 

A Restriction digest conditions for VHH library construction. B Ligation conditions for 

VHH library construction. 
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The resulting ligated libraries were pooled (four library ligations) into 1 library 

(containing 200µl of DNA) for ethanol precipitation to remove any 

contaminating salts. 

2µl of yeast tRNA (Sigma Aldrich) was added to the sample along with sodium 

acetate (Sigma Aldrich) at a final concentration of 0.3M. After mixing 480µl of 

ice-cold 100% ethanol (Sigma Aldrich) was added to the sample which was 

subsequently incubated on ice for 30 min. The samples were spun in a 

microcentrifuge at 10,000g(av) for 30 min to pellet the DNA. The supernatant 

was carefully removed, and the DNA pellet was mixed in 1ml of room 

temperature 70% ethanol. This was mixed and further centrifuged at 

10,000g(av) for 5 min. After carefully removing the ethanol the remaining DNA 

pellet was left to air dry for at 5min before being resuspended in 50ul of DEPC 

treated water (ThermoFisher).  

10x2µl of the ethanol precipitated library was electroporated into 10x50µL TG-

1 electroporation competent cells (Sigma Aldrich) in 0.2cm cuvettes, at 25µFd, 

2500V and 200ohms, using a BioRad Gene Pulser Xcell. 

Immediately after electroporation, 1mL warmed SOC media was added to 

each cuvette and cells were removed and allowed to recover for 1h at 37OC. 

An aliquot of cells was taken for determining the phage infected E. coli cell 

titre. The number of phagemids containing E. coli following the electroporation 

was determined by serial dilution of an aliquot of the E. coli culture and plating 

onto LB Agar plates (containing carbenicillin) in triplicate. The next morning 

colonies were counted, and values scaled up to give original library or output 

infective phage titre. 
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The remaining electroporated TG-1 cells were subsequently pelleted at 

4000g(av) for 10min and plated onto 10 BioDish XL (BD falcon) containing 

antibiotic selective LB Agar supplemented with 0.1% glucose.  The plates were 

left overnight at 30OC, and the resulting library colonies were mixed and stored 

together in a minimal volume of 2xTY media containing 15% glycerol at -80OC. 

 

2.4.2.2 Large scale phage production for panning 

To enable panning phage were expressed at a large scale from the library 

infected TG-1 E.Coli. Phagemid-containing TG-1 cells (approximately 1x109 in 

total) were used to inoculate 100mL 2xTY (containing carbenicillin and 0.1% 

glucose) and grown at 37°C and 250rpm until they reach mid-log phase (OD600 

= 0.5-0.6) at which point they were infected with M13KO7 (Amersham-

Pharmacia) antibiotic resistant helper phage (20-fold MOI).   The culture was 

swirled and left to stand for thirty min at 37OC, followed by a slow shake 

(50rpm) at 37OC for 30 min.   The helper phage-infected TG-1 cells were then 

pelleted by centrifugation at 2,500g(av) for 15 min at room temperature, the 

supernatant was removed, and the cells were resuspended in 100mL 2xTY 

(containing carbenicillin and kanamycin).   Resuspended cells were grown for 

16h at 30OC shaking at 250rpm, to allow phage production. 

The following morning, the cells were separated from the culture by 

centrifugation at 2,500g(av) for 15 min.   The phage-containing supernatant was 

removed into a fresh tube and the centrifugation repeated.   A final spin was 

completed at 17,200g(av) for 10 min to ensure no E.coli remained.  To the 

purified supernatant, a fifth volume of 20% PEG salt was added, mixed and 
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left on ice for thirty min, to precipitate phage from the supernatant.   The 

precipitated phage were then pelleted by centrifugation at 2,500g(av) for 15 min, 

and the phage pellet was resuspended in 1mL PBS.  The resuspended phage 

sample was finally spun at 11,200g(av) in a microfuge to remove any insoluble 

phage and bacterial debris, and phage titre was determined by infection of 

E.coli. Briefly, phage were serially diluted in PBS and used to infect 1mL 

aliquots of mid-log phase TG-1 cultures for 30 min at 37OC, before being plated 

in 50µL volumes in triplicate onto LB Agar plates (containing carbenicillin).   

The next morning colonies were counted, and values scaled up to give original 

infective phage titre. 

 

2.4.2.4 VHH phage Panning 

Round 1.   Eight wells of Maxisorb ELISA plates (Nunc branded from Fisher 

Scientific) were coated in streptavidin 5µg/mL overnight at 4°C; plates were 

then rinsed with PBS and blocked in PBS (containing 5% BSA + 5% milk) for 

1 h.   TE10 peptide was added to plates at 1µg/ml. Unbound protein was 

removed by rinsing plates in PBS.  6x1011 library phage particles per well were 

blocked with an equal volume of PBS (containing 5% milk) for 1 h, following 

blocking the phage was incubated with soluble 0N3R tau protein at a 10-fold 

molar excess to block any 3R cross reactive phage displayed VHHs. Blocked 

library phage particles were added to each well and incubated for 2 h at room 

temperature with gentle agitation.  The plates were washed with PBS 

(containing 0.1% Tween20) ten times followed by a final wash in PBS.  The 

remaining phage were eluted for 10 min in 0.1M HCl (Sigma Aldrich) and 

neutralised in an equal volume of 1M Tris pH7.4 (Sigma Aldrich). The 
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neutralised phage were used to infect 50mL of mid-log phase TG-1 cells 

(OD600~0.5), for 60 min at 37OC with gentle agitation. Cells were plated on LB 

Agar (containing carbenicillin and 0.1% glucose) and grown overnight at 30OC 

(on BioDish XL plates).  Next morning cells were scraped from plates BioDish 

plates, and resuspended in 2xTY 15% glucose and frozen at -80°C.    

 

Phage expressions from the Round 1 output were completed as described 

above (2.4.2.2 Large scale phage production for panning), ready for 

panning round 2.   Round 2 was completed as Round 1 except that the plates 

were coated with neutravidin (rather than two rounds with streptavidin to avoid 

streptavidin binding phage being enriched for), and the plates were washed 

twenty times following phage incubation (to further remove non-specific sticky 

phage particles).   Phage were eluted and this time infected into XL-1 Blue 

cells (utilising the same method as with TG-1 cell in round 1). Following 

overnight growth on LB Agar (containing carbenicillin and 0.1% glucose) single 

colonies were picked into 96 well 2mL deep culture blocks, which contained 

1ml 2xTY (containing carbenicillin and 0.1% glucose) per well.   Plates were 

grown at 37OC, shaking at 250rpm overnight and the following morning they 

were subcultured at a 1 in 100 dilution into fresh media containing blocks and 

grown until OD600 =0.4.   At this point, the subcultured blocks were infected 

with M13K07 antibiotic resistant helper phage (20-fold MOI), swirled and 

slowly shaken at 37OC for an h.   XL-1 Blue cells were pelleted by 

centrifugation at 2,500g(av) for 15 min, the supernatant was removed, and the 

cells were resuspended in 1mL/well 2xTY (containing carbenicillin and 

kanamycin) and grown for 16h at 30OC shaking at 250rpm.  The cells were 
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then separated from the culture by centrifugation at 2,500g(av) for 15 min.  The 

supernatants were removed into a fresh block containing an equal volume of 

PBS (5% milk) block, ready for monoclonal phage screening by ELISA. 

 

2.5 Generation of VR7082 scFv degrabody 

2.5.1 Conversion of VR7082 to an scFv-MsFc 

VR7082 scFv was designed via linking the FW4 of the heavy chain variable 

region to the FW1 of the light chain variable region via a flexible (Gly4Ser)4 

linker. To allow for cloning into the scFv-MsFc vector (supplied by UCB), the 

scFv was flanked by a Nco1 restriction site at the 5’ end and Not1 restriction 

site at the 3’ end. To facilitate changing of the linker if required, the linker was 

flanked by two DraIII restriction sites. Two different variants of the DraIII sites 

were used at each end to ensure that any changed linker orientated itself 

correctly. This construct was synthesised by TWIST bioscience and a 

diagrammatic representation of the construct is shown in Figure 2.5. 

 

Figure 2.5: Diagrammatic representation of VR7082-scFv construct 

In the purple text is shown the NcoI site, in red black green arrows are represented 

the heavy and light chains of VR7082 respectively. The black arrow represents the 

(Gly4Ser)4 linker (4 repeats of the amino acid motif GGGGS). In orange are shown the 

two DraIII restriction sites and in pink is represented the NotI restriction site.  

 

The scFv construct was digested using NcoI and NotI fast digest restriction 

enzymes (ThermoFisher) and the and scFv-msFc vector was digested using 

BspHI and NotI fast digest enzymes as described in Figure 2.6A at 37OC for 
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1 h. The resulting scFv digested fragment and larger vector bands were gel 

purified using Qiagen gel purification kit according to the manufacturer’s 

instructions. The insert and vector were then mixed at a 2:1 molar ratio in the 

ligation conditions specified in Figure 2.6B and incubated at room temperature 

for 1 h. NcoI and BspHI generate compatible cohesive ends which following 

ligation result in loss of both NcoI and BspHI restriction sites in the final 

construct. Following ligation 1µl of the ligation was transformed into XL-1 blue 

E.coli cells  (2.1.2 E.coli transformations and single colony recovery) and 

the DNA was prepped using Qiagen mini-prep kit according to the 

manufacturer’s instructions. 

 

 

Figure 2.6: Digestion and ligation conditions for VR7082-scFv-MsFc construct 

A Restriction digest conditions for VR7082-scFv-MsFc. B Ligation conditions for 

VR7082-scFv-MsFc. 

 

2.5.2 VR7082 intrabody and degrabody generation 

Intrabodies are intracellularly expressed antibody fragments with degrabodies 

being intrabodies that cause degradation of their protein target. To generate a 
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VR7082-GFP intrabody and VR7082-degrabodies constructs were designed 

that utilised the VR7082-scFv (2.5.1 Conversion of VR7082 to an scFv-

MsFc) linked from the 5’ or 3’ nucleic acid ends (leading to, upon translation, 

N or C terminal amino acid fusion respectively) of VR7082 with a flexible  

(Gly4Ser)2 linker.  

To allow for cytoplasmic expression of these constructs they were designed to 

be cloned into pNAF intracellular expression vector (supplied by Laura Starkie 

of UCB) which is devoid of any leader sequence. As such the 5’ end of the 

insert must contain a HindIII restriction site to facilitate cloning (downstream of 

the vectors CMV promoter) the insert must then contain a protein translation 

initiation site (KOZAC sequence GCCACC) and the ATG start codon, without 

the addition of any leader or signal sequence. The 3’ end of the inserts must 

contain stop codons to denote the end of the open reading frame and EcoRI 

restriction site to facilitate cloning upstream of the vector contained poly 

adenylation sequence.  Diagrammatic representations of 5’ and 3’ fusion (GFP 

or degradation domain) constructs are shown below  

 

Figure 2.7: Diagrammatic representation of VR7082 degrabody constructs 

Yellow text denotes the HindIII restriction site. The blue text represented the KOSAC 

sequence. The green text represents the start codon. The pink text represents stop 

codons. The purple text represents EcoRI restriction site. The red arrow represents 

VR7082 heavy chain. Black arrows represent (Gly4Ser) linkers. The green arrow 

represents the light chain of VR7082. Blue arrow represents fusion protein. A 3’/C 

terminal fusion of degradation domain or GFP. B 5’/N terminal fusion of degradation 

domain of GFP.  
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Constructs containing VR7082 scFv fused N terminally to eGFP, VHL (Fulcher 

et al. 2016) and NSlmb (Caussinus et al. 2011) along with C terminal fusions 

of eGFP, ODC (W. Zhao et al. 2018), FkBP (Banaszynski et al. 2006), CHIP 

(Portnoff et al. 2014) and XIAP (Gross et al. 2016) were designed and ordered 

for TWIST bioscience.  

pNAF vector and VR7082-scFv-degrabody constructs were restriction 

digested at 37OC for 1h according to the conditions shown in Figure 2.8A. The 

resulting scFv-degrabody digested fragment and larger vector bands were gel 

purified using Qiagen gel purification kit according to the manufacturer’s 

instructions. The insert and vector were then mixed at a 2:1 molar ratio in the 

ligation conditions specified in Figure 2.8B and incubated at room temperature 

for 1 h.  

Following ligation 1µl of the ligation was transformed into XL-1 blue E.coli cells  

(2.1.2 E.coli transformations and single colony recovery) and the DNA 

was prepped using Qiagen mini-prep kit according to the manufacturer’s 

instructions. 
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Figure 2.8: Digestion and ligation conditions for VR7082-degrabody constructs 

A Restriction digest conditions for VR7082-scFv-degrabodies. B Ligation conditions 

for VR7082-scFv-degrabodies. 

 

2.6 Assays  

2.6.1 Bead-based homogeneous fluorescence assay 

Superavidin beads (Bangs Laboratories) were coated with 1µg of peptide/ 50µl 

beads (per 384 well screening plate) overnight in PBS containing 2% 

PEG5000 (Sigma) (henceforth known as PEG). Following overnight incubation 

beads were washed with PBS containing 2% PEG and re-suspended in 4ml 

(per 384 well screening plate) in PBS containing 2% PEG. 10µl of antibody 

containing B-cell culture supernatant was removed from each well and mixed 

with 10µl 2% PEG in PBS containing pre-coated superavidin beads and 10µl 

of 2%PEG in PBS containing a 1:5000 dilution of goat anti-rabbit Fc-

FITC(Jackson ImmunoResearch) secondary antibody in 384 well clear bottom 

screening plates (Greiner Bio-one). These plates were incubated for 1h at 

room temperature allowing specific antibody to bind to the target coated onto 
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the beads and the beads to settle to the bottom of the wells so the bead 

associated fluorescence could be observed. The plates were assayed for bead 

associated FITC fluorescence on a TTP Labtech Mirrorball. Data analysis was 

carried out using Microsoft excel and Tibco Spotfire.  

 

2.6.2 ELISAs 

2.6.2.1 Peptide ELISA 

ELISA plates (Nunc maxisorp ThermoFisher) were coated with 10µg/ml of 

streptavidin overnight in carbonate coating buffer. The peptides were added 

at 2µg/ml in PBS and incubated for 1h at room temperature. Plates were then 

blocked with PBS 3% BSA for 1h at room temperature. Antibodies / 

monoclonal phage particles/ diluted sera to be tested were added and the 

plates were incubated for 1h at room temperature. Goat anti-species Fc 

fragment-specific antibodies conjugated to horseradish peroxidase (Jackson 

ImmunoResearch) were added at a 1:5000 dilution. Plates were developed 

with 3, 30, 5, 50-Tetramethylbenzidine (TMB) (Sigma) before being read at 

630nm on a synergy 2 microplate reader (BioTek). Between each stage, the 

plates were washed in PBS + 0.1% Tween 20. Data analysis and visualisation 

was carried out using Microsoft Excel and Graph Pad Prism. 

 

2.6.2.2 Tau recombinant protein ELISA 

ELISA plates were coated with 1µg/ml of mammalian expressed recombinant 

tau protein (kindly provided by Carly Doyle and Prashant Mori of UCB) 

overnight in carbonate coating buffer. Plates were then blocked with PBS 3% 

BSA for 1h at room temperature. The antibody to be tested was then added 
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and the plates were incubated for 1h at room temperature. Goat anti-species 

Fc fragment-specific antibodies conjugated to horseradish peroxidase 

(Jackson ImmunoResearch) were added at a 1:5000 dilution. Plates were 

developed with 3, 30, 5, 50-Tetramethylbenzidine (TMB) (Sigma) before being 

read at 630nm on a synergy 2 microplate reader (BioTek). Between each 

stage, the plates were washed in PBS + 0.1% Tween 20. Data analysis and 

visualisation was carried out using Microsoft Excel and Graph Pad Prism. 

 

2.6.2.3 Quantitative antibody ELISA 

ELISA plates were coated with goat anti-species Fc fragment-specific 

polyclonal antibody (Jackson ImmunoResearch) at 2μg/ml in carbonate 

coating buffer overnight at 4OC. Plates were blocked with 1% PEG in PBS 

before half-log serial dilutions of each transient expression sample were 

prepared and applied to the plates along with a dilution series of a purified IgG 

standard. Goat anti-species Fab fragment-specific (alternatively for scFv-

msFc ELISA an anti-mouse-Fc) antibodies conjugated to horseradish 

peroxidase (Jackson Immunoresearch) were added at a 1:5000 dilution. 

Plates were developed with 3, 30, 5, 50-Tetramethylbenzidine (TMB) (Sigma) 

before being read at 630nm on a synergy 2 microplate reader (BioTek). 

Between each stage, the plates were washed in PBS + 0.1% Tween 20. 

Sample concentrations were then calculated by interpolating sample values 

from a standard curve. Data analysis and visualisation was carried out using 

Microsoft Excel and Graph Pad Prism. 

 



119 
 

2.6.3 Immuno-blots 

Cell lysates were prepared in RIPA buffer (Protein Simple) with the addition of 

protease and phosphatase inhibitors (Roche). Suspension cells were 

harvested by centrifugation at 400g(av) for 10 min. The supernatant was 

discarded, and the cell pellet was washed three times in ice cold PBS. Finally, 

the cells were lysed by the addition of RIPA buffer and vortexed to allow 

mixing. Cell lysates were incubated for 1h on ice to allow for complete lysis 

before being transferred to -80OC for long term storage. Lysates were 

quantified using Bradford assay (Thermo-Fisher) according to manufactures 

instructions. Briefly, protein lysates are titrated and mixed with Coomassie dye. 

The binding of protein to dye results in a spectral shift from the brown form of 

the dye (absorbance maximum at 465 nm) to the blue form (absorbance 

maximum at 610 nm). Samples are read at 594nm as this provides the largest 

disparity in dye signals. Absorbance at 594nm for the lysates is compared with 

a protein standard of known concentration to determine the concentration of 

protein within the lysate.  

Human brain lysates were provided by Prof. Selina Wray and prepared as 

described by Trabzuni et al (Trabzuni et al. 2012).  

 

2.6.3.1 Immuno-precipitation 

SuperAvidin coated microspheres (Bangs Laboratories) were blocked for 1h 

in PEG block, prior to coating with 1µg of biotinylated TE10 peptide or a mix 

of irrelevant peptides per 50µl of beads for 1h at room temperature in PEG 

block. The beads were washed with PEG block before being incubated with 
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1:10 lysate from HEK-293F cells expressing VR7082-scFv-GFP. These were 

incubated rolling overnight at 4OC. Following overnight incubation, the beads 

were then captured and washed individually five times in fresh PEG block.   

The resultant washed beads were captured pelleted in a microcentrifuge tube 

and re-suspended into LDS (including DTT) sample buffer and boiled for 10 

min.   The samples were then analysed by anti-GFP antibody (ThermoFisher) 

by Western blot as described below.    

 

2.6.3.1 Western blots 

Equal protein concentrations were mixed with LDS sample buffer and reducing 

agent (Life technologies) and heated to 95OC for 5 min. Samples were loaded 

into a 10-14% bis tris gel along with see blue plus 2 pre-stained protein 

standard (Invitrogen). For tau blots, the gel was run for 3h at 150V to enable 

good separation of tau isoform bands, for all others the gel was run for 1h at 

200V. The proteins were transferred onto a PVDF membrane using an iblot 

dry transfer system (Thermo Fisher) for a transfer time of 7min. Membranes 

were blocked with 3% milk in PBS for 1h at room temperature before being 

incubated with primary antibody overnight at 4OC in milk block. A secondary 

anti species Fc HRP conjugated antibody was then added at a 1:10000 dilution 

in 3% milk block and incubated for 1 h. Blots were revealed using Supersignal 

West Pico Chemiluminescent substrate (Thermo Fisher) and exposure of the 

blot was performed using ImageQuant LAS 4000 (GE Healthcare). 

Visualisations and band densitometry were performed using ImageJ (Fiji) 
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2.6.3.2 Protein Simple, Simple Western 

Unless otherwise stated all reagents are supplied with the kit and used exactly 

as instructed. Briefly, samples are run through a capillary and proteins are 

separated by size as they pass through a stacking and separation matrix. 

Following separation, the proteins are immobilized to the capillary wall using 

photoactive capture chemistry, which is proprietary to Protein Simple.  Target 

proteins are then identified using a primary antibody and detected using a 

secondary HRP conjugated antibody and a chemiluminescent substrate. The 

signal is then displayed as a capillary electrophoresis trace or as a quantitative 

pseudo digital Western blot. Data analysis and visualisations carried out on 

Protein Simple Compass software.  

5µl of lysate (at 1µg/µl) were prepared and reduced and run on a Protein 

Simple Peggy Sue instrument. Utilising the Peggy Sue Compass software, the 

run was set to load 150sec of separation matrix followed by 20sec of stacking 

matrix. The samples were loaded for 9sec before separating for 70min at 

180V. The primary antibodies were blocked in antibody diluent for 120min 

before being incubated with the primary antibodies for 120min. The primary 

antibody was washed 3 times. All other steps were run as standard on the 

Peggy Sue device.  

 

2.6.4 Assays for analysis of tau 

2.6.4.1 Generation of intracellular tau expression construct 

UCB mammalian expression vectors pMH-his10 for the expression of His 

tagged protein containing all 6 isoforms of tau (provided by Cary Doyle and 
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Prashant Mori of UCB) were used as DNA templates to amplify tau fragments 

lacking a leader sequence. These were cloned into pNAF vector (Supplied by 

Laura Starkie of UCB) for subsequent intracellular expression.  Cloning was 

achieved through the addition of a HindIII site, Kozak sequence and ATG start 

codon at the 5’ end of the amplicon and the 3’ end two stop codons and an 

EcoRI site were introduced. The oligo primers for these PCRs are shown in 

Figure 2.9A. The PCR utilised KOD hot start polymerase and associated 

reagents (Merk) the reaction mix (Figure 2.9B) and the PCR cycling conditions 

(Figure 2.9C) are shown below.  

Following the PCR, the samples were run on a 2% agarose gel made in TAE 

for 1h at 90V with NEB 2-log ladder. The tau DNA bands were excised from 

the gel and gel purified using Qiagen gel extraction kit according to 

manufactures instructions. DNA was eluted in 30µl and all of the tau DNA was 

used in a double digest along with a separate digest of 10ug of the pNAF 

vector with Fast digest HindIII and Fast digest EcoRI restriction enzymes 

(ThermoFisher) for 1h at 37OC (reaction mix shown in Figure 2.9D. Tau 

isoform inserts were column purified using Qiagen PCR purification kit 

according to the manufacturer’s instructions. The digested pNAF vector was 

run on a 2% agarose gel made in TAE and run at 90V for 1 h. The larger vector 

backbone band was cut from the gel and gel purified using the Qiagen gel 

purification kit as described previously.  

The insert and vector were then mixed at a 2:1 molar ratio in the ligation 

conditions described in Figure 2.9E and incubated on the bench for 1 h.  
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Following ligation 1µl of the ligation was transformed into XL-1 blue E.coli cells  

(2.1.2 E.coli transformations and single colony recovery) and the DNA 

was prepped using Qiagen mini-prep kit according to the manufacturer’s 

instructions. 

Dideoxy sanger sequencing was carried out by a CRO (Macrogen) on the 5µl 

of the mini-prepped samples. 

 

Figure 2.9: Intracellular tau construct molecular biology reagents and 
conditions 

A Oligos for amplification of tau from pMH-His10 vector. Bold orange = restriction 

sites; blue underlined = Kozac sequence; green = start codon; red = stop codons; 

bold/underlined black = tau sequence and black = extra bases that did not occur in 

the vector. B PCR mix for tau DNA amplification. C PCR cycling conditions for tau 

DNA amplification. D Restriction digest mix for tau DNA and pNAF vector. E ligation 

mix for ligation of tau intracellular expression constructs. 

 

2.6.4.2 Tau flow cytometry assay  

Expression constructs for intracellular expression of each of the individual tau 

isoforms (the generation of which is described previously 2.6.4.1 Generation 
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of intracellular tau expression construct), were transfected into separate 

into ExpiHEK-293F cells, according to manufactures instructions. These were 

incubated for 18h in a 5% CO2 atmosphere shaking at 125 rpm. 

Following the overnight incubation, cells were harvested by centrifugation 

(350g(av) 5mins) and washed in FACS buffer then fixed and permeabilised 

using Invitrogen’s Fix perm kit according to manufacturer’s instructions. Cells 

were then stained with either DAKO or HT7 anti total tau antibody that was 

labelled with alexa-488, using Invitrogen alexa-488 microscale labelling kit 

according to manufactures instructions. Staining was carried out with 1µg of 

staining antibody per 1x107 cells. Where antibodies to be screened had a 

mouse Fc the DAKO-alexa-488 antibody was used and where antibodies to 

be tested had a rabbit Fc the HT7-alexa-488 antibody was used. 

 

Cells were then plated out in 96 well plates at approximately 20,000 cells/well.  

The antibodies being screened were then added to the cells in duplicate at 8 

half-log dilutions from 10µg/ml and incubated for 40 min. Plates were washed 

and cells re-suspended FACS buffer containing goat anti-species Fc alexa-

647 (Jackson ImmunoResearch). These were incubated for 1h at room 

temperature and the cells were washed and re-suspended in 100µl FACS 

buffer for analysis on the IQue high throughput flow cytometer (Intelicyte). Data 

analysis and visualisation was carried out on Intellicyt Forcyte software, 

Microsoft Excel and GraphPad Prism.  
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2.6.4.3 Tau overexpression immunofluorescence assay 

Adherent CHOK1 cells (kindly donated from a stock maintained by Graham 

Craggs of UCB) were dissociated from the flask plate using TypLE 

(ThermoFisher). CHO-K1 culture media (Kaighn’s modification of F-12K) was 

aspirated from the cells and the cellular monolayer was washed with PBS 

without calcium or magnesium before pre-warmed TypLE was added (to cover 

the cells). The cells were then incubated for 7mins to allow for detachment 

before pre-warmed CHO-K1 media was added to the cells to completely 

remove the cells from the flask. The cell suspension was subsequently 

centrifuged at 350g(av) for 10 min. The supernatant fraction was removed, and 

the cells were re-suspended in CHO-K1 media. Cells were seeded in clear 

bottom cell 96 well imaging plates (Greiner Bio-One) at approximately 3,000 

cell/well in 200µl CHO-K1 media. Cells were incubated in a humidified 

environment at 37OC with 5% CO2 until the cells reached approximately 60% 

confluence within the culture well.  

 0N4R and 0N3R intracellular expression constructs (the generation of which 

is described previously 2.6.4.1 Generation of intracellular tau expression 

construct), were transfected into the 60% confluent CHOK1 cells utilising 

Lipofectamine 3000 (ThermoFisher), according to manufactures instructions. 

Cells were incubated to allow for tau expression for approximately 18h in a 

humidified environment at 37OC with 5% CO2. 

The cells were then washed twice in PBS before fixation was carried out with 

4% PFA (Sigma Aldrich) for 30min at room temperature. Following two washes 

in PBS the cells were permeabilised with TritonX100 at 0.1% in PBS for 15min 

at room temperature. The cells were washed with PBS and blocked with PBS 
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containing 10% fetal calf serum (FCS) for 30min. Dako total tau polyclonal 

(directly labelled with alexa 488) and VR7081 or VR7082 (directly labelled with 

alexa 647) were used for staining at 1µg/ml along with DAPI (NucBlue 

ThermoFisher) and incubate for 1h at room temperature. Cells were washed 

twice in PBS + 10% FCS before being imaged on ImageXpress Micro 4 

(Molecular Devices). Images were analysed and merged composite staining 

images were generated using ImageJ (Fiji). 

  

2.6.4.4 Tau immunofluorescence in iPSC-derived neurons 

10+16 mono allelic MAPT mutant and Wild type iPSCs were differentiated into 

cortical neurons (for this assay provided by Prof. Selina Wray) but 

differentiated utilising the same methods described in section 2.2.3 iPSC 

neuronal differentiation. On day 60 the cells were subculture using accutase 

(Sigma Aldrich) and seeded into clear bottom cell 96 well imaging plates 

(Greiner Bio-One). The neurons were further cultured for 30 days as described 

in section 2.2.3 iPSC neuronal differentiation  

For staining the cells were washed twice in PBS before fixation was carried 

out with 4% PFA (Sigma Aldrich) for 30min at room temperature. Following 

two washes in PBS the cells were permeabilised with TritonX100 at 0.1% in 

PBS for 15min at room temperature. The cells were washed with PBS and 

blocked with PBS containing 10% fetal calf serum (FCS) for 30min. Primary 

staining antibodies we added at 1µg/ml in blocking media and incubated 

overnight at 4OC. Cells were washed twice with block solution before a 

secondary anti-species-Fc alexa-647 (Jackson ImmunoResearch) was added 
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at a dilution of 1:1000 along with DAPI (NucBlue ThermoFisher) and incubate 

for 1h at room temperature. Cells were washed twice in PBS + 10% FCS 

before being imaged on ImageXpress Micro 4 (Molecular Devices). Images 

were analysed and merged composite staining images were generated using 

ImageJ (Fiji). 

 

2.6.5 Mitochondrial membrane polarisation assay 

2.6.5.1 HEK-293F cell tau overexpression  

1ml of HEK-293F cells were subculture into a 48 deep well block 

(ThermoFisher) at a cell density of 3.3x105 cells/ml in Freestyle media 

(ThermoFisher) the cells were incubated overnight at 37OC with 5% CO2 on 

an orbital shaker at 220rpm. The following morning the cells were transfected 

with 1µg of DNA total per well of either 0N3R, 0N4R or a mix of 0N3R and 

0N4R tau intracellular expression constructs (the generation of which is 

described previously 2.6.4.1 Generation of intracellular tau expression 

construct) using 293Fectin according to the manufactures instructions. Cells 

were incubated for a further 48h at 37OC with 5% CO2 on an orbital shaker at 

220rpm before being assayed as described below.  

 

2.6.5.2 Antibody fluorescent labelling and testing 

VR7081, VR7082 and β-III-tubulin (ThermoFisher) antibodies were labelled 

with APC-Cy7, PE-Cy7 and PeCP respectively using Lightning Link labelling 

kits (Novus Bio) according to the manufacturer’s instructions. Following 

labelling the antibodies preparations were further cleaned to remove any free 
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fluorophore and allow for clearer staining utilising Zeba desalting spin columns 

40K MWCO (ThermoFisher) according to manufacturers instructions. This 

was performed twice until the resin within the column no longer contained 

visible fluorophore residue.  

HEK-293F cells overexpressing 0N3R and 0N4R were set up as described 

above and were used to validate the staining of these antibodies. Cells were 

harvested after 48h of expression. The cells were pelleted at 350g(av) for 10 

min and washed twice in FACS buffer. Fixation was carried out with 4% PFA 

(Sigma Aldrich) for 30min at room temperature. Following two washes in PBS 

the cells were permeabilised with TritonX100 at 0.1% in PBS for 15min at room 

temperature. The cells were washed with PBS and blocked with PBS 

containing 10% fetal calf serum (FCS) for 30min. Staining antibodies were 

added at 1ug per 1x107 cells and incubated for 30 min at room temperature. 

Following staining, the cells were washed twice by centrifugation at 350g(av) 

and resuspension in FACS buffer. Cells were finally re-suspended in 500ul 

FACS buffer and analysed on a BD LSR Fortessa. Data analysis was carried 

out using Flow Jo and data outputs were analysed for statistical significance 

and visualisation in GraphPad Prism.   

 

2.6.5.3 Mitochondrial membrane polarisation assay  

Mitotracker Deep Red and CMX ROS dyes (ThermoFisher) were prepared by 

pelleting the reagent tube at 5000g(av) on a bench top microcentrifuge for 5min. 

The subsequent pellets were resuspended in DMSO to give a final 

concentration of dye of 1mM. Pre-warmed cell culture media (Freestyle for 
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HEK-293F cells and neuronal maintenance media for iPSC-derived neurons) 

was prepared and the dyes were premixed in the media at a final concentration 

of 20nM.  

HEK-293F cells expressing tau variants (as described in 2.6.5.1 HEK-293F 

cell tau overexpression) were gently pelleted at 250g(av) for 10 min in the 48 

well culture blocks. Cell pellets were resuspended in the pre-warmed Freestyle 

media mitoctracker dye solution. The blocks were returned to 37OC with 5% 

CO2 on an orbital shaker at 220rpm for a 45-minute incubation. Following 

incubation, the cells were washed twice in warm cell culture media. Cells were 

resuspended in 1ml PBS per well. 500µl of cell suspension was removed into 

5ml flow cytometry tubes (BD biosciences) and stored on ice in the dark to be 

used as a non-fix and perm comparison. The remaining 500µl of cell 

suspension was transferred to a separate flow cytometry tube and the cells 

were gently pelleted at 250g(av) for 10mintues. 

 

iPSC-derived neurons aged 90-100 days (2.2.3 iPSC neuronal 

differentiation) were washed twice in warm neuronal maintenance media. 

Pre-warmed media containing the mitotracker dyes was added to the cells 

which were subsequently incubated at 37OC with 5% CO2 in a humidified 

incubator for a 45 min incubation. Following incubation, the cells were washed 

twice in warm media before being treated with accutase (Sigma Aldrich) to lift 

the cells from the cell culture plate. Once the cells were lifted, they were 

transferred to 5ml flow cytometry tubes and gently pelleted at 200g(av) for 

10mins.  
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All cells were resuspended in 4% PFA fixative (Sigma Aldrich) in cell culture 

media and incubated at 37OC for 20 min. Following fixation, the cells were 

washed three times in FACS buffer before being incubated in FACS buffer 

containing 0.1% triton X-100 for 10mins at room temperature to permeabilise 

the cells. Permeabilised cells were subsequently blocked with PBS 10% FCS 

for 30 min at room temperature. Blocked cells were stained with 1µg of staining 

antibody (VR7081-APC-Cy7, VR7082-PE-Cy7, β-III-tubulin-PeCP (neurons 

only) and DAPI) in FACS buffer for 30min in the dark at room temperature. 

Following staining cells were washed twice in FACS buffer and finally re-

suspended in 500µl in a flow cytometry tube and stored on ice. All samples 

were run on a BD LSR Fortessa. Data analysis was carried out using Flow Jo 

and data outputs were analysed for statistical significance and visualisation in 

GraphPad Prism.   

 

2.6.6 Tau degradation assays 

2.6.6.1 Tau degradation in HEK-293F cells 

Tau degrabody plasmids (the generation of which is discussed 2.5.2 VR7082 

intrabody and degrabody generation) were mixed in equal molar ratio 

separately with either 0N3R or 0N4R intracellular expression plasmids the 

generation of which is described previously (2.6.4.1 Generation of 

intracellular tau expression construct). These were transfected into 1ml of 

HEK293F cells utilising 293fectin (ThermoFisher) according to the 
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manufacturer’s instructions. Cells were returned to 37OC with 5% CO2 on an 

orbital shaker at 220rpm.  

Cells to be treated with MG132 (Sigma Aldrich) were removed from the 

incubator after a 6-h incubation. MG132 was diluted to a 10X stock of 100µM 

in warm Freestyle media and 100µl was added to each culture well to give a 

final concentration of MG132 of 10µM. The cells were returned to the incubator 

for a further 18h.  

Following a total 24h incubation, the MG132 treated and non-MG132 cells to 

be analysed via flow cytometry removed from the incubator and the cells were 

pelleted at 350g(av) and washed twice in FACS buffer. Following washing the 

cells were fixed and permeabilised using Invitrogen’s Fix perm kit according to 

the manufacturer’s instructions. Cells were then stained with anti-total tau 

polyclonal (DAKO), labelled with alexa-488 (using Invitrogen alexa-488 

microscale labelling kit according to manufactures instructions) with 1ug of 

antibody per well and incubated for 30mins at room temperature.  Following 

incubation cells were washed twice then plated out in 96 well plates at 

approximately 20,000 cells/well. All samples were run in 100ul of FACS buffer 

on the IQue high throughput flow cytometer (Intelicyte). Data analysis and 

visualisation was carried out on Intellicyt Forcyte software, Microsoft Excel and 

GraphPad Prism.  

Following a total incubation of 48h, the cells for analysis via western blot 

were removed from the incubator and the cells were pelleted at 350g(av) and 

washed twice in cold PBS. The cells were lysed with RIPA buffer (Protein 

Simple) with the addition of protease and phosphatase inhibitors (Roche). 

These samples were then run via Western blot (as described in  
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2.6.3.1 Western blots) 

 

2.6.6.2 Tau degradation in iPSC-derived neurons 

10+16 mono and biallelic MAPT mutant and wild type iPSCs were 

differentiated into neurons for 90 days (as described in2.2.3 iPSC neuronal 

differentiation).   

For initial degradation testing in iPSC-derived neurons at day 90 days in 

culture, the cells were treated with AAV (purchased from GeneCopoea) 

encoding for the expression of VR7082-XIAP and GFP-IRES. An 

approximation of cell number was made in the induction well based on the 

cellular confluency and a count of cell neuronal cell bodies. The AAV was 

applied at a CFU of 1x104 CFU/cell. The cells were further incubated for seven 

days. Following seven-day incubation, the cells were treated with accutase to 

lift the neurons from the plate. Cells were pelleted at 250g(av) for 10 min and 

re-suspended in 500µl FACS buffer before being run through a cell strainer 

(Miltenyi Biotech) into a 5ml flow cytometry tube. Cell sorting for cells positive 

and negative for GFP expression were sorted on a SH800S Cell Sorter (Sony). 

Following sorting into Eppendorf tubes the cells were pelleted at 350g(av) for 

10min in a microcentrifuge. Cells were lysed in 10µl of RIPA buffer (Protein 

Simple) with the addition of protease and phosphatase inhibitors (Roche). 

Lysates were run via Peggy Sue simple Western (as described in 2.6.3.2 

Protein Simple, Simple Western) utilising the total tau polyclonal (DAKO).  
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For phenotypic assessment of 4R tau degradation in iPSC-derived neurons at 

day 90 days in culture the cells were treated with AAV (purchased from 

GeneCopoea) encoding for the expression of either VR7082-XIAP, VR7082-

Halo or a negative control AAV particle containing no degrabody construct. 

The AAV was applied at a CFU of 1x106 CFU/cell. The cells were further 

incubated for seven days. Following seven day incubation the cells were 

assayed in the way described for the mitochondrial membrane polarisation 

assay without the addition of VR7082 (4R tau) staining antibody (as described 

2.6.5.3 Mitochondrial membrane polarisation assay).  
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Chapter 3: Generation and characterisation of 
3R and 4R tau specific monoclonal antibodies 
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3 Generation and characterisation of 3R and 4R tau 

specific monoclonal antibodies 

3.1 Introduction 

This chapter aimed to generate and characterise antibodies that bind 

exclusively to 3R or 4R tau. 

3.1.1 Brief review of tau splicing 

The MAPT  gene that encodes the tau protein is located on chromosome 

17q21 (Neve et al. 1986) and consists of 16 distinct exons. Alternative splicing 

of MAPT  gives rise to six isoforms of tau protein in the CNS that range from 

342 to 441 amino acids in length (M. Goedert et al. 1989b; Himmler et al. 

1989). An additional isoform of tau, known as big tau, is generated by the 

inclusion of exon 4a and found exclusively in the peripheral nervous system 

(Fischer and Baas 2020). Broadly speaking tau isoforms can be grouped into 

two categories based on the inclusion or exclusion of exon 10 giving rise to 3R 

or 4R tau respectively. Alternative splicing also occurs in exons 2 and 3 giving 

rise to 0N tau (exclusion of exon 2 and 3), 1N tau (inclusion of exon 2 only) or 

2N tau (inclusion of both exon 2 and 3). Figure 3.1 shows this 

diagrammatically. For full descriptions and discussions of tau, splicing see 

1.1.1 Tau protein expression, structure and function. 



136 
 

 
Figure 3.1: Exon usage diagram of the 6 tau splice variants 

 

3.1.2 Immunisation and B-cell culture for antibody discovery 

As previously discussed, (1.2.2 Monoclonal antibody discovery technologies) 

there are many methods appropriate for the discovery of antibodies. This 

project utilised an immunisation-based B-cell culture methodology for the 

discovery of 3R and 4R specific anti- tau antibodies. This method takes 

advantage of the highly specific antibodies that can be generated as part of a 

developing immune response. In the context of this project, rabbits were used 

for immunisation (discussed below 3.2 Immunogen Design) with peptides 

covering either the exon boundary of exon 9 and 11 or a selected region of 

exon 10 to drive an anti-3R or 4R tau immune response in these animals. It 

has been previously been demonstrated that rabbit immunisations are able to 

provide a robust anti-peptide immune response (Landry et al. 2015) and as 

such represented the best choice of species for immunisation on this project. 

The immune material (spleen, lymph node and PBMCs) from these immunised 

rabbits were harvested from the rabbit following immunisation. A single cell 

suspension of immune material can subsequently be activated (in 96 well 

plates) in the presence of an X-Ray irradiated EL4 feeder cell line together 

with an optimized proprietary supplement to support B-cell expansion and 
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activation in vitro. Cells are then incubated for seven days in culture in a 

humidified environment at 37OC with 5% CO2, to allow for activation and 

expansion of the memory B Cell population (Tickle et al. 2015). Antibody 

containing supernatants can then screened for target reactivity (in the case of 

this project tau protein and tau peptide).  B-cells identified by supernatant 

screening are subsequently isolated by the fluorescent foci method (Clargo et 

al. 2014) before expression as a recombinant antibody for further screening 

and characterisation.  

This technique holds many advantages over other antibody discovery 

techniques such a phage display and hybridoma.  These differences are 

reviewed in detail in section 1.2.2 Monoclonal antibody discovery technologies. 

Utilising the B-cell culture method allows for more in-depth upfront screening 

and triage of B-cell supernatants to inform upon which are the B-cells with the 

exact specificity profiles for isolation. In doing so it is possible to avoid the 

generation of large panels of recombinant antibody with no knowledge of the 

exact specificity profiles.  

 

3.1.3 Current anti-3R and anti-4R tau reagents 

To enable this project, it was essential to generate antibodies with exquisite 

specificity to 3R and 4R tau. It should be noted that such reagents have been 

previously generated (RD3 and RD4 (de Silva et al. 2003) with 3R and 4R 

specificity respectively as well as 4R specific 81A11 (Croft et al. 2018). The 

3R antibody RD3 demonstrates clean reactivity to 3R tau in Western blot, 

immunofluorescence and immunohistochemistry (de Silva et al. 2003) and has 
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generally proven a reliable reagent across many studies of tau. On the other 

hand, RD4 (4R specific antibody) has demonstrated decreased levels of 

sensitivity (and likely affinity) (de Silva et al. 2003). Its utility has been 

somewhat limed to demonstrating specificity via Western blot. One of the key 

drivers of this is likely the epitope (tau residues 275-291) (de Silva et al. 2003). 

Within this region there are five known sites of post translational modification 

(residues N279, K280/281 and S285/289) (Ercan et al. 2017; Kontaxi et al. 

2017; Mair et al. 2016). Depending on the post translational modification state 

of tau at the time of assay these residues could perturb antibody binding 

leading to the decreased sensitivity observed. It was therefore an important 

consideration when designing an immunisation strategy for this project to 

avoid sites of post translational modification tau protein (3.2 Immunogen 

Design).  Finally, 81A11 was generated via the immunisation of the complete 

tau MTBR and has been demonstrated to bind recombinant 2N4R tau over 

2N3R tau via Western blot as well as exon 10 containing MTBR peptides (Croft 

et al. 2018). It has also been shown to bind tau from human bran lysates. 

However, given the heavily post translationally modified state of tau in these 

lysates (and the lack of tau ladder) it is hard to deconvolute the absolute 

specificity of the binding profile (Croft et al. 2018).  

As discussed above there are already reagents that exist for the specific 

staining of 3R and 4R tau. However, given the lower sensitivity of the 4R tau 

reagent, it was important to carry out discovery of further molecules that would 

allow utility in a range of assays. It was also important to have full sequence 

confidence in any antibodies used as part of this project so that they could be 

used in a variety of antibody and intrabody/degrabody formats.  
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3.2 Immunogen Design  

3.2.1 3R tau specific peptide design 

The amino acid sequence of the tau MTBR, exons 9-12 is shown in Figure 

3.2. This splicing of exon 10 creates a unique exon boundary between exons 

9 and 11 which only found in 3R tau. This is the only viable epitope for an 

antibody that would confer specificity for 3R tau over 4R tau. To drive an 

immune response to this epitope, a peptide was designed to cover amino acids 

268-311 of tau (the peptide is named TE9/11), as denoted by the solid red box 

in Figure 3.2 and the TE9/11 sequences in Table 3.. 

 

 

 

Figure 3.2: Peptide epitope conferring 3R tau specificity 

Tau protein sequence exons 9-12 are shown. The TE9/11 peptide sequence is 

outlined in the red box. Potentially cross-reactive epitopes at the exon 9-10, 10-11 

and 11-12 boundaries are highlighted in the red dashed box. The amino acid 

differences between TE9/11 are highlighted by black asterisks. 

 

 

Table 3.1: Sequence alignment of TE9/11 with potentially cross-reactive 
epitopes present on all tau isoforms 
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TE9/11 shares homology to other regions of tau that exist at the exon 

boundaries between all exons of the tau MTBR. These potentially cross-

reactive epitopes are highlighted in the dashed red boxes (Figure 3.2), with 

the asterisk highlighting sequence differences. For a clearer comparison 

Table 3.1 shows an exact peptide alignment of the potential cross-reactive 

epitope. 

The first of these is the exon boundary between exon 10 and 11 (tau residues 

299-312 (Figure 3.2)) which differs from TE9/11 by only two amino acids 

(peptide residues 2 and 7 (Table 3.1)). The second region of similarity exists 

at the boundary between exon 9 and 10 (tau residues 268-281 (Figure 3.2)), 

which differs by three amino acids (peptide residues 11, 12 and 14 (Table 

3.1)).  Finally, there is sequence homology at the site of the boundary between 

exons 11 and 12 (tau residues 330-343 (Figure 3.2)). However, there are 8 

differences (peptide residues 2,7 and 9-14 (Table 3.1)), representing 50% of 

the epitope space so this is less likely to drive non-specific antibody binding.  

 

3.2.2 4R tau specific peptide design 

As previously discussed, the unique feature of 4R tau over 3R tau is the 

presence of exon 10 in 4R tau. This represents the only realistic epitope for an 

antibody that would give specificity to 4R tau over 3R tau. It is worth noting 

that it might be possible to achieve 4R specificity by targeting the exon 

boundaries between Exons 9/10 and 10/11. In both cases there would only be 

one amino acid to target (I278 or S301 respectively). It is also important to 

consider there are several sites of known post translational moderation within 

exon 10, N279, K280/281 and S285/289) (Ercan et al. 2017; Kontaxi et al. 
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2017; Mair et al. 2016) (shown in Figure 3.3 in the orange dashed box). To 

ensure an antibody would be specific to 4R tau, and bind regardless of the 

post translational modification state of tau, peptide TE10 was designed to 

cover tau amino acids 294-302, (Figure 3.3), as this is within exon 10 and in 

a region of exon 10 and avoids the post translational modification sites.  Figure 

3.3 shows the location of TE10 in the blue box within the 4 exons of the tau 

MTBR. The TE10 line in Table 3.2 shows the exact peptide sequence. 

 

 

 

Figure 3.3: Peptide epitope conferring 4R tau specificity 

Tau protein sequence exons 9-12 are shown. The TE10 peptide sequence is outlined 

in the blue box. Potentially cross-reactive epitopes within exons 9, 11 and 12 are 

highlighted in the blue dashed box. The amino acid differences between TE10 are 

highlighted via the black asterisks. The documented post translational modifications 

at N279, K280/281 and S285/289 are highlighted in the orange dashed boxes. 

 

 

 

AA number 1 2 3 4 5 6 7 8 9
TE10 K D N I K H V P G
Cross reactive-E9 L D N I T H V P G
Cross reactive-E11 L G N I H H K P G
Cross reactive-E12 T E N L K H Q P G
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Table 3.2: Sequence alignment of TE10 peptide with potential cross-reactive 
sites in Exons 9, 11 and 12 of tau. 

 

Given the repetitive nature of the MTBR, TE10 shares sequence homology to 

three other exons of the MTBR(highlighted in the dashed boxes in Figure 3.3 

and aligned in Table 3.2). The first of these is within exon 12 (tau residues 

357-365 (Figure 3.3)) which differs from the TE10 peptide by two amino acids 

(peptide residue 1 and 5 (Table 3.2)). The second region of similarity exists 

within exon 9 (tau residues 263-271 (Figure 3.3)) which differs by four amino 

acids (peptide residue 1, 2, 5 and 7 (Table 3.2)). Finally, there is sequence 

homology within exon 11 (tau residues 325-333 (Figure 3.3)) which differs by 

four amino acids (peptide residue 1, 2, 4 and 7 (Table 3.2)).  

 

 
3.2.3 Conjugation of peptides for immunisation 

To elicit an immune response, the peptides were conjugated to the carrier 

proteins keyhole limpet hemocyanin (KLH), ovalbumin (OVA) and bovine 

serum albumin (BSA). All peptides were also conjugated to biotin to allow for 

screening via streptavidin capture to beads or plates (carried out by CRO 

Peptide Synthetics).  

Throughout an immunisation the immunodominant position of a peptide 

immunogen is located furthest from the carrier protein, as this is most exposed 

to the immune system. Therefore TE9/11 was conjugated as a cyclic peptide 

to ensure the predicted key residues 2, 7, 11 and 12 (Table 3.), were 

presented in the most immunodominant positions. TE10 (designed to confer a 
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4R tau specific immune response) was designed as a linear peptide coupled 

to the carrier protein via its C-terminus. This was to ensure the lysine residues 

at positions 1 and 5 of the peptide, the only 2 amino acids that are unique to 

TE10 (Table 3.2), were in the immunodominant position.  

For both peptides, a single cysteine was added to the peptide for linkage via 

the thiol group to the maleimide linker and carrier protein or biotin-PEG-

maleimide. The cyclisation of the peptides was achieved via N to C-terminal 

amide bond formation to generate a cyclic peptide loop.  

 

3.3 Antibody discovery from rabbits 

Rabbits were selected as an immunisation species as previous in-house 

(unpublished observations) and literature precedent have shown that they are 

able to produce a robust anti-peptide immune response (Landry et al. 2015). 

They have also previously been demonstrated to be reliably activated upon 

stimulation in culture to facilitate B-Cell culture-based antibody discovery. 

 

3.3.1 Antibody screening assay development 

Given the sequence homology between tau isoforms (as discussed above), it 

was essential to set up a series of screening assays to identify antibodies with 

exquisite specificity to 3R or 4R tau. These assays were validated using a 

polyclonal anti-total tau antibody (Dako). However, it was not possible to 

validate any assay using the TE10 or TE9/11 peptides in this way as the 

polyclonal anti-tau antibody did not appear to cross react with this peptide.  
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Binding to tau via protein enzyme-linked immunosorbent assay (ELISA) 

represented a key assay for this project, as it is both high throughput, sensitive 

and can be used to assess binding effectively from crude supernatants. The 

assay was set up as described in 2.6.2.2 Tau recombinant protein ELISA 

and Figure 3.4 demonstrates that a comparable signal is observed for all tau 

isoforms (recombinantly expressed and directly captured) at all concentrations 

of the polyclonal anti-total tau antibody down to 10ng/ml.    
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Figure 3.4: Binding ELISA with polyclonal anti-total tau antibody  

Another essential characteristic for any isoform-specific antibodies discovered 

through this work is binding to tau in a cellular context. This is essential for 

both immunofluorescence and flow cytometry-based cell assays. To ensure 

this characteristic was achieved an intracellular flow cytometry assay was 

established. In this assay, individual tau isoforms were overexpressed in 

ExpHEK-293F cells before the cells were fixed and permeabilised and stained 

with a monoclonal anti-total tau antibody (HT7) to identify tau expressing cell. 

These cells were then stained with antibodies to be screened or in the case of 

assay set up total tau polyclonal (Dako) to represent the rabbit B-cell derived 
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antibodies. A full description of this assay can be found in 2.6.4.2 Tau flow 

cytometry assay.   Figure 3.5A and Figure 3.5B illustrate the gating strategy 

that was used in this assay to identify transfected cells. As shown in Figure 

3.5C, a similar level of staining was observed with the polyclonal anti-total tau 

antibody when tested against each of the isoforms individually overexpressed 

in ExpHEK-293F cells.  

 

 
Figure 3.5: Individual isoform flow cytometry assay.  

A Identification of live cells via forward scatter (FSC-A) and side scatter (SSC-A). B 
Identification of transfected cells within the “cells” gate shown in “A”, via monoclonal 

anti-total tau antibody labelled with AF488. C Polyclonal anti-total tau antibody 

titration on the transfected cell population. 

 

To ensure isoform specificity via Western blot, the individual isoform-

overexpressing cells were lysed. These lysates were then used in a Western 

blot (2.6.3.1 Western blots) using polyclonal anti-total tau antibody as 

detection reagent alongside a recombinant tau ladder (Figure 3.6). As shown 

in  Figure 3.6  each lysate produces a single band with a molecular weight 

corresponding to the correct isoform of tau. 
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Figure 3.6: Western blot of individual tau overexpressing cell lysates  

Recombinant tau ladder and mock transfected cell lysate revealed with polyclonal 

anti-total tau antibody. 0N3R – 36.8kDa, 1N3R – 39.7kDa, 2N4R – 42.6kDa, 0N4R – 

40kDa, 1N4R – 42.9kDa + 2N4R 45.9kDa.  

 

 

3.3.2 Rabbit immune response monitoring 

The sera from two rabbits immunised with either TE9/11 (3R) or peptide TE10 

(4R) were tested for binding to the respective immunising peptide via ELISA 

at a range of dilutions (2.6.2.1 Peptide ELISA ). The results are shown for 

TE9/11 (Figure 3.7) and TE10 (Figure 3.8). This data demonstrates that both 

rabbits responded well to the immunising peptide and showed little cross-

reactivity to the non-immunising peptide.  Specific sera titres beyond a dilution 

of 1:106 were observed for both rabbits against the immunising peptides. 
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Figure 3.7: Sera response ELISA of rabbit 6170 immunised with TE9/11 

Sera tested for binding against biotinylated TE9/11 captured via a streptavidin 

surface. Sera from rabbit 6171 was used as a control to assess levels of non-specific 

peptide reactivity. Pre-immunisation bleeds denoted as BL0, bleeds taken 7 days post 

boost 1 and 2 denoted as BL1 and BL2 respectively with the terminal bleed serum 

titre denoted as TER. 
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Figure 3.8: Sera response ELISA of rabbit 6171 immunised with TE10  

Sera tested for binding against biotinylated TE10 captured via a streptavidin surface. 

Sera from rabbit 6170 was used as a control to assess levels of non-specific peptide 

reactivity. Pre-immunisation bleeds denoted as BL0, bleeds taken 7 days post boost 
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1 and 2 denoted as BL1 and BL2 respectively with the terminal bleed serum titre 

denoted as TER. 

 

 

3.3.3 Rabbit B-cell culture primary screening 

Memory B-cells from rabbit 6170 and 6171 were differentiated into antibody-

secreting B-cells in a 400 x 96-well plate culture experiment (2.4.1.1 B-cell 

culture). Culture supernatants containing IgG were primarily screened for 

binding to peptides TE9/11 and TE10. This homogenous fluorescence assay 

was a mix of the biotinylated TE9/11 and TE10 peptides captured onto 

streptavidin beads (2.6.1 Bead-based homogeneous fluorescence assay). 

Although it was not possible to directly validate this assay format (due to the 

previously discussed lack of tau polyclonal reactivity with polyclonal anti-tau) 

the assay was somewhat validated by the peptide capture ELISA used to 

assess the rabbit immune response (Figure 3.7 and Figure 3.8). The main 

purpose of the primary assay is to identify binders to the immunising antigen 

for further, more focused, screening.  

Figure 3.9 shows the primary screening data from the 50 x 384 well assay 

screening plates. Highlighted in green are the wells where bead-associated 

fluorescence was observed, indicating antibodies with specificity to either 

TE10 or TE9/11. These hits were selected based on a binding value threshold 

of 1000 bead associated fluorescent units. This threshold gives high 

confidence in the binding profile and allowed for the consolidation of samples 

into 12 x 80-well master plates.  
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Figure 3.9: Primary B-cell culture supernatant screening  

Homogenous fluorescence-based assay. Green points represent those that were 

selected for hit-picking and those in red were not selected. 

 

3.3.4 Rabbit B-cell culture secondary screening 

Following the identification of supernatants that showed reactivity to either 

TE10 or TE9/11 (Figure 3.9) and cryopreservation of the activated B-cells, 

secondary supernatant screening was carried out to identify those wells that 

had antibodies demonstrating isoform specificity. This was achieved by ELISA  

using each of the peptide antigens (Figure 3.10) and to recombinant 0N3R 

and 0N4R tau (Figure 3.11) (2.6.2.1 Peptide ELISA, 2.6.2.2 Tau 

recombinant protein ELISA).  
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Figure 3.10: TE10 v TE9/11 secondary screen ELISA 

Data displayed as fold change over background from streptavidin coated ELISA 

plates, selected wells for 3R specific marked in red and for 4R specific marked in 

green 
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Figure 3.11: 0N3R v 0N4R secondary screen ELISA 

Data displayed as fold change over background from blocked ELISA plates, selected 

wells for 3R specific marked in red and for 4R specific marked in green 
 

Figure 3.10 shows the results of the peptide ELISA and Figure 3.11 shows 

the results of the protein ELISA. All ELISA data is plotted as fold-change over 

background for each data point.  Supernatants from wells that showed binding 

to single peptides and exhibited at least a 4-fold higher binding to the desired 

tau 0N isoform were selected for B-cell isolation and variable region gene 

recovery. In each case, the wells selected to be 3R-specific are highlighted in 

red and the 4R-specific wells are highlighted in green. It was interesting to note 

that some wells appeared to show cross-reactivity to both peptides. These are 

likely recognising a common epitope on the peptides. The lack of sequence 

homology between the two tau peptides suggests the cross reactivity was 

likely due to the linker that conjugates the peptide to the biotin molecule or 
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carrier protein or polyreactive antibodies within the developing immune 

repertoire of the rabbits.  

 

3.3.5 Cloning of heavy and light chain variable region genes and 

expression of recombinant antibody 

B-cell isolation, via the fluorescent foci method (2.4.1.2 Single B-cell 

isolation), was performed on all wells highlighted red or green (Figure 3.10 

and Figure 3.11). Reverse transcription and three rounds of PCR were carried 

out, (2.4.1.3 Reverse transcription and variable region PCR) to recover the 

variable region genes and create transfection-ready linear expression 

cassettes. Table 3.3 shows the recovery levels from B-cell isolations, the 

number of PCRs and the success of those PCRs from each well along with 

the specificity to either 3R or 4R tau for that well.  
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Table 3.3: B-cell isolation and PCR recoveries for selected wells 

 

In general, this demonstrated good B-cell isolation efficiencies, generating 

fluorescent foci from 83% of B cell culture wells. Variable region recovery was 

observed from 97% of vH PCRs and 99% of vL polymerase chain reactions 

(PCRs). This represented an overall paired V-region recovery rate of 96% from 

selected individual cells.  

 

Linear expression cassettes, generated via the tertiary transcriptionally active 

PCR (TAP), were directly transfected into ExpiHEK-293F cells (2.1.3 

ExpiHEK-293F transfections for antibody expression). Following 
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expression, the antibody containing supernatants were assayed for IgG 

expression via ELISA (2.6.2.3 Quantitative antibody ELISA). Expression of 

IgG was observed in all cases where paired V-regions were recovered in the 

PCR. In total there were 77 samples containing IgG from 90 wells. All wells 

were subsequently assayed for binding to 0N3R and 0N4R tau via ELISA 

(2.6.2.2 Tau recombinant protein ELISA). The ELISA data with one 

representative TAP expression per foci group is shown in Figure 3.12.  
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Figure 3.12:  TAP binding ELISA 

One representative TAP expression per foci group using undiluted supernatant. 

Values are expressed as fold change over background binding to blocked ELISA 

plates. 3R and 4R specific antibodies selected for cloning are highlighted in red and 

green respectively. The black spot represents a well containing an antibody not 

selected for cloning. 

 

The wells selected for cloning and further testing are highlighted in green and 

red  (Figure 3.12) for the 4R and 3R specific antibodies respectively.  
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It is interesting to note that all except one of the foci wells picked retained their 

binding specificity to 3R or 4R tau following the TAP expressions. For the 

single antibody highlighted in black, which no longer appears to bind either 3R 

or 4R tau, it is likely that this was a false positive in the B-cell supernatant 

screening ELISA (Figure 3.11), and was likely bound to a non-tau 

representative epitope on the TE10 peptide. This would explain how it was 

able to produce fluorescent foci in the peptide screen, but subsequently not 

show binding to tau protein as a TAP transient.  

 

3.3.6 Sequencing of antibodies and further characterisation of 

recombinant antibodies  

The variable region fragments were next cloned as full-length rabbit IgGs 

(2.4.1.4 Cloning of rabbit variable regions into IgG expression vectors). 

All cloned antibodies were sequenced, expressed as 30ml volume cloned 

transient transfections in ExpiHEK-293F cells (2.1.3 ExpiHEK-293F 

transfections for antibody expression) and the resulting culture 

supernatants were assayed to determine the concentration of IgG they 

contained (2.6.2.3 Quantitative antibody ELISA). All the supernatants were 

assayed via ELISA at 10ug/ml IgG against 0N3R and 0N4R tau (2.6.2.2 Tau 

recombinant protein ELISA), to determine if they had retained their 

specificity profiles following cloning. Figure 3.13A displays the ELISA data for 

all the cloned antibodies. Figure 3.13B shows the CDR3 sequences of these 

antibodies.  
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Figure 3.13: Clone IgG transient supernatant screens and CDR3 variable region 
sequencing 

A ELISA optical density (OD) at 630nm for the cloned transients of each of the rabbit 

isoform-specific antibodies. This represents the signal at 10µg/ml for each of the 

clones. 4R-selective antibodies are shown in green whilst the 3R-selective antibodies 

are highlighted in red. Clone 2 is not shown as it repeatedly failed to express. Circled 

in red and green respectively are clone 14 (VR7081) and clone 3 (VR7082) that were 

selected as the preferred isoform-specific antibodies for further study. B Heavy and 

light chain CDR3 sequencing of the cloned rabbit antibodies. Highlighted in green and 

red boxes respectively are the CDR3s of the antibodies selected to be 3R- and 4R-

specific via ELISA. 
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As can be seen, groups of antibodies with similar or the same antibody 

sequence clustered very closely together in their ELISA values (Figure 3.13). 

There was a clear split between the 3R- and 4R-specific antibodies, with the 

4R-specific clones generally demonstrating a lower degree of 4R specificity. 

However, there were only two antibody sequences, clone 3 (VR7082) (4R-

specific) and clone 14 (VR7081) (3R-specific), that were considered to 

possess the suitable level of isoform-selectivity (without any measurable 

unwanted cross-reactivity) to justify larger scale expression/purification and 

more detailed characterisation. 

 

3.4 Expression and purification of isoform-specific anti-tau 

antibodies 

The heavy and light chain DNA of VR7081 and VR7082 were large scale DNA 

prepped and transfected into 1 litre of ExpiHEK-293F cells for expression 

(2.1.3 ExpiHEK-293F transfections for antibody expression), VR7081 and 

VR7082 IgGs were purified from the resultant culture supernatant and purified 

via protein A purification and gel filtration. The resulting purified antibodies 

were analysed by UPLC to assess the purity of each of the antibodies (2.4.1.4 

Large scale expression and purification of rabbit monoclonal antibodies) 

(Figure 3.14 and Figure 3.15). 
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Figure 3.14: UPLC analysis of VR7081 following protein A purification and gel 
filtration.  

 A column retention time of VR7081 sample. B Percentages of each of the peak 

fractions. 
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Figure 3.15: UPLC analysis of VR7082 following protein A purification and gel 
filtration.  

A Column retention time of VR7082 sample. B Percentages of each of the peak 

fractions. 

 

As shown in Figure 3.14 and Figure 3.15, one major peak was detected in 

both samples, indicating that, both proteins were highly pure 

(VR7081=96.42% and VR7082=95.12%) monomeric IgG (based on fraction 

retention time). The minor contaminating proteins that were contained in both 

cases were likely larger IgG-related species that exhibited a longer column 

retention time.  

 

To further assess the purity of the purified antibodies, 3µg of each VR7081 

and VR7082 were separated on SDS-PAGE alongside the load and flow-

through fractions of the purification (2.4.1.4 Large scale expression and 

purification of rabbit monoclonal antibodies) (Figure 3.16). 
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Figure 3.16: SDS-PAGE gel of purified VR7081 and VR7082  

A Reduced SDS-PAGE gel of the purified VR7081 and VR7082 alongside the load 

and flow through fractions from the purification. Heavy chains can be seen at 

approximately 50kDa and light chain at 25kDa. B Non-reduced SDS-PAGE gel of the 

purified VR7081 and VR7082 alongside the load and flow through fractions from the 

purification. IgG band can be observed at approximately 150kDa. 
 
 
The data shown in Figure 3.14, Figure 3.15 and Figure 3.16 clearly 

demonstrate the expression and purification of both VR7081 and VR7082 

rabbit IgG was successful. The concentration of both purified antibodies was 

determined by absorbance at 280nm light and the absorbance coefficient for 

each antibody (2.1.4 Nucleic acid concentration quantification), and the 

samples were aliquoted to be stored at +4OC for further antibody binding 

characterisation. 
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3.5 Isoform-specific antibody characterisation 

Following the discovery of 3R tau- and 4R tau specific antibodies (VR7081 

and VR7082 respectively), it was necessary to ensure they were suitable for 

all further studies.  This was achieved by characterisation in a range of assays 

against recombinant and natively expressed tau.   

 

3.5.1 Recombinant tau binding and characterisation assays 

As described previously, VR7081 and VR7082 demonstrated exquisite 

specificity to 0N3R and 0N4R tau at 10µg/ml via ELISA (Figure 3.13). It was 

important to ensure this specificity had been retained following purification, 

therefore VR7081 and VR7082 were therefore tested against all six 

recombinantly expressed isoforms of tau via ELISA, (2.6.2.2 Tau 

recombinant protein ELISA). (assay validated using total-tau polyclonal 

(Figure 3.4)). VR7081 was able to detect the three 3R tau isoforms (Figure 

3.17A) and VR7082 was able to detect the three 4R tau isoforms (Figure 

3.17B).  

 
Figure 3.17:  Purified VR7081 and VR7082 antibody ELISA  

Full titration of VR7081 (A) and VR7082 (B) against all tau isoforms directly coated 

onto ELISA plates.  
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To further check the specificity of these antibodies against tau in a cellular 

context, a flow cytometry assay (previously described (section 3.3.1 

Antibody screening assay )) was used. Figure 3.18 confirms the specificity 

of VR7081 against 3R isoforms (Figure 3.18A) and VR7082 against 4R 

isoforms (Figure 3.18B). 

 
Figure 3.18: Purified VR7081 and VR7082 antibody flow cytometry assay  
Flow cytometry assay, VR7081 (A) and VR7082 (B) titrated against intracellular-

expressed tau isoforms. 

 

Finally, the specificity of these antibodies was assayed via Western blot 

(2.6.3.1 Immuno-precipitation), using lysates were generated from ExpHEK-

293 cells overexpressing single isoforms of tau. The Western blots with 

VR7081 and VR7082 can be seen in Figure 3.19A and Figure 3.19B 

respectively, and once again confirm the specificity towards 3R or 4R tau 

isoforms.  
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Figure 3.19: Western blot from single isoform overexpressing cell lysates  

A Membrane probed with VR7081 (3R specific) demonstrating only detection of 

0N3R, 1N3R, 2N3R. B Membrane probed with VR7082 (4R specific) showing only 

detections of 0N4R, 1N4R and 2N4R. 

 

Peptide TE9/11 and peptide TE10 represent linear epitopes within the tau 

exon 9/11 boundary, unique to 3R tau, and within exon 10, unique to 4R tau. 

These epitopes were unlikely to be affected via the sample reduction 

performed for Western blot. It is therefore unsurprising that in Figure 3.19 both 

VR7081, (Figure 3.19A) and VR7082,  (Figure 3.19B) exhibit the expected 

specificity profiles to 3R and 4R tau.  

However, both antibodies also appeared to show reactivity with a non-tau band 

of approximately 49kDa (VR7081) or 60kDa (VR7082). It is unclear what this 

protein is, but it could be a result of non-specific binding of the Rabbit IgGs, 

the secondary HRP conjugated antibody or driven through off-target variable 

region binding.  

To address this issue, a Western blot was performed with 2N3R and 2N4R tau 

containing lysate in addition to the recombinant tau ladder and mock lysate 

and probed with a non-tau reactive rabbit or mouse IgG (Figure 3.20). 
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Figure 3.20: Western blot against2N3R or 2N4R tau containing lysates  

A Membrane probed with non-tau reactive rabbit IgG. B Membrane probed with non-

tau reactive mouse IgG. 

 

The Western blots (Figure 3.20A) show a similar nonspecific banding pattern 

to VR7081 and VR7082 with non-specific bands around 60kDa and 49kDa 

with the non-tau reactive rabbit IgG. However, in Figure 3.20B, with non-tau 

reactive mouse IgG, these bands are not observed. This clearly indicates that 

any non-tau bands observed in Figure 3.19 are because of the rabbit IgG 

constant regions or HRP reveal rather than the tau specific variable regions.  

For the purposes of this work the iPSC-derived neurons are between 80 and 

100 days of age. At this time, (as previously discussed) they will only be 

expressing 0N3R and/or 0N4R tau. The non-specific bands observed with 

rabbit IgG, (Figure 3.20A) and the VR7081/VR7082 (Figure 3.19) Western 

blots are approximately 60kDa and 42kDa. This is similar to the predicted 

molecular weight of 1N3R and 2N4R tau respectively. These isoforms are 

likely to be absent in the iPSC system being used in these studies, it was 

considered that this Western blot observation would not present any 

challenges when performing Western blot studies with iPSCs for this project. 
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However, it was important to ensure these antibodies were of more general 

utility outside the scope of this project. In order to understand if this was a 

rabbit IgG phenomenon and because the non-tau reactive mouse IgG showed 

no banding in tau overexpression lysates (Figure 3.20B) VR7081 and VR7082 

were cloned and expressed as mouse IgGs (with rabbit variable regions) 

(2.4.1.5 Conversion of VR7081 and VR7082 to mouse chimeric 

antibodies). The resulting chimeric antibodies were then assayed via Western 

blot against individual tau isoform overexpressing cell lysates.  

 
Figure 3.21: Mouse IgG Western blot from single isoform overexpressing cell 
lysates  

A Membrane probed with VR7081 Ms-IgG (3R specific). B Membrane probed with 

VR7082 Ms-IgG (4R specific) 

 

Figure 3.21 shows that the conversion to a mouse chimeric antibody with both 

VR7081 and VR7082 has eliminated the unwanted cross-reactive band. 

Following conversion only a single band is now observed for each isoform. 

This data, along with the banding seen with a non-tau antibody (Figure 3.20A), 

demonstrates that this non-tau reactive band was a result of a rabbit IgG 

Western blot phenomenon. 
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It was also important to assess the performance of VR7081 and VR7082 

immunofluorescence assays. 0N3R and 0N4R tau was overexpressed in 

adherent CHOK1 cell before being fixed, permeabilised and co-stained with 

either VR7081 (Figure 3.22) or VR7082 (Figure 3.23) and the polyclonal anti-

total tau antibody positive control (Dako) (2.6.4.3 Tau overexpression 

immunofluorescence assay).  

 
Figure 3.22: Immunofluorescent staining of CHOK1 cells overexpressing tau 

Cells overexpressing 0N3R or 0N4R tau co-stained with VR7081 (3R-tau) (AF647, 

red) and polyclonal anti-total tau antibody (AF488, green). 
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Figure 3.23: Immunofluorescent staining of CHOK1 cells overexpressing tau 

Cells overexpressing 0N3R or 0N4R tau co-stained with VR7082 (4R-tau) (AF647, 

red) and polyclonal anti-total tau antibody (AF488, green). 

 

The data shown in Figure 3.22 and Figure 3.23 demonstrate that both 

VR7081 and VR7082 retain specificity for 3R and 4R tau respectively via 

immunofluorescence using fixed cells. Polyclonal anti-total tau antibody 

staining enables visualisation of all the cells expressing tau within these 

populations. As shown, staining with either VR7081 or VR7082 overlaid 

perfectly with the polyclonal anti-total tau antibody staining.  

Taken together, the data presented in this section clearly shows that VR7081 

and VR7082 are highly specific for 3R and 4R tau respectively across a range 

of assays.  
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3.5.2 Endogenous tau binding and characterisation assays 

All the data shown previously was generated using recombinant or 

overexpressed tau. This was useful in order to ensure that the antibodies 

showed highly specific binding to either 3R or 4R tau.  However, demonstrating 

binding to tau expressed endogenously was an important next step to assess 

the suitability of VR7081 and VR7082 to probe the biology of 4R tau in a native 

system. 

The binding of VR7081 and VR7082 was initially assessed via 

immunofluorescence on iPSC-derived neurons. Both control neurons with no 

tau mutation (express only 0N3R tau) or monoallelic 10+16 MAPT mutant 

neurons (that express both 0N3R tau and 0N4R tau) were used (2.6.4.4 Tau 

immunofluorescence in iPSC-derived neurons). The resulting images can 

be seen in Figure 3.24 for VR7081 and Figure 3.25 for VR7082.  
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Figure 3.24: Immunofluorescent staining of iPSC-derived neurons with VR7081 

Immunofluorescent staining of non-mutant (control) iPSC-derived neurons and 

monoallelic 10+16 MAPT mutant neurons stained with VR7081 (3R-tau) AF647. In 

the merged image DAPI is shown in blue whilst tau staining is shown in red. Green 

arrows denote examples of axonal staining with VR7081  

 

As expected VR7081 binds to 3R tau in both the non-mutant control cells and 

in the 10+16 MAPT mutant neurons (Figure 3.24).  
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Figure 3.25: Immunofluorescent staining of iPSC-derived neurons with VR7082 

Immunofluorescent staining of non-mutant (control) iPSC-derived neurons and 

monoallelic 10+16 MAPT mutant neurons stained with VR7082 (4R-tau) AF647. In 

the merged image DAPI is shown in blue whilst tau staining is shown in red. Green 

arrows denote examples of axonal staining with VR7082  

 

VR7082 demonstrates binding to 4R tau within the 10+16 MAPT mutant 

neurons (Figure 3.25) and as expected shows no binding to the non-mutant 

control neurons, as these do not yet express 4R tau.  

With both immunofluorescence images (Figure 3.24 and  Figure 3.25) co-

localised staining can be seen between the DAPI reagent used and AF647 

channel used for staining with the tau antibodies. The reason for this is not 

clear however it can be clearly delineated from true tau staining as it observed 

over both channels. 
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Specificity was also ensured in immunoblot using lysates from control, 10+16 

monoallelic and biallelic MAPT mutation neurons via  Peggy Sue Simple 

Western (2.6.3.2 Protein Simple, Simple Western), together with lysates 

from ExpHEK-293F cells overexpressing 0N3R or 0N4R tau as well as tau 

negative cell lysates and a recombinant tau ladder containing all tau isoforms 

(Figure 3.26).  

 
Figure 3.26: Peggy Sue Simple Western iPSC immunoblots  

A Pseudo-blots from Peggy Sue capillaries probed with VR7081 (3R-tau). B Pseudo-

blots from Peggy Sue capillaries probed with VR7082 (4R-tau). In each case; lane 1 

(tau ladder) is a ladder of recombinantly expressed and purified tau protein containing 

all 6 tau isoforms;  lane 2 (0N3R lysate) is lysate from 0N3R tau overexpressing cells; 

lane 3 (0N4R lysate) is lysate from 0N4R tau overexpressing cells; lane 4 is lysate 

from non-mutant 10+16 iPSC-derived neurons; lane 5 is lysate from 10+16 mono-

allelic 10+16 MAPT mutant neurons; lane 6 is lysate from bi-allelic 10+16 MAPT 

mutant neurons; lane 7 is cell lysate from non-transfected HEK-293F cells. 

 

As can be seen from the pseudo-blots in both VR7081 (Figure 3.26A) and 

VR7082 (Figure 3.26B) retain their specificity in the over-expression control 

lysates to both 3R and 4R respectively. As expected, VR7081 can be seen to 

bind to a protein with a molecular weight consistent with that of 0N3R tau in all 

the iPSC-derived neuronal genotypes. VR7082 demonstrates binding to 0N4R 
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tau-sized band in only the 10+16 mutant iPSC-derived neurons only as 

expected as the non-mutant neurons do not express 4R tau at the time of 

assay. 

It is interesting to note with both VR7081 and VR7082 that the non-tau bands 

observed in Figure 3.19 are no longer seen in this experiment with iPSC. This 

blot uses a different secondary antibody to a standard Western blot, and it 

appears that this has solved the non-tau banding. This gives a further 

indication that this non-tau cross reactivity observed with both 

VR7081/VR7082 (and the non-tau rabbit antibody) (Figure 3.19 and Figure 

3.20) were likely a result of the secondary HRP-conjugated antibody. 

 

Tau is able to undergo significant post translational modification (Ercan et al. 

2017; Kontaxi et al. 2017; Mair et al. 2016). It was, therefore, important to 

confirm that both VR7081 and VR7082 were able to bind 3R and 4R tau, 

respectively, regardless of the post translational modification state of tau. Aged 

brain lysate contains a range of tau species with many post translational 

modifications and tau truncations. It therefore, represented a good source of 

material to test in Western blot and confirm that both VR7081 and VR7082 

were able to bind to many forms of tau (2.6.3.1 Western blots) (Figure 3.27).  
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Figure 3.27: Western blot on human brain lysate and recombinant tau ladder  

A Membrane probed with VR7081 (3R-tau). B Membrane probed with VR7082 (4R-

tau). 

 

Multiple bands are observed in blots with both VR7081 and VR7082. 

Importantly however three distinct and different bands are present in the tau 

ladder for VR7081 and VR7082. The multiple bandings with the brain lysate 

are likely due to multiple phosphorylation states of tau, higher molecular weight 

aggregates of tau as well as truncated tau variants. This observation of 

extensive laddering is consistent with other Western blot data generated using 

these lysates and polyclonal total-tau antibody (personal communication with 

Professor Selina Wray). This data provides further confidence that both 

VR7081 and VR7082 are capable of binding to multiple post translational 

modification states of 3R and 4R tau.  

 

The data shown in this section demonstrates that both VR7081 and VR7082 

are able to bind to natively expressed tau in a range of assays. The non-

specific staining observed previously within Figure 3.19 can likely be attributed 
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to the secondary antibody or a Rabbit IgG Western blot artefact. Finally, 

Figure 3.27 demonstrates that both VR7081 and VR7082 are capable of 

binding tau in a range of post translational modification states using a relevant 

source of native tau from aged human brain lysates.  

 

3.6 Discussion  

The aim of this chapter was to generate antibodies specific to 3R and 4R tau 

in a range of assays. Given the sequence similarity between 3R and 4R tau, it 

was decided that peptide-based approach was the only viable way to generate 

antibodies with the desired specificity profiles.  

 

The repetitive nature of the tau MTBR made the design of peptides capable of 

inducing a 3R- or 4R-specific immune response very challenging. The lack of 

exon 10 creates a unique exon boundary between exons 9/11 which is only 

present in 3R tau. This was used to design peptide TE9/11 representing 

residues H268-P311 of 3R tau (Figure 3.2). However, as shown by the 

alignment in (Table 3.) there are three highly related and potentially cross-

reactive epitopes that are present in all isoforms of tau. This means that for an 

antibody to be 3R-specific, it likely needs to bind tau residues Q269, Q274, 

V309 and/or Y310 which are unique to 3R tau. 

 

The presence of exon 10 in 4R tau is the only feature unique to 4R tau. 

However, there are several sites of known post-translational modification at 

tau residues N279, K280, K291 S285 and S289 which should be avoided by 
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an antibody (Ercan et al. 2017; Kontaxi et al. 2017; Mair et al. 2016). 

Consequently, TE10 was designed to sit within exon 10 of tau at positions 

K294-G302 of 4R tau (Figure 3.3). Given that exons 9-11 are repeat regions, 

the TE10 peptide sequence shares sequence homology with the other 

sections of the MTBR. Regions of high similarity present within exons 9, 11 

and 12 consequently mean 4R-specificity likely comes from targeting tau 

residues K294 and or K298 which are unique to 4R tau (Table 3.2).  

 

To enable screening for specific monoclonal antibodies, a polyclonal anti-total 

tau antibody was used to validate a range of assays including tau protein 

ELISA (Figure 3.4), Flow cytometry (Figure 3.5) and Western blot (Figure 

3.6). However, it was not possible to perform assay validation on the 

biotinylated peptide antigens, TE9/11 or TE10, with this antibody.  This is 

somewhat surprising as the polyclonal was generated via immunisation using 

the C-terminal end of tau (residues 243-441). This region includes the four 

microtubule binding regions, tau residues 242-267. It is however possible that 

antibodies to these exact peptide epitopes are present within the polyclonal 

but at a very low concentration, so are below the level of detection.  

Flow cytometry was used to assess the specificity of VR7081 and VR7082 to 

tau in a cellular context. In this assay, a monoclonal anti-total tau antibody was 

used as a transfection control to ensure tau binding was only measured to 

transfected cells. It is important to note that the epitope for monoclonal anti-

total tau antibody is outside of the MTBR so would not block any isoform-

specific, or polyclonal anti-total tau, antibody binding. This increased the 

sensitivity of the assay as it ensures that any background binding to non-
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desired tau isoforms isn’t masked by the negative population of cells (Figure 

3.5B).  

 

Rabbits were used for immunisation as previous unpublished in-house 

observations and literature precedent indicate they generate a robust anti-

peptide immune response (Landry et al. 2015).  The sera responses observed 

(Figure 3.7 and Figure 3.8) exemplified this previous observation with a 

terminal serum titre dilutions at 1:106  being observed for both rabbits with 

minimal response to the non-immunising peptide being observed. It is also 

important to note, these serum responses only represent the anti-peptide 

response and not the response to the full-length protein or isoform-specific 

response.  

 

The B-cell culture-based antibody discovery technology used herein relies on 

the assumption that the antigen-specific antibody component within a positive 

culture well is monoclonal. Albeit within a polyclonal mix of non-specific 

antibodies, i.e. wells that contain antigen-specific antibody were derived from 

the culture and expansion of a single antigen-specific B cell. Antigen-specific 

memory B-cells represent around 0.1-10% of the IgG-positive memory B-cell 

response in an immunised animal (Starkie et al. 2016). Therefore, a seeding 

density that ensures a hit rate (wells that contain antibody that binds to 

antigen) of 10% or less across a culture plate likely ensures monoclonality for 

antigen-specificity within antigen-reactive wells. Following B-cell activation 

and screening of supernatants for binding to peptide, a hit rate of 

approximately 2.5% was observed across the culture plates, (Figure 3.9). This 
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hit rate likely implies that positive wells were monoclonal for antigen specific 

antibody and therefore provided confidence to move forward with further 

screening. 

Both peptide TE9/11 and TE10 contain regions of homology such as the 

additional cysteine and maleimide linker region that is utilised to link the 

peptides to the protein carrier. In the biotinylated format they contain a PEG 

group that could also induce binding of non-specific antibody. Finally, it is also 

possible that some of the primary screen hits bound the streptavidin capture 

on the screening bead. To remove these undesired primary screen hits, 

secondary screening on peptides via ELISA was carried out (Figure 3.10). As 

can be seen, the data suggested that there were many antibodies that showed 

this undesirable cross-reactivity. 

 

As previously discussed, both peptide epitopes contain significant overlap with 

other regions of the tau MTBR. Peptide TE9/11 represents the unique exon 

boundary between exon 9 and 11 only present in 3R tau. However, potentially 

cross-reactive epitopes exist at the exon 9/10, 10/11 and 11/12 boundaries 

present in all tau isoforms, Table 3.1. Peptide TE10 represents a region of 

exon 10 specific to 4R tau only. However, potentially cross-reactive 

homologous epitopes exist within exons 9, 11 and 12, (Table 3.2). To ensure 

the antibodies were specific to 3R and 4R tau, secondary screening was 

performed against the full-length recombinant 0N3R and 0N4R proteins via 

ELISA (Figure 3.11). The data showed that there were many antibodies that 

were cross reactive to both tau protein isoforms. However, after the secondary 

screening, there was a small percentage of wells that showed binding to single 
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peptides reactivity and exhibited at least a 4-fold higher binding to the desired 

tau isoform. These were selected for single B-cell isolation and variable-region 

gene recovery. 

 

The concentration of specific IgG in a B-cell supernatant is around 10-

100ng/ml (unpublished data). Following single B-cell isolation, reverse 

transcription-PCR and expression of recombinant antibody from TAP 

fragments transients, the concentration of antibody in the TAP supernatant is 

increased to 1-10µg/ml (Starkie et al. 2016). This enabled further testing for 

non-specific binding at a higher antibody concentration.  To test this, the TAP 

transient antibodies were again tested for binding via ELISA against 0N3R and 

0N4R tau (Figure 3.12). It was observed that the antibodies retained their 

specificities to the individual isoforms. However, there was an increase in the 

level of undesirable cross-reactive binding by several of the 3R-specific 

antibodies binding to 4R tau, likely due to the increase in antibody 

concentration. Despite some antibodies exhibiting cross reactivity, all the 

antibodies were taken forward for cloning, sequencing and re-expression so 

their binding profiles could be more thoroughly explored.   

 

Sequencing of these antibodies revealed that six 4R-specific sequences were 

recovered and four 3R-specific sequences (Figure 3.13B). However, it can 

clearly be seen that several of the sequences appeared to be related based 

on CDR3 (heavy) sequence homology at a threshold of 80% or greater. 

Following antibody sequence clustering, this resulted in three major sequence 

families of 3R-specific antibodies and four sequence families of 4R-specific 
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antibodies. When the sequences were compared with the binding levels to tau 

protein via ELISA (Figure 3.13A), it was observed that the sequence families 

tend to cluster together exhibiting similar binding properties (based on ELISA 

at 10µg/ml). This would be expected of antibodies of a similar sequence. As 

was predicted, the number of individual unique antibody sequences that were 

ultimately recovered was relatively small. This suggests that 3R- and 4R-

specific antibodies were extremely rare in the rabbit antibody repertoire and 

the immune response converged on a relatively small number of antibody 

sequences capable of binding the respective epitopes with a high degree of 

specificity.  

From both the sequence and binding data, a single antibody was selected for 

3R-specific binding (VR7081) and a single antibody for 4R-specific binding 

(VR7082). These represented the only examples of antibodies that had no 

detectable binding to the undesired tau isoforms (via ELISA at 10µg/ml).  It 

should be noted, that clone 11 also looks to have retained a favourable profile 

to 3R tau. However, it had the same sequence as VR7082 but appeared to 

give a generally lower ELISA signal, against tau protein (Figure 3.13). This 

could be due to a slight overestimation of the concentration of this antibody or 

difference in sequence variation CDRs 1, 2.  

 

Antibody binding profiles can be affected by the presence of other protein or 

metabolites in crude recombinant expression supernatant. It is also more 

difficult to accurately quantify the concentration of antibodies in an expression 

supernatant making detailed characterisation less accurate. The initial cloned 
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antibody characterisation for VR7081 and VR7082 was carried out using 

recombinant supernatant. It was important to generate an accurately 

quantified purified antibody stock so that further accurate characterisation 

could be performed. As during the purification process, it is possible to remove 

contaminating metabolites and guarantee that the antibody being tested is 

intact monomeric IgG.  

 

As discussed above, initial cloned antibody characterisation was only carried 

out against 0N3R and 0N4R tau via ELISA (Figure 3.13). Whilst this showed 

specific binding of VR7081 and VR7082, to 3R and 4R tau respectively, it was 

important to characterise these antibodies against all tau isoforms. The way a 

protein is presented to an antibody impacts on the binding of that antibody and 

certain techniques can mask or reveal different epitopes. To ensure VR7081 

and VR7082 were specific to all isoforms of 3R and 4R tau regardless of its 

presentation, tau binding was assessed in a cellular context. This was carried 

out via flow cytometry and immunofluorescence, this should be more 

representative of tau in iPSC-derived neurons being used for further study in 

this thesis. Under reducing and denaturing conditions of a Western blot a 

protein is linearized. This too, can lead to the destruction of antibody epitopes 

or revealing of new potentially cross-reactive epitopes. Given that tau is 

considered largely linear, and the peptides used for immunisation represent 

linear epitopes, it was unlikely that a linearization via Western blot would affect 

the specify of VR7081 and VR7082 to 3R and 4R tau.  
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As described, initial recombinant tau characterisation assays were performed 

via ELISA (Figure 3.17), flow cytometry (Figure 3.18), Western blot (Figure 

3.19) and immunofluorescence (Figure 3.22 and Figure 3.23). All four of 

these assays demonstrated that the antibodies have highly specific binding 

profiles with VR7081 only binding 3R tau and VR7082 binding 4R tau. Figure 

3.17 demonstrates that both VR7081 and VR7082 retain their specificities for 

3R and 4R tau even at higher, concentration (10µg/ml). For the first time, both 

antibodies were able to demonstrate binding to tau in a cellular context via flow 

cytometry (Figure 3.18), and immunofluorescence (Figure 3.22 and Figure 

3.23). It was also demonstrated that the antibodies retained their specificities 

via Western blot (Figure 3.19). It is clear to see from these assays that both 

antibodies retain their tau specificities across all 6 isoforms of tau. Again, this 

is not a surprise as the binding epitopes, at the amino acid level, are identical 

in all N terminal isoforms of either 3R or 4R tau. 

Both antibodies appeared to show reactivity with a non-tau band of 

approximately 49kDa (VR7081) or 60kDa (VR7082) via Western blot (Figure 

3.19). However, it was demonstrated that this band was a result of either the 

secondary anti-rabbit Fc or the rabbit constant regions non-specifically being 

bound by proteins on the blot (Figure 3.20A). As previously discussed, these 

non-tau bands are the size of approximately 1N3R (with VR7081) and 2N4R 

tau (with VR7081). This does not pose a problem for this project, as the age 

of iPSC-derived neurons to be used only express the 0N variants of tau 

(Sposito et al. 2015). However, this issue was solved by a switch to a mouse 

chimeric, (mouse IgG with rabbit variable region), as the non-tau mouse IgG 

did not have this problem (Figure 3.20B). Following conversion to a mouse 
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chimeric format (rabbit v-region and mouse constant regions), both VR7081 

and VR7082 no longer showed non-specific binding via Western blot (Figure 

3.21). A separate solution to this potential problem with the rabbit IgG antibody 

variants was discovered using the Peggy Sue Simple Western where no non-

specific binding was observed (Figure 3.26). This technique uses a different 

method of protein immobilisation before blotting and a different secondary 

reveal antibody. Whilst this does not point to the exact cause of the non-tau 

reactive banding with the rabbit IgG, it is useful to have two solutions to this 

potential issue.   

 

Overexpression and recombinant expression systems can cause proteins to 

be misfolded, aggregated or present unnatural epitopes(Gasser et al. 2008; 

Wingfield 2015).  Tau undergoes extensive post translationally modification 

(Ercan et al. 2017; Kontaxi et al. 2017; Mair et al. 2016) many of which are 

unlikely to be represented on the recombinantly-expressed protein. Following 

confirmation of the tau isoform specificity of VR7081 and VR7082 to 3R and 

4R tau respectively, it was key to ensure both antibodies bound natively 

expressed tau. The assay formats used were immunofluorescence in iPSC-

derived neurons (Figure 3.24 and Figure 3.25), and characterisation via 

immunoblot of iPSC-derived neuronal cell lysate (Figure 3.26) and aged brain 

lysate (Figure 3.27).  

iPSC-derived neurons at day 90-100 are still fetal neurons and as such the 

non-mutant cells should only express 0N3R tau with the 10+16 MAPT mutants 

expressing 0N3R and 0N4R tau (Sposito et al. 2015). VR7081 retained its 
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binding profile to 0N3R tau in both the control and 10+16 MAPT mutant 

neurons (Figure 3.24). VR7082 also retains its binding profile to 4R tau and 

only shows binding in the 10+16 MAPT mutant neurons (Figure 3.25). These 

profiles were also retained via Simple Western immunoblot, (Figure 3.26).  

Lysate from aged donor brains should contain a heterogeneous mix of tau 

isoforms, post translational modifications and truncations. This material was 

ideal for ensuring VR7081 and VR7082 bind to post translationally modified 

3R and 4R tau respectively. This binding feature was considered when 

designing the peptide epitope TE10 (Figure 3.3). There are several known 

sites of post translational modification present in exon 10 (tau residues N279, 

K280, K291 S285 and S289) and TE10 (tau residues K294-G302) was 

designed to avoid all of these and hence ensure binding irrelevant of the PTM 

state of tau.  

Western blots against aged brain lysate (Figure 3.27). show there were 

multiple bands for both VR7081 and VR7082. Importantly there were only 3 

bands in the recombinant tau ladder and the banding profiles appear distinct 

for each antibody. This indicates that the antibodies have retained their 

selectivity and are capable of binding to multiple forms of tau with varied post 

translational modification states and truncations.  

However, whilst the Western blots (Figure 3.27) demonstrate binding to 

multiple tau post translational modification states. It would have been highly 

beneficial, to fully understand the specificity of the tau isoform binding profiles 

and ensure the reactivity observed is all tau related, to perform Western blots 

in parallel with these lysates that had been de-phosphorylated. In doing so, a 



184 
 

more discrete banding pattern should be observed providing more confidence 

in the laddered blots presented in Figure 3.27. Unfortunately, these blots were 

not performed due to lack of sample availability, For the purposes of this thesis 

the blots in Figure 3.27 do demonstrate isoform selectivity in the recombinant 

tau ladder (demonstrating specificity alongside previous characterisations 

3.5.1 Recombinant tau binding and characterisation assays) and binding 

to multiple molecular weights of tau that are likely differing post translational 

modifications.   

However, when considering the publication strategy for this it will be important 

to ensure that generated. Although outside of the scope of this thesis It would 

also be highly desirable to access brain lysates from diseased patients to 

ensure reactivity to tau from a variety of potential disease states, hence, 

demonstrating the broad utility of these reagents. Finally, to ensure these 

antibodies have utility in the study of tau from animal models of tauopathy it 

would be interesting to understand the reactivity of VR7081 to 4R tau derived 

containing the disease associated P301S or P301L mutation as this mutation 

is within the peptide immunogen TE10 used for antibody generation (peptide 

residue 8 Figure 3.3), 

 

In summary, this chapter describes the successful generation and 

characterisation of two antibodies VR7081 and VR7082. These antibodies 

have been proven to have exquisite specificity to 3R tau (VR7081) and 4R tau 

(VR7082). The antibodies have been shown to retain their specificity across a 

wide range of assays regardless of the N-terminal variant of tau being 
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detected. Finally, it was demonstrated these antibodies had utility in relevant 

material from iPSC-derived neurons and human brain lysates. These 

antibodies were now the basis for further study into the role of tau within 10+16 

MAPT mutant neurons 
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Chapter 4: iPSC-derived neuron cell 

phenotyping 
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4 iPSC-derived neuron cell phenotyping 

4.1 Introduction 

The aim of this chapter was to establish an assay for the comparison of 

mitochondrial membrane polarisation with 4R tau expression levels in iPSC-

derived neurons, to address the hypothesis that excess 4R tau causes 

increased polarisation of mitochondrial membranes. 

4.1.1 10+16 MAPT mutation 

There are many mutations in the MAPT gene, which can be broadly 

characterised as either missense mutations (e.g P301S/L) or splicing 

mutations such as (IVS) 10+16 C-T (discussed in more depth section 1.1.2.1 

MAPT mutations).  The six different isoforms of tau are generated by 

alternative splicing (from a single tau pre-mRNA) (M. Goedert et al. 1989b; 

Himmler et al. 1989) and as such mRNA processing is extremely important in 

tau homeostasis. Retaining tau homeostasis within cells is important clinically, 

as increased levels of either 4R tau (FTDP-17, PSP and CBD(Takanashi et al. 

2002)) or 3R tau (Picks disease (Kato and Nakamura 1990; Murayama et al. 

1990)) leads to neurodegenerative disease. 

The MAPT mutation (IVS) 10+16 C-T causes a destabilisation at the base of 

the stem loop structure essential for the removal of exon 10 from the tau 

mRNA(Hutton et al. 1998). As a result, there is a 2 to 6 fold increase in 4R tau 

mRNA observed (Hutton et al. 1998). This, and other splice-site mutations, are 

causative of early-onset FTDP-17 (Hutton et al. 1998), although the 

mechanisms linking excess 4R tau to neurodegeneration are not well 

understood.  
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4.1.2 Mitochondrial dysfunction 

The production of ATP via redox transformations for cellular energy is the main 

function of mitochondria. Retaining mitochondrial membrane potential is 

incredibly important for the generation of ATP as mitochondria use the proton 

gradient across the inner mitochondrial membrane to drive these REDOX 

transformations for the electron transport chain (Zorova et al. 2018). A key 

regulator of membrane potential in mitochondria is VDACs (themselves 

regulated by cytosolic tubulin) which control the flow of metabolites and 

ADP/ATP through the outer mitochondrial membrane. In doing so VDACs can 

regulate respiration rates (Rostovtseva et al. 2008) and control the 

mitochondrial membrane potential/polarisation (Maldonado et al. 2010). A lack 

of cytosolic tubulin binding to VDACs has been demonstrated to activate/open 

the channels and both increase membrane potential/polarisation (Maldonado 

et al. 2010) and induce NADH oxidation (Maldonado et al. 2010) resulting in 

increased ROS (Vinogradov and Grivennikova 2016).  

In several models of 4R tau mediated neurodegeneration, such as the P301L 

mouse model (Delic et al. 2015)  and 10+16 MAPT mutation iPSC-derived 

neuronal model (Esteras et al. 2017) the opposite phenotype is observed. In 

both these studies hyperpolarised mitochondrial membranes together with an 

increase in ROS species produced within the cells is observed (Delic et al. 

2015; Esteras et al. 2017). Whilst the cause of this increase in mitochondrial 

membrane polarisation and ROS is not clear, increased ROS induced cell 

death has been demonstrated in several neurodegenerative diseases (Castelli 
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et al. 2019) demonstrating a clear link between the model observations and 

human disease.  

 

4.1.3 iPSC-derived neurons 

As previously discussed (1.1.5 iPSC-derived neurons as a model of 

tauopathies) the generation of iPSCs from human fibroblasts (Takahashi et 

al. 2007a) can be achieved using exogenous expression of transcription 

factors essential for retaining pluripotency in both early embryos and 

embryonic stem cells such as Oct2/3 (Nichols et al. 1998; Niwa et al. 2000) 

and Sox2 (Avilion et al. 2003). As well as other key transcription factors, c-myc 

(Cartwright et al. 2005) and Klf4 (Y. Li et al. 2005),  that have been upregulated 

in tumours as well as demonstrating long-term maintenance of embryonic 

stem cells and their rapid proliferation in culture. These cells are 

indistinguishable from human embryonic stem cells in many aspects 

(Takahashi et al. 2007b). 

It has been demonstrated that these iPSCs can be differentiated into cortical 

neurons via dual SMAD inhibition followed by an extended period of in vitro 

culture to allow for neurogenesis (Shi et al. 2012).  

It has been demonstrated that these iPSCs can be differentiated into cortical 

neurons via dual SMAD inhibition followed by an extended period of in vitro 

culture to allow for neurogenesis (Shi et al. 2012). The work presented in this 

thesis achieved dual SMAD inhibition by the addition of two small molecules 

(Dorsomorphin and SB431542) and one protein (Noggin) inhibitor of the bone 

morphogenic protein (BMP) and TGFβ pathways. SB431542 and 
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dorsomorphin and both work via inhibiting type I BMP receptors activin 

receptor-like kinases (ALK) with SB431542 acting on ALK4, 5 and 7 (Inman et 

al. 2002; Laping et al. 2002) and dorsomorphin acting on ALK2, 3 and 6 as 

well as AMP-activated protein kinase (AMPK) (Bain et al. 2007; Hao et al. 

2008). Noggin is a twelve-membered cystine knot protein that achieves 

inhibition of BMPs via blocking the binding site of BMPs to both type I and type 

II BMP receptors by sequestering the ligand in its inactive state thus rendering 

it incapable of binding to the receptors to induce signalling (Groppe et al. 

2003).  

 

Of major interest to this project is the MAPT 10+16 mutation (Sposito et al. 

2015). It was demonstrated that control neurons not containing the 10+16 

MAPT mutation the tau isoform make up was entirely fetal (only seeing 

expression of 0N3R tau) up to 9 months in culture (Sposito et al. 2015). 

However, in the 10+16 mutant neurons, it was possible to see 0N4R tau 

expression at all time points (Sposito et al. 2015). In a separate study using 

10+16 MAPT mutant neurons an increase in mitochondrial membrane 

potential and increased ROS is observed (Esteras et al. 2017). However, a 

direct link between 4R tau and mitochondrial membrane potential hasn’t yet 

been demonstrated.  I, therefore, set up an assay to monitor mitochondrial 

polarisation in iPSC-neurons at the population and single cell level, to allow 

the mechanistic relationship between 4R tau and mitochondrial dysfunction to 

be further explored. 
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4.2 Results 

4.2.1 Mitochondrial polarisation assay set-up and testing 

4.2.1.1 Assay design  

Initially, an assay was developed to assess the expression levels of 3R and 

4R, together with the mitochondrial membrane polarisation, in intact cells at 

both a population and single cell level.  

Fluorescent dyes such as CMXRos bind more tightly to mitochondrial 

membranes which exhibit an increase in polarisation. To accurately quantify 

this, it is also necessary to establish the total mitochondrial load within the 

cells, so that the level of polarisation can be normalised to the amount of 

mitochondrial membrane within.  

Therefore, Mito tracker deep red was also used, which binds to all 

mitochondrial membranes regardless of polarisation state, together with Mito-

tracker RED CMXRos, which is dependent on membrane polarisation. To 

generate a normalised value for membrane polarisation, CMXRos was 

normalised to total mitochondrial load as described in Equation 3.1. 

Mitochondrial polarisation = Mito tracker RED CMXRos / Mito tracker 
deep red 

Equation 3.1: Equation used to derive the parameter ‘mitochondrial 
polarisation’ 

 

VR7081 and VR7082 were used for the staining of 3R and 4R tau respectively 

and a combination of DAPI and β-III tubulin were used to establish that the 

cells were nucleated neuronal cells.  
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This assay was used to assess six different fluorescence parameters and to 

ensure that it was possible to assess all values on a single population and 

single cell level a flow cytometry assay was designed to be run on a BD LSR 

Fortessa. The staining for this assay is summarised in Table 4.1 and full 

details of the method can be seen in 2.6.5 Mitochondrial membrane 

polarisation assay.  

Staining 
parameter 

Staining 
reagent  

Ex-Max : 
Em-Max 

Fortessa 
excitation 
laser  

PMT: 
detector 
range 

4R tau  VR7082 – 
PECy7 

496nm : 
785nm 

563nm A: 750-
810nm 

3R tau  VR7081 – 
APCCy7 

650nm : 
785nm 

640nm A: 750-
810nm  

Total 
mitochondria 

Mito tracker 
deep red 

644nm : 
665nm 

640nm  C: 655-
685nm 

Mitochondrial 
membrane 
polarisation  

Mito tracker 
deep red 
CMXRos 

579nm : 
599nm 

563nm D: 579-
594nm 

Neurons β-III-tubulin - 
PerCP 

482nm : 
678nm 

488nm A: 668-
702nm 

Nucleated cells DAPI 350nm : 
470nm 

407nm F: 435-475 

Table 4.1: Cell phenotyping flow cytometry assay staining and detection 
parameters  

 

4.2.1.2 Antibody labelling and validation 

VR7081 and VR7082 were labelled with APC-Cy7 and PE-Cy7 respectively 

using Lightning link (Novus Bio). This was to avoid the need for a secondary 

antibody, which would fail to differentiate between VR7081 and VR7082 as 

they are both rabbit IgGs. To confirm that the antibodies had retained their 

binding profiles following labelling, HEK-293F cells were transfected with 

0N3R, 0N4R or mock transfected before being fixed, permeabilised and 

stained with either VR7081 or VR7082 (2.6.5.2 Antibody fluorescent 
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labelling and testing). The resulting flow cytometry overlay histogram plots 

from single cells can be seen in Figure 4.1A and Figure 4.1B. The geomeans 

of all replicates can be seen in Figure 4.1C and Figure 4.D. 

 

 

 

 
Figure 4.1: VR7081 and VR7082 post fluorophore labelling specificity testing 

A Overlay histogram of a representative replicate for VR7081(3R-tau)-APC-Cy7 

staining on 3R transfected (red) 4R transfected (blue) and mock transfected (brown) 

HEK-293F cells. B Overlay histogram of a representative replicate for VR7082(4R-

tau)-PE-Cy7 staining on 3R transfected (red) 4R transfected (blue) and mock 

transfected (brown) HEK-293F cells. C Geometric means for n=4 replicate staining of 

VR7081-APC-Cy7 on 3R transfected (red) 4R transfected (blue) and mock 
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transfected (brown) HEK-293F cells. D Geometric means for n=4 replicate staining of 

VR7081-APC-Cy7 on 3R transfected (red) 4R transfected (blue) and mock 

transfected (brown) HEK-293F cells. 

 

Both VR7081 and VR7082 antibodies retained their binding profiles following 

labelling (Figure 4.1). The peak of fluorescence for 3R (VR7081) (Figure 

4.1A) and 4R (VR7082) (Figure 4.1B) are clearly separate from the non-

desired tau isoform binding or the mock transfected cells. Analysis of the 

geometric means demonstrated a clear assay window for both antibodies 

(Figure 4.1C and Figure 4.1D).  The peak separation appears to be larger for 

VR7082 this is likely because PE-Cy7 is a brighter fluorophore so gives a 

better signal to the background upon positive binding.  

 

4.2.1.3 Mitochondrial membrane polarisation assay development  

The initial assay optimisation was performed in HEK-293F cells 

overexpressing 3R tau, 4R tau a mix of 3R and 4R tau or mock transfected 

cells (2.6.5.1 HEK-293F cell tau overexpression). 

First, it was established whether MitoTracker deep red and Red CMXRos are 

compatible with the fixation and permeabilisation reagents being used for 

these studies. 48 hours post-transfection the cells were assayed for 

mitochondrial membrane polarisation. Half of the cells were subsequently 

fixed, permeabilised and stained for 3R and 4R tau expression, and the 

remaining cells were run via flow cytometry without fixation or permeabilisation 

(2.6.5.3 Mitochondrial membrane polarisation assay). Representative flow 

cytometry plots are shown from all transfection conditions for the non-fixed 
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cells (Figure 4.2A) and the fixed and permeabilised cells (Figure 4.2B). 

Mitochondrial membrane polarisation was calculated for all distinct 

populations in Figure 4.2A-3 and Figure 4.2B-3, by using Equation 3.1. The 

resulting values can be seen in Figure 4.2C and Figure 4.2D for the unfixed 

as well as the fixed and permeabilised cells respectively. To allow accurate 

comparison of both conditions the polarisation states were expressed as a fold 

change from the average of the mock transfected cells, for either non-fixed or 

fixed and permeabilised cells (Figure 4.2E). 
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Figure 4.2: Mitochondrial membrane polarisation assay set up in HEK-293F 
cells 

A Representative gating strategy for non-fixed and permeabilised cells and A-1 HEK-

293F Cells, A-2 Single cells, A-3 Population 1 and Population 2.  B Representative 

gating strategy for fixed and permeabilised cells. Sub gates identifying; B-1 HEK-
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293F Cells, B-2 Single cells, B-3 Population 1 and Population 2. C mitochondrial 

polarisation from populations 1 and 2 non-fixed and permeabilised cells. D 
mitochondrial polarisation from populations 1 and 2 of fixed and permeabilised cells. 

E Fold change over mock transfected mitochondrial polarised cells for populations 1 

and 2 from both fixed and permeabilised and non-fixed and permeabilised cells.  

 

The representative flow cytometry plots in Figure 4.2 demonstrate that the 

gating strategy for non-fixed and permeabilised (Figure 4.2A), along with fixed 

and permeabilised cells (Figure 4.2B) is identical. In each condition, one 

population (Population 2) of single cells was identified for the 0N3R and mock 

transfected cells whilst in the 0N4R and 0N3R/0N4R tau transfected cells two 

populations were identified (Population 1 and 2)(Figure 4.2A-3 and Figure 

4.2B-3). In both staining conditions, Population 1 exhibits a higher level of 

mitochondrial membrane polarisation (Figure 4.2C and Figure 4.2D). In 

general, the fixed and permeabilised cells appear to have lost some of the 

mitochondrial staining resulting in lower values for the mitochondrial 

polarisation (Figure 4.2D), when compared to the non-fixed and 

permeabilised cells, (Figure 4.2C). However, this is consistent across all the 

transfection conditions and the levels of mitochondrial polarisation 

demonstrates the same pattern of results, across all populations. The data, 

once normalised to mock transfected mitochondrial polarisation, clearly show 

that fixation and permeabilization of HEK-293F cells does not affect the utility 

of Mito-tracker deep Red and Mito tracker red CMX ROS as the assay window 

is retained upon fixation and permeabilization (Figure 4.2E).  
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4.2.1.4 Effects of tau overexpression in HEK-293F cells on mitochondrial 

membrane polarisation 

It is interesting to note that in both Figure 4.2A-3 and Figure 4.2B-3 two 

populations are observed for all of the conditions where 0N4R tau was 

included in the transfection (0N4R tau alone and the mix of 0N3R and 0N4R 

tau). However, they are not present in the 0N3R tau alone or the mock 

transfected cells. Using the fixed and permeabilised conditions (Figure 4.2B), 

it was possible to assess the 4R tau staining of this population and plot this 

against the mitochondrial membrane potential. This data can be seen in 

Figure 4.3.  
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Figure 4.3: Comparison of 4R tau staining with Mitochondrial polarisation levels 
in HEK-293F cells 

A 4R tau staining levels of population 1 and 2 (as defined Figure 4.2 B). B 4R tau 

staining for 0N4R tau transfected cells Population 1 compared with mitochondrial 

polarisation levels. Linear regression applied to determine R2 and P value. C 4R tau 

staining for 0N3/4R transfected cells compared with mitochondrial polarisation levels. 

Linear regression applied to determine R2 and P value. 

It can be seen from Figure 4.3A that Population 1 from the fixed and 

permeabilised conditions (as defined by Figure 4.2B) for 0N4R and 0N3R/4R 

transfected cells are the only cells that are positive for 4R tau. In both cases, 

Population 2 shows no difference in 4R tau staining to the 0N3R only or mock 

transfected cells.  

It was then possible to compare the 4R tau staining with the mitochondrial 

polarisation levels for Population 1 of both 0N4R transfected cells (Figure 
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4.3B) and 0N3R/4R tau transfected cells (Figure 4.3C). For both transfection 

conditions, the linear regression analysis demonstrates a statistically 

significant correlation between 4R tau levels and mitochondrial membrane 

polarisation (Figure 4.3B and Figure 4.3C). 

Interestingly, the data demonstrates that the overexpression of 4R tau creates 

a hyperpolarised mitochondrial membrane phenotype even after a 48 hour 

transfection (Figure 4.3). The expression of 4R tau in these cells shows a 

statistically significant correlation with the level of membrane polarisation 

(Figure 4.3B) via linear regression (R2- 0.95/0.93, P – 0.0266/0.0346). 

 

4.2.2 iPSC differentiation into cortical neurons 

As previously discussed, the 10+16 splice mutation within the MAPT gene 

causes early onset FTD in patients (Hutton et al. 1998). The naturally occurring 

mutation is monoallelic, however, via zinc finger nuclease mutation it was 

possible to generate an isogenic iPSC line with both the natural monoallelic 

and the biallelic variant of this mutation. Glutamatergic cortical neurons were 

generated from three iPSC lines, sourced from the EBISC cell repository 

(https://pubmed.ncbi.nlm.nih.gov/30057263/) and described by Vertheyen et 

al. (Verheyen et al. 2018) according to the protocol described in 2.2.3 iPSC 

neuronal differentiation.   

The lines selected contained either no tau mutations (Line A1) hence forth 

referred to as wild type (WT), a mono allelic 10+16 MAPT mutation (line A13) 

hence forth referred to as 10+16 mono or a biallelic 10+16 MAPT mutation 

(Line A12) hence forth referred to as 10+16 biallelic.  

https://pubmed.ncbi.nlm.nih.gov/30057263/
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The neurons were cultured for between 80 and 100 days before being assayed 

as described below.  

Although the assay presented in this thesis was able to use the general 

neuronal marker of β-III-tubulin (Figure 4.4) it would have also been beneficial 

to further characterise the neurons throughout the differentiation as well as at 

the day 80-100 timepoint they were assayed for mitochondrial membrane 

polarisation. During the differentiation induced by dual SMAD inhibition using 

SB431542, dorsomorphin and noggin (2.2.3 iPSC neuronal differentiation), 

the iPSC’s initially generate cortical precursor rosettes at around day 15 in 

culture. These rosettes could have been characterised by 

immunofluorescence looking for early forebrain markers such as Pax6 and 

Otx1/2. The protocols utilised in this study were to drive the differentiation of 

cortical neurons. The success of this differentiation could have been measured 

further at day 80 by utilising immunofluorescence to assess expression deep 

and upper-layer cortical neuronal markers such as Tbr1 and Satb2 

respectively.   

Whilst the immunofluorescent staining described above would have provided 

further characterisation in the types of neurons being used in this study it would 

have also been interesting to test the electrophysical properties of these 

neurons. This could have been achieved by taking whole-cell patch-clamp 

recordings from individual neurons in culture. Such studies could have looked 

for the presence of voltage-gated sodium and potassium currents by 

assessing blockade of such channels with tetrodotoxin and 4-aminopyridine 

respectively. Within such studies, it would also have been possible to assess 

the neurons ability to fire bursts of action potentials in response to current 
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injection. If the neurons matured correctly it is expected that their ability to fire 

trains of action potentials would increase up to day 65 in culture.  

Unfortunately, due to time and laboratory constraints at the conclusion of this 

project, it was not possible to carry out the aforementioned neuronal 

characterisations within the scope of this PhD thesis. Further detailed 

characterisation of the neurons whilst not critical to the success of this project 

and the ability to address the central hypothesis would have helped to provide 

further confidence in the data presented in this thesis. 

 

 

4.2.3 iPSC-derived neuron mitochondrial membrane potential 

phenotyping assays 

Following successful differentiation of the iPSC-derived neurons mitochondrial 

polarisation was assessed using the assay developed in section 4.2.1.3 

Mitochondrial membrane polarisation assay  on the iPSC-derived neuronal 

cultures (Figure 4.4).  
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Figure 4.4: Mitochondrial polarisation assay on iPSC-derived neurons aged day 
80 - 100 

 A Representative gating strategy for neuronal cell adapted mitochondrial membrane 

polarisation assay. A-1 Identification of nucleated cells via DAPI staining. A-2 

identification of intact cells via forward scatter v side scatter A3 Identification of 

neurons via β-III-tubulin. A-4 4R tau and 3R tau staining A-5 Mitochondrial membrane 

polarisation and total mitochondrial staining. B Geomean β-III-tubulin expression 

across all 15 iPSC inductions compared with the number of cells assayed via flow 

cytometry for each induction. Linear regression applied to determine R2 and P value 

C Normalised 3R tau expression for each iPSC-derived neuronal induction. ANOVA 

applied to determine statistical significance between groups. D Normalised 4R tau 

expression for each iPSC-derived neuronal induction. ANOVA applied to determine 

statistical significance between groups. E Mitochondrial membrane polarisation for 

each iPSC-derived neuronal induction. ANOVA applied to determine statistical 

significance between groups. F Normalised 4R tau expression compared with 

mitochondrial membrane polarisation. Linear regression applied to determine R2 and 

P value G Normalised 3R tau expression compared with mitochondrial membrane 

polarisation. Linear regression applied to determine R2 and P value. 



205 
 

 

The gating strategy used previously was adjusted to first identify nucleated 

cells via DAPI (Figure 4.4A-1) to mitigate the impact of cell debris generated 

from detachment of neuronal cultures for flow cytometry. However, using this 

method also creates the possibility of gating on free nuclei. To ensure this 

wasn’t the case a second gate was used comparing forward scatter and side 

scatter to identify intact cells (Figure 4.4A-2). To ensure the assay was only 

carried out on neuronal cells and not on any contaminating cells in the 

induction, it was then essential to identify neurons via β-III tubulin staining 

(Figure 4.4 A-3). These neurons could then be assayed for levels of 3R and 

4R tau (Figure 4.4A-4), and mitochondrial membrane polarisation and total 

mitochondria (Figure 4.4A-5).  

The traditional method performed to ensure that accurate comparisons of 

expression level across samples by flow cytometry can be made is to add a 

consistent number of cells and amount of antibody stain into each sample. 

This ensures any differences observed in the fluorescence when analysed are 

due to a difference in the protein expression level rather than a difference in 

the relative concentration of staining antibody used, as a result of changes in 

cell count. However, as previously discussed the iPSC-derived neuronal 

samples contained large amounts of cell debris. This made accurate cell 

counting of these samples for flow cytometry impossible. In this case, samples 

with higher cell counts would receive a lower concentration of staining antibody 

per cell and hence show a reduced signal via flow cytometric analysis. This 

phenomenon can be observed in Figure 4.4B, where it is clear to see that the 

level of β-III-tubulin (a parameter used to identify neuronal cells that should be 
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consistent within the neuronal cells)  shows a statistically significant correlation 

(via linear regression R2=0.77 P=<0.0001)   with the number of cells assayed.   

Given this correlation, the β-III-tubulin staining levels within a sample, or at the 

single cell level, could be used to normalise the levels of 3R and 4R tau so 

they could be accurately compared across samples and inductions. 

The levels of 3R tau expression in all five inductions for each iPSC line shows 

between the different iPSC lines there is no statistical difference via ANOVA 

in 3R tau expression at the population level (Figure 4.4C). This was expected 

as the mutation in the 10+16 mono or 10+16 biallelic lines should not affect 

the levels of 3R tau compared to the WT iPSC line. Expression of 4R tau is 

only seen in the 10+16 mono and 10+16 biallelic cell lines (Figure 4.4D).  No 

4R tau staining was observed in neurons derived from the WT control line 

(Figure 4.4D). It is interesting to note that 4R tau expression in the mutant 

neurons appears to be detected in all cells and not only a subset of cells. This 

has not previously been demonstrated, as data in this area has used pooled 

cell lysates for Western blots where the individual cell resolution is lost. There 

appears to be a slight increase in 4R tau expression in the 10+16 biallelic 

compared to the 10+16 mono cell line (Figure 4.4D). However, this is not a 

significant difference (via ANOVA) and is consistent with unpublished 

observations within the lab of Prof. Selina Wray.  

Next, mitochondrial polarisation was calculated as described previously 

(Equation 3.1) (Figure 4.4E). The data shows that both the 10+16 mono and 

10+16 biallelic cell lines show a statistically significant increase in 

mitochondrial membrane polarisation compared to the WT cell line 

(p=<0.0001, ANOVA) (Figure 4.4E). There appears to be a slight increase in 



207 
 

the mean mitochondrial membrane polarisation across the five inductions for 

the 10+16 biallelic line compared with the 10+16 mono line (Figure 4.4E). 

However, this does not reach statistical significance.  

Following this, the mitochondrial polarisation levels within these inductions 

were compared with the normalised expression levels of 3R and 4R tau. The 

data for these comparisons can be seen for 4R tau  (Figure 4.4F) and 3R tau 

(Figure 4.4G). The WT cells are only shown for 3R tau comparison (Figure 

4.4G) as they do not express 4R tau hence were not included in the 4R tau 

comparison (Figure 4.4F). The levels of 4R tau within the neuronal inductions 

showed a high positive correlation with the levels of mitochondrial membrane 

polarisation, via linear regression analysis (Figure 4.4F). This correlation is 

both consistent across all the data points, indicated by an R2 of 0.9 for the 

linear regression, and highly statistically significantly different from an R2 of 0 

(p=<0.0001, Linear regression). No correlation of 3R tau levels with 

mitochondrial membrane polarisation was observed (Figure 4.4G).  

Together, this data demonstrates for the first time that at a population level, 

across 10 inductions, that the levels of 4R tau correlate with the levels of 

mitochondrial membrane polarisation.  

  

Flow cytometry allows for the data to be interrogated on a single cell level as 

well as on a total population level. Therefore, the next stage was to analyse 

each individual induction on a single cell level to determine if this correlation 

was seen on a cell to cell basis and not only when all cells are averaged across 

a population(Figure 4.5). 
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Figure 4.5: Single cell resolution comparison of 3R and 4R tau expression 
compared to mitochondrial membrane polarisation 
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Mitochondrial membrane polarisation compared with normalised tau expression 

levels, for all neuronal cells in both 10+16 mono and 10+16 biallelic cell line 

inductions. In blue is shown mitochondrial membrane polarisation compared with 4R 

tau expression. In red is shown mitochondrial membrane polarisation compared with 

3R tau expression. Linear regression analysis was performed to determine R2 and P 

values.  

 

The data shown in Figure 4.5 clearly demonstrates that in every induction 

there is a highly statistically significant correlation between 4R tau expression 

and mitochondrial membrane polarisation (blue data points in Figure 4.5), (P 

value of less than 0.0001). Except in the case of induction 10+16 mono – 3 

(R2 - 0.69) the R2 for linear regression carried out on all the 4R tau expression 

levels compared with mitochondrial membrane potential are above 0.84 again 

indicating that the data is a good fit for the regression and that there is a 

correlation between 4R tau and mitochondrial membrane potential at the 

single cell level. The 3R tau expression levels show no correlation with the 

mitochondrial membrane polarisation (red data points in Figure 4.5), with low 

R2 values, indicating the data is not well distributed about the regression line 

and hence not correlative (P values for all the 3R linear regression data do not 

demonstrate any statistical significance (P > 0.05)). 

 

It appears that the spread of 3R tau expression is lower in the 10+16 biallelic 

cell lines compared with the 10+16 mono cell line (Figure 4.5).  Also, it 

appears both normalised 4R tau expression and mitochondrial membrane 

polarisation appears to be higher in the 10+16 biallelic cell line compared to 

the 10+16 mono cell line at the single cell level (Figure 4.5). At the population 
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level, there is no significant difference between 3R, 4R tau expression or 

mitochondrial polarisation between the 10+16 mono and biallelic lines (Figure 

4.4C, Figure 4.4D and Figure 4.4E). To address this, the single cell data from 

all WT, 10+16 mono and 10+16 biallelic inductions were combined to see if 

using single cell resolution, it is possible to see a significant difference in any 

of these parameters (Figure 4.6). The WT cell line data is only included for 3R 

tau staining due to the absence of 4R expression (Figure 4.4D) and it already 

has a statically significant difference in mitochondrial membrane potential at 

the population level (Figure 4.4E). 
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Figure 4.6: Single cell resolution analysis of 3R and 4R tau expression and 
mitochondrial membrane polarisation 

A Single cell resolution analysis of normalised 3R tau expression in WT line, 10+16 

mono line and 10+16 biallelic. ANOVA applied to determine statistical significance 

between groups. B Single cell resolution analysis of normalised 4R tau expression in 

10+16 mono line 10+16 biallelic line. Independent T-tests used to determine statistical 

significance.  C Single cell resolution analysis of mitochondrial polarisation in 10+16 

mono line and 10+16 biallelic line. Independent T-tests used between two inductions 

at a time to determine statistical significance. 

 

When the data is analysed at the single cells level the WT cells expresses 

significantly more 3R tau than either of the mutant lines and the 10+16 mono 

or 10+16 biallelic cells (Figure 4.6A). It is also possible to see that the 10+16 

biallelic cells express significantly more 4R tau than the 10+16 mono cells 

(Figure 4.6B).  Finally, the data demonstrates that this is also the case for 

mitochondrial polarisation which, at single cell resolution, is statistically 



212 
 

significantly higher in the 10+16 biallelic cell line compared to the 10+16 mono 

cell line (Figure 4.6C).  

 

4.3 Discussion  

The aim of this chapter was to investigate the hypothesis that increased 4R 

tau results in an increase in mitochondrial membrane polarisation. To do this, 

an assay to assess the relationship between mitochondrial membrane 

polarisation and 4R tau levels in iPSC-derived neurons was established. 

Investigating the mitochondrial membrane polarisation state in iPSC-derived 

neurons has previously been carried out via live imaging (Esteras et al. 2017). 

However, imaging has several limitations, specifically: 1. It is difficult to attain 

single cell resolution with neuronal cells due to their high plating densities, 2.  

The number of fluorescence channels available on imaging platforms 

generally limits the number of channels that can be multiplexed.  Previous 

work in this area was carried out with patient iPSC-derived neurons (Esteras 

et al. 2017). Here this work is extended using isogenic lines, which reduce 

variability arising from different genetic background as well as allowing a 

biallelic 10+16 MAPT mutation cell line to be generated, whereas only the 

monoallelic mutation exists in patients. Finally, it has not previously been 

possible to elucidate a direct role of 4R tau in mitochondrial membrane 

polarisation as the previously existing 3R and 4R antibodies (RD3 and RD3(de 

Silva et al. 2003)), have poor sensitivity and are not suitable for 

immunofluorescence, as previously discussed.  
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Antibody staining for flow cytometry can employ either a primary antibody 

combined with a secondary reveal reagent or a single reagent that is directly 

labelled with a fluorophore. The use of a secondary antibody generally creates 

more non-specific staining artefacts and precludes the use of two antibodies 

of the same species derivation being used in a single experiment. For this 

work, it was essential to stain for 3R and 4R tau in the same assay sample, 

therefore both antibodies were directly labelled to avoid the need for 

secondary antibody staining. The direct labelling approach employed here 

occurs via primary amines on free lysine residues. Importantly neither VR7081 

nor VR7082 contain lysine’s within their CDR3s, the region of an antibody 

variable region key for determining binding specificity (Figure 3.13). It is 

therefore highly unlikely that the labelling would affect the antibody binding 

specificities, which was confirmed in Figure 4.1.  

 

When assessing the membrane polarisation of mitochondria, it is important 

that the assessment of mitochondrial membrane polarisation is normalised to 

the total number and size of mitochondria within the cell. This ensures that any 

apparent increase in membrane polarisation, such as an increase in 

membrane polarisation dye staining, is due to their being an increase in the 

polarisation of the membrane rather than an increase in total membrane 

volume. There are several assays for assessing mitochondrial membrane 

polarisation, one of the most common is the JC-1 assay. In this assay, a single 

dye is used that exhibits a membrane potential dependent accumulation in 

mitochondria. An increase in mitochondrial membrane potential in the JC-1 

assay is indicated by a shift from 529nm(green) to 590nm(red) florescence of 
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the dye, due to an increase in J aggregates in the membrane. By using a ratio 

of the 529 and 590 fluorescence in this assay it ensures that only mitochondrial 

membrane polarisation rather than size or number of mitochondrial affects the 

assay readout. However, it is not possible to fix and permeabilise the cells and 

retain the dye staining. To enable the assessment of 3R and 4R tau levels, 

along with a neuronal marker, via antibody staining it was essential to be able 

to fix and permeabilise the cells. It was therefore decided to design a new 

assay for mitochondrial membrane polarisation. An assay was designed using 

dyes where fixation and permeabilisation is thought to be possible. The dyes 

used were; Mito tracker RED CMXRos, which accumulates in mitochondrial 

membranes based on their polarisation, and Mito tracker deep, which 

accumulates irrespective of membrane polarisation state. Utilising these dyes, 

the level of CMXRos staining could be normalised for the total mitochondrial 

via Mito-tracker deep red using Equation 3.1. 

Intracellular staining for 3R tau, 4R tau and β-III-tubulin was essential for this 

assay. As discussed above, both Mito tracker RED CMXRos and Mito tracker 

deep red are compatible with fixation and permeabilisation. However, this is 

dependent on the conditions used for both fixation and permeabilisation as 

these can affect the retention of the dyes within the mitochondrial membranes. 

To examine this, 0N3R tau, 0N4R tau and a mix of both 0N3R and 0N4R tau 

were transfected into HEK-293F cells along with a mock transfection control 

(Figure 4.2). It is interesting to note, the fixation and permeabilisation have 

resulted in less intense staining with the Mito tracker dyes and hence a lower 

overall mitochondrial polarisation score (Figure 4.2C and Figure 4.2D). The 

lower mitochondrial polarisation score is however retained in all sets of 
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populations. Including those populations showing a supposed hyper polarised 

membrane (population 1, which exists only in 0N4R or 0N4R/0N3R transfected 

cells) and the non-hyperpolarised membrane (population 2) (Figure 4.2C and 

Figure 4.2D). To explore if the difference in membrane polarisation were 

retained upon fixation and permeabilisation the results were normalised and 

expressed as fold change over the mock transfection membrane polarisation 

level (Figure 4.2E). It can clearly be seen that the difference between the 

populations based on membrane polarisation was retained following fixation 

and permeabilisation.  This data indicated that the fixation and 

permeabilisation of cells, whilst affecting the total levels of stain, did not affect 

the overall outcome and interpretation of the results and would be suitable for 

the neuronal phenotyping studies planned within this project.  

 

In the HEK-293F cell transfection experiments it was interesting to observe 

that, after 48 hours two populations exhibiting different mitochondrial 

polarisation states appeared in both the 0N4R and 0N3R/0N4R transfected 

cells (Figure 4.2A3 and Figure 4.2B3). As the populations only appeared 

under transfection conditions where 4R tau was present (not in the 0N3R tau 

or mock transfected cells) it was highly likely that these populations were 4R 

tau positive. 4R tau staining was assessed across all populations (Figure 

4.3A) and clearly demonstrates that there is only 4R tau staining present in 

the hyperpolarised population 1.  

To investigate this further the levels of 4R tau observed within these cells was 

correlated with the mitochondrial polarisation status of the cells. It can be seen 
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in  Figure 4.3B and Figure 4.3C that these two factors do corollate with an R2 

– 0.95 and 0.93 respectively indicating the data is well distributed and highly 

correlative. This heavily supports my central hypothesis that excess 4R tau in 

cells increases mitochondrial membrane polarisation.  

It was interesting, that this hyperpolarised phenotype was observed after only 

48 hours of 0N4R tau expression. However, it is important to consider that in 

HEK-293F cells tau is overexpressed with multiple DNA plasmids per cell 

under a strong CMV promoter. It is therefore likely the levels of tau protein are 

much higher than endogenously expressed tau. This higher concentration of 

0N4R tau is likely to immediately bind all free tubulin. It is also likely that the 

removal of free tubulin will shift the equilibrium of tubulin within the cells so 

that tubulin is released from mitochondrial VDAC channels to redress this 

balance, resulting in the opening of VDAC channels and a hyperpolarisation 

of mitochondrial membranes.   

 

The assay developed in section 4.2.1 Mitochondrial polarisation assay set-

up and testing was subsequently transferred to the iPSC-derived neurons 

aged in culture for 80-100 days. To prepare iPSC-derived neurons for flow 

cytometry after mitochondrial polarisation staining, they must be lifted from the 

culture plates to create a cell suspension. The process of lifting generates cell 

debris as not all neuronal processes are fully retracted and can become 

damaged, even if completely lifted neuronal cells do not form regular spherical 

cells (personal unpublished observation). Traditional first line gating for flow 

cytometry is based on forward scatter (FSC) compared with side scatter 
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(SSC). These parameters assess the size and granularity of cells respectively. 

This lifting of neurons was likely to create non-distinct populations or a distinct 

population that contained both cells and cellular debris. It is however possible 

to use DAPI to identify nucleated cells in various states of cell cycle 

(Darzynkiewicz et al. 2001). iPSC-derived neurons at this stage of their 

development would no longer expected to be dividing so would be in the cell 

cycle phase G1 (Frade and Ovejero-Benito 2015). It was therefore possible to 

use DAPI DNA staining for nucleated cells (Figure 4.4A-1) to identify all cells 

and avoid cell debris. However, the disadvantage of this method is that it can 

identify cell free nuclei debris. To ensure these free nuclei were not taken 

forward in the analysis intact cells were identified via forward scatter and side 

scatter (Figure 4.4A-2). Neuronal identification was achieved via staining for 

β-III-tubulin as shown in (Figure 4.4A-3). The appearance of non-neuronal 

cells (Figure 4.4A-3) could have arisen from several sources. It is possible to 

see astrocytes in the stem cell derived neuronal cultures from day 60 in culture 

(Shi et al. 2012). However, these would likely be expected at the same levels 

in all cultures. It is more likely that these are de-differentiated iPSCs or 

neuronal progenitors that have grown out throughout the culture process.  

Following the identification of neuronal cells the levels of both 3R and 4R tau 

along with the mitochondrial membrane polarisation state of these cells were 

assessed (Figure 4.4A-4 and Figure 4.4A-5). It is interesting to see from 

Figure 4.4A-4 that in the WT cell line non-of the cells are expressing 

detectable amounts of 4R tau. The field has generally shown conflicting results 

as to the presence of 4R tau protein. This is to say that Sposito et. al. have 

demonstrated no 4R expression in WT neurons at this time point (Sposito et 
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al. 2015). However, several studies with iPSC-derived neurons demonstrating 

exon 10 containing tau at 4 – 10 weeks in culture (Beevers et al. 2017; Hartfield 

et al. 2014; M. Iovino et al. 2015) (previously discussed 1.1.5 iPSC-derived 

neurons as a model of tauopathies). The data generated here supports the 

hypothesis that 4R tau is not expressed in WT neurons at early time points in 

culture. This work is also the first demonstration that all the cells from the 

10+16 mono and 10+16 biallelic cell lines express 4R tau. Previous studies 

have used Western blotting of pooled cell lysates, and it has previously not 

been possible to see 4R expression at single cell resolution.  

The standard methodology for setting up flow cytometry for assessing 

expression levels of a protein across multiple samples is to use a consistent 

number of cells and amount of staining antibody. From this it is then possible 

to view any differences in staining intensity between sample sets as a result 

of differential protein expression within those cells. If there are more cells or 

cellular debris in any given sample the staining antibodies are diluted over the 

increased cell number and the overall intensity of staining in each cell and 

across the sample is lowered. Conversely, if there are lower cell numbers the 

effective concentration of the antibody in each cell is higher and so the staining 

intensity increases. These two factors are completely independent of the 

expression of the protein being measured. This phenomenon can be observed 

in Figure 4.4B where a statistically significant correlation between β-III-tubulin, 

a stain that should be consistent,  and cell count in the assay. Fortunately, this 

change in effective antibody concentration is consistent across all the 

antibodies used in each sample. The staining intensity for the parameters 

being investigates (in this case 3R and 4R tau) can therefore be normalised to 
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a standard protein staining intensity (in this case β-III-tubulin) to allow for 

accurate comparisons across the different iPSC-derived neuronal cell lines 

and between replicate inductions.  

The normalisation approaches discussed above were used to allow 

comparison of 3R tau expression levels in the WT, 10+16 mono and 10+16 

biallelic cell lines. It is demonstrated in Figure 4.4C that there is no significant 

difference in 3R tau expression levels at the population level between any of 

the neuronal inductions, in line with previous publications (Sposito et al. 2015). 

Interestingly, there is a trend towards slightly lower 3R expression levels in the 

10+16 mono line compared to the WT line and between the 10+16 mono and 

10+16 biallelic cell lines.  

This trend was further investigated at the single cell level to provide greater 

resolution. Using VR7081 IgG and single cell analysis it was possible to 

demonstrate the levels of 3R tau expression are significantly higher in the WT 

cell line compared with either the 10+16 mono or 10+16 biallelic cell 

lines(Figure 4.6A). The expression of 3R tau is also significantly higher in 

10+16 mono compared with the 10+16 biallelic cell line. As 3R and 4R tau 

arise from the same pre-mRNA the generation of small amounts of 4R tau 

mRNA would likely lead to an equally small decrease in 3R tau mRNA. This 

would explain the data in Figure 4.6A as there would be less 3R tau mRNA in 

the 10+16 mono line compared with the WT cell line as a small amount of the 

tau mRNA codes for 4R tau, not 3R tau. The same would also be true when 

comparing the 10+16 biallelic cell line compared with the 10+16 mono cell line 

as the 10+16 biallelic line contains the 10+16 MAPT mutation in both alleles 

of the tau gene.  
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When plotted as normalised 4R tau expression (Figure 4.4D) the five replicate 

WT inductions all show no expression of 4R tau. It is observed in Figure 4.4D 

that the 10+16 mono and 10+16 biallelic cell lines express 4R tau and that this 

level are highly statistically different from the background level observed on 

the WT cells. It is also demonstrated that there is no significant difference in 

4R tau expression levels between the 10+16 mono and 10+16 biallelic cell 

lines at the population level (Figure 4.4D). However, there appears to be a 

trend for increased 4R tau expression in the 10+16 biallelic cell line that does 

not reach statistical significance at the population level. Much like with the 3R 

tau expression this data was also interrogated at single cell resolution (Figure 

4.6B). At single cell resolution, the difference between the expression levels 

of 4R tau is significantly higher in the 10+16 biallelic cell line compared to the 

10+16 mono cell line. Importantly, this is the first time differential 4R tau 

expression has been analysed at the single cell and relationships between 

mono and biallelic expression of the 10+16 MAPT on 4R tau levels 

established.  

 

Key to answering my central hypothesis was the ability to assess the levels of 

mitochondrial membrane polarisation within the neuronal cells. In the iPSC-

neurons, (Figure 4.4E),  in line with literature data (Esteras et al. 2017), the 

10+16 mono and 10+16 biallelic cell lines have a significantly higher 

mitochondrial membrane polarisation compared to the WT cells. When 

comparing the two mutant lines, there is no statistical difference in the 

mitochondrial membrane polarisation levels between these cells at the 

population level, although there is a trend at the population level for the 10+16 
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biallelic cell lines to have a higher mitochondrial membrane polarisation state 

than the 10+16 mono line. When this data was analysed at the single cell level 

(Figure 4.6C) it can be seen that the 10+16 biallelic cells have a significantly 

higher mitochondrial membrane polarisation compared to the 10+16 mono 

cells.  

Using the assay developed for this project, it was possible to assess the 

relationship between 3R and 4R tau and mitochondrial membrane 

polarisation. This was initially carried out at the population level (Figure 4.4F 

and Figure 4.4G) for 4R and 3R tau respectively.  4R tau expression levels in 

the iPSC-derived neurons correlates with mitochondrial membrane 

polarisation (Figure 4.4F). An R2 value of 0.9 and a P value of <0.0001 from 

the linear regression (Figure 4.4F)  giving confidence in the data for 4R tau 

and indicates that it is well distributed and representative whilst being highly 

correlative. Conversely, the data for 3R tau expression (Figure 4.4G) 

demonstrates no correlation between 3R tau levels and mitochondrial 

membrane polarisation levels.  

It was also possible using this technique to compare the tau expression levels 

with mitochondrial membrane polarisation at the single cell level (Figure 4.5). 

For each induction of the 10+16 mono and 10+16 biallelic cell lines, a highly 

statistically significant correlation at the single cell level is observed between 

4R tau expression and mitochondrial membrane polarisation in the cells 

(Figure 4.5). The linear regression for 4R tau compared with mitochondrial 

membrane polarisation levels in each induction has a P value of <0.0001 and 

all, except 1 induction, have an R2 of greater than 0.84. Similar to the 

population level data, 3R tau expression in these neurons do not correlate with 
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mitochondrial membrane polarisation. This is the first time it has been possible 

to demonstrate a correlation between 4R tau expression in iPSC-derived 

neurons and mitochondrial membrane polarisation.  

 

In summary, this chapter demonstrates the successful generation of an assay 

for mitochondrial membrane polarisation and tau expression in the same cells. 

It also demonstrates that this assay can be used on iPSC-derived neuronal 

cells. The assay was then used to address my central hypothesis that; Excess 

4R tau in neurons containing a 10+16 MAPT splice mutation causes increased 

polarisation of mitochondrial membranes. This would have been impossible to 

address without the discovery of such specific 3R and 4R tau antibody 

reagents and the development of a new flow cytometry-based assay.  

The data from this assay clearly demonstrates a correlation between 4R tau 

expression and mitochondrial membrane polarisation, something that has not 

been possible to observe before. This data helps to prove my central 

hypothesis.  

To further investigate the link between 4R tau and mitochondrial membrane 

polarisation the following chapters will describe the development of a 

technology to specifically remove 4R tau from iPSC-derived neurons and 

assess if this is able to restore or reduce mitochondrial polarisation levels in 

iPSC-neurons with the MAPT 10+16 mutation.  
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Chapter 5: Generation of a technology for the 

specific reduction of 4R tau levels 
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5 Generation of a technology for the specific reduction 

of 4R tau levels 

5 Introduction 
 

The aim of this chapter was to generate 4R specific degrabodies for the 

targeted degradation of 4R tau in live cells.  

5.1.1 Phage display for VHH discovery 

Phage display is an in vitro selection methodology used for antibody discovery 

(as well as other directed evolution applications) initially developed by George 

P. Smith and Sir Gregory P. Winter (Jones et al. 1986; McCafferty et al. 1990; 

G. P. Smith 1985) and discussed in detail in 1.2.2 Monoclonal antibody 

discovery technologies. . However, the loss of the cognate heavy and light 

chain antibody pairings, whilst constructing display libraries, usually requires 

extensive molecular engineering to allow for optimal antibody selection. When 

considered for the discovery of heavy chain only antibodies from llamas or 

other Camelidae species this is no longer an issue. As previously discussed, 

heavy chain only antibodies do not contain a light chain or the first constant 

region (CH1) of the heavy chain(Davies and Riechmann 1994).  This ensures 

that the VHHs can be easily enriched for in a llama antibody repertoire. 

Performing a heavy chain PCR utilising a primer in the second constant region 

(CH2) will generate two different sized DNA fragments. A larger fragment 

representing the CH1 containing vH of standard IgGs and a smaller fragment 

non-including the CH1 which represents the heavy chain only antibody 

repertoire.  The smaller VHH fragments can then be purified from the IgG vH 
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fragment and displayed on the surface of phage particles for enrichment to 

target over several rounds of panning. 

 

5.1.2 Intrabodies 

Intrabodies are intracellularly expressed antibody fragments. To allow for the 

generation of a successful intrabody the antibody fragment must express, fold 

correctly and still be capable of binding antigen inside the cell. There are many 

successful examples of intrabodies from a range of IgG and non-IgG based 

formats targeted to various subcellular locations (reviewed in 1.2.3 

Intrabodies)  

It is important to consider when generating an intrabody that antibody selection 

technologies are primarily in the extracellular environment via ELISA, flow 

cytometry or other orthogonal binding techniques. Whilst binding via these 

techniques generally confer good intracellular binding (unpublished 

observations) an important step in generating an intrabody is checking its 

binding profile is retained in an intracellular context and in the final intrabody 

format.  

As previously discussed (1.2.3 Intrabodies) intrabodies have been used to 

perform several functions from tracking and tracing protein (without the need 

for the addition of large protein tags) within live cells (Rothbauer et al. 2006) 

to functional blocking of intracellular protein interactions (Hyland et al. 2003; 

Newnham et al. 2015) or targeted degradation of intracellular proteins by use 

as degrabodies  (Caussinus et al. 2011).   

 



226 
 

5.1.3 Degrabodies  

Degrabodies are target degrading intracellularly acting antibody fragments. 

Degrabodies contain two distinct domains an intrabody based targeting 

domain (to allow for binding to the target protein) and a degradation domain 

(to catalyse the degradation of that target). Degrabodies can utilise a variety 

of different degradation domains including direct ubiquitin E3 ligase fusions 

(Caussinus et al. 2011; Fulcher et al. 2016; Gross et al. 2016; Portnoff et al. 

2014) which directly recruit E2 ubiquitin ligases and catalyse the transfer of 

ubiquitin to the target for proteasomal degradation (following the transfer of at 

least 4 ubiquitin molecules onto a solvent exposed lysine on the target (Laney 

and Hochstrasser 1999)). It has also been demonstrated that degrabodies can 

be generated by fusing the intrabody targeting domain to short degron motifs 

(W. Zhao et al. 2018). Degron motifs are short peptides that recruit 

endogenously expressed E3 ligases to catalyse the ubiquitination of the target 

protein (via the previously described ubiquitin dependent proteasome). 

Degron fusions are particularly interesting when it is considered that a singular 

degron might confer specificity to a single E3 ligase. This could allow an 

element of tissue targeted degradation based on the differential expression 

profiles of E3 ligases across tissues in vivo.  Finally, targeting intrabodies can 

be tagged with domains of proteins known to have high turnover such as PEST 

tag (Butler and Messer 2011) or direct ubiquitin mutants (Gallardo et al. 2019). 

The key differentiating factor between these class of degrabodies is that they 

have no potential to be catalytic. This is because, in this case, the degrabody 

itself is acting as the degradation mediator to target the complex for 

degradation (rather than simply catalysing the transfer of ubiquitin to the target 
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to induce target degradation). However, it should be noted, it is likely even with 

direct E3 fused degrabodies that there is an amount of autoubiquitination and 

degradation of the degrabody itself.   

Degrabodies have been utilised in a variety of in vitro systems to 
demonstrate degradation of target proteins. However, most excitingly 
they have been shown to be effective in vivo to degrade tau in a P301S 
transgenic mouse model (Gallardo et al. 2019), degrade α-synuclein in a 
rat based model Parkinson’s Disease (PD)(Chatterjee et al. 2018) and 
demonstrated in vivo knockdown VCAM1 with an ER degrabody 
(Marschall et al. 2014).  

5.2 Results 
 

5.2.1 Generation of 4R tau specific intrabody suitable for use as an 

intracellular degradation reagent 

5.2.1.1 VHH intrabody generation  

Single domain antibodies from Camelids or nurse sharks represent a useful 

format for the generation of intracellular antibodies, primarily due to their high 

stability and lack of disulphide bonding (Harmsen and De Haard 2007). 

Facilities for the immunisation of Nurse Sharks are uncommon, and the 

protocols are technically challenging. We, therefore, used llamas as a species 

for immunisation to discover anti-tau heavy chain only antibodies that could be 

used as VHH intrabody fragments.   

To generate a 4R tau specific immune response, the Llama was immunised 

with peptide TE10 (as used previously discussed in section 2.3.2 Llama 

immunisation). Following immunisation, the serum of the immunised Llama 

was tested for reactivity to TE10 peptide via ELISA (2.6.2.1 Peptide ELISA) 

(Figure 5.1). 
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Figure 5.1: TE10 peptide immunised llama serum titre ELISA 

Serum titration from the Pre-bleed, post 3 boost bleed and terminal (post shot 5) bleed 

of Llama immunised with TE10 peptide. Titrated for binding against TE10 peptide. 

 

Despite a detectable immune response being generated to the TE10 peptide 

(Figure 5.1) the titration of serum was significantly lower (100 times) than the 

detectable dilution of serum that gave a binding signal in rabbit with this 

peptide (Figure 3.8). This indicates that the concentration of antigen specific 

antibody within the serum is much lower. This is especially important when it 

is considered that the amount of antibody making up the heavy chain only 

antibody response (as previously discussed important for VHH intrabody 

generation) is likely only one third of the total serum antibody detected (De 

Simone et al. 2008).  

To construct the VHH phage library (2.4.2.1 Llama VHH phage library 

construction), the PBMCs from these cells were isolated, the RNA extracted, 

converted to cDNA, and a primary PCR performed.  The heavy chains of heavy 

chain only antibodies lack the first constant region which is present in the 

conventional IgG molecule, as a result they appear smaller (600 base pairs) 
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than standard heavy chains (900 base pairs).  The 600bp heavy chain only 

antibody DNA (Figure 5.2A) was excised from the gel and purified. A 

secondary PCR was then performed to isolate the variable regions of these 

antibodies. The results of this PCR can be seen in Figure 5.2B, with the 

expected size of a VHH variable region just over 400bp.  

 
Figure 5.2: Primary and secondary llama library PCRs 

A Primary llama PCR to separate the larger standard antibody heavy chains, 

approximately 900bp, from the CH3 lacking smaller heavy chain only antibody heavy 

chains, approximately 600bp. B Secondary llama PCR to amplify only the variable 

regions of the heavy chain only antibodies, heavy chain variable regions should be 

just over 400bp. 

 

The subsequent variable regions were cloned into phagemid expression 

vectors for display on the surface of phage particles (2.4.2.2 Large scale 

phage production for panning). The resulting phage was enriched over two 

rounds of panning against peptide TE10, the 4R specific peptide. Subtractive 

panning was attempted against 0N3R tau protein to remove any 3R tau cross 
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reactive VHHs. Following both rounds of enrichment panning, monoclonal 

phage were generated for screening against TE10 peptide as well as 0N3R 

and 0N4R tau proteins via ELISA (2.4.2.4 VHH phage Panning). The results 

of the combined panning efforts can be seen in Table 5.2.  

 
Table 5.2: Summary of VHH phage library panning 

 

Unfortunately, despite identifying VHH molecules capable of binding tau 

protein phage panning from the VHH phage library failed to produce any 0N4R 

specific molecules. The focus of intrabody generation then switched to the re-

formatting of VR7082, the 4R specific rabbit IgG, to an scFv to allow it to be 

used as an intrabody.  

 

5.2.1.2 Generation of scFv intrabody from VR7082 rabbit IgG 
 

IgGs or their derivatives such as Fab fragments cannot be used as intracellular 

antibodies, as their disulphide bonds do not form correctly in the reducing 

environment of the cytoplasm (Biocca et al. 1995; Worn and Pluckthun 2001). 

This ensures that the heavy and light chains do not associate and hence no 

binding moiety is formed. However, IgGs can be re-formatted to non-

disulphide stabilised scFvs to allow for use as intrabodies.  In the scFv format, 

the heavy and light chain variable regions are physically linked by a flexible 

linker.  This ensures the heavy and light chains pair correctly inside the cell 
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and form a binding moiety. It is however possible that the process of re-

formatting to an scFv can cause a change in the binding profile of an antibody 

and in severe cases binding can be abolished. To ensure this was not the case 

with VR7082, the IgG was initially re-formatted into an scFv-msFc (2.5.1 

Conversion of VR7082 to an scFv-MsFc). This is a screening construct 

where two scFv domains are fused to a mouse Fc to allow for detection with 

anti-mouse secondary antibodies, a diagrammatic representation of IgG and 

scFv-MsFc can be seen in Figure 5.3A and Figure 5.3B respectively. VR7082 

scFv-MsFc was tested using the assays established in section 3.3.1 Antibody 

screening assay development. The results of the VR7082 scFv-MsFc 

conversions can be seen in Figure 5.3. The conversion was tested via ELISA 

(Figure 5.3D), flow cytometry (Figure 5.3F) and Western blot (Figure 5.3H). 

For comparative purposes the data seen in Figure 5.3C and Figure 5.3E is 

ELISA and flow cytometry data respectively (replicated from section 3.5.1 

Recombinant tau binding and characterisation assays). Figure 5.3G is 

Western blot data utilising VR7082 IgG for comparison with the scFv format of 

VR7082. 
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Figure 5.3: scFv mouse Fc conversion of VR7082 binding profile confirmation 

Rabbit IgG (A) and scFv-MsFc (B) format diagrams. VR7082 Rabbit IgG ELISA (C) 

flow cytometry (E) binding assays (there are duplicates of data shown previously in 

this thesis for comparative purposes) and Western blot (G). VR7082 scFv-MsFc 

ELISA (D), Flow cytometry (F) binding assays and Western blot (H). 

 

To allow for the intracellular cytoplasmic expression of an antibody fragment 

or any other protein, expression vectors are designed devoid of any specific 

leader sequence. In the context of this study, tau exists within the cytoplasm 
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of the cell, so for the intrabody work within this project, the intrabodies needed 

to be expressed in the cytoplasm. Expression constructs were therefore 

designed without any leader or localisation signals. Despite the successful 

conversion of VR7082 to an scFv format (Figure 5.3), it was important to 

ensure that the scFv fragment was capable of cytoplasmic expression, specific 

binding to the immunising peptide and ultimately to endogenous tau. To allow 

for testing of VR7082 as an scFv intrabody, a fusion construct with GFP was 

designed where GFP was genetically fused to the C-terminus of VR7082-scFv 

via a flexible linker (2.5.2 VR7082 intrabody and degrabody generation). 

GFP was chosen as it could be used as a surrogate for future fusions (such 

as degradation domains) and it allows for detection of expression in live cells 

via GFP fluorescence and detection of intrabody via Western blot using anti-

GFP antibodies.   

The expression construct was transfected into HEK-293F cells (n=4) (using 

the same methods described for transfection in 2.6.5.1 HEK-293F cell tau 

overexpression). These were then assessed for GFP fluorescence via flow 

cytometry (Figure 5.4A) and the cells were lysed (without cell sorting to enrich 

for GFP positive cells). The lysates were then assayed via Western blot 

(Figure 5.4B) to ensure the intrabody GFP fusion was intact and of the correct 

molecular weight. Finally, these lysates were used in a pull-down experiment 

where TE10, the 4R tau specific peptide, was used to immune-precipitate the 

intrabody (2.6.3.1 Immuno-precipitation) before subsequent Western blot 

(2.6.3.1 Western blots). This was compared to an immune-precipitation of a 

mix of irrelevant peptide controls (Figure 5.4C and Figure 5.4D).  
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Figure 5.4: VR7082 scFv-GFP intrabody testing 

A Flow cytometry fluorescence for VR7082-scFv-GFP transfected cells and mock 

transfected cells. B Western blot from four replicate transfections with VR7082-scFv-

GFP. C Western blot of lysate pull down from four replicate VR7082-scFv-GFP 

transfected cells, pulled down with either TE10 or control peptides. D Western blot 

band densitometry from VR7082-scFv-GFP pull downs. 

 

It can be seen from this data that the intrabody-GFP fusion was expressed in 

HEK-293F cells, and the GFP folded correctly as indicated by GFP 

fluorescence (Figure 5.4A). To demonstrate that VR7082 is correctly fused to 

GFP a Western blot of transfected HEK-293F cells with a GFP antibody was 

performed. If intact, scFv-GFP fusion intrabody should be observed at a 

molecular weight of approx. 53 kDa (scFv 26kDa + linker 1kDa + GFP 26kDa). 

Western blotting of the cell lysates (Figure 5.4B) indicates that this construct 

was expressing intact fusion protein, with a single band present at 53kDa. 
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Finally, the intrabody was assessed for binding to its immunising peptide.  The 

Western blot (Figure 5.4C) shows that where the VR7082-scFv-GFP lysates 

were pulled down with TE10 coated beads (lanes 1-4) a band the size of 

VR7082-scFv-GFP is observed. However, when the VR7082-scFv-GFP 

lysates are pulled down with irrelevant peptide coated beads (lanes 7-10) or 

when the mock transfected lysate is pulled down with TE10 coated beads (lane 

5-6) no band is observed (Figure 5.4C). Band densitometry from this blot, 

(Figure 5.4D), suggested that the scFv-GFP intrabody construct is still 

capable of specifically binding the TE10 peptide.  

 

This phase of work showed the successful conversion of VR7082, a 4R tau 

specific rabbit IgG, to an scFv-MsFc and an scFv-GFP intrabody both of which 

still demonstrated specific binding to 4R tau or 4R tau peptide. The next phase 

of work was to focus on the conversion of this intrabody into a target degrading 

intrabody (degrabody).  

 

5.2.2 Generation of a degrabody from the VR7082-scFv intrabody 
 

To convert VR7082-scFv intrabody into a degrabody capable of degrading 4R 

tau, the GFP domain was replaced with one of six degradation domains that 

were selected from the literature. These domains were fused as an N or C 

terminal fusion to VR7082-scFv, dependent on the orientation suggested by 

the literature (Table 5.3).  For full details on the design and production of 

VR7082 degrabody constructs see 2.5.2 VR7082 intrabody and degrabody 

generation.  
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Table 5.3: Degradation domains selected for fusion to VR7082-scFv intrabody 
to form a degrabody. 

 

All degrabody fusion constructs as well as GFP N and C terminal fusions (as 

non-degrading intrabody controls), were co-transfected into HEK-293F cells 

with either 0N3R or 0N4R tau. 48h post-transfection, the cells were lysed and 

analysed via Western blot utilising the polyclonal total tau antibody (Dako). 

Band densitometry was then carried out and values were expressed as a 

percentage of the GFP fusion control (2.6.6.1 Tau degradation in HEK-293F 

cells). A representative Western blot (Figure 5.5A) and the data for the n=3 

densitometry from the tau Western Blots (Figure 5.5B) can be seen below.  
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Figure 5.5: Degradation screen with potential VR7082 degrabody constructs  

A Representative Western blot for total tau and GAPDH following co-transfection of 

0N4R tau with degrabody or control intrabody fusions. B Western blot band 

densitometry of N = 3 (technical replicates). T-test carried out to determine significant 

differences between 0N3R and 0N4R co-expressed with the same VR7082-

degrabody 

 

To allow for accurate comparison of degradation each construct is expressed 

as % tau compared with the non-degrading VR7082-GFP control (fused to the 

respective N or C termini) (Figure 5.5B). This was important as it shows the 

effect of the degrabody over and above a binding, but non-degrading 

intrabody.  

The data presented in Figure 5.5 demonstrates that the co-transfection of 

VR7082 degrabody with 0N4R tau induces the degradation of 0N4R compared 

with the non-degrading VR7082-GFP intrabody control. It is also possible to 

see that this is not the case when the degrabody constructs are co-transfected 

with 0N3R tau. 

 

Following this work, it was interesting to determine if the presence of MG132 

(a proteasome inhibitor) would stop the degradation of 4R tau. This should be 
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the case in all degrabodies except for ODC, which has been previously 

demonstrated to be less dependent on the ubiquitin proteasome (Erales and 

Coffino 2014). Degrabody constructs were co-transfected with 0N4R or 0N3R 

tau in HEK-293Fcells, following a 6-hour incubation, MG132 was added to half 

of the cultures. All cultures were then incubated for a further 18 hours before 

analysis via flow cytometry (2.6.6.1 Tau degradation in HEK-293F cells). 

Flow cytometry was used rather than WB in these experiments as it allowed 

for higher throughput screening of all the degrabody constructs against 0N3R 

and 0N4R tau with and without MG132 treatment. Whilst technically possible 

by WB the numbers of blots required meant this technique was much less 

practical when testing many conditions and constructs. It was also important 

to ensure that any degradation was not a WB artefact and that it could be 

confirmed by multiple techniques. Representative flow cytometry plots and 

comparative assay data can be seen in Figure 5.6A and the geomean of all 

single cell populations co-transfected with VR7082 degrabodies normalised to 

VR7082-GFP levels can be seen in Figure 5.6B. 
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Figure 5.6: Flow cytometry assay of degradation with VR7082-degrabody 

A Representative flow cytometry gating and histogram plots.  (A-1) FSC v SSC 

identification of HEK-293F cells. (A-2) FSC-A v FSC-H demonstrating identification 

of single cells for analysis. (A-3) 4R transfected cells stained with total tau antibody 

following transfection with VF7082-GFP (green), VR7082 degrabody in the presence 

of MG132 (red) and VR7082 degrabody (Blue). (A-4) 3R transfected cells stained 

with total tau antibody following transfection with VF7082-GFP (green), VR7082 

degrabody in the presence of MG132 (red) and VR7082 degrabody (Blue).  B 0N4R 

and 0N3R tau staining expressed as a percentage of the GFP, non-degrading, 

intrabody control for all degrabody constructs in the presence and absence of MG132. 

T-test carried out to determine significant differences between 0N3R and 0N4R co-

expressed with the same VR7082-degrabody. 

 

The gating strategy for this assay was to first enable identification of HEK-

293F cells (Figure 5.6A-1) followed by single cell identification via forward 

scatter area compared with height (Figure 5.6A-2). The single cells were then 

assessed for intracellular tau staining via polyclonal total tau antibody (Dako) 

in either 0N4R- (Figure 5.6A-3) or 0N3R- (Figure 5.6A-4) transfected cells.  
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As described above for Figure 5.5B in Figure 5.6B,  all tau levels are 

expressed as a % of the VR7082-GFP (binding but non-degrading intrabody) 

control. The data in Figure 5.6 clearly demonstrates in a separate assay 

system that all of the degrabody constructs are capable of degrading 0N4R 

tau whilst retaining levels of 0N3R tau within HEK-293F cells. With a 

statistically significant reduction of 4R tau levels compared to 3R tau levels 

(via T-test) for all constructs (Figure 5.6B). In line with previous publications 

with these fusions, it is clear to see that, all fusions except for ODC were 

proteasome-dependent as MG132 treatment blocked the degradation of 4R 

tau (Figure 5.6B), With a statistically significant difference (via T-test) for all 

0N4R co-transfections with an without the addition of MG132  (Figure 5.6B). 

Once again this is not the case with 0N3R tau transfected cells which show no 

statistical difference between the MG132 treated and untreated groups 

(Figure 5.6B) indicating that treatment with MG132 is affecting only the 

proteasome degradation and not the general tau proteostasis within the cell.  

The data presented in Figure 5.5 and Figure 5.6 clearly demonstrate that 

VR7082-scFv intrabody has been successfully converted into an scFv 

degrabody capable of the specific degradation of 0N4R tau.  

 

 

5.3 Discussion  
 

The aim of the work described in this chapter was to generate a technology 

that could be utilised for the specific degradation of 4R tau protein and to 

demonstrate proof of concept in a recombinant system.  
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There are many ways to reduce protein levels within a living cell as previously 

discussed (1.3 Protein knock down technologies) that knockdown protein 

from the genomic level such as CRISPR, the transcriptome level such as RNAi 

and anti-sense oligos (ASO) and at the protein level such as PROTACS and 

target degrading intracellular antibodies (degrabodies). Each of these 

technologies have merit and limitations with regard to their application to this 

project. For example, CRISPR editing works at the genomic DNA level (Jinek 

et al. 2013; Wiedenheft et al. 2012). Given that 4R tau arises as a splice variant 

from the same pre-mRNA it would be technically challenging to use CRISPR 

editing to achieve specific 4R tau knockdown. ASOs and RNAi both function 

at the mRNA levels within the cell, as such are appropriate for targeting splice 

variants of mRNA (Opalinska and Gewirtz 2002; Wilson and Doudna 2013). 

Indeed, an ASO has been used to target total human tau in P301s mouse 

models (DeVos et al. 2017) and is currently under clinical development for the 

treatment of  AD (https://www.alzforum.org/therapeutics/biib080). As the 

specificity of either an ASO or siRNA is driven by complimentary base pairing 

to the 4R tau mRNA  (exons 9-12 have a sequence homology for 60-65% at 

the mRNA level compared to Exon10) mediating any off-target effect of an 

ASO or siRNA to 3R tau would have likely proved extremely challenging.   

PROTACs represent an interesting class of bi-specific small molecules and 

peptides (Schneekloth et al. 2008) in which one arm binds to the target and 

the other recruits an E3 ligase to ubiquitinate the target for degradation. 

Several total tau PROTACs have been developed that catalyse the 

degradation of all tau species (Kargbo 2019; Silva et al. 2019). However, the 

generation of a 4R specific tau PROTAC has never been disclosed in the 

https://www.alzforum.org/therapeutics/biib080
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literature. The lack of 4R-specific PROTACs and other degrading modalities is 

likely due to the high homology between 3R and 4R tau and the challenge in 

achieving the desired specificity profile. 

As described in the previous chapters, the generation of a highly specific 4R 

tau antibody molecule was shown to be possible and there is literature 

precedent for using both scFvs (Butler and Messer 2011) and 

VHHs(Caussinus et al. 2011) as degrabodies. It was therefore decided this 

represented the best option for the generation of a specific 4R degrading tau 

entity. 

In general, single domain antibodies such as camelid VHHs function best as 

intrabodies compared to scFv antibodies. This is because VHHs have been 

proposed to generate less cellular toxicity and have a lower propensity for 

aggregation when used intracellularly (Böldicke 2017).  

To generate a 4R tau specific VHH, a llama was immunised with peptide TE10.  

The results of this immunisation can be seen in Figure 5.1. The llama serum 

only demonstrates reactivity to theTE10 peptide up to a dilution of 

approximately 1:1000. The same peptide immunised in a rabbit, (Figure 3.8), 

demonstrated a response out to a 1:10,000,000 dilution.  It is important to also 

consider that the serum response of the llama represents both heavy chain 

only antibodies (from which VHHs are derived) and traditional heavy and light 

chain IgGs. The heavy chain only antibodies make up approximately one third 

of the immune response (De Simone et al. 2008) and this will vary from animal 

to animal and immunogen to immunogen. The relatively poor response in the 

llama may be due to the amount of peptide immunised into the llama (1200ug 
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x 3 boosts) which is only 2.4 times the dose given to a rabbit which is 

approximately 30 times smaller. This means the dosing of peptide/kg is much 

higher in a rabbit that could lead to the more robust serum response observed. 

To ensure the discovery of only VHH antibodies they must be enriched within 

the repertoire. Heavy chain only antibodies lack the 1st constant region (CH1) 

that is present in a standard IgG. Therefore, performing a heavy chain PCR 

on cDNA prep from llamas with a reverse primer that sits in the second 

constant region, present in both heavy chain only antibodies and standard 

IgGs, creates two different sized PCR products (Figure 5.2A), i.e. a larger 

PCR product that contains CH1 and the variable region of the standard IgG 

and a smaller PCR product that contains just the variable regions of heavy 

chain only antibodies. This smaller PCR product can be purified away from the 

larger product and used to make an immune phage library of only VHHs. After 

the creation of the library, selections via phage panning were performed over 

two rounds, Table 5.2 summarises the results of the panning.  

Due to their generally smaller footprints and elongated CDR3s compared to 

traditional IgGs (L. S. Mitchell and Colwell 2018), VHHs tend to prefer to bind 

to structural epitopes (Zavrtanik et al. 2018), where the longer CDR3 loop can 

form many contacts within protein pockets (exemplified by a VHH binding to 

lysozyme (Desmyter et al. 1996)). There are only a small number of examples 

of VHHs binding to peptide and linear epitopes in the literature, interestingly 

one of these demonstrates the CDR3 loop surrounding the peptide in a 

‘headlock’ (Braun et al. 2016). When this is considered along with the relatively 

poor immune response for TE10 in the llama, and the sequence conservation 
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across the tau MTBR (Figure 1.2), it was not surprising that it ultimately proved 

impossible to generate a 4R tau specific VHH.  

Standard IgGs, or fragments of these molecules such as Fab domains, cannot 

be used as intracellular antibodies as their disulphide bonds do not form 

correctly in the reducing environment of the cytoplasm (Biocca et al. 1995; 

Worn and Pluckthun 2001). The lack of disulphide bonding ensures that the 

heavy and light chain fragments do not come together to form a binding 

moiety. However, IgGs can be re-formatted to non-disulphide stabilised scFvs 

to allow for use as intrabodies.  In an scFv, the heavy and light chains of the 

variable regions are physically linked by a flexible linker typically of around 20 

amino acids. This ensures the heavy and light chains pair correctly inside the 

cell and allows for proper target binding. As the flexible linker is a modification 

to the variable regions of an IgG and as such provides different constraints on 

the molecule, the conversion of an IgG to an scFv is not always successful in 

retaining the target binding.  

To ensure this was not the case here, VR7082 was re-formatted from an IgG 

to an scFv-MsFc. This format enables the screening of the scFv form of 

VR7082 whilst utilising an Fc for secondary antibody reagent detection in a 

range of assays. The VR7082-scFv-msFc was assayed via ELISA (Figure 

5.3D), flow cytometry (Figure 5.3F), and Western Blot (Figure 5.3H).  The 

comparative data with VR7082-RbIgG is also shown in Figure 5.3. It is clear 

from Figure 5.3 that the conversion of VR7082 to an scFv was successful as 

the binding specificity to 4R tau was retained in all three assay systems. There 

is what appears to be cross tau reactive binding at the higher concentration 

scFv-MsFc with the 3R isoforms of tau via flow cytometry (Figure 5.3F). 



245 
 

However, it should be noted that the mock transfected cells also show this 

increased level of binding and it can therefore be considered to be non-specific 

uptake of the secondary anti-mouse Fc antibody within the cells.  

 

Although (as previously discussed) tau isoforms of tau have been shown to be 

expressed at varying levels in several cellular compartments tau generally 

expressed at the highest level within the cytoplasm of cells(C. Liu and Götz 

2013). Therefore, to allow for in situ targeted degradation of tau, the degrabody 

construct must also be capable of being expressed within the cytoplasm. This 

was achieved by removing the leader sequence/signal peptide of the antibody. 

Despite VR7082-scFv not being disulphide stabilised and having retained 

specificity when expressed extracellularly (Figure 5.3), it was still possible that 

it may not express, fold correctly or ultimately bind its target in the cytoplasm. 

To ensure that VR7082 was performing correctly upon cytoplasmic 

expression, a GFP fusion of VR7082 was designed. This fusion allowed for 

easy visualisation of folded protein via GFP fluorescence. Secondly, the GFP 

domain could be used with anti-GFP antibodies on Western blots of cell 

lysates to ensure intact intrabody was expressed or used following 

immunoprecipitation with TE10 peptide to demonstrate retained intrabody 

specificity. Cells that were transfected with the VR7082-scFv-GFP construct 

gave a clear GFP fluorescence indicating the construct had expressed and 

folded correctly (Figure 5.4A). Clearly, this is just a read out that demonstrates 

correct expression and folding of GFP. Therefore, to ensure that the intrabody 

domain was expressed correctly,  a Western blot was performed on the lysate 

from these cells (Figure 5.4B). The Western blot demonstrates a clear band 
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consistent with the predicted molecular weight of approximately 53kDa (scFv 

26kDa + linker 1kDa + GFP 26kDa). To demonstrate that this binding is 

retained following intracellular expression an immuno-precipitation was 

performed from the VR7082-scFv-GFP expressing cell lysates (Figure 5.4C 

and Figure 5.4D).  It is clear from this data that the VR7082-scFv-GFP 

intrabody is only isolated using the beads coated with the immunising peptide 

TE10, not with the control peptide coated beads. This confirms that VR7082 

scFv can be expressed inside a cell when fused to another protein, in this 

case, GFP. 

As discussed previously, to generate a degrabody from a standard intrabody, 

the intrabody must be fused to a degradation domain. Degradation domains 

catalyse the degradation of the intrabody target protein upon binding. Either 

by the direct ubiquitination of the target protein or target protein intrabody 

complex via an E3 ubiquitin ligase fusion or via the recruitment of an 

endogenous E3 ubiquitin to perform ubiquitination of the target protein or 

intrabody protein complex. VR7082-scFv was fused to six different 

degradation domains (Table 5.3) which represented three different 

modalities for degradation. Firstly, there were direct E3 ubiquitin ligase 

fusions XIAP (Gross et al. 2016); CHIP (Portnoff et al. 2014); VHL (Fulcher 

et al. 2016); NSLMB (Caussinus et al. 2011).  These E3 ligase fusions will 

directly ubiquitinate the target protein via free lysine’s and require the 

formation of a ubiquitin chain of at least four ubiquitin’s to allow access to the 

proteasome for degradation (Laney and Hochstrasser 1999). This direct E3 

fusion modality has the potential to be catalytic. However, without capping or 
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removal of solvent exposed lysine’s on the intrabody it is possible that the 

complex, of intrabody and target, are degraded together.   

 

Secondly, FκβP which is a mutant form of FκβP12 that has been demonstrated 

to be rapidly degraded via the proteasome when expressed in cells in the 

absence of a small molecule inhibitor (Banaszynski et al. 2006) was fused to 

VR7082-scFv. Whilst still being ubiquitin dependent, the mechanism of action 

of this degradation domain is different. For successful degradation, the 

intrabody must bind the target and the FκβP12 fusion recruits E3 ligases to 

rapidly ubiquitinate the degrabody fusion protein and target allowing 

proteasomal degradation (Banaszynski et al. 2006). As such, this degrabody 

has no potential to be catalytic as it is the ubiquitination of the complex that 

drives the degradation rather than the potential for specific target 

ubiquitination.  

Finally, a fusion of ODC and VR7082-scFv was generated. As previously 

discussed, ODC acts via a partially ubiquitin-independent method to target the 

degradation of proteins (W. Zhao et al. 2018). This again ensures that the 

degrabody is required to be in complex with the target protein to allow for 

degradation to occur and that this method would not have the possibility to be 

catalytic. Interestingly as ODC does not completely rely on the ubiquitin 

dependent proteasome it has been shown to be less susceptible to inhibition 

of degradation with standard proteasome inhibitors such as MG132 (W. Zhao 

et al. 2018).  
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It was important at this stage to test multiple forms of degradation fusions as 

it was not clear which would be most effective at degrading 4R tau when fused 

to VR7082-scFv. It is thought that one of the natural ligases for tau is CHIP 

(Grune et al. 2010). However, this does not necessarily mean it would perform 

most efficiently as a fusion protein. As it was not known which orientation of 

fusion would provide efficient degradation, the fusions selected also 

represented a mixture of N and C terminal scFv-fusions (Table 5.3). These 

construct orientations were determined based on the literature precedents for 

each construct.  

Following their generation, the six VR7082 degrabodies were assayed for their 

ability to specifically degrade 4R tau. This assay required co-expression of 

0N3R or 0N4R tau in HEK-293F cells along with the degrabody constructs or 

N/C terminal VR7082-GFP negative control fusions. The GFP fusion was used 

to provide a baseline level of tau expression in the presence of a target binding 

intrabody. Two methods for measuring 4R tau degradation were developed. 

Either via Western blot following cell lysis or via flow cytometry via tau staining.  

As the sample reduction step of a Western blot will disassociate any remaining 

degrabody from tau protein it ensures that there is no degrabody interference 

of the blotting antibody giving false degradation signals. This assay, therefore, 

represents a better first line degradation readout that demonstrates a 

reduction in protein level. However, the readout is low throughput and band 

densitometry provides poor assay sensitivity for testing proteasome inhibition. 

To compensate for this a flow cytometry-based assay was designed, where 

tau is stained using the anti-tau polyclonal antibody.  In an attempt to 

compensate for any degrabody interference of the flow cytometry assay and 
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to have a consistent assay read out via Western blot all signals for degrabody 

constructs were expressed as percentages of the N or C terminal VR7082-

GFP non-degrading fusion.   

Initial experiments quantified the levels of 3R and 4R tau from these lysates 

via Western blot and band densitometry (Figure 5.5). Whilst the raw Western 

blot data might not be completely clear by eye (Figure 5.5A). Following 

Western blot data processing, it can be seen that 4R tau is reduced to 

approximately 50% of the control levels where as 3R tau levels remain 

unaltered (Figure 5.5B). This demonstrates that all constructs are able to 

degrade 4R tau. This assay gave confidence in the degradation modality of 

these constructs. It was however important to demonstrate the proteasome 

dependency of these constructs to further confirm the degradation potential of 

some of the modalities.  

MG132 is an inhibitor of the 26S proteasome complex (Kisselev and Goldberg 

2001). This should inhibit the degradation of 4R tau with all degrabody 

constructs, with the possible exception of ODC. As the initial degradation 

screen Western blot had indicated that all degrabody constructs were capable 

of reducing 4R tau protein levels, MG132 was tested via flow cytometry to 

increase both the throughput and sensitivity of the assay compared with WB 

(Figure 5.6). As with the Western blot (Figure 5.5), all constructs again reduce 

the 0N4R tau levels, whilst leaving 3R tau levels constant (Figure 5.6). This 

mechanism of action is confirmed as in the presence of MG132 (inhibitor of 

the 26S proteasome) 4R tau is not degraded in with all constructs except the 

ODC degrabody (Figure 5.6B). In each case, it is also possible to see that the 

levels of 3R tau are unaffected by the addition of MG132 (Figure 5.6B). This 
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clearly demonstrates that the reduction in 4R tau staining in the flow cytometry 

assay or tau protein via Western blot is the result of proteasome dependent 

degradation.  

4R tau in this assay system is expressed under a strong CMV promotor which, 

as previously discussed in 4.2.1.3 Mitochondrial membrane polarisation 

assay , would lead to a very high level of 4R tau in the cells and a level that is 

replenished at a rapid rate following degradation. The degrabody (or control 

plasmids) are also expressed on a separate expression vector from the tau 

protein, so it is unlikely that all tau expressing cells received degrabody.  These 

factors may contribute to the observation in both WB and flow that the levels 

of 4R tau are only reduced to around 50% of the control non-degrading 

intrabody. If co-expression of tau and the degrabody was driven from the same 

plasmid and a weaker tau promoter (more comparable to endogenous 

expression) was used it might be expected that these levels would be reduced 

to significantly lower or undetectable levels. However, for the purposes of 

assessing degradation this was not tested.   

The aim of the work described in this chapter was to develop a technology that 

could be utilised for the specific knockdown of 4R tau levels. Using VR7082 

scFv-degrabodies this aim was successfully met. Based on data as a fusion 

with VR7082 demonstrating consistent 4R tau degradation and literature 

precedent for use of the XIAP construct in neuronal cells (Gross et al. 2016), 

the XIAP degrabody construct was selected for packaging into AAV. The Final 

results chapter will focus on the use of the VR7082-XIAP degrabody, delivered 

via AAV, to degrade 4R tau in iPSC-derived neurons and to assess the level 

of mitochondrial membrane polarisation following the removal of 4R tau.  
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Chapter 6: Phenotypic consequences of 
knockdown of 4R tau in iPSC-derived neurons 
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6 Phenotypic consequences of knockdown of 4R tau 

in iPSC-derived neurons  

 

6.1 Introduction 

The aim of this chapter was to transfer VR7082-degrabody technology for the 

knock down of 4R tau into iPSC-derived neurons aged 80 -100 days to assess 

the consequences of 4R tau knockdown on the mitochondrial membrane 

polarisation. 

 

6.1.1 Utilisation of degrabodies in neurons  

As previously discussed degrabodies represent an exciting modality for the 

targeted degradation of proteins within live cells. Several of these examples 

focus on key mediators of neurodegeneration to look for phenotypic reversion 

of disease phenotypes.  

Specifically, an anti-total tau scFv degrabody was delivered via AAV2 in HEK-

293F cells, primary neuronal cultures and a P301S mouse model (Gallardo et 

al. 2019). Interesting, the format of this degrabody was an intrabody ubiquitin 

fusion that binds to total tau and targets the intrabody tau complex to the 

proteasome for degradation (Gallardo et al. 2019). This intrabody was able to 

demonstrate tau knockdown in all in vitro assays as well as reducing tauopathy 

in a P301S model of neurodegeneration (Gallardo et al. 2019). 

Secondly, a PEST tagged anti-α-synuclein VHH-degrabody was 

demonstrated to significantly enhanced α-synuclein degradation (Joshi et al. 
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2012). This VHH-PEST degrabody (delivered via AAV5) has also been tested 

in a rat model of Parkinson’s Disease and was demonstrated to reduce 

disease associated serine-129 phosphorylated α-synuclein as well as modest 

behavioural rescue (Chatterjee et al. 2018). Although it is noted that the 

behavioural changes were highly variable between treated animals 

(Chatterjee et al. 2018).  

A non-antibody based degrabody combing and a gephyrin binding FingR with 

XIAP E3 ligase has also been generated and delivered via lentivirus and AAV 

(Gross et al. 2016). This degrabody was demonstrated to eliminate inhibitory 

synapse formation in zebrafish spinal neurons, rat cortical neurons and intact 

mouse brain (Gross et al. 2016).  

There are several examples of degrabodies being used in primary neurons. In 

general, these approaches require a viral delivery mechanism to ensure a 

sufficient number of the neurons become transfected with degrabodies. One 

of the more popular tools for the introduction of exogenous DNA into neurons 

has proven to be by AAV transfection.  

 

6.1.2 AAV transfection 

Adeno associated virus (AAV) are small viruses in the parvovirus family 

capable of infecting multiple tissue types (K. I. Berns and Giraud 1996). They 

contain a small linear single stranded DNA genome consisting of two open 

reading frames flanked by inverted terminal repeats (Ni et al. 1994). To infect 

the cell AAV undergoes receptor-mediated endocytosis and endosomal 

trafficking (W. Ding et al. 2005) before escaping the late endosome and having 

it double stranded DNA generated via the host's polymerases in the nucleus 
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(Kenneth I Berns and Bohenzky 1987). From a gene delivery perspective, 

AAVs have the capacity to accommodate only 5.0Kb of DNA (Dong et al. 

1996). However, this must include not only the open reading frame of interest 

but also all the elements necessary to allow for gene expression (promoter, 

signal peptides poly adenylation signal etc.).  So, whilst AAV offer a very 

exciting methodology to introduce nucleic acid intro cells they are not without 

their limitation.  

AAV has 9 different serotypes which overall share homology in the capsid 

protein of approximately 40% (Zincarelli et al. 2008).  Each serotype has a 

differing range of tissue tropism based on the receptors that it is known to bind 

to (Naso et al. 2017). For example, AAV1 has tropism for neurons and skeletal 

muscle via the sialic acid receptor (Naso et al. 2017). Whereas AAV2 (the most 

heavily studied and well understood serotype) has broad tissue tropism and 

can interact with many receptors including heparin sulphate, fibroblast growth 

factor receptor, hepatocyte growth factor receptor and laminin receptor (Naso 

et al. 2017). AAV2 is by far the most well understood and studied AAV and 

has also been tested in preclinical studies for a range of diseases such as 

cystic fibrosis and Duchenne muscular dystrophy (reviewed (Carter 2005)).  

Recently a study looked at the effectiveness of AAV serotypes to transfect 

neurons (including iPSC-derived cortical neurons) with an eGFP expression 

cassette. It was demonstrated that the AAV2 serotype showed a good level of 

GFP expression after 72 and 96 hours in these neurons (Duong et al. 2019). 

In this example, other serotypes showed higher levels of eGFP expression. 

However, following discussions with those experienced in AAV delivery to 
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neurons it was felt that using the best established and most well studied AAV2 

would be sufficient to deliver degrabodies in these studies.  

 

6.2 Results  

6.2.1 Degrabody induced removal of 4R tau from mutant iPSC-

derived neurons 

It has been previously demonstrated that VR7082-scFv-degrabody can 

specifically induce the degradation of 0N4R tau but not 0N3R tau in 

transfected HEK-293F cells (5.2.2 Generation of a degrabody from the VR7082-

scFv intrabody). However, it was important to assess whether this degradation 

would also be possible at endogenous levels of tau, in neurons.  XIAP 

degrabodies have previously been shown to be effective in neuronal cells 

(Gross et al. 2016) and the VR7082-XIAP degrabody appeared to cause 0N4R 

tau specific degradation in previous experiments with HEK-293F cells (Figure 

5.4 and Figure 5.5). Therefore, XIAP was selected as the degrabody fusion to 

test for the targeted degradation of 4R tau in iPSC-neurons.  

Transfection of neurons via lipid-based transfection methodologies is very 

inefficient with only a small percentage of cells receiving transfected DNA 

(Karra and Dahm 2010). For this reason, viral transfection using Adeno-

associated virus (AAV) was selected as the method of delivery for degrabodies 

and controls for this project. Three AAV constructs were acquired from 

GeneCopeia, two of which contained VR7082-scFv fused to either the XIAP 

degradation domain or Halo tag (non-degrading control) as well as an AAV 

vector negative control which lacked any intrabody of degrabody construct. 
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The VR7082-XIAP construct was also acquired with and without IRES 

expression of a GFP transfection marker.  

The VR7082-XIAP + IRES GFP AAV was initially used to transfect the 10+16 

biallelic MAPT mutant, neurons at day 90 post induction. Cells were analysed 

seven days post-transfection (2.6.6.2 Tau degradation in iPSC-derived 

neurons) to allow for the expression of the degrabody and GFP transfection 

marker. Two populations of cells were then identified and sorted using flow 

cytometry based on GFP positive or negative signal (Figure 6.1A-3). These 

two populations were lysed and tau protein levels were assessed using Peggy 

Sue simple Western (Figure 6.1B and Figure 6.1C) (2.6.3.2 Protein Simple, 

Simple Western). The full gating strategy can be seen in Figure 6.1A. 
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Figure 6.1 VR7082-XIAP degradation test in iPSC-derived neurons 

A Gating strategy for GFP based sorting A-1 Identification of live cells via ToPro-3 

exclusion. A-2 Identification of cells from debris/cellular vesicles via FSC-A v SSC-A. 

A-3 GFP positive and GFP negative sort gates. A-4 Overlay plot of sort gating with 

VR7082-XIAP IRES GFP AAV treated cells (Green) and un-treated cells (Red). B 
GFP negative sorted cells Peggy Sue Simple Western revealed with polyclonal anti-

tau antibody. C GFP positive sorted cells Peggy Sue Simple Western revealed with 

polyclonal anti-tau antibody. 

 

The gating strategy for the cell sorting differed from previous strategies 

(Figure 4.4) as in this experiment the cells were not fixed and permeabilised. 

Initially, live cells were identified by a lack of ToPro3 staining (Figure 6.1A-1). 

As it was not possible to identify nucleated cells via DAPI (which requires 

fixation and permeabilisation), intact cells were identified via FCS-A v SSC-A 

(Figure 6.1A-2). It is interesting to note that there are lots of events that are 

ToPro3 negative but are very small and in the debris area (bottom left of the 

plot) of the FSC-A v SSC-A plot. Whilst it is difficult to understand exactly what 

these are it is possible they are cellular debris that has formed a small lipid 
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micelle. Such debris would in theory have an intact lipid bilayer membrane and 

as such would exclude the ToPro3 stain (in the way a live cell does). These 

micelles would likely not contain any DNA so in previous gating strategies of 

fixed cells using DAPI (Figure 4.4), they would not have stained DAPI (DNA 

binding dye) positive and would have been excluded from the analysis. Finally, 

cells were sorted two ways based on GFP expression (Figure 6.1A-3).  

Following sorting, the two cell populations were lysed and then run on a Peggy 

Sue Simple Western (2.6.3.2 Protein Simple, Simple Western). The 

resulting traces can be seen from the sorted GFP-negative cells (Figure 6.1B) 

and the sorted GFP-positive cells (Figure 6.1C). The trace for the GFP-

negative cells displays two peaks, a large peak representative of 0N3R, and a 

small peak corresponding to 0N4R tau (Figure 6.1B).  In contrast, the GFP-

positive cells had a peak representing 0N3R tau, but no peak representing 

0N4R tau was detected (Figure 6.1B). This suggests that 0N4R has been 

degraded in cells transduced with XIAP. 

Taken together, the data presented in Figure 6.1 demonstrates that it is 

possible to deliver a degrabody to iPSC-derived neurons and degrade 4R tau 

protein from these cells. The next phase of this project was to assess the 

functional consequence of this removal on mitochondrial membrane 

polarisation utilising the assay established in Figure 4.2, Figure 4.4 and 

described in detail in 2.6.5.3 Mitochondrial membrane polarisation assay. 
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6.2.2 The effect of removing 4R-tau in iPSC-derived neurons on 

mitochondrial membrane potential  

Previous work has shown that GFP can be toxic to neuronal cells (Detrait et 

al. 2002). As the effect of GFP on the mitochondrial polarisation assay is 

unknown, for this work an AAV vector was used without GFP. For the same 

reason a VR7082-Halo tag intrabody as a non-degrading control rather than 

the previously used VR7082-GFP intrabody. 

Neurons were differentiated from WT, 10+16 mono and 10+16 biallelic MAPT 

mutant iPSC lines cell lines (2.2.3 iPSC neuronal differentiation). At day 80-

90 the lines were treated with AAV containing VR7082-XIAP, VR7082-Halo or 

a negative AAV construct and were incubated for a further 7 days (2.6.6.2 Tau 

degradation in iPSC-derived neurons). Mitochondrial membrane 

polarisation was then assessed as described in section 4.2.3 iPSC-derived 

neuron mitochondrial membrane potential phenotyping assays.  The resultant 

data can be seen in Figure 6.2.  
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Figure 6.2 VR7082-XIAP degrabody mitochondrial membrane polarisation 
assay in iPSC-derived neurons  

A Representative gating strategy for iPSC-derived neuron mitochondrial polarisation 

assay. A-1 identification of nucleated cells via DAPI staining. A-2 identification of 

intact cells via FSC-A v SSC-A. A-3 Identification of neurons via βIII tubulin staining. 
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A-4 Mitochondrial membrane polarisation assessment. B Representative 

mitochondrial membrane polarisation histograms derived from the ratio of 

mitochondrial polarisation/ total mitochondrial load. B-1 WT cell iPSC-derived 

neurons. B-2 10+16 monoallelic 10+16 MAPT mutant iPSC-derived neurons (10+16 

mono). B-3 Biallelic MAPT mutant iPSC-derived neurons (10+16 biallelic) C 
Mitochondrial polarisation assay across each of the 3-iPSC-derived neuronal lines 

and AAV treatment groups. ANOVA used to determine statistical significance 

between groups.  D Normalised 3R tau staining across each of the 3-iPSC-derived 

neuronal lines and AAV treatment groups. ANOVA used to determine statistical 

significance between groups. 

  

The gating strategy for this assay is the same as discussed previously (Figure 

4.4)  to identify intact neuronal cells which can be assayed for mitochondrial 

membrane polarisation and total mitochondrial load (Figure 6.2A). A 

representative example of each treatment group on each iPSC-derived 

neuronal cell line (Figure 6.2B) demonstrates that in WT control neurons, 

(Figure 6.2B-1) there is no effect of either the control AAV,  VR7082-Halo or 

VR7082-XIAP treatment groups. However, when these treatments are applied 

to 10+16 mono neurons, (Figure 6.2B-2) or 10+16 biallelic neurons, (Figure 

6.2B-2) treatment with VR7082-XIAP degrabody reduced the level of 

mitochondrial membrane polarisation. This was observed in n=5 neuronal 

inductions for each genotype and treatment group (Figure 6.2C). As expected, 

no statistically significant difference in mitochondrial polarisation was 

observed in 10+16 MAPT mutant neurons between the control AAV particle 

treatment and VR7082-Halo intrabody for the 10+16 mono or 10+16 biallelic 

lines (p=0.145 + p=0.922, ANOVA). This is because although the VR7082-

Halo intrabody will bind to 4R tau within these cells, it will not induce 

degradation of 4R tau. However, when cells were transfected with VR7082-
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XIAP degrabody a statistically significant decrease of mitochondrial 

polarisation is observed in both the 10+16 mono and 10+16 biallelic mutant 

cell lines from the control AAV  (p=<0.0001 + p=0.0052, ANOVA) and from the 

VR7082-Halo treated groups (p=<0.0001 + p=0.0018, ANOVA) (Figure 6.2C). 

It is interesting to note that whilst only a modest decrease of the mutant 

phenotype is observed in the 10+16 biallelic neurons, in the 10+16 mono 

neurons the level of mitochondrial polarisation is reduced to levels that are not 

significantly different from the WT neurons (p=0.567, ANOVA) (Figure 6.2C).  

Because the VR7082-RbIgG 4R specific antibody has the same epitope as the 

VR7082-scFv degrabody, it was not possible to assess 4R tau levels in these 

experiments.  However, it has been previously demonstrated (Figure 5.5, 

Figure 5.6 and Figure 6.1C) that VR7082-XIAP specifically induced 4R tau 

degradation and not 3R degradation. It was confirmed that there was no 

change in 3R tau levels between any of the treatment groups, suggesting no 

off-target degradation effect in these experiments (Figure 6.2D).  

 

6.3 Discussion 

As part of this project, it was previously demonstrated that levels of 
mitochondrial membrane polarisation within 10+16 mono and 10+16 biallelic 
MAPT mutant neurons directly correlates with 4R tau levels (Chapter 4: iPSC-
derived neuron cell phenotyping 
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4 iPSC-derived neuron cell phenotyping) both at the population (Figure 4.4) and 

single cell level (Figure 4.5). Secondly, proteasomal degradation of 4R tau 

was achieved using VR7082 degrabodies (Figure 5.5 and Figure 5.6). In this 

chapter, these approaches were combined to determine whether degradation 

of 4R tau in iPSC-derived neurons was able to restore mitochondrial 

membrane polarisation to WT levels. 

 

An XIAP degrabody fusion was selected to target 4R in iPSC-derived neurons. 

XIAP has previously been shown to be effective in primary neurons (Gross et 

al. 2016). An important consideration when deciding upon the correct E3 ligase 

fusion was that CHIP is thought to be the natural ligase for tau turnover (Grune 

et al. 2010).  However, for this reason, there was a concern that 

overexpression of CHIP could result in the degradation of all tau isoforms. This 

could have made the specific targeting of 4R tau with VR7082 less efficient.  

 

Transfection of neuronal cells with DNA plasmids is known to be challenging 

with standard lipofectamine transfection methodologies only generating a low 

level of transfected cells (Karra and Dahm 2010). It was important for this 

project to achieve high levels of transfection efficiency to ensure that 

degrabody delivery was to enough neuronal cells to observe any global effect 

of 4R tau degradation. AAV2 has been previously shown to allow for high 

levels of neuronal transfection (Duong et al. 2019) and as such was selected 

as the DNA delivery method for this project.  
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Initial experiments were performed to understand the transfection efficiency 

and degradation potential of AAV2 delivered VR70821-XIAP degrabody. The 

10+16 biallelic neurons (that have the highest levels of 4R tau 

expression(Figure 4.4 and Figure 4.6)) were therefore selected for initial 

studies as it allowed for degradation testing in a system that contains the 

highest amount of tau 4R tau protein. As a marker for transfection efficiency in 

these initial experiments AAV2 delivered VR7082-XIAP degrabody was 

delivered with a GFP under IRES expression to identify transfect cells for cell 

sorting and assess the transfection efficiency of AAV2 in these cultures 

(Figure 6.1A).  AAV2 would normally be given at a defined CFU/cell. However, 

the neurons in these experiments had been in culture for 90 days and form 

cell clusters with long neuronal projections, so an accurate cell count was not 

possible. To compensate for this an estimation of cell count was made based 

on the size of the culture well and the percentage confluency of the neurons 

within each well. It has been previously shown that it is possible to dose 

neurons with AAV up to1x106 CFU/cell without a detrimental effect on neuronal 

health (Duong et al. 2019).  For the initial transfection studies, AAV was added 

at approximately 1x104 CFU/ml which achieved a transfection efficiency of 

approximately 50% (Figure 6.1A-3). It is important to note that this experiment 

did not contain a neuronal cell marker as the cells were not fixed and 

permeabilised. Following sorting, lysis and Peggy Sue Simple Western it can 

be seen that only the GFP-negative sort population contained the 0N4R peak 

(Figure 6.1B) and that it is a lower intensity to the 0N3R tau peak, in line with 

previous observations (Figure 3.26). However, the GFP positive population 

that received VR7082-XIAP degrabody only contained the 0N3R tau peak in 
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the Peggy Sue Simple Western (Figure 6.1B) as the 0N4R tau has been 

degraded in these cells. It was encouraging to see that VR7082-XIAP 

degrabody was able to reduce the level of 0N4R tau from the cells to below 

the limit of assay detection, previous data from HEK-293Fcells showed a 

reduction down to 50% of the control. As previously discussed, it is likely this 

is because in the iPSC-derived neurons 0N4R tau is endogenously expressed 

and is therefore present at much lower levels than in the HEK-293F cells with 

overexpressed tau. 

It was next assessed whether the degradation of 4R tau in iPSC-neurons 

would result in lowering of mitochondrial membrane potential to WT levels in 

the 10+16 mutant iPSC-derived neurons.  As VR7082 is being used as a 

degrabody in this assay it was not possible to stain for 4R tau as this would 

also require the use of VR7082 antibody as a detection reagent.  Secondly, it 

was not possible to use the GFP IRES AAV2 constructs to identify cells that 

received VR7082 degrabody as GFP has been shown to be toxic to neurons 

(Detrait et al. 2002) which could affect the mitochondrial polarisation levels 

independently of any degrabody activity. To compensate for both potential 

issues, two approaches were taken. The first was to add 100-fold more AAV 

CFU/cell to ensure maximal transfection of the neuronal cells. It is worth noting 

that this is still within the range of AAV concentrations that have previously 

been reported to be acceptable for neuronal cell transfection (Duong et al. 

2019). The second aspect was to include two important controls (negative AAV 

particles and VR7082-Halo intrabody) to ensure the effect we were seeing on 

mitochondrial polarisation was due to the degrabody and not due to AAV 
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treatment (negative AAV particles) or treatment with a tau binding, but non- 

degrading, intrabody fusion (VR7082-Halo).  

Utilising the same dosing strategy used for the 0N4R tau degradation test 

(Figure 6.1), neurons derived from WT and 10+16 mono and biallelic MAPT 

mutant iPSC were cultured for 80-90 days prior to transfection with AAV2 for 

7 days. Mitochondrial membrane potential was assessed as described in 4.2.1 

Mitochondrial polarisation assay set-up and testing. Treatment with control 

AAV particles or VR7082-Halo intrabody did not affect the levels of 

mitochondrial polarisation within any of the neuronal cell lines (Figure 6.2B 

and Figure 6.2C). It is interesting to note that the VR7082-Halo intrabody, 

which binds but does not degrade 4R tau, shows no effect in this assay, 

indicating this construct could have utility as an imaging reagent for future 

studies of tau dynamics in live neurons.  

As a measure of off-target degradation within the neurons, 0N3R tau was 

measured within these cells. This provides the best measure of off target 

degradation as the VR7082 epitope is only two amino acids different from an 

epitope that would allow binding and degradation of 3R tau (Figure 3.3 and 

Table 3.2). It is also likely that 3R and 4R tau undergo the same pathway for 

natural turn over so it would be expected that any effect of overexpression of 

XIAP in cells (regardless of tau targeting) would be most sensitively observed 

with 3R tau levels. The 0N3R tau levels in the cells were unaltered by any of 

the treatment groups (Figure 6.2D). This indicates there is no off-target 

degradation either driven by the VR7082 binding or by overexpression of XIAP 

E3 ubiquitin ligase within these cells.  
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Finally, an assessment of whether targeted degradation of 4R tau by the 

VR7082-XIAP degrabody was able to reduce the levels of mitochondrial 

membrane hyperpolarisation in 10+16 MAPT neurons was performed. This is 

shown in (Figure 6.2B and Figure 6.2C) where treatment with the VR7082-

XIAP degrabody (shown in blue in both Figure 6.2B-2,  Figure 6.2B-3, and 

Figure 6.2C) was able to reduce the level of mitochondrial membrane 

polarisation in both mono and biallelic 10+16 MAPT mutant neurons.  It was 

also observed that the VR7082-XIAP degrabody has no effect on WT neurons 

(Figure 6.2B-2 and Figure 6.2C), reflecting the absence of 4R tau in these 

cells.  

Upon treatment with VR7082-XIAP degrabody, the 10+16 biallelic neurons 

demonstrate a statistically significant decrease in mitochondrial membrane 

polarisation compared to both the control AAV particles and VR7082-halo 

intrabody controls, but this was not sufficient to reduce polarisation to WT 

levels. However, treatment of 10+16 mono neurons with VR7082-XIAP 

showed a reduction in mitochondrial membrane polarisation to levels not 

statistically different (via ANOVA) from WT neurons. This supports the idea 

that 4R tau drives the mitochondrial membrane hyperpolarisation observed in 

10+16 MAPT mutant neurons, and that this phenotype can be corrected by 

targeted degradation of 4R tau.  

 

It is interesting to note that correction of mitochondrial membrane potential to 

WT levels is not observed in 10+16 biallelic MAPT mutant neurons, in contrast 

to the 10+16 monoallelic neurons. This could be due to the increased 4R tau 
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protein levels in the biallelic neurons compared to the monoallelic neurons 

(Figure 4.4 and Figure 4.6). Despite demonstrating that it was possible to 

remove all observable tau via Peggy sue Simple Western (Figure 6.1C) in the 

10+16 biallelic mutant line, following selection of transduced cells based on 

GFP co-expression. It is important to remember this enrichment was not 

applied in the mitochondrial polarisation assay due to concerns over the 

toxicity with GFP. As such, it is likely that the functional assay incorporated 

cells that did not receive the degrabody construct. Indeed even with the 10+16 

mono neuronal line it can be seen that the average level of mitochondrial 

membrane polarisation (whist not statistically significantly different) is slightly 

higher than the WT neuronal line upon VR7082-XIAP treatment (Figure 6.2C). 

It is also possible that some 4R tau remains in the VR7082-XIAP treated 10+16 

mono and biallelic cells, but in the 10+16 mono cells (due to lower tau levels 

and expression levels) the level of 4R tau is below a threshold for effecting 

mitochondrial polarisation where as in the 10+16 biallelic cells it is not. 

It is also interesting to consider this result in the larger context of protein 

degradation therapy, and how it will be extremely important to consider the 

expression profiles, half-lives of a target protein and speed of degradation that 

can be achieved by any given treatment before committing to a PROTAC style 

therapeutic. As this work has demonstrated that the difference between mono 

and bi allelic expression of the protein can have a large effect on the outcome 

of treatment.  

The data presented in this chapter shows that it is possible to deliver a 4R tau 

specific degrabody to iPSC-derived neurons and demonstrate specific 

degradation of endogenous 4R tau (Figure 6.).  Treatment with this degrabody 
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was able to restore mitochondrial membrane polarisation in mono-allelic 

10+16 mutation neurons to the level of WT cells (Figure 6.2). This data further 

supports my hypothesis that aberrantly produced 4R tau is the cause of the 

hyperpolarised mitochondrial membrane phenotype observed in diseased 

neurons. 
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Chapter 7: Discussion and future directions 
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7 Discussion and future direction  

Throughout this thesis I have addressed the hypothesis that in neurons 

containing a 10+16 MAPT splice mutation excess 4R tau results in 

mitochondrial dysfunction, specifically mitochondrial membrane 

hyperpolarisation, and this phenotype can be rescued by selective removal of 

4R tau. Hyperpolarised mitochondria produce excess reactive oxygen species 

(ROS) (Maldonado et al. 2010; Vinogradov and Grivennikova 2016) which can 

subsequently cause cell death(J. Wang et al. 2017).  This phenotype has been 

observed in several neurodegenerative disorders and ROS induced cell death 

is known to be a key driver of brain pathology (Castelli et al. 2019). A previous 

study in 10+16 MAPT mutant iPSC-derived neurons shows recapitulation of 

this FTDP17 disease phenotype with both increases in mitochondrial 

membrane potential and ROS levels (Esteras et al. 2017). In doing so direct 

link was suggested between the role of excess 4R tau in an in vitro system 

and clinical manifestations of neurodegenerative disease. However, before the 

work presented in this thesis these observations were only seen in patient 

derived iPSC-derived neurons carrying the 10+16 MAPT splice mutation. As 

previously discussed, a direct link or correlation to 4R tau was not 

demonstrated and the manifestation of the disease phenotype could have 

been caused by other genetic or epigenetic factors in these patient derived 

cells compare to the non-mutant derived control cells. 

 

Essential to this project was the generation of highly specific 3R and 4R anti-

tau antibodies. It is worth noting, such reagents known as RD3 (3R specific) 
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and RD4 (4R specific) (de Silva et al. 2003) as well as 4R specific 81A11 (Croft 

et al. 2018) have previously been discovered (previously discussed 3.1.3 

Current anti-3R and anti-4R tau reagents). However, the widely used 4R 

antibody (RD4) has low sensitivity, making the generation of novel tools 

desirable and as previously discussed 81A11 is not widely characterised.  It 

was prudent to consider the reasons for this lower level of sensitivity with RD4. 

A likely driver of the decreased sensitivity of RD4 is the epitope targeted by 

the antibodies (RD4 tau residues 275-291(de Silva et al. 2003)) (8A11 an 

uncharacterised section of tau exon 10 (Croft et al. 2018)). Within either the 

highly defined epitope of RD4 or exon 10 of tau there are five known sites of 

post-translational modification (residues N279, K280/281 and S285/289) 

(Figure 3.3). it is interesting to note, that RD4 and 8A11 were generated with 

a form of the peptide (RD4) or tau MTBR (8A11) that was not post 

translationally modified. It is likely that any antibodies (raised to the non-PTM 

epitope) would demonstrate reduced sensitivity or no binding in the presence 

of these PTMs. It was therefore very important when designing peptide 

immunogens for the purpose of this study to ensure that the peptide was not 

in a region of tau exon 10 that contained post translational modifications.  

Residues 290-305 of tau was identified as a suitable region for targeting. In 

addition, it was also of vital importance to consider the potential for cross-

reactivity to other repeat regions of the tau MTBR. It was decided that the 

region conferring the most differences and contain no PTMs was tau residues 

294-302 (Figure 3.3) (4R specific peptide TE10). However, it is worth 

highlighting that this region had only two amino acid differences to other 

potentially cross-reactive epitopes within tau (e.g. residues 294 and 298) 
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(Figure 3.3 and Table 3.2). Taken together, these aspects highlight the 

challenge for the antibody discovery section of this project. 

Comparatively speaking, the design of a peptide epitope to confer 3R tau 

specificity was straightforward as there is only one possible epitope to 

consider, i.e. the boundary between tau exons 9 and 11 only present in 3R tau 

(Figure 3.2). This peptide epitope contains five unique residues which are 

different to other regions of the tau MTBR and as such were essential for 

conferring 3R tau specificity (tau residues 269, 274, 298, 299 and 302) (Figure 

3.2 and Table 3.2). This observation potentially accounts for the relative ease 

with which previous attempts to produce a 3R specific antibody (RD3 (de Silva 

et al. 2003)) have proven more successful than a 4R specific antibody.  

Given the specificity profiles desired for these antibodies, it was felt an 

immunisation-based approach would be most appropriate. As previously 

discussed, (1.2.2 Monoclonal antibody discovery technologies), in vitro 

selection technologies such as phage display can generate high quality 

antibodies with good specificity profiles. However, they generally represent the 

naïve repertoire of humans. As such the antibodies are generally of lower 

affinity and have a higher tendency for poly-reactivity (Jain et al. 2017; Kaleli 

et al. 2019). An immunisation-based approach would therefore allow the 

immune repertoire to be focussed with high specificity on the peptide epitopes 

that had been designed.  Given the specificity profiles required, it was likely 

that these antibodies would be rare within the immune repertoire and that the 

majority of antibodies would show total tau reactivity (shown to be the case 

during the secondary screening Figure 3.11). It was therefore felt that 

hybridoma would not be an appropriate screening tool due to the inefficiencies 
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with the hybridoma fusion process (X. Yu et al. 2008).   The best methodology 

for finding antibodies with such profiles was determined to be a B-cell culture 

technique as this allowed for a thorough interrogation of the immune repertoire 

via screening of large panels of peptide reactive antibodies followed by 

secondary screens such as ELISA for full length tau specificity. Then only 

isoform-specific B-cells can be isolated and cloned to enable the rapid 

generation of a panel of candidate monoclonal antibodies. Further screening 

and characterisation of recombinant antibodies through a range of assays 

resulted in the discovery of VR7081 (3R specific) and VR7082 (4R specific) 

anti-tau antibodies (3 Generation and characterisation of 3R and 4R tau 

specific monoclonal antibodies) 

 

The second important factor in addressing my central hypothesis was to 

establish a high throughput assay for mitochondrial membrane polarisation in 

neuronal cells and correlate mitochondrial membrane polarisation with 3R and 

4R tau expression levels. It was also highly desirable to address this 

relationship at the population level (to ensure consistency with previous data 

in this field using alternative reagents (Esteras et al. 2017)), but also at the 

single cell level which has not previously been achieved.  A flow cytometry 

assay was designed and established that allowed for assessment of 

mitochondrial membrane polarisation levels and multiparameter staining for 

3R/4R tau levels in cells that were confirmed neurons (via β-III-tubulin staining) 

(4.2.1.1 Assay design). Flow cytometry-based assays are not common in 

neuroscience research, where cell morphology or cellular localisation often 

plays an important role in the underlying biology. However, flow cytometry has 
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proved useful previously in identifying neuronal subpopulations for gene 

expression analysis (Bennett et al. 2016; Lang et al. 2019) or identification and 

sorting of neuronal stem cells directly from human CNS tissue (Uchida et al. 

2000). My research again provided an opportunity to highlight the power of this 

technique as it allowed highly multiplexed analysis at both the population level 

and the single cell level. Something that generally is not possible to achieve 

via more commonly used imaging techniques due to laser configuration and 

long neuronal processes (previously discussed 4.2.1.1 Assay design).  

Another interesting application for flow technology is in the culture and analysis 

of difficult to differentiate neuronal subtypes. In this setting, previously 

established cellular markers (Menon et al. 2014) could then be used to achieve 

purer inductions or exact ratios of different neuronal subtypes for building more 

representative co-culture systems.  

 

To establish if 4R tau was driving hyperpolarisation of mitochondrial 

membranes a VR7082 degrabody provided an opportunity to specifically 

degrade 4R tau in neurons. I was able to successfully generate a 4R specific 

degrabody by re-formatting VR7082 my 4R specific IgG to an scFv (5.2.1.2 

Generation of scFv intrabody from VR7082 rabbit IgG). I have shown that 

this degrabody was capable of degrading 4R tau whilst leaving 3R tau levels 

unchanged, both in a tau overexpression HEK-293F cell line (Figure 5.5 and 

Figure 5.6) and most importantly in iPSC-derived neurons (Figure 6.1).  It is 

interesting to note that in the iPSC-derived neurons (with endogenous levels 

of tau) 4R tau appears to be decreased to a level below the limit of detection 

for the Peggy Sue Simple Western assay (Figure 6.1), compared to the over 
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expression systems in HEK-293F cells where only up to a maximum 50% 

protein knockdown was achieved (Figure 5.5 and Figure 5.6). This highlights 

the critical importance of testing such technologies under physiologically 

relevant conditions, as the protein expression rate and turnover plays a very 

important role in the effectiveness of all knockdown technologies (as 

previously discussed 1.3 Protein knock down technologies).  

When combined with previously established iPSC-derived neuronal 

technology (Shi et al. 2012; Takahashi et al. 2007a; Verheyen et al. 2018) 

these novel reagents, assays and technologies enabled me to address my 

central hypothesis, i.e. in neurons containing a 10+16 MAPT splice mutation 

excess 4R tau causes increased polarisation of mitochondrial membranes. 

 

Utilising HEK-293F cells overexpressing tau, I was able to demonstrate a 

correlation between 4R tau levels and mitochondrial membrane polarisation 

(R2 - >0.93, P - <0.0266) (Figure 4.3). Once this assay was established and 

applied to iPSC-derived neurons, I was able to further validate my hypothesis 

in a relevant cell system. In iPSC neurons, I demonstrated a direct correlation 

between 4R tau levels and mitochondrial membrane polarisation (R2 = 0.9, P 

= <0.0001) (Figure 4.4) at the population level for the first time. I was also able 

to demonstrate this correlation at single cells level within a neuronal induction 

(R2 – >0.84, P = <0.0001) (Figure 4.5). Finally, I was able to add further weight 

to my hypothesis by demonstrating that removal of 4R tau from iPSC-derived 

neurons was sufficient to statistically significantly reduce mitochondrial 

membrane polarisation levels in 10+16 biallelic MAPT mutant neurons. 
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Furthermore, in 10+16 monoallelic MAPT mutant neurons, it was sufficient to 

restore WT levels of mitochondrial membrane polarisation in mutant cells 

(Figure 6.2).  

Together, this data highly supports my hypothesis, that excess 4R tau causes 

increased mitochondrial membrane polarisation in iPSC-derived neurons with 

a 10+16 MAPT splice mutation.  

It would also be interesting to utilise the 4R tau degrabody in the context of 

other phenotypes that have been described as associated with MAPT 

mutations in neurons. For example, an N279K MAPT mutation was 

demonstrated to cause an increase in 4R tau and disruption of anterograde 

trafficking of mitochondria and cellular vesicles within axons iPSC-derived 

neurons (M. Iovino et al. 2015; Wren et al. 2015). It would be interesting to 

perform single axonal trafficking experiments (using Xona microfluidic axonal 

isolation chips) to see if anterograde trafficking could be restored in the 

presence of the 4R tau degrabody.  

It has previously been demonstrated at the population level that the MAPT 

mutant neurons with hyperpolarised mitochondrial membranes also have an 

increase in reactive oxygen species (Esteras et al. 2017). It would be 

interesting to perform similar studies to those presented in this work to 

correlate the ROS levels with 4R tau levels and look for a potential restorative 

effect of 4R tau degradation.  However, this could prove technically 

challenging as ROS assays generally require intact cell membranes making 

intracellular antibody staining extremely difficult. However, it might be more 

interesting and disease relevant to look to measure the downstream effects of 
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increased ROS within neurons compared with 4R tau levels. This could be 

achieved via assaying for ROS induced DNA damage as previously described 

in cancer (Srinivas et al. 2019) and neurodegeneration (Nissanka and Moraes 

2018) or ROS induced cell death such as autophagy (Chen et al. 2008). As 

the neurons in this study are still fetal it would be interesting to understand if 

they were showing signs of ROS damage at such an early stage or if/at what 

time this arises later in their development.  

These results should also be considered in the wider context of a developing 

human brain. As previously discussed postnatal neurons express both 3R 

and 4R tau in equal amounts (M Goedert et al. 1989a). This indicates that it 

appears postnatally 4R tau expression (when balanced with 3R tau 

expression) is not sufficient to drive neurodegeneration. However, excess 4R 

tau expression as demonstrated in FTDP17 causes early onset 

neurodegeneration in patients this implies tau proteostasis is incredibly 

important in retaining neuronal health. It also raises the interesting question 

that there could be further cellular mechanisms of control in place to maintain 

the balance of 3R and 4R tau 4R tau levels.  

It would be interesting to understand how dynamic the ratio of tau isoforms is 

in postnatal neurons. Working together with 3R tau, 4R tau is required to 

stabilise axonal microtubules. However, these interactions have been shown 

to be fluid to allow for cytoskeletal reorganisation as neurons and neuronal 

projections grow (Derisbourg et al. 2015; Drubin et al. 1984). Given the direct 

link between 4R tau and early markers of neurodegenerative disease 

(demonstrated by my work and others), it would be interesting to understand 

if the levels of 4R tau at a single cell level showed any correlation with the cell 
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cycle. As one might hypothesise, younger neuronal progenitors still within the 

neuronal cell cycle have less 4R tau to allow for the dynamic restructuring 

associated with the lower affinity of 3R tau for microtubules (M. Lu and Kosik 

2001). However, when they enter a quiescent state (as they are found in 

mature differentiated neurons (Frade and Ovejero-Benito 2015)) 4R tau may 

be required at higher levels to ensure stabilisation of the cytoskeleton in long 

axonal processes.  

Given the potential role of 4R tau in neurodegenerative disease (demonstrated 

in this work and observed in several tauopathies (Takanashi et al. 2002)), it 

might be prudent to consider the possibility of a negative feedback loop for 4R 

tau expression that might control the phenotype observed in my and other 

studies. It is well established that cellular stress such as heat shock or ethanol 

toxicity can regulate alternative splicing (Pleiss et al. 2007; Shi and Manley 

2007). There is also evidence that oxidative stress can alter the alternative 

splicing of pre-mRNA (Disher and Skandalis 2007; Dutertre et al. 2011; 

Fontana et al. 2017; Kohlgruber et al. 2017; Takeo et al. 2009). Finally, it has 

also been suggested (in neurons) that oxidative stress from mitochondrial 

damage results in changes in alternative splicing (Maracchioni et al. 2007). 

Specifically resulting in an increase in exon skipping and higher levels of 

smaller isoforms (Maracchioni et al. 2007). It is worth noting that tau/MAPT 

were not included in the aforementioned study but if such a theory held true 

this would result in increased 3R tau levels. It is therefore interesting to 

postulate the possibility that if 4R tau levels in postnatal neurons become 

increased (to such a level as to induce excess mitochondrial membrane 

polarisation and ROS production) that the subsequent ROS production could 
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act as a control mechanism for reducing the amount of 4R tau in those cells 

and hence retaining an equal balance of 3R and 4R tau essential for neuronal 

health.   

 

As previously discussed,  hyperphosphorylated tau has been shown to induce 

tau oligomerisation and fibrilization (Iqbal et al. 2013). These 

hyperphosphorylated tau fibrils are a key pathological feature in 

neurodegenerative disease and have been shown to be the driving factor in 

primary tauopathies such as FTLD (Revesz and Holton 2003) and PSP (Koga 

et al. 2017). In addition, hyperphosphorylated tau fibril deposits have been 

shown to correlate with cognitive decline in secondary tauopathies such as AD 

(Arriagada et al. 1992). Whilst tau oligomerisation was outside of the scope of 

this study, it has been demonstrated in iPSC-derived neuronal models of 

10+14 MAPT tauopathy (Fong et al. 2013; Imamura et al. 2016). It has long 

been understood that oxidative stress and tau hyperphosphorylation are key 

drivers of neurodegenerative disease (reviewed extensively (Cioffi et al. 2019; 

Jurcau and Simion 2020; Luque-Contreras et al. 2014)). It has been observed 

more specifically in a primary neuronal model (Zhu et al. 2000) and in a 

transgenic APP/PS1 mouse model of AD (Giraldo et al. 2014) that oxidative 

stress can activate p38 mitogen-activated protein kinase (MAPK). P38MAPK, 

amongst other functions, has a major role in the phosphorylation of tau. 

Furthermore, in the P301S mouse model of tau driven neurodegeneration, it 

is shown that excess ROS caused oxidative stress and mitochondrial 

dysfunction precede tau pathology (Dumont et al. 2011). When taken together 

it is possible that the phenotype I have observed (as an early indicator of ROS 
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induced cell damage) could also be a causative precursor for the more 

traditional hyperphosphorylated tau fibril phenotype observed to be a driver of 

neurodegenerative disease. It should however be noted that a clear 

relationship between ROS induced oxidative stress and hyperphosphorylated 

is yet to be elucidated but it could prove a productive area for future study.   

 

In this thesis, I have demonstrated the ability of a 4R tau degrabody to 

restore a healthy neuronal phenotype from a disease associated 

hyperpolarised mitochondrial membrane. It is important to consider the 

activity of this degrabody in the context of a tau therapeutic entity. It is clear 

that in healthy individuals, 4R tau is present (M Goedert et al. 1989a). 

However, the work presented in this study demonstrates a potential 

pathogenic role of 4R tau in tauopathy (as discussed above). However, 

despite the removal of 4R tau from iPSC-derived neurons at Day 90-100 

being able to restore mitochondrial function to a level comparable with a non-

mutant / non-diseased phenotype (Figure 6.2), it is unclear if removal of all 

4R tau from mature neurons in an in vivo system or patient would have an 

undesirable effect on microtubule stabilisation resulting in toxicity. As such 

establishing if a safe therapeutic window exists for this approach would be an 

interesting topic for further investigation. An interesting way to investigate 

this could be to use CRISPR editing of tau in animal models’ embryos to 

cause exon 10 skipping, hence the animals would only include 3R tau, and 

looking at effects of developing cognition within these animals.  



284 
 

In a therapeutic context, potential toxicity might be limited by the use of an 

inducible system of expression of the 4R tau degrabody only when required. 

For example, upon the production of excess ROS from hyperpolarised 

mitochondrial membranes. Such a technology would likely be challenging to 

develop as a therapy, as there are many possible reasons for increased ROS 

in cells that are not 4R tau related. However, oxidative stress-inducible 

promoters have been reported in the literature for gene therapy (Hurttila et al. 

2008). Alternatively, it might be more effective to use an inefficient E3 ligase, 

low level degrabody promoter or increasing the degrabody turnover so that 4R 

tau levels were decreased but not completely eliminated in the cells. It is 

interesting to consider that the epitope of the degrabody presented in this 

thesis would allow for binding to MTBR bound 4R tau. It has been 

demonstrated that the residues crucial for the interaction of 4R tau with α-

tubulin is K294 and K298 (Barbier et al. 2019) both of which are key residues 

for determining the specificity of the 4R tau specific degrabody presented in 

this work. This could be advantageous for a 4R tau degrabody therapy as only 

excess soluble 4R tau would be degraded rather than “stripping” 4R tau from 

stabilised microtubules.  

A 4R tau degrabody approach is somewhat supported by the success of a total 

tau ASO in mouse models. This ASO has demonstrated resolution of tau 

pathology, reduction in neuronal loss, increased mouse survival rates and 

reversion of pathological tau seeding in the P301S mouse model (DeVos et 

al. 2017). This indicates that by reducing total tau levels (but likely not 

completely removing all tau) in an aggressive mouse model of 

neurodegeneration that a therapeutic effect can be observed. This ASO is 
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currently in clinical development in AD 

(https://www.alzforum.org/therapeutics/biib080). Secondly, Arvinas are also 

perusing a therapeutic tau PROTAC that they claim eliminates more than 95% 

of pathogenic tau protein in the brain of the P301L mouse model of tauopathy, 

following peripheral administration. (https://ir.arvinas.com/news-

releases/news-release-details/arvinas-present-preclinical-tau-directed-

protacr-protein). It should be noted I cannot (at the time of writing) find any 

peer reviewed articles to describing their findings although the data recently 

presented at the Alzheimer’s Association meeting from July 2019 appears to 

support their claims above (https://s3.us-east-1.amazonaws.com/arvinas-

assets.investeddigital.com/scientific-

publications/Arvinas_AAIC_190718b.pdf). Again, this PROTAC is targeted to 

total tau (low molecular weight total tau oligomers) and appears to 

demonstrate that a reduction in tau load is capable of driving a therapeutic 

effect.  

 

It is exciting to see that both a total tau PROTAC and ASO approach are able 

to provide a therapeutic window for the treatment of tauopathies. Both 

approaches will however reduce tau load indiscriminatingly. Given that the 4R 

degrabody presented in this study would represent a more pathogenic 

focussed protein removal route, it might provide an advantage over a total tau 

reduction. It is interesting to see that a total tau degrader can produce a 

therapeutic effect in a mouse model of tauopathy. It will be important to track 

the progress of this molecule into clinical trials to see if proteasome-mediated 

degradation of tau is possible given that ubiquitin based proteasome 

https://www.alzforum.org/therapeutics/biib080
https://ir.arvinas.com/news-releases/news-release-details/arvinas-present-preclinical-tau-directed-protacr-protein
https://ir.arvinas.com/news-releases/news-release-details/arvinas-present-preclinical-tau-directed-protacr-protein
https://ir.arvinas.com/news-releases/news-release-details/arvinas-present-preclinical-tau-directed-protacr-protein
https://s3.us-east-1.amazonaws.com/arvinas-assets.investeddigital.com/scientific-publications/Arvinas_AAIC_190718b.pdf
https://s3.us-east-1.amazonaws.com/arvinas-assets.investeddigital.com/scientific-publications/Arvinas_AAIC_190718b.pdf
https://s3.us-east-1.amazonaws.com/arvinas-assets.investeddigital.com/scientific-publications/Arvinas_AAIC_190718b.pdf
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misfunction and “clogging” has been observed in several neurodegenerative 

diseases (Zheng et al. 2016). This could also prove advantageous for a 

degrabody approach as whilst a PROTAC is largely limited to the ubiquitin-

proteasome it could be achievable to target degrabodies to degrade tau via 

non-ubiquitin proteasome methods or lysosome and autophagosome based 

methods of protein clearance and possibly circumvent any reduced ubiquitin 

proteasome functionality in disease.  

  

When assessing these approaches as therapeutics it is important to consider 

the brain distribution achievable with a given modality. For example, an ASO 

delivered directly into the CSF has shown widespread distribution to the CNS 

and brain (Schoch and Miller 2017). This is not necessarily the case with AAV 

delivered gene therapy which have been shown to mainly transfect cells close 

to the AAV injection site (W. Liu et al. 2016b). This is not an issue for gene 

therapy of secreted proteins (as presented (W. Liu et al. 2016b)). However, it 

is likely that a degrabody would require expression throughout the brain rather 

than just proximal to the injection site. More recently data however has 

indicated that this might not necessarily be the case. As an anti-total tau 

degrabody delivered via AAV gene therapy has been shown to be effective in 

preventing tauopathy in P301S mouse models of tau (Gallardo et al. 2019). 

This indicates that AAV delivery of a 4R degrabody might provide sufficient 

brain exposure to see a therapeutic effect. Again, it should be noted this work 

was carried out in a mouse where the physical size of the brain (and hence 

the area requiring exposure) is a lot smaller, and as a percentage, a larger 

portion is proximal to the AAV injection site. Although outside of the scope of 
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this work it would be extremely interesting and exciting to see if the 4R specific 

degrabody presented in this work was able to create a therapeutic effect in an 

in vivo setting. 

 

Overall, this project has proved highly successful and the findings have helped 

extend the understanding of the role of tau. I was able to generate novel and 

useful anti-tau reagents and prove my central hypothesis; that in neurons 

containing a 10+16 MAPT splice mutation excess 4R tau causes increased 

polarisation of mitochondrial membranes. The work in this study will hopefully 

provide a basis to further investigate the role of 4R tau in disease and 

ultimately may help the development of therapeutic interventions for 

tauopathies in the future.  
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