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Summary 

 
Alzheimer’s disease (AD) is the most common form of dementia, accounting for 60-

70% of cases. Genome-wide association and genetic meta-analysis studies have 

identified several risk genes linked with late onset AD, a major one being triggering 

receptor expressed on myeloid cells 2 (TREM2). Variants of TREM2 have been 

associated with partial loss of function, such as impaired ligand binding and reduced 

microglial inflammatory responses, and recent studies have demonstrated a key role 

for TREM2 in microglial modulation in the healthy brain and in AD. However, 

conflicting results in the literature indicate that the role of TREM2 is more complex 

than once thought, and a better understanding of the functions and relevance of 

TREM2, and its soluble counterpart, is necessary to further the knowledge of AD 

pathogenesis and identify potential therapeutic targets.  

 

There is currently a lack of reliable commercial anti-TREM2 antibodies that can detect 

and modulate TREM2 in human and animal systems. This thesis describes the 

production and characterisation of a panel of monoclonal and polyclonal antibodies 

raised against human and mouse TREM2. Of these antibodies, a complementary pair 

was selected and optimised for the establishment of an in-house ELISA for the 

detection of soluble TREM2 in human samples. This assay was used to analyse a 

cohort of AD and mild cognitive impairment (MCI) patients alongside age-matched 

controls, where sTREM2 levels were found to positively correlate with age, but not 

clinical status. Novel antibodies were also generated against peptides representing 

the two most common TREM2 variants associated with increased susceptibility to 

AD; R47H and R62H. 

 

Overall, this thesis discusses the characterisation and application of the generated 

anti-TREM2 antibodies and demonstrates their future potential for use in functional 

assays. 
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1 Introduction 
 

Recent genomic studies have identified several genes associated with an increased 

risk of Alzheimer’s disease. This project aims to investigate one such gene, which 

encodes triggering receptor expressed on myeloid cells 2 (TREM2), by generating 

antibodies against the encoded protein in order to explore its binding and distribution 

properties. This chapter will introduce the main aspects of the disease, the 

characteristics and proposed functions of TREM2 and the production of monoclonal 

antibodies. 

 

 

1.1 Alzheimer’s Disease 
1.1.1 Pathology of Alzheimer’s Disease 
Dementia affects ~850,000 people in the United Kingdom (UK) and almost 50 million 

worldwide and numbers are increasing year-on-year (Prince et al., 2014; World 

Health Organisation Dementia Fact Sheet, 2017). Dementia care costs around £34 

billion a year in the UK, posing a challenge both on an economic and public health 

level (Wittenberg et al., 2019). Alzheimer’s disease (AD) is the most common form of 

dementia, responsible for almost two-thirds of dementia cases in the UK (Holtzman 

et al., 2011; Prince et al., 2014). The disease that became known as AD was first 

described in 1906 by the German physician, Alois Alzheimer; he documented a 5-

year study of his patient, Auguste D, who suffered from disorientation, worsening 

memory loss and delusions. After her death, he studied her brain and described brain 

shrinkage and the presence of the plaques and tangles now considered the 

pathological signatures of AD (Alzheimer, 1907; Stelzmann et al., 1995). As this index 

case showed, AD is characterised by a gradually progressive cognitive decline and 

has devastating personal and socioeconomic implications. There is currently no cure 

for AD, and while current treatment options aim to make symptoms more 

manageable, they do not stop disease progression (Hermann et al., 2011). 

 

The main neuropathological hallmarks of AD are the extracellular aggregations of 

amyloid-β (Aβ) peptides, which can result in plaque formation over time, and the 

intracellular formation of neurofibrillary tangles (NFTs) of hyperphosphorylated 

microtubule-associated protein tau (p-tau). These highly insoluble structures can 

cause neuronal damage and disrupt synaptic signalling, resulting in impaired memory 
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and cognition (Terry et al., 1991; Mandelkow and Mandelkow, 1998). This 

accumulation of Aβ and tau proteins can precede clinical symptoms by several years, 

emphasising the importance of early therapeutic intervention in AD (Bateman et al., 

2012; Beason-Held et al., 2013).  

 

The exact mechanism and sequence of how amyloid and tau interact has not been 

fully elucidated, but several animal studies support an initiating effect by Aβ plaque 

deposition of damaging proximal synapses (Koffie et al., 2009; Zempel et al., 2010; 

Spires-Jones and Hyman, 2014). This may evoke the activation of brain cells, such 

as astrocytes and microglia, to aid in the clearance of damaged synapses (Paresce 

et al., 1996; Wyss-Coray et al., 2003). But as Aβ continues to accumulate and as 

synaptic damage increases, the overactivation of these glial cells can lead to 

abnormally increased levels of inflammatory mediators (Ranaivo et al., 2006; 

Fleisher-Berkovich et al., 2010), provoking hyperphosphorylation of tau protein and 

thus triggering axonal loss and neurodegeneration (Howlett et al., 2008). A recent 

study on human subjects supported the findings in animal studies by demonstrating 

an association of Aβ with synaptic damage and memory impairment at early stages 

of disease, and an association of tau with axonal damage and cognitive decline at 

later stages (Pereira et al., 2021). Further work is required to confirm these findings 

in humans and to better define the interaction between the two proteins and to 

investigate the relative role of their soluble versus aggregated forms. 

 

1.1.2 Brain Homeostasis and Neuroinflammation 
Brain homeostasis involves the intake of nutrients from the periphery to meet the 

energy demands of the brain and the clearance of waste products back into the 

circulation (Cheng and Haorah, 2019). As in other organs and systems, acute 

inflammation plays a protective role in the brain, defending against infection and 

disposing of waste products; immune homeostasis in the brain is maintained through 

the function of neurovascular barriers and a host of neuronal and glial cells, such as 

microglia, which play a central role in neuroinflammation as described further below.  

 

1.1.2.1 The Blood-Brain Barrier 

The blood-brain barrier (BBB) comprises an endothelial membrane with tight 

junctions, supported by astrocytes and vascular pericytes (Ueno et al., 2016). This 

acts as a selectively permeable barrier that separates the central nervous system 

(CNS) from the peripheral environment and plays a key role in CNS homeostasis by 
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controlling the transfer of cells, nutrients and waste products into and out of the brain 

(Abbott et al., 2006).  

 

Vascular dysfunction and BBB disruption have been linked to AD and other 

neurodegenerative diseases (Toledo et al., 2013; Arvanitakis et al., 2016), and 

changes in vascular biomarkers have been reported, suggesting an early disruption 

of the vascular system during LOAD progression (Iturria-Medina et al., 2016). 

Breakdown of the BBB leads to increased permeability, allowing the passage of 

immune cells and inflammatory components from the periphery into the brain. The 

accumulation of albumin and other serum proteins can also contribute to brain 

oedema and increased levels of thrombin can mediate neurotoxicity (Mhatre et al., 

2004; Zlokovic, 2011). Together, these events can provoke astrocytic and microglial 

responses, increasing the inflammatory state in the brain and contributing to Aβ 

accumulation and neuronal damage, including the formation of toxic tau tangles 

(Abbott et al., 2006; Shlosberg et al., 2010; Sweeney et al., 2015; Sweeney et al., 

2018). Several factors can affect BBB integrity, including inflammation and trauma, 

which can lead to an influx of immune cells that generate reactive oxygen species 

and pro-inflammatory cytokines (Tomkins et al., 2008; Shlosberg et al., 2010); in the 

context of AD, both tau tangles and Aβ deposits have been suggested to contribute 

to further loss of BBB integrity (Hartz et al., 2012; Blair et al., 2015). 

 

1.1.2.2 Microglia in the Healthy and AD Brain 

Microglia are the resident macrophages in the brain, they constitute between 5 and 

15% of the cells in the CNS (Lawson et al., 1990; Mittelbronn et al., 2001; Pelvig et 

al., 2008) and are important regulators of brain development and homeostasis. 

Microglia derive from the yolk sac during embryonic development (Ginhoux et al., 

2010) and have a unique phenotypic signature that differentiates them from other 

myeloid cells in the CNS in both humans and mice (Butovsky et al., 2014). In the adult 

brain under physiological conditions, microglia have a homeostatic and immune-

surveillant role, dynamically presenting highly branched processes to patrol the 

microenvironment over a restricted region and aid in the recognition and clearance of 

cellular debris (Nimmerjahn et al., 2005). If brain homeostasis is disrupted, microglia 

adopt an activated phenotype characterised by a more amoeboid morphology (Figure 

1.1) and increased phagocytic activity to respond to foreign matter or injury (Paolicelli 

et al., 2011; Kettenmann et al., 2013). Microglial morphology is not limited to these 

two states and includes a range of changes, which give a limited insight into their 

actual functional change (Stence et al., 2001; Heindl et al., 2018).  
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Figure 1.1 – Resting and activated microglial morphologies. 
Microglia maintain a ramified morphology for immune surveillance under physiological 
conditions in the brain. Microglia adopt an amoeboid shape if homeostasis is disrupted and 
are recruited to the site of injury or inflammation and display increased phagocytic activity. 
Created by BioRender.com. 
 

 

The activation of microglia and astrocytes, known as microgliosis and astrogliosis 

respectively, were initially noted in plaque-containing brain tissue by Alois Alzheimer 

and were thought to be consequences of the disease (Alzheimer, 1907). However, 

later studies suggested that cytokines released by activated glial cells could 

contribute to cell damage, amyloid deposition and neuroinflammation (Griffin et al., 

1989; Heneka et al., 2005), raising the question of whether gliosis is a cause or 

consequence of AD. 

 

Astrocytes are involved in brain homeostasis, they also provide trophic support to 

neurons and maintain synapses (Pfrieger and Barres, 1997). The nature of cross-talk 

between astrocytes and microglia can affect neuronal survival in brain injury and 

neuroinflammation (Matejuk and Ransohoff, 2020). Recent studies demonstrated that 

microglia activated using lipopolysaccharide (LPS) or adenosine triphosphate (ATP), 

led to the activation of recipient astrocytes (Drago et al., 2017; Liddelow et al., 2017). 

Further investigation implicated the role of cytokines, interleukin (IL)-1α, tumor 

necrosis factor (TNF)-α, and complement component C1q, in inducing astrocyte 

reactivity. The reported neurotoxic effect of these activated astrocytes in addition to 

their detection in human neurodegenerative tissue (Liddelow et al., 2017) 

demonstrate the relevance of microglial-astrocytic interaction in AD.            

 

Both amyloid precursor protein (APP) and its derivative amyloid peptides can activate 

microglia (Meda et al., 1995; Barger and Harmon, 1997), and clustering of activated 

microglia around amyloid plaques has been observed in the human AD brain (Dickson 

et al., 1988; Mattiace et al., 1990). In transgenic AD mouse models overexpressing 
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APP, activated microglia were shown to surround plaques and take up Aβ peptides, 

suggesting that Aβ plaque formation drives the activation and recruitment of microglia 

to the plaque site where they clear or limit amyloid deposition (Paresce et al., 1996; 

Herber et al., 2007; Bolmont et al., 2008; Meyer-Luehmann et al., 2008; Zhao et al., 

2017). While this initially lends activated microglia a neuroprotective role, chronic 

activation can have detrimental effects due to excessive secretion of inflammatory 

mediators and decreased phagocytic capacity, resulting in the accumulation of Aβ 

and neuronal injury (Meda et al., 1995; Sheng et al., 1998; Hickman et al., 2008). 

 

1.1.2.3 Synaptic Pruning 

During the early years of brain development in humans, and early weeks in mice, 

neurons develop an excess of synapses, which are brain structures that allow signal 

transmission between neurons. A subset of these synapses is matured and 

maintained to establish optimal brain circuitry, while the rest are removed; this 

process is known as synaptic pruning (Hua and Smith, 2004). Microglia and 

astrocytes play a key role in this elimination of unwanted synapses (Nimmerjahn et 

al., 2005; Paolicelli et al., 2011) and studies have suggested that interactions with the 

classical complement system proteins, C1q and C3, (Stevens et al., 2007; Schafer et 

al., 2012) and other immunologically relevant candidates, such as the microglial 

chemokine receptor CX3CR1 (Paolicelli et al., 2011) and Major Histocompatibility 

Class (MHC) molecules (Lee et al., 2014), can contribute to this mechanism. 

 

Synapse loss during development is a physiological process necessary for proper 

brain function; however, synaptic loss in later life can contribute to disease.  In AD, 

synapse loss correlates strongly with cognitive decline in the early stages of the 

disease process (DeKosky and Scheff, 1990; Scheff et al., 2006; Goetzl et al., 2016). 

Mucke et al. (2000) demonstrated that Aβ peptides are synaptotoxic, independent of 

amyloid plaque presence. A role for complement in this process was suggested by 

studies investigating complement (C1q and C3)-deficient AD mouse models; these 

showed reduced synapse loss compared to complement-sufficient AD models 

(Fonseca et al., 2004; Wu et al., 2019). The focus of this project, TREM2, has also 

been implicated in synapse loss, as will be discussed later in this chapter; microglial 

expression of TREM2 in animal models was shown to regulate synaptic refinement 

by astrocytes (Filipello et al., 2018; Jay et al., 2019). This inappropriate synaptic 

elimination, complement activation and chronic activation of microglia around amyloid 

plaques could account for the neurodegeneration and cognitive dysfunction that are 

characteristic of AD. 
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1.1.3 Genetics of Alzheimer’s Disease 
The rare familial forms of AD affect middle-aged individuals and are caused by single 

genetic mutations either in the APP gene, the precursor to Aβ, or in presenilin 1 and 

2 (PSEN1, PSEN2), both components of the γ-secretase complex that is involved in 

generating Aβ from APP (Kang et al., 1987; Levy-Lahad et al., 1995; Rogaev et al., 

1995; Sherrington et al., 1995). APP can be processed via amyloidogenic and non-

amyloidogenic pathways that normally co-exist in equilibrium (Martorana et al., 2015). 

Aβ are 38-42 amino acid peptides that are produced as a result of sequential cleavage 

of APP and its carboxyl-terminal fragment β (CTFβ) by-product (Figure 1.2). 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1.2 – Amyloidogenic and non-amyloidogenic APP processing pathways. 
APP processed by α-secretase in the non-amyloidogenic pathway results in the generation of 
soluble APPα (sAPPα) and carboxyl-terminal fragment α (CTFα), the latter is cleaved by γ-
secretase to P3 peptide and APP intracellular domain (AICD). The amyloidogenic pathway 
involves β-secretase processing of APP into sAPPβ and CTFβ, which in turn undergoes 
sequential γ-secretase cleavage into AICD and Aβ. Modified from Sun et al. (2015), Silva et 
al. (2019), created by BioRender.com. 
 

 

Aβ monomers can exist in physiological conditions, but oligomeric aggregation into 

plaques can lead to neuronal degeneration (Martorana et al., 2015). The mutations 

associated with familial AD impact the way APP is cleaved and processed, resulting 

in increased levels of the Aβ42 peptide relative to the normally predominant Aβ40 

peptide, the former is longer and more prone to aggregation (Iwatsubo et al., 1994; 

Scheuner et al., 1996). 

 

Late onset AD (LOAD) is the most common form of AD; it occurs sporadically in older 

individuals, rarely before 65 years and usually much older (Hebert et al., 1995). Age 
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is the strongest risk factor in this multifactorial disease (Jorm et al., 1987; Ritchie and 

Kildea, 1995), and the role of genetics is highly complex. The strongest known genetic 

risk factor for LOAD is apolipoprotein E (APOE), which is involved in lipid transport 

and cholesterol homeostasis (Corder et al., 1993; Karch and Goate, 2015). It has 

three polymorphic alleles: ε2, ε3 and ε4. While the ε2 allele appears to be protective, 

studies have shown that carriers of one ε4 allele have a 3-4-fold increased risk of AD 

and carriers of two ε4 alleles have a 12-fold increased risk of AD compared to ε3 

homozygotes (Corder et al., 1993; Strittmatter et al., 1993). 

 

To date, approximately 30 genetic risk loci have been associated with AD through 

genome-wide association studies (GWAS) and subsequent genetic meta-analysis 

studies (Bertram et al., 2008; Harold et al., 2009; Hollingworth et al., 2011; Naj et al., 

2011; Lambert et al., 2013; Mäkelä et al., 2018; Marioni et al., 2018; Jansen et al., 

2019; Kunkle et al., 2019). Several of the key risk variants identified are involved in 

neuroinflammation and regulation of the innate immune response (Gagliano et al., 

2016; Sims et al., 2017). Among these is the triggering receptor expressed on myeloid 

cells 2 (TREM2); several polymorphisms in TREM2 have been linked to AD, these 

will be described in more detail later in this chapter. 

 

Complement components clusterin, also known as apolipoprotein J (ApoJ) and 

complement receptor 1 (CR1) were also identified in these studies, adding to the 

evidence of a key role for immune dysregulation in AD (Harold et al., 2009; Lambert 

et al., 2009). Similarly to ApoE, clusterin is known for its involvement in lipid transport 

and metabolism (de Silva et al., 1990; Jenne et al., 1991), and its recent association 

with AD risk further highlights the importance of lipid metabolism in AD pathology, as 

will be discussed further in this chapter. 

 

1.1.4 Non-Genetic Risk Factors for Alzheimer’s Disease 
Apart from age, other non-genetic risk factors can play a role in AD development. The 

incidence of AD is higher in women than in men, likely due to differences in longevity 

and mitochondrial biology (Viña et al., 2010). Lifestyle factors, such as smoking and 

physical activity, are also associated with a higher risk of developing AD (Alzheimer’s 

Association, 2014).  

 

The occurrence of comorbidities before or during AD can affect the status and 

progression of disease. Vascular dysfunction, as previously mentioned, in addition to 

cardiovascular risk factors, such as hypertension and dyslipidaemia, have all been 
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associated with AD (Petrovich et al., 2000; Toledo et al., 2013). Biessels et al. (2006) 

reviewed a range of longitudinal studies and reported a high risk of AD in type 2 

diabetes patients, proposing that alterations in the metabolism of amyloid, insulin and 

glucose may be involved. The consideration of these risk factors is a necessary step 

during the interpretation of results from human AD studies. 

 

1.1.5 Biomarkers of Alzheimer’s Disease 
While diagnostic criteria for AD are mainly based on cognitive examination and 

identification of relevant clinical symptoms, the detection of biomarkers that reflect the 

neuropathological changes in AD increase the likelihood of diagnosing the disease at 

an earlier stage and differentiating it from other types of dementia (Biagioni and 

Galvin, 2011). Biomarkers can be used for risk prediction and the identification of 

individuals susceptible to disease, as well as for diagnostic screening and monitoring 

of disease progression (Mayeux, 2004). A good biomarker should demonstrate high 

sensitivity and specificity for AD compared to other dementia forms. It should also 

reflect the brain pathophysiology in AD and show reproducibility across different 

laboratories (Mayeux, 2004; Humpel, 2011).   

 

1.1.5.1 Imaging Biomarkers 

The use of imaging biomarkers to measure amyloid pathology and 

neurodegeneration is an important part of diagnosing and understanding the 

mechanisms behind AD. Aβ measurement via positron emission tomography (PET) 

imaging can generate information about the pattern of Aβ deposition in the brain, and 

volumetric magnetic resonance imaging (MRI) can measure and monitor the 

progression of neurodegeneration (Zetterberg and Bendlin, 2021). Fluid-based 

biomarkers are also commonly used to identify amyloidosis and detect the presence 

of proteins indicative of neurodegeneration and neuroinflammation.  

 

1.1.5.2 CSF Biomarkers 

CSF levels of Aβ, total tau (t-tau) and p-tau are widely used as established core 

biomarkers of AD. Reduced CSF levels of the Aβ42 peptide are associated with AD 

and indicate the formation of amyloid plaques, but are not a direct measure of amyloid 

plaque load (Jack Jr et al., 2018). Some studies have demonstrated that 

measurement of the Aβ42:40 ratio resulted in improved diagnostic performance 

compared to Aβ42 alone (Janelidze et al., 2016b; Lehmann et al., 2018).  
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Increased levels of CSF tau reflect axonal damage and neurodegeneration, and 

higher t-tau levels have been consistently documented in the CSF of AD patients 

compared to controls (Arai et al., 1995; Blennow et al., 1995). However, as increased 

t-tau levels have also been reported in other neurodegenerative diseases, this limits 

the ability of t-tau to differentiate between AD and other forms of dementia (Otto et 

al., 1997; Green et al, 1999). On the other hand, increased CSF hyperphosphorylated 

tau, p-tau, which is also associated with AD has been shown to differentiate it from 

other types of dementia (Sjögren et al., 2001a; Buerger et al., 2002). P-tau is a main 

component of the filaments that make up neurofibrillary tangles and occurs early in 

AD (Vincent et al., 1998), giving it clinical value as a biomarker to predict the 

conversion of pre-AD cases, such as mild cognitive impairment (MCI) to AD (Buerger 

et al., 2002; Parnetti et al., 2012). 

 

Other biomarkers more recently used in AD studies are neurofilament light chain (NfL) 

and neurogranin. NfL is a neuronal protein that is mainly abundant in axons (Yuan et 

al., 2012), and while increased CSF NfL levels are associated with neurodegenerative 

diseases and are not specific to AD, NfL is a promising biomarker that is indicative of 

axonal damage or neuronal degeneration (Gaiottino et al., 2013; Dhiman et al., 2020). 

Neurogranin is a postsynaptic protein used as a biomarker of dendritic and synaptic 

degeneration (Gerendasy and Sutcliffe, 1997; Tarawneh et al., 2016). Increased CSF 

neurogranin levels have been associated with both AD and MCI patients, indicating 

its usefulness as a biomarker of synaptic pathology in AD (Portelius et al., 2015; 

Wellington et al., 2016). 

 

1.1.5.3 Blood-based Biomarkers 

Due to the invasive and impractical nature of CSF sampling, particularly for 

longitudinal research, several studies have investigated the potential for biomarker 

measurement in blood samples. However, while this can provide a faster, more 

accessible and low-cost method for sample collection, it does pose challenges to data 

analysis and interpretation. Relevant biomarkers may exist at very low levels in the 

blood, unless BBB integrity is compromised. Non-cerebral sources of biomarkers or 

the degradation of biomarkers by blood proteases can both affect the measured 

concentrations providing inaccurate findings, therefore replication and validation are 

important to ensure these contributing factors are considered during analysis 

(Hampel et al., 2018; Zetterberg and Burnham, 2019). 
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In reference to the biomarkers described above, reduced plasma Aβ42 and Aβ42:40 

ratio were observed in AD patients showing positive correlations with levels in CSF 

(Janelidze et al., 2016a, Nakamura et al., 2018). Plasma t-tau levels were reportedly 

higher in AD cases compared to healthy controls, but showed weak or no correlation 

with CSF t-tau (Fossati et al., 2019; Pase et al., 2019, Barthélemy et al., 2020). 

Increased plasma p-tau levels were also observed in AD patients and differentiated 

AD from other neurodegenerative disorders (Karikari et al., 2020), and correlation 

with CSF p-tau levels was demonstrated (Barthélemy et al., 2020; Palmqvist et al., 

2020). Studies also reported increased plasma NfL levels in AD patients compared 

to healthy controls (Gaiottino et al., 2013; Mattsson et al., 2017; Lewczuk et al., 2018) 

and moderate correlation was observed between plasma and CSF levels of NfL in 

MCI and AD patients (Gaiottino et al., 2013; Mattsson et al., 2017; Osborn et al., 

2019). Studies on plasma neurogranin have not been as successful; no correlation 

was observed between CSF and plasma neurogranin (De Vos et al., 2015; Kvartsberg 

et al., 2015), implying its potential as an AD biomarker is limited to CSF. 

 

1.1.5.4 Biomarker Panels 

Utilising a combination of the core biomarkers, described above, can improve the 

diagnostic accuracy in comparison to using individual markers (Mattsson et al., 2016; 

Hampel et al., 2018). Several studies have also investigated the use of large 

biomarker panels, in CSF and blood, to diagnose AD or predict AD conversion from 

MCI. The panels included proteins associated with inflammation, dyslipidaemia or 

neurodegeneration, such as apolipoproteins, cytokines and chemokines, complement 

components and regulators, resulting in models that showed high levels of sensitivity 

and specificity (Ray et al., 2007; O’Bryant et al., 2010; Doecke et al., 2012; Hye et al., 

2014; Morgan et al., 2019). However, this remains an ongoing area of research to 

replicate and validate biomarkers for AD characterisation and prediction of AD 

progression. 

 

The next section will introduce the protein that this project is focused on, TREM2, 

which, in its soluble form, has also been proposed as a potential biomarker for AD. 

These studies will be discussed further, as well as the reported effects of TREM2 on 

microglial modulation and the relevance of its AD-associated risk variants. 
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1.2 TREM2 
1.2.1 TREM2 Expression and Location 
The TREM family comprises a set of cell surface receptors of the immunoglobulin 

variable (IgV) superfamily expressed on a variety of cell types (Bouchon et al., 2000). 

The TREM gene cluster is located on human chromosome 6p21.1 and mouse 

chromosome 17 (Klesney-Tait et al., 2006) and the TREM family receptors share 

homology with each other and with a group of related receptors known as TREM-like 

transcripts (TLTs), listed in Table 1.1, that map to the same area of the genome 

(Washington et al., 2002; Roe et al., 2014). Region 6p21.1 is in close proximity to the 

human leukocyte antigen (HLA) locus, which harbours genes involved in immune 

response modulation and which was previously associated with AD risk via GWAS 

(Lambert et al., 2013). One study recently reported specific haplotypes of the HLA 

classes I and II that may be involved in AD risk (Steele et al., 2017) but the proximity 

of the TREM2 gene may also be a contributing factor to this association.  

 

Gene Species Homology with TREM2 
TREM1 
Trem1 

Human 
Mouse 

32% 
26% 

TREM2  
Trem2 

Human 
Mouse 

Not applicable 
Not applicable 

Trem3 Mouse  29% 
Trem4 Mouse No protein identified 
Trem5 Mouse  No protein identified 
NKp44 Human 28% 
TREML1 
Treml1 

Human  
Mouse 

26% 
28% 

TREML2 
Treml2 

Human 
Mouse 

27% 
27% 

TREML3P Human  
(pseudogene) 

No protein identified 

TREML4 
Treml4 

Human  
Mouse  

25% 
30% 

TREML5P Human  
(pseudogene) 

No protein identified 

Treml6 Mouse  25% 
 
Table 1.1 – Genes located in the human and mouse TREM clusters. 
Genes encoding TREM, TREM-like (TREML) and natural killer p44 (NKp44) located in the 
TREM cluster are listed here, including the species they occur in (Vitale et al., 1998; Chung 
et al., 2002; Allcock et al., 2003; Klesney-Tait et al., 2006; Watarai et al., 2008; Genua et al., 
2014; Roe et al., 2014). Percentage homology relative to TREM2 protein (isoform 1) was 
compiled from the National Center for Biotechnology Information (NCBI): 
https://www.ncbi.nlm.nih.gov. 
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The gene encoding TREM2 is made up of five exons that express a 230-amino acid 

protein (Bouchon et al., 2000; Li and Zhang, 2018). This is expressed on a subset of 

myeloid cells, including osteoclasts, macrophages, granulocytes, dendritic cells and 

microglia, and on tissue outside the CNS, such as the heart, kidney, liver and lungs 

(Schmid et al., 2002; Turnbull et al., 2006; Hickman and El Khoury, 2014; Sharif et 

al., 2014; Jay et al., 2015). The human and mouse proteins are 66% identical and 

76% homologous to each other (Lessard et al., 2018). 

 

Homozygous loss-of-function mutations in the TREM2 gene were first associated with 

Nasu-Hakola disease (NHD), also known as polycystic lipomembranous 

osteodysplasia with sclerosing leukoencephalopathy (PLOSL); a rare disease 

characterised by bone cysts, neurodegeneration and early onset dementia (Paloneva 

et al., 2002). More recently, heterozygous variants of TREM2 were associated with 

increased risk of late onset AD, as will be discussed later in this chapter.  

 

 

1.2.2 TREM2 Signalling 
1.2.2.1 Structure and Ligand Binding 

The full-length TREM2 protein comprises the N-terminus of an immunoglobulin-like 

domain, a transmembrane domain and a cytoplasmic tail lacking a signalling motif; 

there are two N-glycosylation sites in the immunoglobulin domain (Wunderlich et al., 

2013; Thornton et al., 2017). A representation of the domains is depicted in Figure 

1.3; the signal domain (residues 1-18) is removed during protein synthesis and 

maturation, the full length protein begins at residue 19; the enzyme involved during 

processing is not specified in the current TREM2 literature. Crystallography studies 

(Kober et al., 2016) revealed that the structure of the TREM2 extracellular domain 

comprises nine β strands and two α-helix passages (Figure 1.4).  
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Figure 1.3 – Representation of TREM2 domains 
TREM2 comprises an extracellular immunoglobulin-like domain, a transmembrane domain 
and an intracellular domain. The signal peptide represented here is removed during 
processing and the mature protein starts at residue 19. Two N-glycosylation sites (N) are 
present in the extracellular domain, indicated by arrows. Regions are marked by amino acid 
position. Figure modified from Thornton et al. (2017), Li and Zhang (2018); created with 
BioRender.com. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 1.4 – Structure of TREM2 extracellular domain. 
Structure of the TREM2 extracellular domain produced using Molecular Operating 
Environment (MOE) software (Chemical Computing Group) from the crystal structure (eLife, 
2016). Secondary structure colours were used to display the nine β-strands in yellow and one 
of the α-helices in red. Positions of the two most common AD-associated risk variants, R47H 
and R62H, are indicated using the stick display style and can be seen along two of the central 
β-strands. Contributed by Georgina Menzies. 

R47H 

R62H 
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Although the endogenous ligands of TREM2 are not yet identified, in vitro studies 

have shown that TREM2 binds various ligands, including lipids (Cannon et al., 2012), 

microbial products (Daws et al., 2003) and lipoproteins, such as ApoE and clusterin 

(Atagi et al., 2015; Bailey et al., 2015; Yeh et al., 2016). Jendresen et al. (2017) 

reported a TREM2-binding domain in human ApoE, and this interaction is thought to 

facilitate the microglial uptake of Aβ-lipoprotein complexes (Yeh et al., 2016). More 

recently, two studies provided evidence that human and mouse TREM2 can interact 

directly with Aβ oligomers and suggested that this may mediate microglial migration 

and Aβ internalisation and degradation (Lessard et al., 2018; Zhao et al., 2018).  

 

Interestingly, two of the suggested TREM2 ligands, ApoE and clusterin, are also 

among the strongest genetic risk factors for AD. As previously mentioned, ApoE is a 

carrier protein that plays a role in lipid and cholesterol transport and is the strongest 

known genetic risk factor for AD (Corder et al., 1993; Karch and Goate, 2015). 

Clusterin is a chaperone molecule that is also involved in the regulation of brain 

cholesterol and lipid metabolism and in the regulation of the complement system (de 

Silva et al., 1990; Jenne et al., 1991; Tschopp et al., 1993). The non-coding 

polymorphism rs11136000 in the clusterin (CLU) gene has recently been associated 

with AD (Harold et al., 2009) but its exact functional effect remains unknown. Jackson 

et al. (2019) observed increased clusterin in AD brain homogenates and in synapses 

of AD brain compared to control samples. In synapses, this increase was greater in 

ε4 carriers compared to ε3 carriers and was also associated with increased synaptic 

Aβ. Clusterin can bind Aβ (Ghiso et al., 1993; Zlokovic et al., 1996) and, like ApoE, it 

is thought to be involved in the regulation of Aβ deposition (Matsubara et al., 1996; 

DeMattos et al., 2004). 

 

The association of TREM2 with these two ligands indicates it may share a similar 

involvement in lipid metabolism. Ulland et al. (2017) demonstrated that TREM2 

deficiency in an AD mouse model resulted in impaired signalling of mammalian target 

of rapamycin (mTOR), an important regulator of growth and metabolism. This was 

accompanied by a compensatory increase in autophagy, indicative of a defective 

metabolism. Together these results implicate a role for TREM2 in maintaining 

microglial metabolic fitness and suggest that lipid metabolism can account for AD risk, 

perhaps via modulating the response to Aβ deposition. 
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1.2.2.2 Signalling and Function 

Following ligand binding, TREM2 can associate with tyrosine kinase binding protein 

(TYROBP), also known as DNAX-activation protein 12 (DAP12). This is a 12kDa 

protein that forms a disulphide-linked homodimer and associates with TREM2 via 

oppositely charged residues in their transmembrane domains (Bouchon et al., 2000; 

Daws et al., 2003). The cytoplasmic domain of DAP12 contains immunoreceptor 

tyrosine-based activation motifs (ITAMS) that are phosphorylated upon TREM2 

ligand binding to recruit spleen tyrosine kinase (Syk) which in turn initiates 

phosphorylation and the activation of downstream signalling molecules (Takahashi et 

al., 2005), including extracellular signal-regulated kinase (ERK), phosphoinositide 3-

kinase (PI3K) and phospholipase Cγ (PLCγ)-dependent signalling pathways (Figure 

1.5), (Takahashi et al., 2005; Ford and McVicar, 2009; Mócsai et al., 2010).  

 

Functionally, TREM2 on microglia is involved in phagocytosis, proliferation, pro-

inflammatory cytokine secretion and lipid sensing and metabolism (Takahashi et al., 

2005; Hickman and El Khoury, 2014; Wang et al., 2015; Ulland et al., 2017), and more 

recently has been shown to regulate microglial activity, suggesting that TREM2 

expression reduces microglial inflammatory response and thus may have a protective 

role in the brain (Yeh et al., 2016; Jendresen et al., 2017; Zhong et al., 2017; Lessard 

et al., 2018; Zhao et al., 2018).  
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Figure 1.5 – Simplified TREM2 Signalling Pathway. 
Ligand binding causes TREM2 to bind signalling adaptor DAP12, resulting in ITAM 
phosphorylation (P) to recruit Syk. This activates downstream signalling pathways, such as 
ERK, PI3K-AKT and PLCγ-protein kinase C (PKC). Figure modified from Konishi and Kiyama 
(2018), Yao et al. (2019); created with BioRender.com. 

 

 

1.2.3 Soluble TREM2 
1.2.3.1 Shedding of TREM2 ectodomain 

TREM2 is predominantly localised in the Golgi complex and shuttles to and from the 

cell surface (Prada et al., 2006; Wunderlich et al., 2013). In addition to its role as a 

receptor, membrane-associated TREM2 can undergo proteolytic cleavage resulting 

in the release of a soluble form of TREM2 (sTREM2), which can be detected in 

plasma and cerebrospinal fluid (CSF) (Piccio et al., 2008; Kleinberger et al., 2014). A 

disintegrin and metalloproteinase domain-containing protein (ADAM) 10 and 17 have 

both been shown to cleave TREM2 at His157 (Kleinberger et al., 2014; Feuerbach et 

al., 2017; Schlepckow et al., 2017; Thornton et al., 2017). After shedding of the 

extracellular domain, there is a second cleavage step of the remaining C-terminal 

fragment (CTF) by γ-secretase (Wunderlich et al., 2013; Glebov et al., 2016), (Figure 

1.6).  
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Figure 1.6 – Proteolytic cleavage of TREM2. 
Shedding of the TREM2 ectodomain occurs by (A) proteolytic cleavage at amino acid position 
157 to release the extracellular domain, followed by (B) sequential γ-secretase cleavage of 
the transmembrane region resulting in (C) the release of the C-terminal fragment (CTF) and 
intracellular domain (ICD). Figure modified from Schlepckow et al. (2017); created with 
BioRender.com. 

 

The α-secretases ADAM10 and 17 are not limited to TREM2 and are associated with 

several substrates, one of which is APP. ADAM10/17 are key players in APP 

processing and are involved in the release of sAPPα as part of the non-amyloidogenic 

pathway (Endres and Deller, 2017). They have been implicated in AD risk and 

mutations in the ADAM10 prodomain have been reported to shift APP processing to 

favour the amyloidogenic pathway in an AD mouse model (Suh et al., 2013).  

 

Stimulating TREM2 ectodomain shedding was shown to result in increased levels of 

both sTREM2 and sAPPα in HEK293 cells (Schlepckow et al., 2017). How 

ADAM10/17 activity in one protein relates to the other may hint at important 

implications for both processes. Importantly, the H157Y cleavage site of TREM2 

coincides with an AD-associated polymorphism, which has been shown to accelerate 

the ADAM10/17-mediated shedding of sTREM2 resulting in less full length 

membrane-bound TREM2 (Schlepckow et al., 2017; Thornton et al., 2017). This 

could, for example affect the balance between amyloidogenic and non-amyloidogenic 

processing of APP, so investigating polymorphisms in TREM2, APP and ADAM10/17 

relative to their processing outcome could be important in shedding more light on the 

mechanisms involved.  The importance of γ-secretase in the signalling function of 

TREM2 was demonstrated in a study by Glebov et al. (2016); they showed that 

impaired γ-secretase activity led to the accumulation of CTFs in the membrane; this 

resulted in trapping of DAP12 at the membrane and hence less was available to bind 

full length TREM2 leading to reduced signalling. The same group also showed that 
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inhibiting γ-secretase led to a reduced level of TREM2-dependent phagocytosis in the 

murine microglial cell line BV2.  

 

As previously described, γ-secretase is also involved in APP processing. The 

implications of γ-secretase inhibition in reducing TREM2 signalling may reflect the 

functional effect of TREM2 variants, resulting in the same partial loss of function. So 

while γ-secretase inhibition may be a potential strategy to reduce Aβ formation, it may 

have a detrimental effect on TREM2 function in AD. The use of γ-secretase inhibitors 

for the treatment of AD has already shown limitations as, similarly to ADAM10, γ-

secretase is associated with several substrates and this multifunctionality makes it 

difficult to predict the impact of therapeutics targeting these enzymes, unless they can 

be used in a substrate-specific manner (Wolfe, 2014; Endres and Deller, 2017).  

  

The generation of sTREM2 is also associated with alternative splicing of the gene 

resulting in an isoform lacking exon 4, which encodes the transmembrane domain 

(Schmid et al., 2002; Jin et al., 2014). A transcriptional study by Del-Aguila et al. 

(2019) predicted that 20-25% of sTREM2 could be due to the expression of this 

isoform but was unable to confirm this at the protein level as antibody-based tests 

cannot distinguish between proteolytic processing and alternative splicing. 

 

The physiological function of sTREM2 is still unknown. Injection of sTREM2 into 

mouse brain resulted in inflammation and microglial activation (Zhong et al., 2017). 

This could either be due to sTREM2 directly initiating an inflammatory response or 

perhaps more likely acting as a decoy receptor, where it competitively binds TREM2 

ligands and inhibits TREM2 receptor anti-inflammatory function (Piccio et al., 2008, 

Zhong et al., 2017). 

 

1.2.3.2 Soluble TREM2 levels in AD 

Due to its presence in plasma and CSF, sTREM2 may have potential for use as a 

candidate biomarker for AD to indicate microglial dysfunction or neuroinflammation. 

However, more information is required regarding sTREM2 generation and function, 

both in the CNS and the periphery, to better understand the significance of the 

changes in sTREM2 levels observed in biological fluids.  

 

Some studies reported increased sTREM2 in the CSF of AD patients (Heslegrave et 

al., 2016; Piccio et al., 2016), while others have shown decreased or unchanged 

levels (Kleinberger et al., 2014; Henjum et al., 2016). These contradictory results may 
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be linked to technical differences between the studies or differences in the stage of 

disease or types of assays and reagents used. One group that previously reported 

lower sTREM2 levels in AD samples (Kleinberger et al., 2014) carried out a follow up 

study to investigate levels in the AD disease continuum, looking at healthy controls, 

preclinical AD, AD-associated MCI and dementia (Suárez-Calvet et al., 2016). By 

comparing different stages of the disease, they observed significantly higher sTREM2 

levels in MCI compared to the other stages, with the later stage of dementia showing 

levels that were not significantly higher than control groups. A meta-analysis followed 

this study and confirmed that sTREM2 levels pre-AD were consistently higher than in 

AD and control samples, further suggesting that sTREM2 levels may reflect microglial 

activation and disease progression in the early stages of the disease process (Liu et 

al., 2018). 

 

1.2.3.3 Correlations of Soluble TREM2  

Levels of sTREM2 in CSF have been shown to positively correlate with age both in 

healthy controls and in AD patient groups (Piccio et al., 2016; Brosseron et al., 2018). 

Brendel et al. (2017) also observed a similar age dependent increase in sTREM2 

levels in brain homogenates of wild type (C57BL/6) mice with more elevated levels in 

the amyloid mouse model PS2APP.  

 

Associations between sTREM2 levels and core AD biomarkers, tau and Aβ42, were 

also investigated. Studies reported a positive correlation of sTREM2 levels with t-tau 

and p-tau in CSF (Henjum et al., 2016; Heslegrave et al., 2016; Suárez-Calvet et al., 

2016; Brosseron et al., 2018; Suárez-Calvet et al., 2019); however, this could be due 

to the age-dependent increase in both sTREM2 and total tau (Sjögren et al., 2001b; 

Paternico et al., 2012). Conflicting findings were reported for the link between 

sTREM2 and amyloid; some studies reported a positive correlation between CSF 

levels of sTREM2 and Aβ42 in controls but not in MCI and AD patients (Henjum et 

al., 2016; Suárez-Calvet et al., 2016), while other groups found no correlation 

(Heslegrave et al., 2016; Brosseron et al., 2018). 

 

One study recently reported a positive association between plasma sTREM2 and NfL 

in AD and MCI patients (Ashton et al., 2019), and another study in AD patients 

demonstrated that CSF sTREM2 positively correlated with neurogranin (Brosseron et 

al., 2020). Plasma sTREM2 levels were also shown to positively correlate with the 

peripheral inflammation biomarker C-reactive protein (CRP) in AD and MCI patients, 

but CSF sTREM2 levels did not show this association (Bekris et al., 2018). More 
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studies are required to assess the reproducibility of these individual studies, and 

caution must be exercised as differences between CSF and plasma sTREM2 may 

affect the interpretation of experimental findings. Elevated sTREM2 levels in CSF are 

not always reflected in plasma (Bekris et al., 2018; Liu et al., 2018; Ashton et al., 

2019), and since TREM2 expression is not limited to the CNS, BBB integrity may 

result in the diffusion of small quantities of TREM2 from the periphery into the CSF 

(Raha-Chowdhury et al., 2019). 

 

 

1.2.4 TREM2 and Microglial Function 
The recent genetic association of TREM2 with AD, coupled with its expression on 

microglia, initiated several studies investigating the effects of TREM2 on microglial 

function. A phenotypic signature of disease-associated microglia (DAM) was recently 

described by Keren-Shaul et al. (2017), showing increased expression of genes 

related to phagocytosis and lipid metabolism. They reported the localisation of these 

microglia near AD plaques and proposed a two-step process for microglial activation; 

the first involving upregulation of a set of genes including APOE and DAP12, followed 

by a TREM2-dependent step involving upregulation of phagocytic and lipid 

metabolism genes. This was soon followed by a study looking into the mechanisms 

behind this activated form of microglia, which was also termed the microglial 

neurodegenerative (MGnD) phenotype (Krasemann et al., 2017). This group 

suggested a role for the TREM2-ApoE pathway in regulating the switch in microglial 

phenotype from homeostatic to disease-associated and demonstrated that targeting 

the TREM2-ApoE pathway restored the microglial homeostatic state in AD mouse 

models. A recent transcriptomics study, investigating TREM2-sufficient and -deficient 

genotypes in an AD mouse model, showed upregulated DAM-associated genes in 

the wild type compared with the TREM2-deficient model, confirming that this 

phenotypic signature is indeed TREM2-dependent in mice (Zhou et al., 2020). 

Importantly, this group also showed that microglia from the human AD brain, and from 

aged control brain, also display a disease-associated signature, but this is different 

from the DAM signature observed in mouse models. 

 

1.2.4.1 Microglia in TREM2-deficient Mouse Models 

Mouse models are important research tools to understand disease pathogenesis and 

to study the effects of disease-associated mutations. Transgenic and 

knockin/knockout AD models develop pathological characteristics, such as amyloid 

plaques or neurofibrillary tangles, and can display neurodegeneration and cognitive 
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defects, but no one model recapitulates all the features of AD (Hall and Roberson, 

2012; Jankowsky and Zheng, 2017). Different models may develop varying levels of 

disease phenotypes at different rates, depending on factors such as the mutations 

expressed and the genetic variation between background strains (Li et al., 2011; 

Jackson et al., 2015; Neuner et al., 2019). Findings derived from mouse models may 

not always be directly translated to human late onset AD, as this is a polygenic and 

multifactorial disease, but mouse models remain key tools for investigating the effects 

of AD risk genes and providing further information about the mechanisms of AD 

pathogenesis and potential therapeutic interventions (Hall and Roberson, 2012; 

Neuner et al., 2019). 

 

The use of TREM2-deficient mouse models, alone or crossed with AD models 

expressing APP, PSEN1 or MAPT transgenes, provides valuable insight into the 

potential effects of TREM2 on AD pathology. The types of AD mouse models 

mentioned throughout this chapter are detailed in Table 1.2 below, and the 

observations reported in the TREM2-deficient model and TREM2 overexpression 

studies discussed here are summarised in Table 1.3.  

 

 
 

Mouse Model Transgenes: Mutations References 
5XFAD APP: Swedish (K670N/M671L), 

Florida (I716V), London (V717I) 
PSEN1: M146L, L286V 

Oakley et al., 2006 

APP/PS1 APP: Swedish (K670N/M671L) 
PSEN1: L166P 

Radde et al., 2006 

PS19 MAPT: P301S  Yoshiyama et al., 2007 
PS2APP APP: Swedish (K670N/M671L) 

PSEN2: Volga German (N141I) 
Ozmen et al., 2009 

APPswe/PS1dE9 APP: Swedish (K670N/M671L) 
PSEN1: deltaE9 

Jankowsky et al., 2001 

 
Table 1.2 – APP, PSEN and MAPT mutations in AD mouse models. 
Details of the mutations and transgenes expressed in mouse models commonly used to 
investigate AD pathology. APP and PSEN affect amyloid, while MAPT encodes tau proteins. 
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In TREM2-deficient mice (P18-20), a significantly lower number of morphologically 

ramified microglia was observed in the hippocampal region CA1 compared to wild 

type mice, indicating a lower level of microglial activation in the absence of TREM2 

(Filipello et al., 2018). In the same study, an increased spine density was also 

observed in hippocampal neurons in situ in TREM2-deficient mice, and in vitro in wild 

type neurons co-cultured with microglia from TREM2-deficient mice compared to wild 

type; these findings suggest that a role for TREM2 expression is implicated in the 

process of synapse elimination.  

 

A second study investigated the effect of TREM2 on synapses using TREM2-deficient 

mice crossed with the APP/PS1 mouse model at the early-middle (2-6 months) and 

middle-late (6-10 months) disease stages. Interestingly, the study confirmed a role 

for TREM2 in increasing synaptic elimination, but only at the early-middle time point 

(Sheng et al., 2019). The middle-late time point showed opposing results, which was 

replicated by Meilandt et al. (2020) on a different AD model (PS2APP) crossed with 

TREM2-deficient mice. This group reported that spine density loss was higher in the 

TREM2-deficient AD model at 6 months, suggesting that TREM2-dependent 

microglial activity has a neuroprotective role, if only at the middle-late disease stage 

in this model. Another study reported similar findings in 9-month-old transgenic 

APPswe/PS1dE9 mice, where overexpression of TREM2 was associated with 

increased levels of synaptophysin, a protein that is found in neuronal presynaptic 

vesicles, indicating reduced synaptic loss at this middle-late time point (Jiang et al., 

2014). 

 

Regarding behaviour, Filipello et al. (2018) reported that 3-month-old TREM2-

deficient mice showed altered social behaviour, excessive self-grooming and reduced 

performance in burying tasks compared to wild type mice but showed no difference 

in recognition and locomotor tasks. Another study (Kang et al., 2018) also confirmed 

that TREM2 deficiency did not alter performance in recognition tasks, but no 

differences were observed in social behaviour between wild type and TREM2-

deficient mice at six months. Spatial learning was significantly impaired in 5XFAD 

mice compared to wild types at 7 months old, but administration of sTREM2 to the 

5XFAD mice significantly improved their performance (Zhong et al., 2019). 

Overexpressing TREM2 in APPswe/PS1dE9 mice was reported to rescue spatial 

learning and memory at 7 months (Jiang et al., 2014), but had no effect in aging mice 

at 18 months (Jiang et al., 2017), suggesting that stage of disease in mice can affect 

the seemingly protective role of TREM2. 
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In studies involving TREM2-deficient mice crossed with the 5XFAD mouse model, the 

absence of TREM2 at an early age (4 months) was shown to impair the microglial 

response to Aβ with less microglial clustering observed at the plaque sites (Wang et 

al., 2015; Wang et al., 2016). Differences in plaque morphology (at 4 and 8 months) 

were also observed with diffuse, less compact plaque fibrils seen in TREM2-deficient 

models on the same AD background compared to wild types (Wang et al., 2016; Yuan 

et al., 2016). Another study replicated this finding in 6-month-old TREM2-deficient 

models using the PS2APP AD background (Meilandt et al., 2020). However, one in 

vivo study reported the opposite finding where the overexpression of TREM2 resulted 

in less filamentous plaques (at 4 and 7 months) in the 5XFAD model (Lee et al., 2018). 

 

Several in vitro studies have shown that the ability to phagocytose apoptotic 

membranes and Aβ fibrils is significantly lower in microglia from TREM2-deficient 

compared to wild type mice (Takahashi et al., 2005; Kleinberger et al., 2014; Yuan et 

al., 2016; Filipello et al., 2018; Zhao et al., 2018; Meilandt et al., 2020). In the TREM2 

overexpression study conducted by Lee et al. (2018), higher TREM2 levels in 5XFAD 

mice resulted in an upregulation of phagocytic markers in vivo and increased 

phagocytic capacity in vitro, the latter result also reported by another study 

investigating TREM2 overexpression in APPswe/PS1dE9 mice (Jiang et al., 2014). 

 

As previously discussed, impaired mTOR signalling and increased autophagy were 

reported in TREM2-deficient microglia from 5XFAD mice (Ulland et al., 2017). The 

group suggested that while autophagy can enhance microglial clearance of Aβ, the 

impact of chronic defected mTOR signalling could affect the long-term ability of 

microglia to respond to Aβ deposition. Taken together, these results all demonstrate 

that TREM2 plays a key role in microglial metabolic fitness and in regulating microglial 

responses in the healthy brain and in AD. 
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Table 1.3 – Effects of TREM2 deficiency and overexpression on AD pathology in mouse 
models. 
The findings reported by studies on (A) TREM2 KO mice, TREM2 KO on AD backgrounds 
and (B) overexpressing TREM2 in AD mouse models are summarised, demonstrating the 
effect of TREM2 deficiency and overexpression on microglia, synaptic loss, amyloid plaques 
and behaviour. 
 

 

 

Effect of TREM2 Deficiency Mouse Model Reference 
Lower activated state of microglia TREM2 KO 

PS2APP;TREM2 KO 
Filipello et al., 2018 
Meilandt et al., 2020 

Less plaque-associated microglia 5XFAD;TREM2 KO Wang et al., 2015; 2016 
Less compact plaque morphology 
 
 

5XFAD;TREM2 KO and 
PS2APP;TREM2 KO 

Wang et al., 2016; Yuan et 
al., 2016; Meilandt et al., 
2020 

Decreased phagocytic capacity TREM2 KO and  
5XFAD;TREM2 KO 

Takahashi et al., 2005; 
Kleinberger et al., 2014; 
Yuan et al., 2016; Filipello 
et al., 2018; Zhao et al., 
2018 

Decreased Aβ degradation TREM2 KO Zhao et al., 2018 
Decreased synaptic loss (early 
stage) 
 
Increased synaptic loss (middle-
late stage) 

TREM2 KO and 
APP/PS1;TREM2 KO 
 
APP/PS1;TREM2 KO 
PS2APP;TREM2 KO 

Filipello et al., 2018 
Sheng et al., 2019 
 
Sheng et al., 2019  
Meilandt et al., 2020 

Impaired mTOR signalling 5XFAD;TREM2 KO Ulland et al., 2017 
Reduced social behaviour  
Reduced spatial learning 

TREM2 KO 
5XFAD 

Filipello et al., 2018 
Zhong et al., 2019 

Effect of Overexpressed TREM2 Mouse Model Reference 
Less filamentous plaques 5XFAD Lee et al., 2018 
Increased phagocytic capacity 5XFAD Jiang et al., 2014; Lee et 

al., 2018 
Decreased synaptic loss (middle-
late stage) 

APPswe/PS1dE9 Jiang et al., 2014 

Improved spatial learning and 
memory (no improvement in aging 
mice) 

APPswe/PS1dE9 Jiang et al., 2014, Jiang et 
al., 2017 

B 

A 
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1.2.5 TREM2 Variants in AD  
1.2.5.1 AD-associated Variants 

GWAS have recently identified rare coding variants of the TREM2 gene associated 

with risk of late onset AD in populations of European and North American descent. 

The two most significant ones are R47H (rs75932628) (Guerreiro et al., 2013; 

Jonsson et al., 2013) and R62H (rs143332484) (Sims et al., 2017); in each case the 

rare H variant is risk for AD. Although the prevalence of these variants is quite low in 

Caucasian populations, 0.3-0.6%, (Guerreiro et al., 2013; Jonsson et al., 2013), the 

relative risk of AD is high. The increased risk for heterozygous R47H carriers is 

around 3-fold, which is similar to that of the ε4 allele of the APOE gene, the strongest 

genetic risk factor for AD (Finelli et al., 2015; Jay et al., 2017). One study reported 

R47H to have an odds ratio of 2.92 in 8,888 controls in Iceland, compared to an odds 

ratio of 3.08 for APOE ε4 in the same individuals (Jonsson et al., 2013). A replication 

cohort tested by the same study demonstrated an odds ratio of 2.83 for R47H in 2037 

controls and 9727 AD cases in other European individuals. A second study reported 

an odds ratio for R47H of 4.5, and a lower odds ratio of 0.8 for R62H, in 1105 controls 

and 1091 AD cases of European and North American descent (Guerreiro et al., 2013).    

 

Yu et al. (2014) reported that the R47H variant was very rare in the Han Chinese 

population, and Jin et al. (2015) found no significant association of R47H with AD in 

an African-American population, but reported three TREM2 variants in linkage 

disequilibrium (L211P, T96K, W191X) that may instead be relevant to this population. 

These findings suggest that TREM2 risk variants (Table 1.4) can be differentially 

associated with AD, depending on ethnicity and genetic background, and highlight 

the importance of studying TREM2 variants in different populations. No protective 

variants of TREM2 have been reported to date. 
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Variant Common 
Populations 

Proposed Impact of 
Function 

References 

R47H Caucasian Impaired ligand binding 
and phagocytosis 

Guerreiro et al., 2013; Jonsson 
et al., 2013; Wang et al., 2015; 
Bailey et al., 2015; Yeh et al., 
2016 

R62H Caucasian Impaired ligand binding 
and phagocytosis 

Jin et al., 2014; Yeh et al., 2016; 
Sims et al., 2017 

H157Y Han Chinese Increased shedding Jiang et al., 2016; Schlepckow et 
al., 2017; Thornton et al., 2017 

N68K Caucasian Unknown Guerreiro et al., 2013 
D87N Caucasian Impaired ligand binding Guerreiro et al., 2013; Yeh et al., 

2016 
L211P* African American Unknown Jin et al., 2015 
W191X African American Unknown Jin et al., 2015 
T96K African American Increased ligand binding Jin et al., 2015; Kober et al., 

2016 
 
Table 1.4 – Known TREM2 variants associated with increased AD risk. 
Risk variants of TREM2, the populations they are commonly prevalent in and their suggested 
impact of function. *L211P is in linkage disequilibrium with T96K and W191X, but is likely to 
be the more functional of the three (Jin et al., 2015). 
 

TREM2 variants have also been implicated in other neurodegenerative diseases, 

including amyotrophic lateral sclerosis (ALS) (Cady et al., 2014), frontotemporal 

dementia (FTD) and Parkinson’s disease (PD) (Rayaprolu et al., 2013; Borroni et al., 

2014); however other studies were unable to confirm a link between TREM2 variants 

and these diseases, particularly in relation to the R47H TREM2 variant (Lill et al., 

2015; Ayer et al., 2019), making the risk association still unclear. 

 

1.2.5.2 Variants R47H and R62H 

Most of the TREM2 risk variants are found in the immunoglobulin-like domain, 

encoded by exon 2, and are therefore thought to affect ligand binding (Guerreiro et 

al., 2013; Del-Aguila et al., 2019). Only variants H157Y and L211P are located in 

exons 3 and 4 respectively, so likely exert a different impact on function, such as 

impaired protein maturation or shedding (Jin et al., 2015; Del-Aguila et al., 2019). 

 

Kober et al. (2016) demonstrated structural differences between the TREM2 variants 

linked to NHD and those associated with AD. The side chains of the NHD risk variants 

are buried in the immunoglobulin fold and are likely to affect protein folding, leading 

to complete loss of function; whereas side chains of most of the AD risk variants 

(including R47H and R62H) are on the protein surface and are more likely to affect 

ligand binding, resulting in partial/selective loss of function. Evidence of impaired 



 

28 
 

ApoE and clusterin binding in vitro was indeed reported for the R47H and R62H 

variants (Wang et al., 2015; Bailey et al., 2015; Yeh et al., 2016), including a reduction 

in clusterin internalisation and phagocytosis of Aβ complexes (Yeh et al., 2016; 

Lessard et al., 2018). The effect of these variants on ligand binding is important, 

particularly in relation to the reported role of TREM2 and ApoE in microglial activation 

as previously described (Keren-Shaul et al., 2017; Krasemann et al., 2017) and the 

potential interaction of TREM2 with ApoE and clusterin in lipid metabolic pathways.  

 

Using transcriptomic analysis, Zhou et al. (2020) showed a lower expression of 

microglial genes in human brain tissue of R47H and R62H carriers, with the former 

showing a bigger impact on microglial response. A reduced ability to trigger microglial 

inflammatory responses was observed in R47H and R62H carriers (Zhong et al., 

2017), and a study investigating post mortem human AD brain samples reported 

decreased microglial numbers around compact plaques in R47H carriers (Yuan et al., 

2016).  

 

Carriers of R47H, but not R62H, polymorphisms showed higher levels of CSF 

sTREM2 compared to non-carriers (Piccio et al., 2016; Suárez-Calvet et al., 2019) 

indicating increased shedding of the ectodomain in this variant, however the direct 

effect of the variant on proteolytic processing of membrane-bound TREM2 remains 

unclear. 

 

Song et al. (2018) generated TREM2 transgenic mice that expressed human TREM2 

containing the R47H polymorphism. They reported that surface expression of TREM2 

was similar in R47H-carriers and wild type mice, indicating no change in the shedding 

of the ectodomain between the two genotypes. They also showed lower microglial 

numbers and activation state in the R47H-carriers compared to wild type mice.  

 

In order to detect and quantify the wild type and R47H/R62H variant proteins in 

human and mouse samples, specific monoclonal antibodies raised against these 

proteins would be valuable tools. Antibodies have long been in production for 

diagnostic and therapeutic applications and are a core part of the work in this thesis. 

The section below discusses antibody structure and function, and monoclonal 

antibody production in more detail.  
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1.3 Monoclonal Antibody Production  
1.3.1 History of Antibodies 
The earliest known reference to the activity we now ascribe to antibodies was in 1890 

by Emil von Behring and Shibasabura Kitasato who published a study showing that 

serum from animals immunised against diphtheria contained a heat-stable factor that 

could be transferred to infected animals to treat the disease (von Behring and 

Kitasato, 1890). Around a decade later, the first model for an antibody (then referred 

to as anti-toxin) was proposed by Paul Ehrlich; he predicted a branched structure that 

could bind foreign bodies and activate the heat-labile serum bactericidal activity 

discovered and named “alexin” by Jules Bordet that Ehrlich re-named “complement” 

(Davies and Chacko, 1993; Kaufmann, 2008).  

 

The recognition that antibodies generated by immunisation or infection with a 

pathogen in one animal could transfer specific immunity to another, termed passive 

immunisation, led to a lot of interest in its potential to treat human infectious diseases 

and is a re-emerging topic in the current pandemic. A serious disadvantage of using 

foreign serum as a treatment however was its toxicity, known as serum sickness, 

which occurred due to the generation of immune complexes against the foreign serum 

proteins in the circulation (Llewelyn et al., 1992). This limitation was later overcome 

with the introduction of immunoglobulin preparations separated from normal immune 

human blood to treat early stage measles (Stokes et al., 1944).  

 

Shortly after the discovery of this passive immunisation, plasma cells were identified 

as the source of antibodies by Astrid Fagraeus in 1948 and the molecular structure 

of an antibody was published in landmark studies by Gerald Edelman and Rodney 

Porter independently in the 1960s (Fagraeus A, 1948; Edelman GM, 1959; Porter RR, 

1959).  

 

1.3.2 Structure and Function of Antibodies 
Antibodies, or immunoglobulins (Igs), are heterodimeric glycoproteins consisting of 

two heavy and two light chains linked by disulphide bonds (Llewelyn et al., 1992). The 

heavy chains contain one variable and three constant domains, while the shorter light 

chains contain one of each domain as illustrated in Figure 1.7. The variable domains 

provide two identical binding sites in the fragment antigen-binding (Fab) region, 

lending antibodies their variability and specificity, and this region connects via a 
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flexible hinge to the fragment crystallisable (Fc) region that recruits and activates the 

host’s defence systems (Llewelyn et al., 1992; Davies and Chacko, 1993).  

 

 
Figure 1.7 – Antibody monomeric structure 
Antibody structure illustrating variable (striped) and constant (solid) domains linked by 
disulphide (SS) bonds. Dotted line represents hinge. Modified from Hoffman et al. (2016).  
 

 

Plasma cells produce antibodies that are both expressed on the cell surface and 

secreted extracellularly to bind specific antigens (Hoffman et al., 2016). Antibodies 

directly bind and neutralise target cells and opsonise them to initiate their removal by 

effector cells expressing Fcγ receptor (FcγR). The antibody-antigen complex can also 

activate the classical complement pathway leading to complement deposition on 

target cells, enhancing opsonisation and facilitating both phagocytic clearance and 

lysis (Llewelyn et al., 1992; Hoffman et al., 2016). 

 

1.3.2.1 Antibody Isotypes 

There are five classes, or isotypes, of antibodies; IgA, IgD, IgE, IgG, IgM, each 

consisting of distinct heavy chains differing in the Fc regions (Table 1.5) and κ or λ 

light chains.  

 

IgA 
IgA can be divided into two subclasses, where A1 contains a longer hinge region than 

A2. IgA is the major subclass found in mucosal secretions and its main role is 

protecting mucosal surfaces from pathogen invasion (Woof and Kerr, 2004). In 

plasma, IgA circulates in its monomeric form where it binds and neutralises antigens, 

but it can also exist as a dimer, trimer or tetramer in its secreted form; its polymers 
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linked by a polypeptide joining (J) chain (Johansen et al., 2000; Schroeder and 

Cavacini, 2010).  

 

IgD 

Membrane-bound IgD is found on B cell surfaces while secreted IgD in serum has a 

short half-life and circulates at low levels (0.0001-0.2g/l), its role however is poorly 

understood (Llewelyn et al., 1992; Levan-Petit et al., 2000; Schroeder and Cavacini, 

2010). 

 

IgE 
IgE is present in serum at a very low concentration (5x10-5g/l) compared to the other 

subclasses and can bind FcγRI on cells, such as basophils, to induce a 

hypersensitivity response to allergens (Schroeder and Cavacini, 2010; Murphy, 

2012). 

 

IgG 
IgG is the predominant immunoglobulin in human serum, ranging from 7-16g/l (Dati 

et al., 2001), and which connects the adaptive and innate immune systems. It can be 

further divided into four subclasses, IgG1-IgG4, which differ in their effector functions 

and in their ability to bind both FcγR and C1q, the first component of the complement 

system (Llewelyn et al., 1992; Hoffman et al., 2016). IgG3 shows the highest affinity 

for C1q followed by IgG1 then IgG2, while IgG4 fails to bind C1q (Schroeder and 

Cavacini, 2010). IgG antibodies are responsible for secondary immune reactions and 

their effector functions depend on the types of antigen they bind, which in turn 

determines the subclass of antibody involved (Vidarsson et al., 2014).  

 

IgM 

IgM is the first class of antibodies that is produced in a primary antibody response 

and can activate complement upon binding pathogens. It can be displayed on B cell 

surfaces as a B cell receptor (in monomeric form) but mainly exists as a pentamer in 

plasma, a structure which lends it a higher antigen-binding efficiency (Llewelyn et al., 

1992; Schroeder and Cavacini, 2010). 
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Isotypes Subclasses Heavy Chain Mass (kDa) Serum 
Concentration (g/l) 

IgA IgA1,2 α1,2 160, 160 0.5-3 
IgD - δ 185 0.0001-0.2 
IgE - ε 188 5x10-5 
IgG IgG1,2,3,4 γ1,2,3,4 146,146,165,146 7-16 
IgM - μ 970 0.4-2.3 

 
Table 1.5 – Isotypes of human antibodies. 
The isotypes and characteristics of human antibodies (Llewelyn et al., 1992; Vladutiu, 2000; 
Schroeder and Cavacini, 2010; Murphy, 2012; Vidarsson et al., 2014; Hoffman et al., 2016). 
 

1.3.2.2 Class Switching 

Plasma cells undergo antibody class switching after an activation event, such as 

infection or immunisation (Stavnezer et al., 2008). Except for IgD expression, which 

is generated via alternative splicing of the IgM transcript, isotype switching of 

immunoglobulins occurs via class switch recombination (CSR) (Xu et al., 2012). 

Repetitive DNA switch regions located upstream of the heavy chain constant genes 

guide activation-induced cytidine deaminase (AID) to the site. This leads to DNA 

breaks in the switch regions that remove the existing isotype gene, followed by end-

joining recombination onto a new constant gene to allow for the expression of a new 

isotype (Li et al., 2004; Xu et al., 2012). The resulting isotype depends on the 

environment that the plasma cells are in during activation, and surrounding cells, such 

as T cells, produce cytokines to direct the class switch, resulting in a honed, effective 

immune response (Stavnezer et al., 2008).      

 

1.3.3 Monoclonal and Polyclonal Antibodies 
1.3.3.1 Production of Polyclonal Antibodies 

Polyclonal antibodies comprise a mix of antibodies that bind to different epitopes of 

the same target antigen (Busby et al., 2016). This clonal diversity is an important 

feature of polyclonal antibodies as it makes them more sensitive in certain 

immunoassays and more likely to bind the target antigen even if some of the epitopes 

are compromised, such as in immunohistochemistry techniques (Ascoli and Aggeler, 

2018). 

 

Polyclonal antibodies are produced by immunising animals with the target antigen 

and retrieving their antiserum for purification (Delahaut, 2017). While this is a quick 

and low-cost method for antibody generation, it results in a unique batch of antibodies, 

which is a finite supply specific to each animal’s immune response (Busby et al., 
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2016). To overcome this limitation, the use of monoclonal antibodies results in specific 

and reproducible binding across batches, but their production is more costly and time 

consuming compared to that of polyclonal antibodies (Ascoli and Aggeler, 2018).      

 

1.3.3.2 Production of Monoclonal Antibodies 

Monoclonal antibodies (mAb) are antibodies that are generated by a single B 

lymphocyte clone; so that every molecule binds the same epitope (Liu, 2014). This is 

dependent on the clonal selection theory, which proposes that a clone originating 

from a single B cell expands and all clonal cells produce identical antibodies, (Burnet, 

1957). Experimental evidence of this was later provided by Nossal and Lederberg 

(1958) confirming that one B cell produces only one antibody (Nossal and Lederberg, 

1958).  

 

The first successful hybrid formation of human and mouse cells was established in 

1965 by Harris and Watkins, who used inactivated Sendai virus to fuse cells from the 

two species (Harris and Watkins, 1965). This significant observation later led to the 

development of the hybridoma technique to produce monoclonal antibodies in 1975 

by Köhler and Milstein (Köhler and Milstein, 1975). The traditional production method 

involves immunising an animal with a specific antigen and retrieving antibody-

producing plasma cells from the spleen. To enable these cells to grow in culture, they 

are fused in polyethylene glycol (PEG) with a myeloma cell line lacking the 

hypoxanthine-guanine-phosphoribosyltransferase (HGPRT) gene. The hybrid cells 

are immortal because of the myeloma component and continue to produce the 

plasma cell mAb. HGPRT deficiency allows for the use of a selective reagent in the 

culture medium, hypoxanthine-aminopterin-thymidine (HAT), which blocks de novo 

DNA synthesis and prevents the growth of myeloma cells that have not fused with 

(HGPRT-positive) plasma cells. Unfused plasma cells die spontaneously after a few 

days in culture and only the fused cells, or hybridomas, survive. Hybridomas are 

seeded to multi-well plates and grown; at this stage each well contains multiple clones 

so secreted antibodies are polyclonal in nature. Several limiting dilution cloning steps 

are necessary to acquire single clone derived cultures secreting mAb (Liu, 2014). At 

each cloning step, culture supernatants are retrieved for screening to identify clones 

of interest; monoclonal wells are then expanded to produce large quantities of 

antibodies. 

 

Another method of mAb production is the phage display technique. This in vitro 

method involves the amplification of specific Ig variable domain gene sequences from 
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the cDNA of B lymphocytes and cloning them into a phage vector. This is then 

inserted into E. coli along with a helper phage to allow packaging of the phage DNA. 

Selection for mAb of interest involves panning of these phage libraries on the target 

antigen. Variable regions in specific phages identified in this way are cloned, 

sequenced and inserted into appropriate vectors for recombinant mAb production 

(Bazan et al., 2012; Liu, 2014).  

 

1.3.3.3 Monoclonal Antibody Uses 

The development of mAb technology means that large amounts of reagents can be 

specifically generated against a wide range of antigens, lending mAb an important 

role in diagnostic and therapeutic applications. 

 

In diagnostic settings, mAb can be used to test for the presence of specific pathogens 

or disease-associated antigens in human tissues and biological fluids (Payne et al., 

1988). The development of humanised mAb, where human antibody domains are 

fused with murine domains, began in the 1980s to improve the clinical efficacy of 

antibody therapies and to overcome unwanted immune reactions of the human body 

to unaltered murine antibodies (Morrison and Oi, 1989). The use of mAb as 

therapeutics relies on the ability of antibodies to bind specific antigens to either block 

or activate signalling pathways and effector mechanisms; they can also be used as 

drug delivery systems for treatment of specific cells and tissues (Berger et al., 2002; 

Suzuki et al., 2015). 

 

1.3.4 Commercial TREM2 Antibodies 
This section describes findings reported before or during the start of this project but 

does not include antibodies produced over the past year, the latter will be covered in 

the final chapter of this thesis. There are currently several commercial antibodies, 

raised against both human and mouse TREM2, that show varying degrees of 

success.  

 

One of these, a human TREM2 antibody from R&D Systems (AF1828), was used in 

this project as a comparison for the performance of the in-house generated 

antibodies. The supplier documentation demonstrated the successful use of this 

antibody in western blots, ELISA and immunohistochemistry (IHC). However, a more 

in-depth look revealed that some studies have shown discrepancies in the apparent 

molecular weight of TREM2 in western blots using HEK293 cell lysates and human 
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brain tissue; each study showing different binding ranges for TREM2 (Kleinberger et 

al., 2014; Lue et al., 2015; Thornton et al., 2017).  

 

A comparative study by Satoh et al. (2013) investigated the binding of seven 

commercial anti-TREM2 antibodies to recombinant human TREM2 protein in western 

blots and reported TREM2 reactivity for only three of the antibodies: HPA010917 

(Sigma-Aldrich), 2B5 (Novus Biologicals Inc.) and the AF1828 antibody (R&D 

Systems) used in this project. When these three antibodies were used to stain 

paraffin-embedded human brain, bone marrow and spleen tissue, only HPA010917 

successfully labelled TREM2-expressing cells in these tissues. Taken together, these 

observations highlight the different reactivities of commercial antibodies and how this 

may, in part, result in some of the discrepancies seen between TREM2 findings 

across studies.           

 

1.3.5 In-House Generated TREM2 Antibodies 
The in-house antibodies described in this project were generated using the classical 

hybridoma technique, selected to bind human and mouse TREM2, then used to 

detect the native proteins in various settings as described in the chapters that follow. 

 

The generation of mAb against TREM2 in this project included antibodies raised 

against human and mouse protein, in addition to mAb raised against peptides 

representing the risk-associated variants of TREM2, R47H and R62H. Although these 

variants display only one amino acid modification, the production of antibodies 

specific to these regions was attempted based on the success of previous studies 

(De Vito et al., 1993; Mani and Cucurou, 1994; Yu et al., 2007; Roblek et al., 2010). 

Examples include the production of mAb that could differentiate between 

haemoglobins A and S (Stanker et al., 1986) and between placental and germ-like 

alkaline phosphatases (Hoylaerts and Millán, 1991), with one study from the host lab 

that generated antibodies against the Y402H polymorphism in the complement 

regulator factor H (Hakobyan et al., 2008). These studies were likely able to achieve 

this specificity as single residue substitutions are often associated with 

conformational changes, resulting in a detectable difference between the two proteins 

(De Vito et al., 1993; Mani and Cucurou, 1994).  

 

The benefits of having antibodies against TREM2 variants are that they can be used 

to set up variant-specific ELISAs for the simple and rapid screening of biological fluids 

in AD cohort studies. This could provide additional demographic information for 
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existing AD patients and could also function as a risk predictor in longitudinal studies 

to identify whether healthy controls and MCI patients carrying the variants convert to 

an AD diagnosis. The antibodies could also be used to investigate functional aspects 

of TREM2, such as testing the effects of the antibodies on the reduced ligand binding 

reported in variant TREM2 studies. While the prevalence of TREM2 variants is 

relatively low, its associated high risk of AD makes it important to learn more about 

TREM2 function overall and about the mechanistic differences between wild type and 

variant TREM2 proteins. 

 

 

1.4 Aims and Objectives 
 
The overarching hypothesis underpinning this thesis is that AD-associated variants in 

TREM2 impact function by altering expression or ligand binding. The specific aims 

are: 

 

1. To develop a panel of monoclonal antibodies (mAb) against human and 

mouse TREM2; 

2. To characterise the mAb for binding to native TREM2 using western blotting, 

flow cytometry and microscopy; 

3. To identify complementary pairs of antibodies and use them to develop 

enzyme-linked immunosorbent assays (ELISAs) for quantification of soluble 

human and mouse TREM2; 

4. To measure soluble TREM2 levels in biological fluids from relevant patient 

cohorts and from animal models; 

5. To develop novel mAb specific for the R47H and R62H TREM2 variants      

 

There is currently a lack of good quality reagents that can detect and quantify TREM2 

on cells and tissues and in biological fluids in both human and animal systems as 

described in this chapter; this project will address this gap by developing in-house 

monoclonal and polyclonal antibodies against TREM2 and a sensitive ELISA to 

measure soluble TREM2 in mouse and human plasma. The development of mAb 

against TREM2 variants will enable the specific detection and quantification of the 

mutant proteins in biological fluids, on cells and in tissues.  
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2 Materials and Methods 
 

Details and sources of all the reagents used in this project are listed in Appendix I. 

 

2.1 Cell Culture 
2.1.1 General Culture Conditions 
All cell culture was carried out under aseptic conditions and cells were regularly tested 

throughout the duration of the project to ensure they remained mycoplasma negative. 

Cell lines were maintained in 75cm2 flasks in a humidified incubator at 37°C with 5% 

CO2. Fetal bovine serum (FBS, Gibco, ThermoFisher Scientific) was heat inactivated 

at 56°C for 30 minutes and 0.22µm-filtered before use. Roswell Park Memorial 

Institute (RPMI) 1640 medium, Dulbecco’s Modified Eagle medium (DMEM)-F12, 

Hank’s Balanced Salt Solution (HBSS), Phosphate Buffered Saline (PBS) and non-

essential amino acids (NEAA) were obtained from Gibco, ThermoFisher Scientific. 

Eagle’s Minimum Essential Medium (EMEM), dimethyl sulfoxide (DMSO), L-

glutamine, penicillin-streptomycin and sodium pyruvate were all obtained from Sigma-

Aldrich, Merck. All centrifugal spin steps were carried out at 1500rpm for 5 minutes 

unless otherwise specified. 

 

2.1.2 Cell Cryopreservation and Recovery 
To maintain cell stocks in liquid nitrogen, cells that reached a 70% confluency were 

spun down and the supernatant was aspirated. Cell pellets were resuspended in 

freezing medium (FBS + 10% DMSO) and aliquoted into cryovials as 106 cells in 1ml 

volumes. The vials were then placed in a specialised cell-freezing container at -80°C 

overnight before being transferred into liquid nitrogen tanks for long term storage.  

 

When required, cells were quickly defrosted by immersion in a 37°C water bath until 

thawed, diluted in the appropriate medium and spun down. The cell pellet was 

resuspended in fresh medium then seeded into a 25cm2 flask. 

 

2.1.3 Cell Counting and Viability   
Cell viability and quantification were carried out using a Neubauer Bright-Line 

haemocytometer. Trypan blue differentiates between live and dead cells by dye 

exclusion as it stains dead cells blue, while live cells with intact membranes remain 

clear in appearance. Only samples with a cell viability of 95% or higher were used for 

lysate preparations and flow cytometry experiments.  
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To quantify the number of cells/ml, cells were diluted 1 in 10 using 0.4% trypan blue 

solution (Hyclone, Fisher Scientific), pipetted onto the counting chamber and viewed 

using a Zeiss Primovert light microscope (Carl Zeiss, Fisher Scientific). Cells were 

counted in each of the four main corner squares of the haemocytometer grid and the 

calculation below was applied: 

 

Cells/ml = Total number of cells counted x dilution factor   x 10,000 
Number of squares 

 

 

2.2 Cell Lines 
Human Embryonic Kidney (HEK) 293 cells (CRL-1573) were obtained from ATCC. 

RAW264.7 and THP1 cell lines were kindly provided by Professor Philip Taylor, 

Cardiff University, UK. Passage numbers were monitored for all lines and cells used 

for antibody characterisation did not exceed a maximum of 20 passages to ensure 

reproducibility between experiments (Park et al., 2004; Aldo et al., 2013; Taciak et 

al., 2018). 

 

2.2.1 RAW264.7 
RAW264.7 is an adherent murine macrophage-like cell line, produced by tumour 

induction in male BALB/c mice using Abelson Leukaemia Virus (A-MuLV), (Raschke 

et al., 1978). RAW264.7 cells express CD11b, CD11c, CD86 and CXCR4 (Taciak et 

al., 2018; Tian et al., 2019) and were selected for antibody characterisation in this 

project due to their expression of TREM2 (Humphrey et al., 2006; Kober et al., 2016). 

The cells were cultured in RPMI supplemented with 10% FBS, 50 Units penicillin, 

50µg/ml streptomycin, 1mM sodium pyruvate and 2mM L-glutamine. They were sub-

cultured every 2-3 days by using a cell scraper to detach them from the flask surface 

and spun down before being seeded at 1:10 into fresh flasks. 

 

2.2.2 HEK293 
HEK293 is an adherent human epithelial cell line transformed using adenovirus type 

5 DNA (Graham et al., 1977). Due to their high transfection efficiency and reliable 

protein translation and processing, HEK293 cells are a popular choice for use as a 

protein expression host (Thomas and Smart, 2005; Ooi et al., 2016). They were used 

in this project for the expression of wild type and variant TREM2 to further 
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characterise the binding of the in-house generated antibodies. The cells were grown 

in EMEM containing 1% non-essential amino acids (NEAA) and supplemented as 

above. They were sub-cultured every 4 days by discarding the media, washing once 

with PBS and incubating in Trypsin-EDTA (0.05%) at 37°C for 3-5 minutes. Once cells 

became detached, an equal volume of 10% FBS-RPMI was added to neutralise the 

trypsin and the cells were spun down and seeded at 1:10 in fresh complete EMEM 

medium. 

 

2.2.3 THP1 
THP1 is a non-adherent human cell line cultured from a patient with acute monocytic 

leukaemia (Tsuchiya et al., 1980) and is used as a model to study monocyte and 

macrophage activities. THP1 cells express CD11b and CD14, although the latter 

varies in expression levels even in unstimulated cells (Aldo et al., 2013; Bosshart and 

Heinzelmann, 2016). These cells were selected for antibody characterisation as they 

also endogenously express TREM2 (Allcock et al., 2003; Turnbull et al., 2006). THP1 

cells were cultured in RPMI containing 50μM β-mercaptoethanol (ThermoFisher 

Scientific) and supplemented as above. Cells were sub-cultured every 4 days by 

spinning down and resuspending in fresh medium at a ratio of 1:20, cells were always 

maintained below 106 cells/ml. 

 

 

2.3 Animals 
All animal procedures in this project were performed under the United Kingdom Home 

Office licences 3003120 and PF4167C0A in accordance with the 1986 Animals 

(Scientific Procedures) Act guidelines. Animals were housed at Cardiff University’s 

JBIOS facility in conventional cages grouped according to genotype, under standard 

pathogen-free conditions, with a 12-hour light/dark cycle and access to chow and 

water ad libitum. TREM2 knockout (KO) mice were kindly provided by the St. George-

Hyslop laboratory, Cambridge Institute for Medical Research, UK. Their strategy for 

generating TREM2 KO mice involved targeted homologous recombination to delete 

exons 1 and 2, thus removing the start codon and most of the extracellular IgG 

domain. Mice were matched by age and gender where possible using the C57BL/6J 

strain to represent wild type (WT) mice in experiments. One young adult New Zealand 

White rabbit was used for anti-TREM2 polyclonal antibody production, immunisation 

details are described in Section 2.7. Animals were culled by asphyxiation with a slow 
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rising concentration of CO2 followed by dislocation of the neck unless otherwise 

specified. 

 

 

2.4 Isolation and Immunostaining of Primary Monocytes 
2.4.1 Monocyte Preparation 
The method used for isolating primary monocytes from mouse brain was modified 

from Grabert and McColl (2018). Unless otherwise specified, all spin steps were 

conducted in a 4°C centrifuge at 1500rpm for 5 minutes, without a brake during 

deceleration. HBSS without calcium or magnesium was used for the washes and all 

manual steps were carried out on ice. 

 

2.4.1.1 Brain Homogenisation 

Prior to isolation, a 96-well micro-clear bottom plate (CELLSTAR, Greiner) was 

coated with 0.1mg/ml poly-L-lysine (Sigma Aldrich, Merck) and incubated at 37°C 

overnight. WT and TREM2 KO 11-week old mice were terminally anaesthetised, 

exsanguinated then perfused with cold PBS. Whole brains were then extracted and 

finely minced in ice-cold HBSS. These were spun down before removing the 

supernatant and replacing with enzyme mix 1 of the Neural Tissue Dissociation Kit 

(P) (NTDK, Miltenyi Biotec). The brains were transferred to gentleMACS C tubes 

(Miltenyi Biotec) and mixed with enzyme mix 2 of the same kit. The tubes were then 

loaded onto the gentleMACS Octo Dissociator with heaters (Miltenyi Biotec) and 

rotated at 37°C for 15 minutes to allow for enzymatic dissociation and 

homogenisation. 

 

2.4.1.2 Myelin Removal and Bead Separation 

After homogenisation, the brains were transferred into centrifuge tubes and spun 

down. The supernatant was removed and pellets were resuspended in 35% isotonic 

Percoll (GE Healthcare). HBSS was overlaid onto the Percoll and the tubes were 

spun at 2050rpm (4°C) for 30 minutes. The myelin-containing supernatant was 

removed before resuspending the pellet in HBSS and spinning down as initially 

described. After aspirating the supernatant, cell pellets were resuspended in MACS 

Separation Buffer (Miltenyi Biotec) and loaded onto the auto MACS pro (Miltenyi 

Biotec). This is an automated cell sorting system that separates cells using magnetic 

beads, in this case CD11b microbeads (Miltenyi Biotec). CD11b-sorted fractions were 
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spun down and cells were resuspended in plain DMEM-F12 and counted as 

described in Section 2.1.3.  

 

Before plating out the cells, the poly-L-lysine coated plate (Section 2.4.1.1) was 

washed twice in HBSS and once in plain DMEM-F12 then allowed to dry. Cells were 

plated out at a density of 5 x 105/ml in DMEM-F12 containing 50 Units Penicillin-

50µg/ml Streptomycin, 10% FBS, 10ng/ml macrophage colony-stimulating factor 

(MCSF) and 50ng/ml transforming growth factor-β1 (TGF-β1), then incubated for 7 

days with a 50% medium change at day 3. 

 

Isolation techniques are fraught with consequences affecting microglial activation 

status; a limitation of this technique is the use of serum, which has been shown to 

strongly alter microglial morphology and function (Bohlen et al., 2017). This must be 

taken into consideration as activating the isolated microglia in this way may affect 

their surface expression of TREM2 and other receptors. The use of serum-free 

medium can circumvent this issue, but the inclusion of astrocyte-conditioned medium 

would be required to provide the necessary survival and growth factors (Bohlen et al., 

2017).   

 

2.4.2 Immunofluorescent Staining of Monocyte Preparation 
Cells were fixed in the culture plate in 4% paraformaldehyde (PFA; Sigma-Aldrich, 

Merck) for 15 minutes then washed twice in 1X PBS. The cells were blocked using 

5% goat (Vector Laboratories), corresponding to host species of secondary 

antibodies used, in PBS containing 0.5% Triton X-100 (Sigma-Aldrich, Merck) for 1 

hour. They were probed with 5μg/ml α-TREM2 mAb 9D10 and co-stained with a 

polyclonal antibody (1:1000) against the macrophage/microglial marker ionized 

calcium binding adaptor molecule 1 (IBA1, Wako, Alpha Laboratories) for 1 hour. The 

cells were washed twice before the addition of fluorescently-labelled secondary 

antibodies (ThermoFisher Scientific) for 1 hour in the dark: 2μg/ml Alexa Fluor 568 

goat anti-mouse IgG for mAb 9D10, 4μg/ml Alexa Fluor 488 goat anti-rabbit IgG for 

anti-IBA1. Two more washes were carried out before the addition of the Hoechst 

(ThermoFisher Scientific) nuclear counterstain (1μg/ml) for 10 minutes. After a final 

wash, cells were imaged using a Leica DMi8 microscope (Leica Microsystems, UK). 
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2.5 Immunostaining of Cell Lines and Mouse Brain Sections 
Cryopreserved mouse brain tissue (20μm sagittal sections) from WT and TREM2 KO 

mice, provided by Megan Torvell, were fluorescently stained using mAb 9D10 and 

8G10, and THP1 and RAW264.7 cell lines were stained alongside for comparison 

using the in-house polyclonal antibody and mAb 9D10.  

 

Human THP1 cells were prepared, on the day of staining, by spinning down 50,000 

cells onto Superfrost Plus glass slides (ThermoFisher Scientific) for 5 minutes at 

1000rpm using cytofunnel chambers (Shandon Double Cytofunnel, ThermoFisher 

Scientific) in a Cytospin 4 Cytocentrifuge (ThermoFisher Scientific). The desired 

staining area was marked using a hydrophobic pen (VWR) and cells were washed in 

1X PBS before fixing in 4% PFA for 10 minutes at room temperature. One day prior 

to staining, mouse RAW264.7 cells were seeded onto 15mm thick coverslips (VWR) 

at 105 cells/coverslip and incubated overnight.  

 

For polyclonal antibody staining, THP1 and RAW264.7 cells were washed twice in 1X 

PBS and blocked for 1 hour using 10% goat serum (Vector Laboratories). Cells were 

then probed with 20μg/ml α-TREM2 polyclonal antibody in block solution overnight, 

then washed three times and incubated with 2μg/ml Alexa Fluor 488 goat anti-rabbit 

IgG (ThermoFisher Scientific) for 1 hour in the dark. After three washes, cells were 

stained with the Hoechst (ThermoFisher Scientific) nuclear counterstain (1μg/ml) for 

10 minutes. The cells were washed three times and coverslips were placed over the 

glass slides using FluorSave mounting medium (Sigma Aldrich, Merck). Z stack 

images were created and maximum projected using a Zeiss Cell Observer spinning 

disc confocal (Carl Zeiss Ltd., UK) and Zen 2 (blue edition) software (Carl Zeiss 

Microscopy). 

 

For mAb 9D10 and 8G10 staining, all cells were washed twice in 1X PBS and brain 

tissue sections, from WT and TREM2 KO mice, were hydrated in 1X PBS. THP1 cells 

were blocked using 10% goat serum (Vector Laboratories) for 1 hour. To block 

endogenous mouse IgG in mouse brain tissue and RAW264.7 cells, a mouse-on-

mouse (MOM) peroxidase immunodetection kit (Vector Laboratories) was used; 

samples were blocked in MOM mouse IgG blocking reagent for 1 hour followed by 

two washes and a 5 minute incubation in MOM diluent (protein concentrate) as per 

manufacturer’s instructions. Samples were incubated in 10μg/ml α-TREM2 mAb 

diluted in block solution overnight, then washed three times before secondary 
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antibody incubations for 1 hour in the dark. THP1 cells were incubated in Alexa Fluor 

488 goat anti-mouse antibody (ThermoFisher Scientific). Mouse tissue and 

RAW264.7 cells were incubated in MOM biotinylated anti-mouse IgG for 1 hour as 

per manufacturer’s instructions, followed by three washes and incubating in 2μg/ml 

Alexa Fluor 488 streptavidin (ThermoFisher Scientific) for 1 hour. Samples were then 

washed three times, Hoechst-counterstained and imaged as described above. 

 

Biotinylated mAb 9D10 staining was trialled on mouse brain tissue for comparison 

with staining using unlabelled mAb 9D10. Tissue stained with biotinylated mAb 

underwent an additional step to block endogenous biotin, before using the MOM 

immunodetection kit. This involved incubation in avidin for 15 minutes, followed by 

two 1X PBS washes then incubation in biotin for 15 minutes, as per manufacturer’s 

instructions for the avidin/biotin blocking kit (Vector Laboratories). 

 

2.6 Generation of TREM2-expressing Cell Lines 
2.6.1 Plasmid Preparation 
Four plasmids (pcDNA3.1(+), Genscript) were designed containing ampicillin and 

neomycin resistance genes and the DNA sequences of either human (wild type or 

variants 47H, 62H) or mouse TREM2 (Figure 2.1).  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2.1 – Plasmid design for generation of TREM2-expressing cell lines. 
TREM2 sequences were inserted in the pcDNA3.1(+) plasmid; containing restriction enzymes 
BamHI and EcoRV in the multiple cloning site (MCS), origins of replication (ori), 
cytomegalovirus (CMV) and simian virus 40 (SV40) promoters and resistance genes against 
ampicillin (Amp) and neomycin (Neo). Figure created with SnapGene Viewer 4.3.4. 
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Each plasmid (10ng) was added to a vial of 50ul Subcloning Efficiency™ DH5α™ 

Competent Cells (ThermoFisher Scientific). The cells were incubated on ice for 30 

minutes and were heat-shocked at 42°C for 20 seconds before incubating on ice for 

a further 2 minutes. Pre-warmed Super Optimal broth with Catabolite repression 

(SOC) medium (ThermoFisher Scientific) was added to the cells and incubated with 

shaking at 37°C, 225rpm, for 1 hour. Cells were spread at neat concentrations and at 

1 in 10 dilutions on LB plates containing 100µg/ml ampicillin (Sigma-Aldrich, Merck) 

then incubated at 37°C overnight. 

 

Colonies were selected and incubated with shaking in ampicillin-containing LB broth 

at 37°C, 225rpm, overnight and glycerol stocks of the bacterial cultures were prepared 

and stored at -80°C. Plasmid purification of the remaining cultures was carried out 

using a Maxiprep kit (Qiagen) as per the manufacturer’s instructions. DNA 

concentrations were measured (DeNovix DS-11 FX+ spectrophotometer, Cambridge 

Bioscience) and purified plasmids were stored at -20°C.  

 

2.6.2 Antibiotic Killing Assay 
Before transfection, a killing assay was performed to select the appropriate antibiotic 

concentration. HEK293 cells were plated at 0.25 x 106 cells/well in a 6-well plate and 

incubated to reach 80% confluence prior to the addition of the neomycin analogue 

G418 sulfate (Geneticin, Gibco, ThermoFisher Scientific) at a range of concentrations 

(0, 200, 400, 600, 800, 1000µg/ml) in plain RPMI medium containing 10% FBS. 

Medium (containing G418 sulfate) was replaced every two days and cells were 

monitored daily to determine the lowest antibiotic concentration that would kill non-

transfected cells. 

 

2.6.3 Stable Vector Transfection  
For each plasmid, cells were seeded at 0.25 x 106 cells/well in a 6-well plate and 

incubated to reach 70% confluence. Lipofectamine 3000 (Invitrogen, ThermoFisher 

Scientific) was diluted in Opti-MEM medium (Gibco, ThermoFisher Scientific) and, in 

separate tubes, plasmid DNA was combined with the accompanying P3000 

transfection reagent in Opti-MEM medium as seen in Table 2.1. The two mixes for 

each well were combined in a 1:1 ratio and incubated at room temperature for 15 

minutes then added dropwise to the cells and incubated at 37°C for 24 hours. The 
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transfection medium was then replaced with fresh complete medium for another 24 

hours. 

 

G-418 sulfate was added to the cells at the previously determined concentration in 

10% FBS-RPMI. Cells were maintained under antibiotic selection until non-

transfected cells were eliminated. Colonies of cells containing the plasmid were 

transferred to fresh plates and expanded for use in flow and western blot experiments.  

 
 

Well Lipofectamine mix DNA/P3000 mix 
No plasmid, no lipofectamine 0 0 
No plasmid, lipofectamine 3.75µl lipofectamine 0 
Plasmid, no lipofectamine 0 2.5µg DNA + 2µg 

P3000/µl of DNA 
Plasmid, 3.75µl lipofectamine 3.75µl lipofectamine 2.5µg DNA + 2µg 

P3000/µl of DNA 
Plasmid, 7.5µl lipofectamine 7.5µl lipofectamine 2.5µg DNA + 2µg 

P3000/µl of DNA 
 
Table 2.1 – Transfection reagents used for generation of TREM2-expressing cell lines. 
Lipofectamine and plasmid DNA mixes diluted in equal volumes of Opti-MEM medium for 
transfection. 
 

 

2.7 Nucleic Acid Amplification  
2.7.1 Quantitative Polymerase Chain Reaction 
The quantitative polymerase chain reaction (qPCR) method was used to investigate 

gene expression levels in cell lysates. Lysis of cell pellets and ribonucleic acid (RNA) 

extraction were carried out using RNeasy Mini Kit (Qiagen) as per manufacturer’s 

instructions. RNA absorbance levels were measured at 260nm and concentrations 

were calculated using a DeNovix DS-11 FX+ spectrophotometer (Cambridge 

Bioscience). Absorbances at 230nm and 280nm were also measured to check RNA 

purity using 260/280 and 260/230 ratios; 260/280 ratios indicated whether the 

extracted RNA was free from proteins that absorb close to 280nm, 260/230 ratios 

were used as a secondary measure to test for the presence of other contaminants 

that absorb at 230nm (Gallagher, 2001; Desjardins and Conklin, 2010). Extracted 

RNA was stored at -80°C until required. 
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Reverse transcription was performed using the high capacity RNA to complementary 

deoxyribonucleic acid (cDNA) kit (Applied Biosystems, ThermoFisher Scientific). 

Master mixes were prepared as per manufacturer’s instructions and incubated with 

2μg RNA at 37°C for 1 hour, then 95°C for 5 minutes, on a Mastercycler Nexus GSX1 

system (Eppendorf, Merck). The National Center for Biotechnology Information 

(NCBI) tool Primer-Basic Local Alignment Search Tool (Primer-BLAST, Ye et al., 

2012) was used for qPCR primer design. Primers were designed to contain a 40-60% 

GC content and with no more than a 3° difference in melting temperatures between 

each primer pair. Importantly, primers were ensured to span an exon-exon junction 

to avoid the amplification of contaminating genomic DNA in the samples. Primers 

were screened to check that they were specific to the desired target to avoid 

amplification of pseudogenes. Sequences of all primers (Sigma-Aldrich, Merck) used 

are detailed in Table 2.2.  

 

Primer Sequence (5’-3’) 
Human TREM2 – Forward TCTCCGGCTGCTCATCTTAC 
Human TREM2 – Reverse TCATAGGGGCAAGACACCTG 
Mouse TREM2 – Forward CAGTGTCAGAGTCTCCGAGG 
Mouse TREM2 – Reverse CACAGGATGAAACCTGCCTGG 
Mouse 18S – Forward CCCAGTAAGTGCGGGTCAT 
Mouse 18S – Reverse CCGAGGGCCTCACTAAACC 
Human GAPDH – Forward  TGCACCACCAACTGCTTAGC 
Human GAPDH – Reverse  GGCATGGACTGTGGTCATGAG 

 
Table 2.2 – Primers used in real-time PCR amplification. 
Sequences of the primers used for the cDNA amplification of cell lysates, including 
housekeeping genes 18S and Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH). 
 

 

Reaction qPCR mixes were prepared on ice using 1X PowerUp SYBR Green master 

mix (Applied Biosystems, ThermoFisher Scientific) and 0.5μM primers targeted 

against human or mouse TREM2 (Sigma-Aldrich, Merck). Mixes were distributed in 

triplicates into MicroAmp Fast Optical 96-well plates (Applied Biosystems, 

ThermoFisher Scientific) and cDNA was added. Additional mixes were prepared by 

substituting TREM2 primers with primers against the housekeeping genes, 18S and 

Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH). Positive controls containing 

TREM2-expressing cell lines (THP1, RAW264.7) and negative controls lacking cDNA 

were included. The samples were amplified using a QuantStudio7 Real-Time PCR 

System (Applied Biosystems, ThermoFisher Scientific) under the following thermal 
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protocol: (1) 50°C for 2 minutes, 95°C for 10 minutes; (2) 40 cycles of 95°C for 15 

seconds, 60°C for 1 minute; (3) 95°C for 15 seconds, 60°C for 1 minute, 95°C for 15 

seconds. 

 

Analysis was conducted using QuantStudio Real-Time PCR Software v1.3. To 

compare cycle threshold (Ct) values between samples relative to the housekeeping 

gene, amplification curves were analysed using the following double delta (2^ΔΔCt) 

formula (Pfaffl, 2001):  

Expression fold change = 2^ - [(Experimental TREM2 Ct-housekeeping Ct) - (Control 

TREM2 Ct-housekeeping Ct)] 

where ‘experimental’ represents the tested samples and ‘control’ represents the 

sample used as a reference, for example a wild type or untreated sample.  

 

2.7.2 Genotyping PCR 
The TREM2 KO and matched WT mice were genotyped using mouse TREM2 primers 

(Sigma-Aldrich, Merck) yielding a 2357 base pair (bp) product in the presence of 

TREM2. Samples were also genotyped for CX3CR1, a chemokine receptor 

expressed on the surface of monocytes, to demonstrate the successful extraction of 

DNA; primers for CX3CR1 (Sigma-Aldrich, Merck) yield a 410bp product. As 

previously described, PCR primer design was performed using the NCBI tool Primer-

BLAST (Ye et al., 2012). Primers were designed to contain a 40-60% GC content and 

with no more than a 3° difference in melting temperatures between forward and 

reverse primers. Primers were screened to check that they only aligned with the 

desired target to avoid non-specific amplification. Primer sequences are detailed in 

Table 2.3. 

 

Primer Sequence (5’-3’) 
TREM2 – Forward AAGTACTGGTGGAGGTGCT 
TREM2 – Reverse GGGACCCAGAGATCTCCAG 
CX3CR1 – Forward GTCTTCACGTTCGGTCTGGT 
CX3CR1 – Reverse  CCCAGACACTCGTTGTCCTT 

 
 
Table 2.3 – Mouse primers used for genotyping. 
Sequences of the primers used to genotype wild type and TREM2 knockout mouse models. 
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Mice were ear-notched and DNA was extracted from the ear notches by incubating 

them in mammalian lysis buffer (100mM Tris, 5mM EDTA, 200mM sodium chloride, 

0.2% SDS, pH8.5) containing 100μg/ml Proteinase K solution (Invitrogen, 

ThermoFisher Scientific) on a shaking heat block at 52°C for 1 hour, followed by 72°C 

for 30 minutes to deactivate the enzyme. Samples were diluted (1:8) in nuclease-free 

water (Promega) prior to PCR amplification. DNA concentrations were measured at 

260nm using a DeNovix DS-11 FX+ spectrophotometer (Cambridge Bioscience). 

Diluted DNA (50ng) and 0.4μM mouse TREM2 primers were added to 1X GoTaq 

Green master mix (Promega). Negative controls involved the substitution of DNA with 

nuclease-free water. Samples were run on a Mastercycler Nexus GSX1 system 

(Eppendorf, Merck); for the TREM2 PCR, the following conditions were used: (1) 95°C 

for 2 minutes; (2) 30 cycles of 95°C for 30 seconds, 62°C for 30 seconds, 72°C for 

2.5 minutes; (3) 72°C for 5 minutes. For the CX3CR1 PCR, a touchdown protocol was 

used as follows: (1) 94°C for 2 minutes; (2) 10 cycles of 94°C for 20 seconds, 65°C 

for 15 seconds, 68°C for 10 seconds; (3) 28 cycles of 94°C for 15 seconds, 60°C for 

15 seconds, 72°C for 10 seconds; (4) 72°C for 5 minutes. 

 

Amplified products were loaded on a 1.5% agarose (Fisher Scientific) gel containing 

1X SYBR Safe (Invitrogen, ThermoFisher Scientific) alongside a 1kb molecular 

weight ladder (GeneRuler, ThermoFisher Scientific) for TREM2 PCR products and 

100bp DNA ladder (Promega) for CX3CR1 PCR products. Electrophoresis was 

conducted in Tris-borate-EDTA (TBE) buffer (0.9M Tris, 0.9M boric acid, 0.02M 

EDTA) at 100V for 45 minutes. Gels were imaged using a G:BOX Chemi XX9 imager 

(Syngene). 

 

 

2.8 Antibody Generation 
2.8.1 Protein Immunisation 
For mAb production, TREM2 KO mice (3 mice per protein) were injected 

subcutaneously with 40µg/mouse of commercial recombinant human or mouse 

TREM2 protein (Sino Biological Inc., Stratech Scientific Ltd.); the former comprised 

174 residues and the latter 168 residues of the ectodomain portion, both fused to a 

poly-histidine (6-His) tag. Proteins were emulsified in complete Freund’s adjuvant 

(CFA) for mAb production. After 4 weeks, all mice received a subcutaneous boost of 

the appropriate TREM2 protein emulsified in incomplete Freund’s adjuvant (IFA), and 

another boost on week 5, accompanied by a test bleed to screen for antibody 



 

50 
 

production as described in Section 2.8.4.1. An intraperitoneal (IP) boost containing 

30µg protein/mouse in 1X PBS was administered to mice showing high antibody titres 

in the screening assay and the spleen was harvested for fusion 48 hours later.  

 

For polyclonal antibody production, a young adult New Zealand White rabbit was 

immunised with 50µg of the human TREM2 protein in CFA and boosted with protein 

in IFA at 4 and 5 weeks. A 10ml test bleed was carried out at 6 weeks to check for 

successful antibody production, then the rabbit was exsanguinated, antiserum 

acquired and 0.22µm filtered for purification.  

 

 

2.8.2 Peptide Immunisation  
An additional immunisation approach utilised peptides to produce antibodies against 

the specific TREM2 variants. Peptides (Severn Biotech Ltd.) were designed for the 

wild type and mutant TREM2 variants at amino acid positions 47 and 62 (Table 2.4). 

A terminal cysteine was added to each peptide to enable conjugation via a crosslinker 

to keyhole limpet hemocyanin (KLH), which is a large and highly immunogenic carrier 

protein, or to bovine serum albumin (BSA). Prior to immunisation, peptides were first 

reduced using Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) then coupled to 

KLH or BSA as described below. 

 
 

Site of Interest Status Amino Acid Sequence 
Position 47 Wild type PYDS MKHWGRRKAW C 
Position 47 Mutant PYDS MKHWGRHKAW C 
Position 62 Wild type QRVVSTHNLWLLS C 
Position 62 Mutant QHVVSTHNLWLLS C 

 
Table 2.4 – Peptide designs for variant-targeted mAb generation.  
Wild type and mutant peptides used to generate variant-specific antibodies. Substitutions were 
designed at amino acid positions 47 and 62 (underlined). 
 

 

2.8.2.1 TCEP Reduction 

TCEP Disulfide Reducing Gel (Pierce, ThermoFisher Scientific) was washed in PBS 

3 times by vortexing and centrifuging at 1000g for 1 minute, resuspended back to the 

original volume in PBS then aliquoted for individual reactions. An equal volume of 

each peptide, at 1mg/ml concentration, was added to each aliquot. The tubes were 

vortexed and incubated on a rotating wheel at room temperature for 1 hour, then 
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centrifuged at 1000g for 1 minute and the supernatant containing the reduced peptide 

was recovered. 

 

2.8.2.2 Peptide Conjugation 

Immediately after reduction, peptides were conjugated to the carrier proteins, KLH 

and BSA, which are commonly used in generating antibodies against peptides 

(Harlow and Lane, 1988). KLH-conjugated peptides were used for immunisation and 

BSA-conjugated peptides were reserved for use in screening assays during the 

production process to ensure that only peptide-specific antibodies, and not antibodies 

against the KLH conjugate, were positively screened for. The heterobifunctional 

crosslinker sulfosuccinimidyl 4-[N-maleimidomethyl]cyclohexane-1-carboxylate 

(sulfo-SMCC, ThermoFisher Scientific) was used for conjugation to prevent the 

aggregation of carrier or peptides. This crosslinker comprises N-hydroxysuccinimide 

(NHS) ester groups that covalently conjugate amine-carrying proteins, such as KLH 

and BSA, and contains maleimide groups that bind free sulfhydryl groups on reduced 

peptides.  

 

Sulfo-SMCC was mixed with KLH and BSA at a molar excess of 20:1 

(crosslinker:carrier protein) in conjugation buffer (100mM sodium phosphate, 150mM 

sodium chloride, pH 7.9). This mixture was incubated on a rotating wheel at room 

temperature for 1 hour. Excess crosslinker was removed using a Zeba Spin desalting 

column (ThermoFisher Scientific) equilibrated in conjugation buffer. The reduced 

peptides were then added at a 100X molar excess (for KLH) or 30X molar excess (for 

BSA) to the crosslinker-carrier mixture and incubated on a rotating wheel at 4°C for 2 

hours. All peptide-carrier conjugates were aliquoted and stored at -80°C. 

Immunisation using KLH-conjugated peptides was carried out following the same 

protocol as described for protein immunisation. 

 

2.8.3 Fusion 
Prior to the fusion, mouse macrophages were obtained by peritoneal lavage using 

5ml of plain RPMI, pelleted and resuspended in 50ml complete medium, then plated 

in 50μl/well volumes over 10 plates (per fusion) and incubated at 37°C overnight. 

 

The following day, immunised mice were culled as described in Section 2.3 and the 

spleen was aseptically harvested and immediately transferred to a tissue culture 

hood. Splenocytes were obtained by spleen perfusion with RPMI and spun down at 

1500rpm for 5 minutes then washed in cold plain RPMI medium twice. They were 
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then resuspended in warm RPMI and combined in a ratio of 1:1 with mouse SP2 

myeloma cells freshly harvested from culture that had undergone the same wash 

steps. The pooled mixture was pelleted then gently resuspended in 1.5ml of tissue 

culture grade polyethylene glycol (PEG 1500, Sigma-Aldrich, Merck) warmed to 37oC, 

added drop-by-drop over a 2-minute period to mediate fusion. The mixture was then 

left to stand for 1 minute, then slowly diluted in RPMI to 50ml over 2 minutes before 

being spun down and resuspended in 50ml 1X HAT (Gibco, ThermoFisher Scientific) 

in 15% FBS-RPMI, supplemented with 50 Units penicillin, 50µg/ml streptomycin, 1mM 

sodium pyruvate, 2mM L-glutamine. The HAT additive acts as a selective medium to 

propagate only the fused hybridoma cells. As described in the Introduction, 

aminopterin in the HAT supplement inhibits de novo DNA synthesis. Unfused 

myeloma cells lack the necessary HGPRT enzyme that is required to utilise the DNA 

synthesis salvage pathway and are thus eliminated. Unfused plasma cells do not 

replicate in culture and die spontaneously, meaning only hybridomas (myeloma cells 

fused with HGPRT-positive plasma cells) survive in culture. 

 

Following resuspension, cells were then distributed (50µl/well) into ten 96-well flat-

bottomed plates that had been pre-seeded with mouse peritoneal macrophages 

(50µl/well) as feeder cells. Fusions were incubated at 37°C and observed daily from 

day 10 for hybridoma growth. 

 

2.8.4 Screening 
2.8.4.1 Test serum screening 

Blood samples (10μl) from the tail veins of immune mice were spun down at 

13,000rpm for 20 minutes at 4°C, and the serum was recovered for screening. For 

samples from protein-immunised mice, high binding 96-well plates were coated with 

0.5µg/ml TREM2 protein in carbonate buffer (15mM Na2CO3, 35mM NaHCO3, pH9.6) 

for 1 hour at 37°C. For serum samples from peptide immunisations, protein coating 

was substituted with 0.5µg/ml unconjugated peptides for 1 hour at 37°C, followed by 

a second coating of 0.5µg/ml BSA-conjugated peptides for another hour at 37°C. This 

double-coating step allows unconjugated peptide to first bind to the plate surface, 

after which the BSA component of the second coating step fills in remaining gaps thus 

increasing the peptide surfaces available for binding (Figure 2.2). Plates were blocked 

in 2% BSA blocking buffer for 1 hour at room temperature and washed 3 times in 

PBS-0.05%Tween-20 (PBST). Serum samples were added at a starting dilution of 

1:100 and serially diluted (1 in 2) down the plate. A non-immune serum sample was 
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run alongside as a negative control. Samples were incubated for 1.5 hours at 37°C. 

The plates were washed 3 times in PBST and antibody binding was detected using 

HRP-conjugated donkey anti-mouse IgG (1:1000, Jackson Immunoresearch, 

Stratech Scientific Ltd.) for 1 hour at room temperature. After washing, colour 

development was achieved using orthophenylenediamine (OPD, Sigma-Aldrich, 

Merck) and measured at 492nm absorbance using a spectrophotometric plate reader 

(Tecan Infinite F50, Labtech International Ltd., UK).  

 

 
Figure 2.2 – Modified ELISA technique for screening peptide immunisations. 
ELISA screening method used to detect TREM2 antibodies in test sera and fusion 
supernatant. A double-coating step was used to maximise the amount of peptide available for 
binding. Figure created with BioRender.com. 
 

 

Samples showing the strongest positive results were identified and the corresponding 

mice selected for a follow-up IP boost and fusion while the remaining mice were given 

another sub-cutaneous boost and screened again 1 week later. 

 

2.8.4.2 Fusion screening 

For fusions from protein immunisations, plates were coated with 0.5µg/ml TREM2 

protein. For peptide immunisations, plates were coated with the relevant 

unconjugated and BSA-conjugated peptides as described above. Plates were 

blocked and washed then undiluted fusion supernatant (50µl/well) was added and 

incubated for 1 hour at 37°C. The plates were washed, incubated with detection 

antibody and developed as described above. Wells showing good absorbance 

readings (>0.6) were harvested and limiting dilution cloned into fresh 96-well plates 

of pre-seeded peritoneal macrophages in 1X HT supplement in 15% FBS-RPMI 

containing 50 Units penicillin, 50µg/ml streptomycin, 1mM sodium pyruvate, 2mM L-

glutamine. For limiting dilution cloning, 10μl aliquots of harvested cells from the 

original screened well were distributed into the first row of wells in the macrophage-
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containing plate then titrated down at a 1 in 6 serial dilution (10μl into 50μl; Figure 

2.3). Plates were incubated at 37°C for 10-12 days prior to screening of hybridoma-

containing wells from the lowest dilution rows as above. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 2.3 – Re-cloning strategy for positively screened clones. 
A volume of 120μl of cells from each selected well was equally distributed across the first row 
of a 96-well plate containing pre-plated macrophages (50μl), then 10μl aliquots titrated down 
the plate. 
 

 

Re-cloning and screening procedures were performed two more times before 

selecting optimal single clones to identify antibody class and confirm monoclonality. 

Selected clones were gradually expanded by transferring cells sequentially from 96-

well plates to 24-well then to 6-well plates and the amount of FBS in the media was 

reduced to 10%. When semi-confluent in 24-well or 6-well plates, the cells were then 

further expanded into 25cm2 flasks then 75cm2 flasks while gradually introducing 

ultra-low IgG FBS (Gibco, ThermoFisher Scientific) to replace the regular FBS in the 

media. For high yield production, cells from four 75cm2 flasks at 70% confluency were 

seeded into CELLine 1000 Wheaton bioreactor flasks (Fisher Scientific) containing 

RPMI supplemented with 50 Units penicillin, 50µg/ml streptomycin. Supernatant 

harvests were collected every 7 days; 20ml aliquots were removed from the cell 

compartment of the flask, which was replaced with fresh medium. Aliquots were then 

spun down at 2000rpm for 20 minutes to pellet cells and the supernatant containing 

the antibody stored prior to purification. 

 

10μl/well in top row 

10μl titrated down 
plate 

Re-cloning plate 

Screened samples 
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2.8.5 Antibody Purification 
All buffers and samples were 0.22µm filtered before loading onto the ÄKTA Pure 25 

fast protein liquid chromatography (FPLC) system (GE Healthcare). A 5ml HiTrap 

protein G column (GE Healthcare) was used for the purification of polyclonal antibody 

from antiserum and monoclonal IgG antibodies from tissue culture or CELLine 

supernatants. A 10mM tris-buffer (10mM tris, 150mM sodium chloride, 0.1% sodium 

azide, pH 7.4) was used as binding/washing buffer and antibodies were eluted off the 

column using 0.1M glycine (pH 2.5). Antibody-containing aliquots were identified by 

absorbance, immediately neutralised by the addition of 10% volume of 1M tris (pH8) 

and dialysed into PBS. Concentrations were estimated by measuring absorbance at 

280nm (DeNovix DS-11 FX+ spectrophotometer) and dividing absorbance by 1.36, 

the molar extinction coefficient of IgG. 

 

For IgM antibodies, purification over a 1ml HiTrap protein L column (GE Healthcare) 

was carried out using the same buffers as above. Absorbance was measured at 

280nm and values were divided by 1.18, the molar extinction coefficient of IgM, to 

obtain protein concentration. 

 

To accurately measure antibody concentrations, aliquots of final pools were tested in 

a bicinchoninic acid (BCA) assay (Micro BCA kit, Pierce, ThermoFisher Scientific) 

against protein standards as per the manufacturer’s instructions. Purity of final pools 

was confirmed by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE). Antibodies were aliquoted and stored at -20°C. 

 

 

2.8.6 Biotin Conjugation of Antibodies 
To avoid cross reactivity between anti-mouse secondary antibodies with mouse 

samples in assays, antibodies were conjugated with biotin using the EZ-Link Sulfo 

NHS-LC-Biotin kit (ThermoFisher Scientific) as per the manufacturer’s instructions. 

The antibodies were incubated with the biotin reagent for 30 minutes at room 

temperature, then spun down in Zeba spin desalting columns (40k MWCO, 

ThermoFisher Scientific) to remove excess biotin. The antibody was then aliquoted 

and stored at -20°C until required. 
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2.9 Antibody Characterisation 
Monoclonal antibody classes, subclasses and light chain composition were 

determined using the IsoStrip™ Mouse Monoclonal Antibody Isotyping Kit (Roche, 

Merck) prior to purification and specificity was confirmed using plate binding assays, 

flow cytometry and western blotting as described below. 

 

2.9.1 Plate Binding Assay 
Plates were coated with 0.5µg/ml commercial human TREM2 protein (or double 

coated with coupled and uncoupled peptide as demonstrated in  Figure 2.2) for 1 hour 

at 37°C and blocked in 2% BSA blocking buffer for 1 hour at room temperature. Serial 

dilutions of the purified antibodies were added and plates were incubated for 1.5 

hours at 37°C. The plates were washed and antibody binding was detected using 

HRP-conjugated donkey anti-mouse IgG for the mAb, or donkey anti-rabbit IgG for 

the polyclonal antibody, for 1 hour at room temperature. After washing, colour 

development was obtained using OPD and measured as above. As the commercial 

protein used for immunisation included a polyhistidine tag, purified antibodies raised 

against the full protein were also screened against 0.5µg/ml of an irrelevant histidine-

tagged protein (His-Tag-NY-ESO-1 protein, kindly provided by the Moser group, 

Cardiff University, UK) to ensure that the antibodies were not generated against His-

Tag rather than TREM2.  

The polyclonal antibody was additionally compared to a commercial goat polyclonal 

antibody (AF1828, Human TREM2 Antibody, R&D Systems Inc.) on a plate binding 

assay to determine relative binding activities against human and mouse TREM2. 

 

2.9.2 Coomassie and Western Blot Gels 
2.9.2.1 Cell Lysate Preparation 

Cells were cultured and prepared in aliquots of 106 cells/100μl. Cells were spun down 

and the pellets resuspended in radioimmunoprecipitation assay (RIPA) buffer (Pierce, 

ThermoFisher Scientific) containing 1X cOmpleteTM protease inhibitor mix (Roche, 

Merck) and incubated on ice for 10 minutes. They were then sonicated with two bursts 

of 10 seconds each before centrifuging at 10,000rpm for 1 minute. Supernatants were 

stored at -80°C. 
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2.9.2.2 Gel Preparation 

For SDS-PAGE, gels were prepared by casting a 10% or 12.5% resolving gel followed 

by a 4% stacking gel (Table 2.5) into Bolt mini-cassettes (Novex, ThermoFisher 

Scientific).  
 

Component 10% Resolving 
Gel (ml) 

12.5% Resolving 
Gel (ml) 

4% Stacking 
Gel (ml) 

Resolving buffer (1.5M Tris, 
0.4% SDS, pH 8.8) 

1.875 1.875 0 

Stacking buffer (0.5M Tris, 
0.4% SDS, pH 6.8) 

0 0 0.600 

Acrylamide, 40% 1.875 2.250 0.253 
Distilled water 3.625 3.250 1.597 
APS, 10% 0.075 0.075 0.025 
TEMED 0.0075 0.0075 0.0025 

 

Table 2.5 – Components of gels used in SDS-PAGE.  
Reagents and volumes used to prepare 10% or 12.5% resolving gels, and 4% stacking gels, 
required for SDS-PAGE. 
 

2.9.2.3 Gel Electrophoresis 

For Coomassie staining, samples were prepared at 2.5μg/well in non-reducing 

(23mM Tris, 117mM sucrose, 0.8% SDS, 1:300 bromophenol blue, pH 6.8) and 

reducing (as non-reducing buffer, supplemented with 5% β-mercaptoethanol) 

conditions. They were denatured at 90°C for 10 minutes and loaded onto a 

polyacrylamide gel alongside a 10-250 kilodalton (kDa) protein ladder (PageRuler 

Plus, ThermoFisher Scientific) in a Bolt Mini Gel tank (ThermoFisher Scientific). After 

electrophoresis using 1X running buffer (25mM tris, 192mM glycine, 1% SDS), the 

gels were removed from their cassettes and incubated in a Coomassie stain (0.25% 

Coomassie R-250, 10% acetic acid, 40% methanol) on a rocker at room temperature 

for 1 hour. The stain was discarded and the gel was incubated with a destain buffer 

(10% acetic acid, 40% methanol) at room temperature for 30 minutes. The solution 

was replaced with fresh destain buffer every 30 minutes until the gel background was 

clear and bands became visible. Gels were imaged in white light using a G:BOX 

Chemi XX9 imager (Syngene). 

 

For western blots, commercial TREM2 protein (1µg) and cell lysates (20μg) were 

denatured in non-reducing and reducing conditions and run alongside a protein ladder 

as described above. After electrophoresis, the gel was placed in a transfer cassette 

containing a blotting pad and filter paper pre-soaked in 1X transfer buffer (25mM tris, 
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192mM glycine, 20% methanol). A sheet of nitrocellulose membrane was placed over 

the gel, followed by another layer of filter paper that was rolled out to remove any air 

bubbles on the gel. A final blotting pad was added on top before closing the cassette 

and immersing it into the gel tank containing 1X transfer buffer.  

 

The transfer was carried out at 10V for 1 hour and the membrane was retrieved and 

blocked using 5% BSA-PBST for 1 hour at room temperature. The membrane was 

incubated overnight at 4°C with 2µg/ml of mAb, or 5μg/ml polyclonal, then washed 3 

times in PBST. It was incubated for 1 hour at room temperature with 1:10,000 HRP-

conjugated donkey anti-mouse or anti-rabbit antibodies for mAb and polyclonal 

primary antibodies respectively. The membrane was then washed 3 times in PBST 

before development using enhanced chemiluminescence (ECL, Amersham ECL 

Detection Reagents, GE Healthcare) and imaged using G:BOX Chemi XX9 

(Syngene). 

 

2.9.3 Flow Cytometry 
Cells were washed in plain RPMI and plated at 100μl volumes in a 96-well U-

bottomed plate at 2 x 105 cells/well. The cells were spun down at 1500rpm for 5 

minutes and washed in assay buffer (2% FBS-PBS). This was followed by a 15 minute 

incubation on ice in either 1:100 anti-mouse CD16/32 Fc-blocking antibody 

(Biolegend) for mouse cell lines or 1:8 TruStain FcXTM antibody (Biolegend) for human 

cell lines, supplemented with 5% goat serum (Vector Laboratories) for mAb or donkey 

serum (Sigma-Aldrich, Merck) for the polyclonal antibody. Cells were then incubated 

with the α-TREM2 antibodies for 30 minutes on ice. After washing, the cells were 

stained with Alexa Fluor 647-conjugated anti-mouse (for mAb) or anti-rabbit (for 

polyclonal) antibodies (Biolegend) on ice for 30 minutes in the dark. Staining using 

the commercial AF1828 anti-TREM2 antibody (R&D Systems Inc.) was detected with 

Alexa Fluor 647-conjugated anti-goat antibody (Abcam). Negative controls included 

cells stained with the fluorophore-conjugated antibody only and cells stained with an 

isotype control corresponding to the tested antibodies (Table 2.6). The cells were then 

washed twice and fixed using 4% paraformaldehyde for 15 minutes on ice. Cells were 

washed twice again, resuspended in assay buffer and measured using the Attune 

NxT flow cytometer (ThermoFisher Scientific). Data was analysed using FlowJo v.10 

(FlowJo, LLC) software. 
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Antibody Clone Use Source 
Alexa Fluor 647 Anti-Mouse IgM RMM-1 Detection Biolegend 
Alexa Fluor 647 Donkey α-Goat IgG n/a Detection Abcam 
Alexa Fluor 647 Donkey α-Rabbit IgG Poly4064 Detection Biolegend 
Alexa Fluor 647 Goat α-Mouse IgG Poly4053 Detection Biolegend 
Anti-human TruStain FcXTM antibody n/a Fc block Biolegend 
Anti-mouse CD16/32 antibody n/a Fc block Biolegend 
Anti-GFAP antibody n/a Isotype control Abcam 
Monoclonal (anti-FH) IgM antibody n/a Isotype control In-house 
Polyclonal (anti-C4) antibody n/a Isotype control In-house 
Purified Mouse IgG2a, κ MG2a53 Isotype control Biolegend 

 
Table 2.6 – Antibodies used for flow cytometry. 
The polyclonal and IgM isotype control antibodies were generated in-house, while the other 
antibodies were obtained commercially (Abcam and Biolegend, UK).  
 

  

2.10  Development of Human sTREM2 ELISA 
A sandwich ELISA for the detection of sTREM2 in human plasma using mAb 9D10 

as a capture antibody paired with the polyclonal antibody was set up by Angharad 

Morgan. 

 

A 96-well flat-bottomed high binding plate was coated with mAb 9D10 at 5µg/ml in 

carbonate buffer and incubated at 4°C overnight. After 3 washes with PBST, the plate 

was blocked with 2% BSA-PBST at 37°C for 1 hour. Commercial TREM2 protein was 

added in duplicates at a starting concentration of 6ng/ml and titrated down the plate 

in a 1 in 2 serial dilution. Plasma samples were prepared (neat and at 1 in 2 dilution) 

and the plate was incubated overnight at 4°C. After 3 PBST washes, the polyclonal 

anti-TREM2 was added at 10µg/ml and the plate was incubated at 37°C for 1 hour. 

The plate was then washed 3 times before the addition of HRP-labelled donkey anti-

rabbit IgG antibody diluted 1:1000. The plate was incubated at 37°C for 1 hour, 

washed and developed using OPD, absorbance was measured at 492nm. Samples, 

protein standard and detection antibodies were all diluted using 0.1% BSA-PBST. 

Standard curves including standard error of mean (SEM) and data interpolation were 

plotted using Prism 5 (GraphPad) software. 

 

Plasma samples of 663 individuals from the European cohort AddNeuroMed 

(Lovestone et al., 2009) were tested using this assay. Samples comprised 241 AD, 

184 mild cognitive impairment (MCI) and 238 age-matched controls, and were kindly 
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provided by the National Institute for Health Research (NIHR) Biomedical Research 

Centre and NIHR Dementia Biomedical Research Unit hosted at Kings College 

London and South London and the Maudsley NHS Foundation Trust. Informed 

consent was obtained according to the Declaration of Helsinki (1991), and protocols 

were approved by Institutional Review Boards at each collection site. Demographic 

information included diagnosis, age, gender, ApoE status and age of onset but my 

work was limited to age and gender as variables in my analysis, as demonstrated in 

Chapter 5. 
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3 Results: Production and Characterisation of Antibodies 

against TREM2 
 

3.1 Introduction 
The development of monoclonal antibody (mAb) technology, based on the seminal 

work of Caesar Milstein and colleagues in the mid-1970s (Köhler and Milstein,1975), 

means that large amounts of homogenous antibody reagents can be specifically 

generated against a wide range of antigens. Over the last 30 years, this field has 

significantly progressed through humanisation of mAb and engineering improvements 

in their efficacy. This has led to their increased use in diagnostic settings, where they 

can detect the presence of antigens in patient samples, and in therapeutic 

applications where they can kill cancer cells and alter the immune response to 

disease (Li and Zhu, 2010; Liu, 2014; Singh et al., 2018).  

 

As discussed in Chapter 1, there is currently a lack of reliable commercial anti-TREM2 

mAb that can identify and quantify TREM2 in human and animal systems. Given the 

evidence implicating TREM2 in AD, the lack of reliable reagents to identify and 

quantify TREM2 is an important unmet need. TREM2 has been reported to have 

multiple roles in AD depending on factors such as stage of disease and the type of 

disease model under investigation; the lack of good detection reagents in part 

explains the inconsistencies seen in the literature and poses challenges for diagnosis 

and potential therapeutic strategies. A more in-depth understanding of the distribution 

and functions of TREM2 is important to clarify its roles in AD; to achieve this there is 

a need to develop good quality reagents. 

 

3.1.1 Aims and Objectives 
The first aim of this chapter is to produce and characterise a panel of in-house mAb 

that bind to human and mouse TREM2 proteins. The second aim is to generate mAb 

specific for the AD-associated TREM2 variants, R47H and R62H. 
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3.2 Results 
3.2.1 TREM2 Genotyping Results 
DNA extraction and PCR amplification using mouse TREM2 primers was carried out 

on the C57BL/6J (WT) and TREM2 KO mice (six mice per genotype) to confirm their 

respective genotypes. Amplified TREM2 DNA, with an expected band size of 2357bp, 

was only observed in the wild type samples as expected (Figure 3.1A).  

 

To confirm the presence of DNA in the TREM2 KO samples, an additional PCR was 

carried out for three of the TREM2 KO samples using primers against the chemokine 

receptor CX3CR1. Bands were observed at 410bp as expected, confirming that DNA 

extraction for these samples was successful and that the absence of bands in the 

TREM2 PCR was a true result (Figure 3.1B). A better method to confirm this result 

would be the use of primers designed to target the region of TREM2 unaffected by 

the knockout strategy, exon 3 for example, in KO samples 1-6. Demonstrating 

absence of bands using primers targeting exon 2, together with presence of bands 

using primers targeting exon 3, would better represent the KO genotype.    

 
 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.1 – TREM2 and CX3CR1 genotyping PCR. 
(A) PCR amplification using mouse TREM2 primers on DNA from TREM2 KO (samples 1-6) 
and WT mice (7-12). A 1kb molecular weight (MW) ladder was loaded in the leftmost lane, 
only main bands are labelled for clarity. A negative control was included, where DNA was 
replaced with nuclease free water. TREM2 DNA was only observed in the WT at the expected 
band size: 2357bp. (B) Three of the six TREM2 KO samples (1,3,6) were also genotyped 
using CX3CR1 primers to confirm the presence of DNA in the samples, yielding 410bp 
products as expected, run alongside a 100bp ladder in the leftmost lane. 
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3.2.2 Anti-Human TREM2 Antibodies 
3.2.2.1 Isotyping and Plate Binding Assays 

Immunisations (in rabbits for polyclonal and in TREM2 KO mice for mAb) and fusions 

for mAb were conducted as described in Materials and Methods (Chapter 2). Initial 

fusions were carried out by Wioleta Zelek, resulting in two of the mAb raised against 

human TREM2 (9D10 and 9A9-3). All subsequent fusions and characterisation of 

these and all other mAb were conducted entirely by me as part of this project. One 

polyclonal antibody was purified from the rabbit anti-serum using a protein G column.  

 

Serum samples from injected mice were screened throughout the immunisation 

procedure to monitor antibody levels and select the mice with the highest titres for 

subsequent hybridoma production (Figure 3.2).  

 

Week 5

0 1 2 3 4
0.0

0.1

0.2

0.3
 
 

 

Log Dilution Factor

Ab
so

rb
an

ce
 (4

92
nm

)

 

Week 6

0 1 2 3 4
0.0

0.2

0.4

0.6

0.8

1.0
Mouse 1
Mouse 2
Non-Immune Mouse

Log Dilution Factor

Ab
so

rb
an

ce
 (4

92
nm

)

 
Figure 3.2 – Serum screening to monitor antibody levels in immunised mice. 
Example of screening serum samples (serial dilutions starting from 1:100) after injection 
boosts on weeks 5 and 6 after the initial immunisation. Mouse 1 was selected for a final boost 
followed by fusion and hybridoma production, mouse 2 was given another boost before re-
testing serum on week 7. A non-immune serum sample was tested in parallel as a negative 
control.  
 

Antibodies from selected hybridoma lines were purified and screened against 

commercial recombinant TREM2 proteins to investigate their binding capacity. They 

were also screened against His-Tagged irrelevant protein to rule out false positive 

results arising from antibodies raised against the His-Tagged portion of the 

immunisation proteins. Any antibodies showing positive His-Tag results were 

eliminated from the study. Another test that could have been used as a negative 

control, following His-Tag screening, is the use of scrambled proteins; where TREM2 

protein sequences are randomised to test the specificity of the generated antibodies. 
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All mAb strongly bound human TREM2 in a plate binding assay and all, except 5D11, 

bound mouse TREM2 (Figure 3.3). Binding to the human protein did not demonstrate 

a clear titrated effect for three of the mAb (Figure 3.3A-C), indicating that the assay 

reached its saturation limit and should be repeated with lower antibody concentrations 

to generate a titration curve. 

 
 
 
  
 

 
 
 

 
 

 
 

 
 

 
 
 
 

 
 
 

 
 

 
 
 
 

 
 

 
 
 
 
Figure 3.3 – ELISA reactivity of mAb against recombinant human and mouse TREM2. 
ELISA comparing binding of mAb (A) 9D10, (B) 9A9-3, (C) 5D11 and (D) 8G10 to immobilised 
human (black) and mouse (blue) TREM2 protein. Bound antibody (Ab) was detected by 
incubation with HRP-labelled anti-mouse IgG followed by OPD substrate to develop the assay. 
Error bars represent mean +/- SEM of duplicates in the assay.  
 

 

 

Comparing the in-house polyclonal antibody to a commercial α-TREM2 antibody 

(AF1828, R&D Systems Inc.) by ELISA showed that both antibodies strongly bound 

human TREM2, but that the commercial antibody had a higher capacity to bind mouse 

protein (Figure 3.4). 
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Figure 3.4 – ELISA reactivity of in-house and commercial polyclonal antibodies.  
ELISA comparing binding of (A) in-house and (B) commercial polyclonal antibodies to 
immobilised human (black) and mouse (blue) TREM2 protein. Error bars represent mean +/- 
SEM of duplicates in the assay.  
 

 

An unusual result was obtained with mAb 5D11 and 8G10 using isotyping strips as 

bands for both IgG1 and IgG3 were detected. These antibodies were re-cloned under 

the assumption that they may not be monoclonal as initially concluded; however, re-

testing resulted in the detection of the same two isotypes. To specifically determine 

the true isotype of these mAb, anti-IgG1 and -IgG3 antibodies (Biolegend) were used 

to detect them in an ELISA setting and provided conclusive evidence of the isotype 

IgG1 (Figure 3.5).  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.5 – ELISA isotype confirmation of mAb 5D11 and 8G10. 
Specific anti-IgG1 and -IgG3 antibodies were used to identify the isotypes of the two mAb (A) 
5D11 and (B) 8G10 after obtaining unclear results using isotyping strips. Both mAb were 
clearly confirmed as IgG1. 
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Table 3.1 summarises the isotypes and reactivity of the polyclonal and mAb raised 

against human TREM2, against both human and mouse TREM2 protein, and with 

His-Tagged irrelevant protein. 

 

 
Name Host Isotype Human TREM2 

binding 
Mouse TREM2 

binding  
His-tag 
binding  

AF1828 Goat n/a yes yes n/a 
Polyclonal Rabbit n/a yes weak no 

9D10 Mouse IgG2a (κ) yes yes no 
9A9-3 Mouse IgG2a (κ) yes yes no 
8G10 Mouse IgG1 yes yes no 
5D11 Mouse IgG1 yes no no 

 
Table 3.1 – Summary of isotypes and ELISA reactivity of human antibodies.  
Host species and isotypes of the mAb, in-house polyclonal and commercial polyclonal 
(AF1828, R&D Systems) antibodies. Antibody reactivity to recombinant human TREM2, 
mouse TREM2 and irrelevant His-Tag protein was tested in a plate-binding assay. Only 
human TREM2 binding was observed with mAb 5D11 while all other antibodies showed 
binding to both TREM2 proteins. All antibodies were His-tag negative, testing binding for 
AF1828 was not applicable (n/a) as it was not raised against a His-Tagged protein.  
 

 

 

3.2.2.2 Antibody Binding of TREM2 Proteins and Cell Lysates 

Western blotting was used to demonstrate specific binding of the generated 

antibodies to TREM2 protein. The antibodies were used to detect recombinant 

TREM2 protein and native TREM2 in human monocytic (THP1) and mouse 

macrophage (RAW264.7) cell lysates, chosen because these lines are reported to 

express TREM2 (Allcock et al., 2003; Humphrey et al., 2006; Turnbull et al., 2006; 

Kober et al., 2016). Negative controls, where only HRP-labelled secondary antibody 

was used, were included. The predicted molecular weight of recombinant TREM2 is 

~20-25kDa but the protein migrates at a higher apparent molecular weight of ~35-

40kDa on SDS-PAGE due to glycosylation, as described by the supplier’s 

documentation. In my hands, the recombinant proteins also ran as a broad smear 

between 35 and 40kDa under reduced and non-reduced conditions (Figure 3.6C). To 

validate this observation, these human and mouse TREM2 proteins should have been 

deglycosylated and run alongside original aliquots for comparison to demonstrate the 

correct molecular weight of the deglycosylated protein, but this was not done in this 

project. 
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Figure 3.6 – Molecular weight of recombinant TREM2 on SDS-PAGE. 
(A) Human and (B) mouse recombinant TREM2 protein on a Coomassie gel, provided by the 
supplier’s website (Sino Biological Inc.), (C) the recombinant TREM2 proteins (2.5μg/well) run 
in-house on a 12.5% gel and Coomassie-stained, under reducing (R) and non-reducing (NR) 
conditions. 
 

In western blots, mAb 9D10 strongly bound both the human and mouse recombinant 

TREM2 protein under reducing (R) and non-reducing (NR) conditions (Figure 3.7A), 

while mAb 9A9-3 and 8G10 showed strong binding to human TREM2 protein at the 

expected molecular weight, but only a faint smear was observed with the mouse 

protein (Figure 3.7B,D). mAb 5D11 and the in-house polyclonal antibody strongly 

bound human TREM2 but showed no cross-reactivity with mouse protein (Figure 

3.7C,E) confirming ELISA results. Unexpectedly, the commercial polyclonal antibody 

only bound human TREM2 protein on western blot (Figure 3.7F). 
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Figure 3.7 – Binding of antibodies to recombinant human and mouse TREM2 protein. 
Western blots showing binding of: (A) mAb 9D10, (B) mAb 9A9-3, (C) mAb 5D11, (D) mAb 
8G10, (E) in-house polyclonal and (F) commercial polyclonal anti-TREM2 antibody to human 
and mouse TREM2 under reducing (R) and non-reducing (NR) conditions. Negative controls 
comprised the same proteins probed with HRP-secondary antibody only. After transfer, the 
membrane was divided at the molecular weight ladder, and each half probed separately.  
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Probing of SDS-PAGE separated lysates from the human THP1 and mouse 

RAW264.7 cell lines with mAb 9D10 detected bands only in the reduced lysate; the 

major band in lysates from both sources was at ~65kDa (Figure 3.8A). A major band 

of the same size was detected when lysates were probed with mAb 9A9-3 under 

reducing conditions while a slightly lower molecular weight band (~60kDa) was 

detected in the non-reduced lysates (Figure 3.8B), and mAb 5D11 bound only the 

human cell line in both non-reduced and reduced lysates (Figure 3.8C). Secondary-

only controls were negative under all conditions. mAb 8G10 was not tested against 

these cell lysates in western blot due to time constraints. 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8 – Binding of mAb to THP1 and RAW264.7 lysates. 
Western blots showing binding of anti-TREM2 mAb (A) 9D10, (B) 9A9-3 and (C) 5D11 to THP1 
and RAW264.7 lysates under reducing (R) and non-reducing (NR) conditions. Negative 
controls were loaded to the left of the molecular weight ladder, and the membrane was divided 
post-transfer and each half probed separately.  
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The reactivity of in-house and commercial polyclonal antibodies against human and 

mouse TREM2 in cell lysates was compared as above using Western blotting. 

Probing of blots with the commercial anti-TREM2 polyclonal antibody detected a 

single major band at ~45kDa and several higher and lower molecular weight minor 

bands in both lysates and under R and NR conditions (Figure 3.9A); in contrast, the 

in-house polyclonal antibody detected major bands at ~55kDa in human cell lysates, 

but not in mouse cell lysates (Figure 3.9B). The binding patterns of the human 

antibodies to cell lysates are summarised in Table 3.2. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 3.9 – Binding of polyclonal antibodies to human and mouse cell lysates. 
Western blots showing (A) commercial AF1828 polyclonal anti-TREM2 antibody and (B) in-
house anti-TREM2 antibody probing of THP1 and RAW264.7 lysates under reducing (R) and 
non-reducing (NR) conditions. Negative controls were loaded on the left of each molecular 
weight ladder, and the membrane was divided post-transfer and each half probed separately. 
 
 
 

Name THP1 binding RAW264.7 binding 
9D10 65kDa (R) 65kDa (R) 
9A9-3 65kDa (R), 60kDa (NR) 65kDa (R), 60kDa (NR) 
8G10 Not tested Not tested 
5D11 65kDa  None 

Polyclonal (in-house) 55kDa None 
Polyclonal (commercial) 45kDa 45kDa 

 
Table 3.2 – THP1 and RAW264.7 binding patterns with human antibodies. 
Summary table showing TREM2 binding of the human antibodies to THP1 and RAW264.7 cell 
lysates, under reducing (R) and non-reducing (NR) conditions. mAb 8G10 was not tested due 
to time constraints and limited laboratory access during pandemic restrictions. 
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3.2.2.3 Antibody Binding of Membrane-Bound TREM2 

The antibodies generated against the recombinant human TREM2 protein were 

tested against THP1 and RAW264.7 cells using flow cytometry to explore binding of 

membrane-bound TREM2. None of the antibodies showed binding above the isotype 

controls to the THP-1 cell line (Figure 3.10C,E). Only mAb 9D10 and 9A9-3 showed 

a large shift in binding to RAW264.7 cells in comparison with controls (Figure 3.10D) 

and the commercial AF1828 polyclonal antibody did not bind either cell line (negative 

results not shown). 
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Figure 3.10 – Binding of antibodies to human and mouse cell lines by flow cytometry. 
Example of the flow cytometry gating strategy: (A) dead cells were first excluded by gating 
forward scatter area (FSC-A) against side scatter area (SSC-A), (B) then only single cells 
were analysed by gating FSC-A against forward scatter height (FSC-H). Flow cytometry 
histograms depicting cell count versus fluorescence to show binding of human anti-TREM2 
mAb to (C) THP1 and (D) RAW264.7 cells, and binding of the in-house generated polyclonal 
antibody to (E) THP1 and (F) RAW264.7 cells. Controls included cells stained with secondary 
antibody only and cells stained with isotype controls for both the mAb (mouse) and the 
polyclonal (rabbit).  
 
 

 

3.2.3 Anti-Mouse TREM2 Antibodies 
3.2.3.1 Antibody Isotyping  

Three fusions were carried out for the generation of mouse antibodies against 

TREM2; all immunisations were in TREM2-deficient mice. From these fusions, twenty 

mAb clones from seven primary clones were selected for initial characterisation; 

isotyping using a commercial isotyping kit indicated that all of the selected clones 

were of the IgM class. This result was surprising given that the screening ELISA 

utilised a commercial HRP-labelled anti-IgG (Jackson Immunoresearch) to detect 

antigen-bound mAb; positive clones were therefore expected to be of the IgG class, 

but instead this finding demonstrated that this commercial antibody is not IgG-

specific. The result was therefore further investigated using western blotting and plate 

binding assays as described below.  
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Neat supernatant from the selected clones was run on SDS-PAGE under reducing 

conditions, western blotted and then probed with the same secondary HRP-labelled 

anti-IgG antibody used in the screening ELISA. Results showed the characteristic μ 

heavy chain of IgMs (~70kDa) for the tested supernatants whereas a control IgG run 

as a positive control on the blots showed strong staining of ~55kDa IgG γ chain 

(Figure 3.11).  

 

 

 

 

 

 

 

 

 

 

 
Figure 3.11 – Western blot of mouse mAb clone supernatant 
Western blot showing the detection of the IgM μ heavy chain at ~70kDa in several of the mAb 
clone supernatants and the ~55kDa IgG γ chain of the leftmost IgG sample. Both Ig classes 
contain the ~25kDa κ light chain. Lane numbers represent: (1-5) 4C7 subclones -F12, -G11, 
-E3, -E5, -G6; (6) 4C9-F11; (7-8) 5F1-C9, -D9; (9-10) 7E1-D7, -E8. 
 

Evidence from the isotyping kit and western blotting demonstrated that the anti-mouse 

IgG secondary antibody used for screening assays was binding both IgG and IgM 

antibodies; the plate binding assay was therefore repeated using γ-chain and μ-chain 

specific HRP-labelled antibodies (Sigma-Aldrich, Merck, UK). Clone supernatants all 

showed binding to different degrees with the μ-chain specific antibody but no binding 

was seen with the γ-chain specific antibody for any of the clone supernatants, 

confirming that they are all of the IgM class (Figure 3.12). The three strongest binding 

mAb from three different original clones (clones 4C7:E5, 5F1:D9, 7E1:E8) were taken 

forward for purification and further characterisation. 
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Figure 3.12 – Determination of mAb isotype using class-specific antibodies in ELISA. 
Example of six mAb clone supernatants showing strong reactivity with the μ-chain-specific 
secondary antibody but no reactivity with the γ-chain-specific secondary antibody, confirming 
that they are all of the IgM class. 
 

3.2.3.2 Purification and Plate Binding Assays 

Selected sub-clones were purified on the ÄKTA Pure 25 FPLC system (Figure 3.13) 

by passage over a protein L column, which binds the κ light chains of antibodies 

irrespective of heavy chain type, and Coomassie stained after SDS-PAGE to check 

purification quality.  

 

 
Figure 3.13 – FPLC purification of mAb 7E1-D4 
Example of a purification trace showing the elution peak (rectangle) of anti-mouse TREM2 
mAb 7E1-D4. 
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Purification was not successful for the selected mAb as no protein was eluted from 

the supernatant, so different sub-clones previously derived and frozen away from the 

three original clones were regrown and trialled. Clones 7E1-D4 and -E10 showed 

promising SDS-PAGE results post-purification (Figure 3.14) but after re-testing in a 

plate binding assay, only 7E1-E10 appeared to weakly bind human and mouse 

TREM2 protein (Figure 3.15). 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.14 – SDS-PAGE of anti-mouse mAb 7E1-D4 and -E10. 
Coomassie staining of purified mAb raised against mouse TREM2. Reducing (R) conditions 
show the μ heavy chain of IgM at ~70kDa and the κ light chain at ~25kDa. NR: non-reducing. 
 

 

0 2 4 6
0.0

0.2

0.4

0.6

0.8

7E1-E10

Ab concentration (ug/ml)

A
bs

or
ba

nc
e 

(4
92

nm
)  
 

0 2 4 6
0.0

0.2

0.4

0.6

0.8

7E1-E10

Ab concentration (ug/ml)

Ab
so

rb
an

ce
 (4

92
nm

)  
 

0 2 4 6
0.0

0.1

0.2

0.3

0.4

0.5

7E1-D4

Ab concentration (ug/ml)

Ab
so

rb
an

ce
 (4

92
nm

) Hu Protein
Ms Protein

0 2 4 6
0.0

0.1

0.2

0.3

0.4

0.5

7E1-D4

Ab concentration (ug/ml)

Ab
so

rb
an

ce
 (4

92
nm

) Hu Protein
Ms Protein

 
Figure 3.15 – ELISA reactivity of mAb against recombinant human and mouse TREM2. 
ELISA comparing binding of mAb (A) 7E1-E10 and (B) 7E1-D4 to immobilised human (hu) 
and mouse (ms) TREM2 protein. Bound mAb were detected using a μ-chain specific HRP-
labelled secondary. Error bars represent mean +/- SEM of duplicates in the assay. 
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Only mAb 7E1-E10 was taken forward for further testing, despite the low level of 

binding demonstrated in Figure 3.15. No bands were detected by this mAb in western 

blots of recombinant human and mouse TREM2 protein and no TREM2 staining was 

observed in flow cytometry of RAW264.7 cells (negative data not shown). Due to time 

constraints, no further characterisation of the anti-mouse IgM antibodies was 

performed. 

 

 

3.2.4 TREM2 Variant-Specific Antibodies 
3.2.4.1 Isotyping and Plate Binding Assays 

For production of antibodies against the AD-associated TREM2 variants (R47H and 

R62H), TREM2-deficient mice were immunised with commercially sourced peptides 

designed in-house to include the wild-type and variant sequences at these positions. 

These peptides were conjugated to KLH, a large immunogenic carrier protein, to elicit 

a sufficient antibody response during immunisation. Generating antibodies against 

short peptides in general was expected to yield successful results. It was appreciated, 

however, that the production of antibodies specific to a single amino acid change 

would prove challenging, yet possible as was reported in previous studies (Stanker 

et al., 1986; Hoylaerts and Millán, 1991; Yu et al., 2007; Hakobyan et al., 2008).   

 

From the first round of immunisations, two fusions were performed (p.47 and p.62 

wild types). Following the re-cloning and screening stages, only three clones were 

strongly positive from the p47 fusion against the immunised peptide and none of these 

showed specificity for p.47 wild type over p.47 mutant peptide (Figure 3.16). The p.62 

wild type initially showed promising results but after the necessary multiple re-cloning 

steps, no peptide-specific antibody-producing clones were detected (negative data 

not shown). 
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Figure 3.16 – Reactivity of first round of generated p.47 mAb against peptides. 
Reactivity of clone supernatant from the first p.47 wild type fusion against wild type (R47) and 
mutant (H47) peptides. Error bars represent mean +/- SEM of duplicates in the assay. 
 

 

A second batch of mice was immunised (3 mice per peptide) but this time the 

screening method was modified using the double-coating technique described in 

Chapter 2. Instead of coating with unconjugated peptide alone, a second coating step 

using BSA-conjugated peptide was introduced to increase the amount of peptide on 

the surface available for test serum or fusion supernatant to bind. Supernatant from 

clones generated using peptide immunisations was screened in duplicate against wild 

type and mutant (R47H, R62H) peptides to test their specificity; they were additionally 

screened against full-length recombinant wild type protein.  

 

 

3.2.4.1.1 Immunisations using p.47 Peptide 

Positive clones from the new p.47 wild type fusion were screed as above (Figure 

3.17A); all clone supernatants showed similar reactivity to wild type and mutant 

peptides. All but one (5G10) of the clones screened were generated from the same 

primary clone (2A11) and showed similar affinity to both peptides. The 5G10 clone 

showed a higher binding to mutant versus wild type peptide and, along with 2A11 F1, 

showed stronger binding to the full protein compared to the other clones from this 

fusion (Figure 3.17B). 
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Figure 3.17 – Binding of p.47 wild type mAb to peptides and recombinant TREM2. 
Reactivity of clone supernatant from one p.47 wild type (wt) fusion against (A) wild type and 
mutant peptides and (B) TREM2 wild type protein. Seven out of the eight subclones originated 
from the same primary clone (2A11), the eighth was from a different clone (5G10). Error bars 
represent mean +/- SEM of duplicates in the assay. 
 

 

From the two p.47 mutant fusions, the positive sub-clones were from seven different 

primary clones. None of these showed any significant differences in binding between 

the two peptides (Figure 3.18A); they all bound the full-length recombinant protein 

with varying strength of signal in the assay (Figure 3.18B). 
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Figure 3.18 – Binding of p.47 mutant mAb to peptides and recombinant TREM2. 
Reactivity of clones from two p.47 mutant fusions against (A) wild type and mutant peptides 
and (B) full length recombinant TREM2 wild type protein. Error bars represent mean +/- SEM 
of duplicates in the assay. 
 
 
 
3.2.4.1.2 Immunisations using p.62 Peptide 

From the p.62 wild type immunisation, selected sub-clones originated from seven 

primary clones (2A2, 3B12, 7H11, 8E11, 9B9, 9G2, 10G12). While most of the clones 

bound the wild type and mutant peptides to a similar degree, three showed clear 

preferential binding of one peptide over the other in the plate binding assay (Figure 

B 

A 
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3.19A). Clones 2A2-E3 and 7H11-C12 showed stronger binding to the wild type 

peptide over the mutant, and clone 9B9-C11 showed stronger binding to the mutant 

peptide over the wild type. Interestingly, the latter clone also showed very low binding 

to the full-length wild type TREM2 protein (Figure 3.19B). 
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Figure 3.19 – Binding of p.62 wild type mAb to peptides and recombinant TREM2. 
Reactivity of clones from two fusions of p.62 wild type against (A) wild type and mutant 
peptides and (B) TREM2 wild type protein. Short red arrows indicate two sub-clones that 
bound wild type peptide stronger than mutant, while the long blue arrow indicates a single 
sub-clone that bound mutant peptide stronger than wild type. Error bars represent mean +/- 
SEM of duplicates in the assay. 
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From the p.62 mutant fusions, three primary clones were selected; Figure 3.20A 

shows the reactivity of sub-clones selected from each of these against p.62 mutant 

and wild type peptides; there was no clear selectivity between peptides for any of the 

subclones. Binding of most of the supernatants to the wild type protein was low 

(Figure 3.20B). 
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Figure 3.20 – Binding of p.62 mutant mAb to peptides and recombinant TREM2. 
Reactivity of clones from two fusions of p.62 mutant against (A) wild type and mutant peptides 
and (B) TREM2 wild type protein. The selected sub-clones originated from 3 primary clones 
(9G7, 2E10 and 10D3). 
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All generated variant antibodies were tested and confirmed to be of the IgM class, as 

observed with the anti-mouse TREM2 antibodies described in the previous section. 

Supernatants from selected sub-clones were purified over a protein L column and 

Coomassie-stained to check quality. Successfully purified variant antibodies are 

shown in Table 3.3 and Figure 3.21. 
 

p.47 antibodies p.62 antibodies 
3F11-G2 (mut) 2A2-E3 (wt) 

8G10-G10 (mut) 7H11-C12 (wt) 
 9B9-C11 (wt) 
 10D3-G10 (mut) 

 
Table 3.3 – Summary of generated p.47 and p.62 variant-targeted antibodies. 
Selected antibodies from p.47 and p.62 fusions, brackets indicate whether the peptide used 
for immunisation was wild type (wt) or mutant (mut). 
 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 3.21 – SDS-PAGE of generated p.47 and p.62 variant-targeted antibodies. 
Coomassie staining of purified mAb raised against (A) p.47 peptide and (B) p.62 peptide. 
Reducing (R) conditions show the μ heavy chain of IgM at ~70kDa and the κ light chain at 
~25kDa. NR: non-reducing. 
 
3.2.4.2 Variant Antibody Specificity 

Purified mAb were tested by ELISA on wild type and mutant peptides, and on 

recombinant wild type TREM2 protein, to investigate overall binding efficiency and to 

confirm the specificity previously observed in supernatants from the clones (Figure 

3.19A) for the mAb 2A2-E3, 7H11-C12 and 9B9-C11. The observed difference in 

specificity was not replicated with the purified mAb (Figure 3.22). However, two of the 

other purified antibodies (3F11-G2 and 10D3-G10) did show preferential binding to 

mutant versus wild type peptides, and did not bind wild type TREM2 protein (Figure 

3.23). 
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Figure 3.22 – Reactivity of variant antibodies pre- and post-purification. 
Specificity previously observed for the supernatant of variant antibodies 2A2-E3, 7H11-C12 
and 9B9-C11 was lost after the antibodies were purified and re-tested on wild type and mutant 
peptides. Supernatants 2A2-E3 and 7H11-C12 initially showed higher binding to wild type over 
mutant peptide but after purification, the mAb strongly bound both peptides similarly. 
Supernatant 9B9-C11 showed higher binding for the mutant versus the wild type peptide but 
after purification, binding for both peptides were similar with almost no binding to wild type 
protein. Error bars represent mean +/- SEM of duplicates in the assay. 
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Figure 3.23 – Reactivity of variant-targeted mAb against peptides and TREM2 protein. 
Binding of variant-targeted mAb against wild type peptide (black), mutant peptide (red) and 
recombinant wild typeTREM2 protein (blue). Antibodies 3F11-G2 and 10D3-G10 showed 
stronger binding to the mutant over the wild type peptides and weak or negative binding to 
TREM2 recombinant protein. Antibody 8G10-G10 showed poor binding to both peptides post-
purification. Error bars represent mean +/- SEM of duplicates in the assay. 
 

 

The specificity of these two antibodies was also tested by western blotting, using 

peptides conjugated to a different carrier protein (BSA) rather than the KLH protein 

that was used for immunisation. An equal concentration of BSA alone was run 

alongside the samples as a negative control. The mAb 3F11-G2 gave strong bands 

at molecular weights of ~68kDa and ~100kDa for the p.47 mutant, but not p.47 wild 

type, peptide conjugate and only under reducing conditions; no bands were seen in 

the BSA control lanes (Figure 3.24A). The multiple bands at different sizes observed 

are a consequence of the formation of conjugates containing different BSA-peptide 

ratios; unconjugated BSA has a molecular weight of 65kDa and each peptide adds 

~1.6kDa to the apparent mass. The mAb 10D3 gave strong bands at molecular 

weights of ~68kDa and ~100kDa for the p.62mut only under reducing conditions, but 
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not p.62wt peptide conjugate; a trace of staining was seen in the BSA control lane 

(Figure 3.24B). All other controls were negative (Figure 3.24C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 
 
Figure 3.24 – Western blot of variant-targeted mAb 3F11 and 10D3. 
Western blots showing specific binding of each of (A) 3F11-G2 and (B) 10D3-G10 to the 
mutant (mut) peptide in reducing (R) conditions. Faint binding of BSA alone was observed 
with mAb 10D3. (C) Negative controls were loaded on a separate gel. BSA alone was loaded 
on each gel as an additional negative control. Arrows indicate band positions. 
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As further proof of specificity, the two mAb were tested on irrelevant BSA-conjugated 

peptides and BSA alone in a plate binding assay: p.47-targeted mAb 3F11 was tested 

on p.62 peptides, and p.62-targeted mAb 10D3 was tested on p.47 peptides. 

Surprisingly, the 3F11 mAb raised against mutant p.47 peptide bound the mutant, but 

not the wild type, p.62 peptide, while the 10D3 mAb raised against mutant p.62 

peptide also bound the mutant and (more weakly) the wild type forms of the p.47 

peptide; binding to BSA alone was absent for 3F11 and weak for 10D3 (Figure 3.25). 

To investigate whether this finding was due to non-specific binding to BSA, the assay 

was repeated using milk as blocking agent but this change resulted in no binding of 

the antibodies to any of the peptides, including the ones they were raised against.  
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Figure 3.25 – Binding of variant mAb to irrelevant peptides. 
Binding was observed for the (A) p.47-targeted mAb 3F11 with the mutant form of the p.62 
peptide. (B) The p.62-targeted mAb 10D3 bound the mutant form of the p.47 peptide, with 
lower binding observed for the wild type and for BSA alone. Error bars represent mean +/- 
SEM of duplicates in the assay. 
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The peptides used for immunisation were designed without an overlap as 

demonstrated in Figure 3.26, so antibodies raised against one peptide should not bind 

to the other. Further investigation is required to confirm specificity of these antibodies, 

such as the use of variant TREM2-expressing cell lines as positive controls. 

 
   p.47 peptide   p.62 peptide 
Design:      PYDSMKHWGRHKAW----------QHVVSTHNLWLLS 
Protein: 37  PYDSMKHWGRRKAWCRQLGEKGPCQRVVSTHNLWLLS  73 

 
Figure 3.26 – Alignment of peptide sequences with TREM2 protein sequence. 
Sequence design for peptides covering p.47 and p.62 were aligned with the TREM2 protein 
sequence to demonstrate the lack of overlap between peptides. Numbers indicate the position 
of the first and last amino acid relative to the protein. Protein sequence available from Protein 
[Internet], NCBI: https://www.ncbi.nlm.nih.gov/protein/NP_061838.1 (Allcock et al., 2003). 
 
 

3.3 Discussion 
3.3.1 Human TREM2 Antibodies 
This chapter describes the production and characterisation of mAb against human 

and mouse TREM2, including mAb designed to be selective for the AD-associated 

variants in the human protein. The anti-human TREM2 mAb were raised against a 

commercially sourced protein comprising the extracellular portion of TREM2 (174 

amino acids) fused to a poly-His tag (Sino Biological Inc., Stratech Scientific Ltd).  

 

3.3.1.1 Reactivity of Human Antibodies to Recombinant TREM2 Protein 

As a first check for antibody specificity, plate binding assays comparing the test 

protein with an irrelevant His-tagged protein confirmed that the selected anti-human 

TREM2 mAb were not reactive with the His-tag. Strong binding to recombinant human 

TREM2 protein was observed on western blots and in plate binding assays for mAb 

9D10, 9A9-3, 5D11, 8G10 and for the polyclonal antibodies; all western blots gave 

major bands at the expected size (~35kDa for the glycosylated protein made in 

HEK293 cells according to supplier data). With the exception of 5D11 and the in-

house polyclonal antibody, all mAb showed binding to recombinant mouse TREM2 in 

plate binding assays, but only mAb 9D10 showed clear binding to mouse TREM2 on 

a western blot (Figure 3.7). This difference between assays may be explained by the 

higher level of sensitivity of plate binding assays compared to western blot (Bass et 

al., 2017).  
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3.3.1.2 Characterisation Comparison of Commercial and In-House Antibodies 

A commercial anti-TREM2 polyclonal (AF1828; R&D Systems) was added to the 

characterisation process for comparison. Both the in-house and commercial 

polyclonal antibodies strongly bound human TREM2 in ELISA and western blots. The 

commercial antibody bound mouse TREM2 in ELISA, but not western blot. Both 

antibodies also detected bands in the human THP1 cell lysate on western blots, but 

only the R&D antibody detected bands in the mouse RAW264.7 cell lysate. The sizes 

of the bands detected in lysates were different for the two polyclonal antibodies; the 

in-house polyclonal antibody detected a major band at ~55kDa, while the commercial 

detected a major band at ~45kDa (Figure 3.9). The commercial supplier’s website 

(R&D Systems, Inc.; https://www.rndsystems.com/products/human-trem2-

antibody_af1828) shows probing of THP1 lysates with the AF1828 polyclonal 

detecting a major band at 28kDa and a second strong band at ~45kDa, the latter 

similar to that described above.  

 

Similarly to the antibodies generated in this project, the R&D polyclonal antibody was 

raised against recombinant human protein produced in a eukaryotic cell line. This 

means that the protein was glycosylated during processing making it similar to protein 

expressed in human or mouse cells, a feature that makes antibodies designed in this 

way more likely to bind epitopes on native proteins, unlike antibodies created using 

short synthetic peptides (Walker and Lue, 2018). As described in Chapter 1, TREM2 

has two known N-glycosylation sites in its extracellular immunoglobulin domain and 

while the predicted molecular weight based on protein sequence is ~20-25kDa, the 

recombinant protein migrates at 35-40kDa due to its glycosylated state (Figure 3.6).  

 

Discrepancies in the apparent molecular weights of TREM2 in western blots of cell or 

tissue lysates have been observed in other studies using the same R&D polyclonal 

antibody tested here. A study by Thornton et al. (2017), probing lysates of primary 

human macrophages and TREM2-expressing HEK293 cells identified major bands at 

35kDa and 50kDa in lysates, with the second species also found in cell supernatants. 

Lue et al. (2015) reported TREM2 at 35-40kDa in western blots of human brain, and 

Kleinberger et al. (2014) observed multiple bands between 36-60kDa in lysates and 

supernatants of TREM2-expressing HEK cells; each study attributed these differing 

weights to variations in glycosylation. Thus, the higher apparent molecular weights of 

TREM2 in cell lysates detected by the in-house polyclonal antibody (~55kDa) and by 
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the mAb (~65kDa) may be due to the antibodies preferentially binding different 

glycosylation states of TREM2. 

 

3.3.1.3 Reactivity of Human Antibodies to Native TREM2 

All mAb, except the human-specific 5D11, detected bands in mouse and human cell 

lysates at ~65kDa, but differed in whether they detected bands in reduced lysate only 

or both non-reduced and reduced lysates (Figure 3.8). Binding of mAb 8G10 to the 

cell lysates was not tested and is required in future work. One interesting observation 

in this project was the similar molecular weights observed under reducing and non-

reducing conditions for the recombinant proteins used for immunisation and antibody 

production (Figure 3.6C). This may indicate that the supplied protein was already in 

a denatured state; if the antibodies were raised against a specific structural 

orientation, this could result in the differences seen in binding native protein in cell 

lysates. This data is conflicting, however, because the in-house polyclonal, mAb 9D10 

and 9A9-3 can detect TREM2 in serum as later demonstrated in Chapter 4, so the 

protein they were raised against must have a native (non-denatured) component, if 

only in part. Future work to shed more light on this question could involve mapping 

the mAb epitopes to investigate which TREM2 regions the antibodies bind to. Other 

work could include deglycosylation of the recombinant protein and cell lysates, for 

example using PNGase, to test effects on apparent molecular weight and impact on 

antibody binding. 

 

The anti-human TREM2 mAb and polyclonal were next tested for capacity to bind 

surface expressed TREM2 using flow cytometry on THP1 and RAW264.7 cells, both 

known to express TREM2 (Allcock et al., 2003; Humphrey et al., 2006; Turnbull et al., 

2006; Kober et al., 2016). For the THP1 cell line, none of the antibodies gave positive 

staining over background, including the commercial anti-TREM2 antibody (Figure 

3.10C). Increasing concentrations of primary and secondary antibodies and pre-fixing 

the cells were attempted, but only slight increased staining above background was 

observed; these findings may indicate that the THP1 cells may display a low TREM2 

surface expression and may require cell activation prior to flow cytometry. While 

inflammatory conditions are known to increase TREM2 expression in vivo, they 

appear to decrease it in vitro (Jay et al., 2017), and the use of anti-inflammatory 

cytokines, such as IL-4, has been documented to increase TREM2 expression 

peritoneal macrophages (Turnbull et al., 2006); THP1 stimulation in this way would 

be an interesting follow-up experiment to investigate whether increasing TREM2 

surface expression displays stronger antibody staining. 
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In contrast to the human cell line, mAb 9D10 and 9A9-3 both showed strong staining 

of the mouse RAW264.7 cells (Figure 3.10D). mAb 8G10, which was expected to bind 

this cell line, did not show positive staining, however the specific batch used for this 

experiment was purified out at too low a concentration to be used accurately so this 

result may be unreliable and was not repeated due to time constraints. As expected, 

mAb 5D11 and both polyclonal antibodies did not stain RAW264.7 cells. Overall these 

results strongly suggested that mAb 9D10 and 9A9-3 detected native mouse TREM2, 

and failure of the polyclonal antibodies to stain these cells is unsurprising given that 

they did not bind recombinant mouse TREM2 protein on a western blot (Figure 3.7E-

F); however, they did bind mouse TREM2 in a direct ELISA, suggesting that the 

polyclonal antibodies do cross-react with mouse TREM2, but weakly in comparison 

with mAb 9D10. Additional controls that should have been included in the above 

experiments include the use of an irrelevant primary antibody for the western blot 

work, such as an antibody against the neuronal marker NeuN which would not be 

expected to bind THP1 and RAW264.7 cell lysates. While the flow cytometry 

experiments included the use of isotype-matched antibodies as negative controls, it 

would have been useful to also include a positive control, such as an antibody against 

the chemokine receptor CX3CR1. 

 

Table 3.4 summarises the characterisation results for the tested in-house and 

commercial (AF1828) antibodies. 

 

 

Name Plate Binding  Western Blot 
(Protein) 

Western Blot 
(Cell Lines) 

Flow Cytometry 

 Human Mouse Human Mouse Human Mouse Human Mouse 
AF1828 + + + - + + - - 
Polyclonal + / + - + - - - 
9D10 + + + + + + - + 
9A9-3 + + + / + + - + 
5D11 + - + - + - - - 
8G10 + + + / Not tested - - 

 
Table 3.4 – Characterisation of anti-human TREM2 antibodies 
Summary table showing the binding of the human antibodies to human and mouse TREM2 
recombinant protein using plate binding assays and western blots, and to human THP1 and 
mouse RAW264.7 cell lines using western blots and flow cytometry. + strong binding, / weak 
binding, - no binding. 
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3.3.2 Mouse TREM2 Antibodies 
TREM2-deficient mice were immunised with the recombinant extracellular portion of 

mouse TREM2 (168 amino acids) including a poly-His tag (Sino Biological Inc.). 

Immune mice were identified, and three independent fusions were performed over 

the course of three months. Seven primary clones were selected based on ELISA 

screening for binding mouse TREM2 and numerous subclones of these were 

obtained at monoclonality.  

 

3.3.2.1 Isotype Characterisation of Mouse Antibodies 

A surprising finding was that when supernatants from these clones were isotyped 

using a commercial kit, all were IgM. This finding was investigated first by western 

blotting of the supernatants using the HRP-labelled anti-IgG antibody used in the 

screening assay, then further confirmed by purifying the different mAb on an IgM-

compatible matrix and using class-specific antibodies in an ELISA, to demonstrate 

the presence of the µ-chain (Figure 3.12).  

 

This finding was unexpected as long experience of making monoclonal antibodies 

against protein antigens in the host lab has taught that, with the protocol used, the 

large majority of resultant mAb are expected to be of IgG class. IgM antibodies are 

the earliest isotype secreted in an immune response and generating a large amount 

of IgM mAb can indicate that insufficient immunisation boosts were administered 

before the fusions were conducted. However, as mice in these immunisations 

received several boosts over 6-8 weeks in line with the regularly used protocol, other 

ideas were explored among the host lab group, including the suggestion that because 

the immunised mice were TREM2-deficient, they may have an affected immune 

response, as was reported by Hikida et al. (2009). This study explored whether 

PLCγ2, a protein downstream of TREM2, was required for the maintenance of 

memory B cells and reported an impaired secondary IgG response in a PLCγ2-

deficient mouse model. Similar processes may be in effect in the TREM2 KO mice, 

deficits in the same pathway resulting in a higher ratio of IgM production over IgG, 

but unfortunately due to the time constraints of this PhD, further investigation of this 

finding was not possible. If an impaired immunoglobulin response is indeed linked to 

the absence of TREM2, it could implicate immunodeficiency in diseases such as 

Nasu-Hakola disease, where TREM2 mutations are associated with complete loss of 

function, as opposed to the partial loss of TREM2 function associated with AD.  
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3.3.2.2 Further Work for Characterisation of Mouse Antibodies 

Several of the anti-mouse TREM2 clones did not grow as well as expected in culture, 

and surviving hybridoma supernatants, initially positive, showed reduced or entirely 

absent binding of mouse TREM2 protein after antibody purification; for example, mAb 

7E1-D4 (Figure 3.15). As a consequence, only clone 7E1-E10 was taken forward for 

further characterisation and after purification demonstrated low binding to mouse and 

human TREM2 proteins in a plate binding assay. No TREM2 binding was observed 

for recombinant protein on western blots or membrane-bound protein in flow 

cytometry. Further testing is required to investigate whether these results indicate a 

true loss of reactivity or whether problematic secondary anti-IgM antibodies are 

responsible for the negative results, but continuation of this work was suspended due 

to time constraints. 

 

 

3.3.3 Variant Antibodies 
Although variants of TREM2 have been reported with low prevalence rates in 

Caucasian populations (Guerreiro et al., 2013; Jonsson et al., 2013), their associated 

high AD risk initiated several studies focusing on the role of TREM2 in AD. These 

investigations have been important in identifying TREM2 structure and function and 

in providing clues as to how the variants may affect ligand binding and microglial 

activity. Generating variant-specific antibodies could be useful in screening assays of 

both disease (AD, MCI) and control individuals to look at variant prevalence and as a 

potential risk predictor. The activating/blocking potential of these antibodies could 

also be investigated to test their effect in TREM2 ligand binding studies.   

 

To obtain mAb specific for the AD-associated TREM2 variants, peptide 

immunisations of TREM2-deficient mice were performed using peptides containing 

the target variant epitopes. These generated numerous mAb that were reactive 

against the relevant peptide and the native TREM2 protein. The core aim of this part 

of the work was to generate mAb that differentiated the variants at R47H and R62H; 

however, plate binding assays testing the specificity of mAb raised against either the 

p.47 peptides or the p.62 mutant peptide showed, for the majority of the mAb, good 

peptide binding but little or no difference between binding of wild type versus mutant 

peptides regardless of which was immunised. Their reactivity to recombinant human 

TREM2 protein also varied widely between mAb (Figure 3.17-Figure 3.20).   
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3.3.3.1 Specificity of Variant Antibodies to p.47 and p.62 Peptides 

A few clones from the p.62 variant peptide fusions showed more evidence of 

specificity when supernatants were tested in plate binding assays. These assays 

suggested that clones 2A2-E3 and 7H11-C12 bound wild type peptide (R62) more 

strongly than the mutant peptide (H62), while clone 9B9-C11 showed stronger binding 

to mutant over wild type peptide (Figure 3.19A). The reactivity of these antibodies to 

recombinant wild type TREM2 protein also varied with the latter clone showing very 

poor binding (Figure 3.19B). However, when these antibodies were purified, these 

findings of selectivity for variant peptides were not replicated (Figure 3.22).  

 

Two variant-targeted mAb did show differences in specificity after purification. The 

3F11-G2 mAb (raised against the p.47 mutant peptide; H47) and the 10D3-G10 mAb 

(raised against the p.62 mutant peptide; H62) both showed preferential binding to the 

mutant over the wild type peptides, and also showed poor reactivity, as anticipated, 

to wild type TREM2 protein (Figure 3.23). This peptide specificity was also 

demonstrated on a western blot using the relevant peptides bound to a different 

carrier protein (Figure 3.24), however this blot is not very clear and future work could 

involve repeating it using higher concentrations of loaded peptides for better 

visualisation of the blots.  

 

3.3.3.2 Reactivity of Variant Antibodies to Irrelevant Peptides 

When the mAb were tested against the opposite peptides, which was expected to 

yield a negative result, binding was observed. The peptide sequences for p.47 and 

p.62 do not overlap as demonstrated in Figure 3.26 and non-specific binding of BSA 

conjugate of the peptides was tested by substituting BSA for milk in the blocking step 

of the plate-binding assay. This inhibited binding of the mAb to all peptides, including 

those they were generated against, resulting in no further clues to the aberrant 

binding pattern previously observed. A follow up experiment could involve the use of 

PBS alone as a blocking agent to overcome the inhibitory effects seen with the milk 

block. An important step that should have been taken, prior to the start of these 

experiments, is sequencing the commercially-sourced peptides to ensure they are the 

correct sequences and accurately represent wild type and variant forms of TREM2. 

This would have demonstrated early on whether the identity of the peptides was 

connected in any way to the discrepancies observed throughout the antibody 

characterisation process. 
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Additional evidence is needed to support the specificity of these two mAb for their 

respective mutant TREM2 proteins. This is explored in the next chapter using wild 

type and mutant TREM2-expressing cell lines to test the binding specificity of the 

mAb. The next chapter will also describe further characterisation of the generated 

human antibodies, including mouse cross reactivity and expression profiles in 

TREM2-deficient and -sufficient mouse models.  
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4 Results: Generation of Controls for Antibody 

Characterisation  
 

4.1 Introduction 
The expression of TREM2 was first discovered on dendritic cells (Bouchon et al., 

2001) and was later reported on osteoclasts, macrophages and microglia (Daws et 

al., 2001; Allcock et al., 2003; Humphrey et al., 2006; Turnbull et al., 2006; Kober et 

al., 2016). In the previous chapter, THP1 and RAW264.7, respectively human and 

mouse cell lines that express TREM2 (Allcock et al., 2003; Humphrey et al., 2006; 

Turnbull et al., 2006; Kober et al., 2016), were used to characterise the anti-human 

TREM2 antibodies. To test the specificity of the variant antibodies produced in this 

project, positive controls that expressed the R47H and R62H variants were required. 

Transfection of cells was performed using vectors containing sequences that 

represented either the wild type (R47; R62) or the variant forms of TREM2. 

Messenger RNA (mRNA) expression of the cell lines was assessed using qPCR and 

protein expression was investigated using western blotting and ELISA. 

 

As described in Chapter 1, mouse models are important research tools to further 

understand AD pathogenesis, risk-associated mutations and clinical implications of 

therapeutics. TREM2 KO mice were used for monoclonal antibody production and 

additionally for characterisation by comparing antibody binding in monocytic isolates, 

brain tissue and serum samples between KO and matched wild type mice. This 

comparison aimed to confirm cross-reactivity of the antibodies with mouse TREM2 

and examine their suitability for use with mouse models and the development of 

functional assays.  

 

4.1.1 Aims and Objectives 
The aims of this chapter are to produce TREM2-expressing cell lines for 

characterisation of the variant antibodies, and to investigate immunostaining of cells 

and tissue from WT and KO mice as a means of further confirming the specificity of 

human antibodies that cross-react with mouse TREM2.  
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4.2 Results 
4.2.1 Antibody Characterisation using TREM2-Expressing Cell Lines  
4.2.1.1 Antibiotic Selection 

The vector used for transfection was designed to contain antibiotic resistance genes 

for ampicillin and neomycin. Ampicillin was used for the positive selection of colonies 

during the cloning and transformation of the vector into bacterial cells. Neomycin was 

intended for the positive selection of cells after vector transfection, but initial trials 

using neomycin at recommended doses on non-transfected cells showed no cell 

death. G418 sulfate (Geneticin), a neomycin analogue that inhibits protein synthesis 

by binding 80S ribosomes (Bar-Nun et al., 1983), has been documented as an 

efficient selective agent in mammalian cells (Davies and Jimenez, 1980; Chen and 

Okayama, 1987) and proved more successful than neomycin in the following 

experiment. 

 

HEK293 cells, which do not express TREM2 (Uhlén et al., 2015; Thul et al., 2017), 

were selected for lipofectamine transfection with separate vectors containing human 

wild type, human variant (R47H or R62H) or mouse TREM2. G418 sulfate was added 

to the non-transfected cells at increasing concentrations to evaluate what 

concentration of the selective antibiotic would kill cells. Percentage confluence of cells 

was monitored daily and medium was replaced with fresh antibiotic-containing 

medium every 2 days. The lowest antibiotic concentration that killed 100% of non-

transfected cells after 8 days was determined to be 600μg/ml (Figure 4.1). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.1 – G418 sulfate kill curve on day 8 of antibiotic selection. 
A kill curve was generated by adding increasing concentrations of G418 sulfate to non-
transfected cells, a 600μg/ml concentration was selected for cell treatment post-transfection. 
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4.2.1.2 Expression of Protein in Transfected Cell Lines 

As this project is mainly protein-focussed, protein expression from cell lysates 

generated in the transfection experiments was investigated. Lysates from non-

transfected and transfected HEK293 cells were separated by SDS-PAGE to 

investigate binding of the polyclonal antibody to expressed TREM2. As previously 

demonstrated in Chapter 3, the in-house polyclonal was expected to bind native 

TREM2 in lysates at ~55kDa – a band size that was unexpectedly detected in both 

the non-transfected and transfected cells (Figure 4.2A).  

 

 

 

 

 

 

 

 

 

 
 
Figure 4.2 – Western blots showing TREM2 binding in transfected HEK293 lysates. 
TREM2 was detected in non-transfected (NT) and transfected cell lines for human (Hu), 
mouse (Ms), TREM2 variants p.47 and p.62, using (A) the in-house polyclonal antibody under 
reducing (R) conditions. (B) A negative control blot comprising the same lysates was probed 
with the HRP-labelled anti-rabbit secondary antibody alone. 
 

 

Protein expression of human and variant TREM2-expressing cell lysates was also 

investigated using the human TREM2 ELISA, which will be described in more detail 

in Chapter 5. Lysates from THP1 cells and non-transfected HEK293 cells were 

included as positive and negative controls, respectively. The lower limit of detection 

for this assay (as described in Chapter 5) was calculated to be 0.4ng/ml; this was 

similar to the TREM2 concentration detected for non-transfected cells so this is likely 

a negative result as expected. The assay detected TREM2 in the THP1 positive 

control and in the variant TREM2-expressing cell lines, with a low level detected in 

the human wild type-expressing line (Figure 4.3).   
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Figure 4.3 – TREM2 expression in transfected and non-transfected cell lysates.  
Graphical representation of TREM2 concentrations observed in transfected and non-
transfected cell lysates. The TREM2 level in non-transfected (NT) cells was considered 
negative, red dashed line denotes assay detection limit (0.4ng/ml). TREM2 was detected in 
the positive control (THP1) and the two variant-expressing lines, with a much lower level 
observed in the human wild type (WT)-expressing line. 
 

 

While the ELISA suggested that the non-transfected cell line did not express TREM2, 

since the level detected was similar to the assay’s background levels, it is unclear 

why the polyclonal antibody detected bands in all samples, including the non-

transfected line, in the western blot. To investigate these conflicting findings, and to 

assess the mouse TREM2-transfected line that could not be analysed by the human 

ELISA, focus turned to measuring TREM2 expression at the mRNA level. 

 

4.2.1.3 Expression of mRNA in Transfected Cell Lines 

To measure TREM2 mRNA expression, qPCR was performed on both the non-

transfected and transfected cell lines. RNA was extracted from the lysates and 

concentrations were measured by spectrophotometry prior to cDNA generation. To 

assess the purity of extracted RNA, the ratios of absorbance at 260nm and 280nm 

(260/280) and at 260nm and 230nm (260/230) were calculated. A 260/280 ratio of 

1.9-2.0 and a 260/230 ratio of 1.8-2.2 normally indicate high RNA purity; a low 

260/280 ratio indicates the presence of protein or phenols with an absorbance range 

close to 280nm, while a low 260/230 ratio indicates the presence of other 
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contaminants that absorb at 230nm (Gallagher, 2001; Desjardins and Conklin, 2010). 

The extracted RNA concentrations, 260/280 and 260/230 ratios are displayed in 

Table 4.1.  

 

The 260/280 ratios for all samples were within the expected range indicating the 

sample were free from protein contaminants, while the 260/230 ratios varied between 

samples but were considerably lower than expected. This indicated the presence of 

contaminants in the sample that absorb at 230nm, likely the guanine thiocyanate 

component in the Qiagen kit lysis buffer used during the first extraction step. There is 

generally no acceptable lower limit of this ratio to determine sample suitability for 

downstream processes, such as qPCR, and studies have shown that low 260/230 

ratios do not compromise qPCR amplification efficiency (Cicinnati et al., 2008; von 

Ahlfen and Schlumpberger, 2010; Kuang et al., 2018). However, future work should 

include an additional wash step to desalt and further purify the samples during RNA 

extraction. 

 

HEK293 Lysate RNA Concentration 
(ng/μl) 

260/280 Ratio 260/230 Ratio 

Non-transfected 345.7 2.0 0.3 
Human wild type 132.6 2.1 0.2 
Mouse wild type 361.1 2.1 0.9 
p.47 variant 448.7 2.1 1.0 
p.62 variant 195.9 2.0 0.6 

 
Table 4.1 – RNA concentrations of HEK293 cell lysates. 
RNA concentrations (ng/μl) of non-transfected and transfected HEK293 lysates. Nucleic acid 
purity is represented as the ratio of absorbance at 260nm and 280nm (260/280) and at 260nm 
and 230nm (260/230). 
 

 

Human TREM2 primers were used for the non-transfected HEK293 cells and for cells 

expressing human wild type and variant forms of the protein. Mouse TREM2 primers 

were used for the transfected cells expressing mouse TREM2. qPCR was run on 

cDNA that was generated from the HEK293 RNA samples, alongside THP1 cDNA as 

a positive control and GAPDH as a housekeeping gene. Negative controls included 

no-template controls, where cDNA was substituted for nuclease-free water, and no-

reverse transcriptase (no-RT) controls, where RNA samples had not undergone 

reverse transcription, therefore lacked cDNA. 
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Amplification results were plotted as delta normalised reporter (ΔRn) value against 

number of cycles, with Rn being the fluorescent signal normalised to the reference 

dye, and ΔRn representing the strength of the amplification signal by subtracting the 

equipment’s baseline Rn value from the experimental Rn value. The positive control 

THP1 cell line showed a strong TREM2 amplification as expected, but the non-

transfected and transfected cell lines showed amplification 10-12 cycles later, (Figure 

4.4). No amplification curve was observed for the mouse TREM2-expressing cell line 

(negative data not shown). 

 

 
 
 
Figure 4.4 – Real-time PCR amplification of generated HEK293 cell lines. 
Graphical representation of TREM2 amplification curves of non-transfected (NT) and 
transfected HEK293 cell lines, for human (Hu) and variant (p47, p62) TREM2, compared to 
the THP1 positive control. Magnitude of amplification is represented by ΔRn and threshold is 
indicated by the horizontal line.  
 

 

To quantify TREM2 mRNA expression of the tested samples, Ct values were 

analysed relative to the housekeeping gene using the ΔΔCt method described in 

Section 2.7.1. Ct values represent the number of cycles required to increase the 

fluorescent signal above the threshold, or background level. Non-transfected HEK293 

cells were not expected to express TREM2, observing amplification curves for this 

sample was not ideal and Ct values were analysed to reassure that these curves were 

not significant and to demonstrate the difference in TREM2 expression between 

theHEK293 transfections and the positive control, THP1 cells (Figure 4.5). To further 

investigate the unexpected finding of amplification curves in non-transfected samples, 

the qPCR reaction products should have been run on an agarose gel and additionally 

sequenced to identify the amplicons, but time constraints prevented this step from 

being carried out. 
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Figure 4.5 – Comparison of TREM2 expression between THP1 and HEK293 cells. 
Although amplification curves were observed for non-transfected cells, using THP1 as a 
reference (mean=1.0002) for comparison indicated that non-transfected HEK293 cells did not 
express TREM2 mRNA (mean=0.00008) as expected. Transfected cells also failed to express 
TREM2 (means=0.00005-0.003). Error bars represent mean +/- SEM of triplicates in the 
assay. NT: non-transfected, WT: wild type. 
 

NCBI-BLAST software was used to check for discrepancies that may explain the 

qPCR results. The vector provided by Genscript was created based on the optimal 

codon sequence to generate the amino acid sequences requested. While the DNA 

sequences were predicted to correctly translate to the human or mouse TREM2 

proteins, they did not align to the human or mouse DNA sequences using NCBI-

BLAST (Altschul et al., 1990). The closest resemblance (77% alignment) was with 

TREM2 mRNA sequences for another species (Equus genus), explaining the failure 

of the amplification using human or mouse TREM2-specific primers and the lack of 

TREM2 mRNA expression seen in the transfected cell lines. Requesting DNA, instead 

of protein, sequences would have avoided this problem. Confirming that the peptides 

received were correct would also be necessary, both by checking accompanying 

documents and by sequencing the peptides. Vector design therefore required 

correction prior to repeating the transfection experiment, but this was not possible 

due to time constraints and limited laboratory access during pandemic restrictions.  
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4.2.2 Investigation of Antibody Cross-Reactivity to Mouse TREM2 
To further validate the antibodies that showed binding to mouse TREM2 in Chapter 

3, primary monocytes were isolated from WT and TREM2 KO mice to act as positive 

and negative controls respectively. Monocytic isolates were first analysed using 

qPCR to demonstrate their suitability as controls before antibody binding in flow 

cytometry and immunofluorescence was tested.  

 

 

4.2.2.1 Quantitative PCR of WT and TREM2 KO Primary Monocytic Isolates 

Primary monocytes were isolated from two mice per genotype using CD11b-

microbead separation. CD11b selects for a cell population that is highly enriched in, 

but not specific to, microglia, so brains were perfused with saline prior to isolation to 

minimise the presence of other myeloid cells. While CD11b sorting is commonly used 

during microglial isolation techniques (Garcia et al., 2014; Grabert and McColl, 2018; 

Bohlen et al., 2019), additional selective markers should have been used in 

downstream processes, as will be discussed later in this chapter.  

 

Isolated cells were lysed and RNA extracted and quantified (Table 4.2), RNA purity 

assessment showed expected values for the 260/280 ratio and low values for the 

260/230 ratio, as previously observed and discussed.  
 
 

Monocytic 
Sample 

RNA Concentration 
(ng/μl) 

260/280 Ratio 260/230 Ratio 

WT 1 44.9 2.0 0.5 
WT 2 36.0 1.9 0.7 
KO 1 54.4 1.9 0.1 
KO 2 33.3 2.0 0.1 

 
Table 4.2– RNA concentrations of monocytic isolates. 
RNA concentrations (ng/μl) of primary monocytes from WT and TREM2 KO mice (2 mice per 
genotype). Nucleic acid purity is represented as the ratio of absorbance at 260nm and 280nm 
(260/280) and at 260nm and 230nm (260/230). 
 

 

Clear TREM2 amplification was observed for the WT samples as expected. Although 

the KO samples did show weak amplification in the system, these appeared 12-16 

cycles later in the reaction and are likely not significant (Figure 4.6).  
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Figure 4.6– Real-time PCR amplification of WT and TREM2 KO monocytic isolates. 
Graphical representation of TREM2 amplification curves of WT and TREM2 KO monocytic 
isolates. Strong amplification is observed for the WT samples, amplification in the TREM2 KO 
samples is detected 12-16 cycles later. Magnitude of amplification is represented by ΔRn and 
threshold is indicated by the horizontal line. 
 

 

As previously described, ΔΔCt analysis was performed to calculate the TREM2 

mRNA expression fold change between wild type and KO samples. A wild type 

sample (WT 1) was used as the reference control and Ct values were analysed 

relative to the housekeeping gene. Detecting amplification curves in the KO samples 

was unexpected, so the final mean ΔΔCt values were combined and plotted for each 

genotype, to reassure that the detected KO signal did not reflect a significant 

difference in expression compared to the wild type results (Figure 4.7).   

 

 

 

 

 

 

 

 

 
 
 

 

Figure 4.7 – TREM2 mRNA expression fold change between WT and KO mice. 
Compared to the WT (mean=0.9364), TREM2 KO (mean=0.0002) mice showed no expression 
of TREM2 as expected. Error bars represent mean +/- SEM of duplicates in the assay. 
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While all no-template and no-RT controls tested with TREM2 primers were negative 

as expected, amplification of the housekeeping gene was unexpectedly detected in 

no-RT controls containing RNA only (Figure 4.8). The melt curve plots for 18S 

amplification with and without cDNA were compared to investigate whether non-

specific amplification or the presence of primer-dimers were responsible for the 

unexpected amplification seen in the above negative controls. The curves were 

plotted as the derivative reporter (-Rn’) against temperature, with -Rn’ indicating the 

rate of change in fluorescence during the temperature ramp. The plots demonstrated 

amplification of the same product in samples with and without cDNA, suggesting the 

presence of genomic DNA contamination in the samples (Figure 4.9). No monocytic 

isolates were left over after the experiment to troubleshoot this reaction and time 

constraints prevented further steps to resolve this observation, such as sequencing 

the amplified no-RT control products to identify the amplicons.  

 

 

 

 

 
 

 
Figure 4.8 – Amplification for -RT negative controls lacking cDNA. 
Probing no-RT negative controls that do not contain cDNA with (A) TREM2 primers did not 
result in amplification as expected. However, strong amplification was detected using (B) 18S 
housekeeping primers with these no-RT controls. 
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Figure 4.9 – Melt curves for 18S amplification of samples with and without cDNA. 
Identical melt curves (plotted as the derivative reporter (-Rn’) against temperature) were 
observed for samples with (blue) and without (red) cDNA, indicating the possibility of genomic 
DNA contamination. 
 
 
4.2.2.2 Flow Cytometry of WT and TREM2 KO Monocytic Isolates 

Monocytic isolates from three mice per genotype were fixed post-extraction and run 

on flow cytometry with mAb 9D10, which previously showed strong cross-reactivity 

with recombinant mouse protein and the mouse cell line RAW264.7 (Chapter 3). This 

antibody unexpectedly showed binding of both the WT and KO isolates (Figure 4.10). 

This finding is not due to human error or pipetting technique as multiple aliquots were 

measured per condition and care was taken to keep different genotypes separate 

throughout preparation and culture of isolates. 
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Figure 4.10 – Binding of mAb 9D10 to monocytic isolates by flow cytometry. 
The gating strategy for flow cytometry involved (A) the exclusion of dead cells by plotting 
forward scatter area (FSC-A) against side scatter area (SSC-A) followed by (B) the selection 
of single cells for analysis by plotting FSC-A against forward scatter height (FSC-H). Staining 
of mAb 9D10 was performed for (C) wild type (WT) and (D) TREM2 knockout (KO) samples 
(3 mice per genotype). Controls included cells stained with secondary antibody only and cells 
stained with a matched isotype control. 
 

 

4.2.2.3 Immunostaining of WT and TREM2 KO Monocytic Isolates 

Alongside the flow cytometry experiments, monocytic isolates were fluorescently 

stained using mAb 9D10 as a primary antibody, and co-stained with IBA1 (ionized 

calcium binding adaptor molecule 1, Wako), known to be constitutively expressed by 

macrophages/microglia and commonly used as a marker for immunostaining 

(Mittelbronn et al., 2001). While IBA1 staining was successful, TREM2 staining 

appeared to be non-specific as staining was observed both in WT and KO monocytes 

(Figure 4.11) as seen in the above flow cytometry experiment (Figure 4.10). Samples 

stained with secondary antibody only were negative as expected (Figure 4.12). 
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Figure 4.11 – TREM2 and IBA1 staining of primary monocytes from WT and TREM2 KO mice. 
Successful IBA1 staining of primary monocytes isolated from WT and TREM2 KO mice, TREM2 staining appeared in both samples indicating non-specific 
binding of mAb 9D10. Scale bar, 50μm.  
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Figure 4.12 – Secondary antibody staining of primary monocytes from WT and TREM2 KO mice. 
Secondary antibody staining of monocytes isolated from WT and TREM2 KO mice; fluorescently labelled anti-rabbit and anti-mouse secondary antibodies 
were used alone to represent the negative controls for IBA1 and TREM2 respectively. As expected, no positive staining was observed. Scale bar, 50μm. 
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These results were indicative of non-specific binding likely caused by using a mAb 

raised in a mouse host with a mouse monocytic sample. To address this issue, all 

subsequent staining was performed using a mouse-on-mouse (MOM) 

immunodetection kit to block endogenous mouse IgG and directly biotinylated mAb 

9D10 was introduced to eliminate the use of anti-mouse secondary antibodies. This 

finding is not likely due to human error as multiple samples were tested per condition, 

culture wells and antibody solutions were carefully labelled to avoid cross-

contamination or pipetting errors.    

 

4.2.3 Further Antibody Validation in Brain Tissue and Cell Lines  
4.2.3.1 Immunostaining of Mouse Brain Tissue 

Staining of sagittal brain sections from WT and TREM2 KO mice was performed using 

mAb 9D10 and 8G10, after blocking with the MOM kit as previously described. Using 

mAb 8G10, stronger TREM2 staining of the WT, compared to the TREM2 KO, sample 

was observed (Figure 4.13); however staining was still seen in the negative control 

(Figure 4.16). Positive cells of microglial morphology in the WT tissue were also 

detected, but no microglial marker was used in this staining to confirm cell type 

(Figure 4.14). Staining using mAb 9D10 showed similar TREM2 staining in both WT 

and KO samples (Figure 4.15), suggesting non-specific binding as seen in primary 

monocytes stained with this antibody. The negative control for both mAb, staining 

using an anti-mouse antibody alone, demonstrated background staining in the WT 

sample (Figure 4.16).  

 

Staining using biotinylated mAb 9D10, to avoid the use of an anti-mouse secondary 

antibody, still resulted in high background staining seen in both WT and KO brain 

tissue (Figure 4.17), similar images were obtained for the negative control using 

streptavidin substrate alone (Figure 4.18). 
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Figure 4.13 – TREM2 and Hoechst nuclear staining of WT and TREM2 KO mouse brain tissue using mAb 8G10. 
Stronger TREM2 staining was observed in the WT compared to the TREM2 KO sample using mAb 8G10 followed by a fluorescently labelled anti-mouse 
antibody, in conjunction with a mouse on mouse (MOM) immunodetection kit. Scale bar, 50μm. 
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Figure 4.14 – Detection of cells of microglial morphology in WT mouse brain tissue using mAb 8G10. 
TREM2 mAb 8G10 and Hoechst nuclear staining depicted cells of microglial morphology (A-D) in WT mouse brain tissue. Scale bar, 50μm.  
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Figure 4.15 – TREM2 and Hoechst nuclear staining of WT and TREM2 KO mouse brain tissue using mAb 9D10. 
Similar staining was observed in both WT and TREM2 KO mice using mAb 9D10 followed by a fluorescently labelled anti-mouse antibody, in conjunction with 
a mouse on mouse (MOM) immunodetection kit. Scale bar, 50μm. 
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Figure 4.16 – Secondary antibody staining of WT and TREM2 KO mouse brain tissue. 
Secondary antibody staining of brain tissue from WT and TREM2 KO mice; fluorescently labelled anti-mouse secondary antibody was used alone to represent 
the negative controls for mAb 8G10 and 9D10. Staining was observed in the WT sample indicating a high level of non-specific background staining. Scale bar, 
50μm.  
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Figure 4.17 - TREM2 and Hoechst nuclear staining of WT and TREM2 KO mouse brain tissue using biotinylated mAb 9D10. 
Using directly labelled mAb 9D10, with a mouse on mouse (MOM) immunodetection kit, showed high background staining in both WT and KO samples. Scale 
bar, 50μm. 
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Figure 4.18 – Negative control for WT and TREM2 KO mouse brain tissue stained with biotinylated mAb. 
Staining of brain tissue from WT and TREM2 KO mice using fluorescently labelled streptavidin alone was used as a negative control for tissue stained using 
biotinylated mAb. Non-specific staining was observed in both WT and KO tissue. Scale bar, 50μm. 
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4.2.3.2 Immunostaining of Cell Lines 

Staining of the THP1 and RAW264.7 cell lines, previously used for antibody 

characterisation in Chapter 3, was also performed using mAb 9D10 and the in-house 

polyclonal antibody as a comparison alongside the tissue staining presented above. 

 

TREM2 staining using mAb 9D10 was observed in both cell lines; weak background 

staining was observed in THP1 cells probed with the anti-mouse secondary antibody 

alone, and to a much lesser extent in RAW264.7 cells (Figure 4.19, Figure 4.20).  

 

Strong TREM2 staining was also observed in both cell types using the in-house 

generated polyclonal anti-TREM2, with no staining detected in negative controls for 

both cell lines as expected (Figure 4.21,Figure 4.22). 
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Figure 4.19 – TREM2 staining of THP1 cells using mAb 9D10. 
Positive immunostaining of the human THP1 cell line using mAb 9D10, with Hoechst nuclear counterstain. Weak staining was also observed in cells incubated 
with anti-mouse secondary antibody only (bottom row, leftmost image). Scale bar, 50μm.  
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Figure 4.20 –TREM2 staining of RAW264.7 cells using mAb 9D10. 
Positive immunostaining of the mouse RAW264.7 cell line using mAb 9D10, with Hoechst nuclear counterstain. Very weak staining was observed in cells 
incubated with anti-mouse secondary antibody only (bottom row, leftmost image). Scale bar, 50μm. 
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Figure 4.21 – TREM2 staining of THP1 cells using polyclonal anti-TREM2 antibody. 
Positive TREM2 staining of the human THP1 cell line using the in-house polyclonal antibody, with Hoechst nuclear counterstain. No positive staining was 
observed in the secondary only control as expected. Scale bar, 50μm. 
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Figure 4.22 – TREM2 staining of RAW264.7 cells using polyclonal anti-TREM2 antibody. 
Positive TREM2 staining of the mouse RAW264.7 cell line using the in-house polyclonal antibody, with Hoechst nuclear counterstain. No positive staining was 
observed in the secondary only control as expected. Scale bar, 50μm. 
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4.2.4 Detection of sTREM2 in Serum 
Directly labelled mAb were also used to assess the presence of sTREM2 in sera by 

western blotting. Biotinylated antibodies were validated on TREM2 protein in western 

blots and ELISA before use then added to the western blots at 5μg/ml, followed by 

HRP-labelled streptavidin (1:200) before development. Sera from WT and TREM2 

KO mice were probed using biotinylated mAb 9D10 to detect TREM2. The expected 

size of TREM2 is 25kDa, and bands at around this weight were observed in both sera 

under reducing conditions, with multiple additional bands between 50-65kDa.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.23 – Western blots depicting antibody binding of WT and TREM2 KO sera. 
TREM2 binding was observed in both WT and TREM2 KO sera using (A) mAb 9D10 and (B) 
the commercial polyclonal antibody (AF1828, R&D Systems) under reducing (R) conditions. 
Sera was tested neat and diluted (1 in 10). Negative controls (C,D) comprising the same sera 
were probed with secondary anti-mouse and anti-goat antibodies alone. NR: non-reducing. 
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The same binding pattern was detected in the WT and KO samples (Figure 4.23A), a 

result previously seen in immunostaining and flow cytometry experiments. Testing the 

commercial AF1828 antibody (R&D Systems) on these sera also generated the same 

results, indicating a lack of specific binding for mouse TREM2 in western blots for 

both the commercial and in-house antibodies (Figure 4.23B). It was not possible to 

test for what the antibodies were binding exactly; the observation that these bands 

were detected in blots of both WT and KO samples using anti-TREM2 antibodies, but 

not in secondary only negative controls suggests some specificity, but no clues as to 

what.  

 

In order to determine whether the antibodies bound TREM2 in human serum by 

western blotting and how this compared to the binding patterns seen above, neat 

mouse sera and diluted (1 in 10) human serum were run by SDS-PAGE and probed 

with mAb 9D10. Strong binding to human serum was observed at ~25kDa and 

~50kDa (Figure 4.24A). Increased chemiluminescent exposure of the western blot 

(Figure 4.24B) showed more clearly the binding pattern previously observed in both 

WT and TREM2 KO mouse (Figure 4.23A).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.24 – mAb 9D10 TREM2 binding patterns in mouse and human sera. 
Binding of TREM2 by biotinylated mAb 9D10 was observed in (A) human sera at ~25kDa and 
~50kDa under reducing (R) conditions, similarly to the binding patterns in mouse WT and KO 
sera. (B) Increased exposure of blot membrane confirmed the presence of bands previously 
seen in both genotypes of mouse sera. (C) The negative control, comprising the same sera, 
was probed with HRP-labelled streptavidin only and showed no binding as expected. NR: non-
reducing. 
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Testing mAb 9A9-3 and the polyclonal antibody, which previously showed some 

cross-reactivity with mouse protein in ELISA and western blots, resulted in similar 

binding patterns in human, WT and TREM2 KO mouse sera (Figure 4.25). Both 

antibodies bound bands in human serum at ~25kDa and ~50kDa as seen with mAb 

9D10 (Figure 4.24), but showed the same likely non-specific bands in TREM2 KO 

and WT mouse sera. The negative control for the polyclonal antibody displayed 

comparable faint bands for WT and TREM2 KO suggesting non-specific binding of 

this antibody to the mouse sera (Figure 4.25C), but this is not seen in the negative 

control for the mAb (Figure 4.25A). It is difficult to find out what the seemingly non-

specific bands are, it is possible for the antibodies to be binding TREM2 in addition to 

another protein of similar molecular weight, confounding the interpretation of results. 

As binding to the human serum is clearer and demonstrated similar results to a study 

in the literature (Raha-Chowdhury et al., 2018), as will be discussed later, the decision 

was made to focus the use of these antibodies on human work in the hope that future 

work would continue characterisation of their interaction with mouse samples.  

 

 

 

 

 

 

 

 

   

 

 

 

 

 
 
 
Figure 4.25 – Reactivity of mAb 9A9-3 and polyclonal with human and mouse sera. 
Western blots showing binding of human (A) biotinylated mAb 9A9-3 including secondary only 
control, (B) in-house polyclonal antibody and (C) anti-rabbit secondary only control to human 
and mouse WT/TREM2 KO sera under reducing (R) conditions. The membranes were divided 
post-transfer and each section probed separately. 
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These results overall suggested that the tested antibodies bound sTREM2 in human 

serum as expected, but while initial cross-reactivity to mouse TREM2 was clearly 

observed for most antibodies in Chapter 3, comparing antibody binding patterns in 

wild type and TREM2 knockout samples indicated that this reactivity was not specific 

to mouse TREM2, rendering the antibodies unsuitable for use in functional assays 

using mouse samples. This finding does additionally call into question the TREM2 

specificity in human samples and this should also be confirmed as described in the 

discussion below. 

 

 

4.3 Discussion 
4.3.1 Generation of TREM2-expressing Cell Lines 
This chapter set out to describe the use of TREM2-expressing cell lines as 

characterisation controls for the generated antibodies, in addition to the use of 

TREM2 WT and KO mouse samples to validate the cross-reactivity of human 

antibodies to mouse TREM2. While these experiments require further 

troubleshooting, they did reveal unexpected findings, such as the reactivity of 

antibodies to both TREM2 WT and KO samples. This is worth future work to 

investigate whether this is non-specific binding, or more likely the interaction of the 

antibodies with another protein in addition to mouse TREM2 as will be discussed later. 

 

In order to further characterise the antibodies generated in Chapter 3, control cell 

lines expressing human wild type, variant and mouse TREM2 were generated. 

Western blotting using the in-house polyclonal antibody showed non-specific binding 

of both non-transfected and transfected cells (Figure 4.2). Measurement of TREM2 

using an in-house ELISA demonstrated the presence of TREM2 in the transfected 

lines and in the positive control, THP1, but not in the non-transfected line (Figure 4.3). 

To further investigate the discrepancy between the two experiments, TREM2 

expression at the mRNA level was measured in the cell lines. 

 

Investigating TREM2 mRNA expression by qPCR demonstrated that the non-

transfected HEK293 cell line did not express TREM2, compared to the THP1 positive 

control cell line, as expected. However, the transfected cells also showed no TREM2 

expression (Figure 4.5). Housekeeping genes confirmed the presence of cDNA for all 

but the mouse TREM2-expressing line, indicating that only the human TREM2-
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expressing samples were successfully reverse transcribed prior to qPCR 

amplification. Repeated transfection of cells with the mouse TREM2 vector is required 

and a suitable positive control, such as RAW264.7 cells, needs to be included in the 

qPCR experiment. Insufficient quality control at various stages was evident in this 

experiment and future work should include steps to ensure the correct sequences are 

in use throughout the experiment as described below. 

 

Troubleshooting this experiment revealed that the DNA sequences used for vector 

expression were generated by the company as the optimal sequences to yield the 

requested proteins using the specified eukaryotic cells for transfection. These DNA 

sequences differed from human or mouse TREM2 DNA, explaining why the qPCR 

primers used here did not bind to cDNA of transfected cell lines. Amplification curves 

were still observed despite this, albeit several cycles later, and sequencing these 

qPCR reaction products would be necessary to identify what these amplicons were.  

 

By sending protein sequences to the company, this created scope for drift introducing 

additional variables to the experiment. Next steps would require sending out the exact 

DNA sequences required to completely match human or mouse TREM2 DNA, and 

the generation of new vectors, for successful qPCR amplification and more efficient 

protein production. Sequencing the region of interest in the commercially-sourced 

vectors to confirm that the correct DNA was inserted would also be a necessary step 

prior to vector use. An additional aspect, omitted in the initial vector design, would be 

the insertion of a reporter gene, to allow for an early check of transfection success or 

failure and the transfection of cells with an empty vector (lacking TREM2 DNA) as an 

additional negative control. Time constraints did not allow for the generation of new 

vectors or sourcing alternative vectors to repeat the transfection. 

 

4.3.2 Generation of Controls from WT and TREM2 KO Mice 
4.3.2.1 Binding of Antibodies to TREM2 in Brain Tissue and Monocytic Isolates 

Primary monocytic isolates from WT and TREM2 KO mice were generated as an 

additional characterisation method for antibodies showing mouse cross-reactivity. WT 

and KO cells were first analysed by qPCR analysis and shown to be suitable for use 

as positive and negative controls (Figure 4.7). Isolation involved the positive selection 

of CD11b-expressing cells in the brain; this is a common method used in isolation 

techniques that selects for a population enriched with microglia, but preparations also 

contain other CD11b-positive myeloid cells. To analyse microglia specifically, 

additional markers must be included in downstream processes, such as the flow 
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cytometry and immunostaining experiments conducted in this project. This was not 

possible due to the constraints of time and limited laboratory access; only the 

macrophage/microglia marker IBA1 was used in some of the immunostaining work. 

Ideally, the use of the microglial-specific marker TMEM119 should have been used, 

or the identification of a CD11b-positive, CD45low, CD11c-negative population in flow 

cytometry would have more accurately represented microglial cells (Garcia et al., 

2014).       

 

To explore the unusual results obtained with the housekeeping primers in the no-RT 

negative controls (containing RNA only), melt curves were analysed to investigate if 

non-specific binding or primer dimers were responsible for the amplification curves 

observed. The overlapping melt curves of samples with and without cDNA ruled out 

the presence of non-specific binding of another amplicon, as this would have 

otherwise been represented as a separate curve (Kuang et al., 2018). Primer dimers 

were also not responsible for this finding, as they would have been represented as 

smaller, broader peaks since they melt at lower temperatures than the amplified 

product (Ruiz-Villalba et al., 2017).  

 

A next step to troubleshoot this issue should include the DNAse digestion of the RNA 

samples, to eliminate any potential genomic DNA contamination prior to reverse 

transcription. Serial dilution of the samples would also be a good method to observe 

the effect of diluting any contaminants and whether this would phase out the 

amplification curves seen in the no-RT negative controls. The use of additional 

housekeeping genes would also be useful to investigate whether this result is limited 

to the use of 18S as a housekeeping control; 18S ribosomal RNA (rRNA) expression 

is considerably higher than the mRNA of the target genes so template RNA would 

require a high dilution before amplification for a more accurate comparison between 

samples and controls (Paolacci et al., 2009). An interesting and more general finding 

was that Stephens et al. (2011) reported higher variability in expression of 18S, 

compared to other housekeeping genes, in mouse osteoblasts, osteoclasts and 

macrophages; this suggests that the use of different housekeeping controls may be 

a preferable direction to take when repeating this qPCR experiment on monocytic 

isolates. 

 

Primary monocytic cells from WT and KO mice were fixed and stained for flow 

cytometry with the anti-human TREM2 antibody mAb 9D10, which cross-reacted with 
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mouse TREM2 as seen in Chapter 3. Positive staining was unexpectedly observed in 

both the WT and KO samples (Figure 4.10) suggesting non-specific staining.  

 

The same effect was observed in primary monocytes that were cultured from these 

mice and fluorescently stained using mAb 9D10. Positive IBA1 staining confirmed the 

presence of monocytes in the cultures, but TREM2 staining was similar in both WT 

and KO cells. Initially, this was thought to be a mouse-on-mouse effect as the mAb 

and the monocytic cultures were both derived from a mouse host, so for subsequent 

immunostaining of mouse brain tissue, a MOM immunodetection kit was introduced 

to avoid the cross-reactivity of endogenous mouse IgG. However, this did not reduce 

the signal to noise ratio. Directly biotinylating mAb 9D10 was trialled to eliminate the 

use of anti-mouse secondary antibodies thus reducing the likelihood of cross-

reactivity between these antibodies and the samples. While background staining was 

slightly reduced in samples stained with biotinylated mAb 9D10, no clear TREM2 

staining was observed (Figure 4.17), with the streptavidin negative control also 

showing unexpected cross-reactivity (Figure 4.18). 

 

Troubleshooting the immunostaining experiments to give cleaner backgrounds mainly 

focused on using the MOM kit and directly biotinylating primary antibodies. Other 

modifiable factors that could be investigated are the duration and type of fixation, 

stage of fixation (pre-/post-fixation), time and temperature of antibody incubation, 

antigen retrieval methods and serum concentration in blocking solutions. Staining the 

brain sections with the astrocytic marker glial fibrillary acidic protein (GFAP) and the 

neuronal marker NeuN, in addition to IBA1, would provide a more complete picture of 

TREM2 distribution in brain tissue. Running positive and negative antibody controls, 

such as IBA1 and an isotype control matched to the primary antibody respectively, 

alongside these samples would also provide a better sense of the strength of 

background signal being detected and provide more clues as to which factors may 

require modification. 

 

Staining of the THP1 and RAW264.7 cell lines was also performed using mAb 9D10 

and the in-house polyclonal antibody as a side comparison. The antibodies strongly 

stained both cell lines, demonstrating that the mAb 9D10 did recognise human 

TREM2 on expressing cells; residual background staining was seen in 9D10-negative 

controls in both lines (Figure 4.19, Figure 4.20), albeit not strongly, further 

emphasising cross-reactivity issues caused by the secondary antibody, even on 

human cell lines. 
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From the preliminary results on mouse brain tissue, mAb 8G10 appeared to better 

differentiate between WT and KO samples than mAb 9D10. Staining was clearly 

stronger in WT compared to KO samples and cells of microglial morphology were 

observed in mouse brain tissue using this antibody. This hints to mAb 8G10 as being 

a more promising candidate for TREM2 detection in mouse samples. Unfortunately, 

these findings were generated just before the pandemic lockdown restrictions and 

restricted laboratory access prevented further work on this antibody. Future work 

requires troubleshooting, as discussed above, to generate negative controls with less 

background staining, then co-staining mouse brain tissue using 8G10 alongside 

macrophage/microglial marker IBA1 and microglial marker TMEM119 as this would 

provide further confirmation of antibody binding to TREM2 expressed by 

macrophages/microglia in relation to other cell types.  

 

4.3.2.2 Binding of Antibodies to sTREM2 in Sera 

Sera from WT and TREM2 KO mice were used to further investigate the binding 

capacity of the generated antibodies by western blotting. In human serum, bands of 

~25kDa and ~50kDa were detected using mAb 9D10 under reducing conditions, a 

result which is in line with a study by Raha-Chowdhury et al. (2018). This group 

reported that the 25kDa band in human serum represented monomeric sTREM2, with 

additional bands noted at ~18kDa and ~50kDa, proposed to be a truncated TREM2 

protein and a sTREM2 dimer respectively. These data confirm that mAb 9D10 

recognises sTREM2 in human serum. 

 

mAb 9D10, 9A9-3 and the polyclonal antibody all gave similar binding patterns in 

western blots of sera from both WT and TREM2 KO mice, confirming that the mAb 

did not specifically bind mouse sTREM2, supporting the findings seen in flow 

cytometry and immunostaining. The commercial AF1828 anti-TREM2 antibody also 

bound both WT and KO sera, suggesting an overall lack of specificity to mouse 

TREM2 for all tested antibodies. AF1828 was not tested on human serum in this 

project but is used in other studies as a capture antibody to measure human CSF 

TREM2 by ELISA (Henjum et al., 2018; Nordengen et al., 2019). The supplier website 

notes that AF1828 shows less than 50% cross-reactivity with mouse TREM2 via direct 

ELISA. This may explain the bands observed in the WT samples probed by AF1828, 

but not in the KO, unless cross-reactivity with other mouse TREM family members is 

involved. The negative control for the in-house polyclonal antibody showed faint 

bands at the same molecular weights as detected by the polyclonal, indicating that 
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part of the reactivity was due to non-specific anti-rabbit secondary antibody binding 

(Figure 4.25C), this non-specific staining was not seen in the negative control for the 

biotinylated mAb (Figure 4.24C, Figure 4.25A). 

 

4.3.2.3 Troubleshooting Potential Antibody Cross-Reactivity 

Aside from background staining by secondary antibodies, it is possible that the anti-

human TREM2 antibodies were binding another TREM family protein, present in both 

the WT and TREM2 KO mice. Mouse TREM1 and TREM3 are of similar expected 

protein mass to that of the bands observed here and have 26-29% homology with 

TREM2, as presented in Chapter 1. Of the known mouse TREM-like (TREML) 

proteins, only TREML6 has a similar protein mass to TREM2, with 25% homology 

(Vitale et al., 1998; Chung et al., 2002; Allcock et al., 2003; Klesney-Tait et al., 2006; 

Watarai et al., 2008; Genua et al., 2014; Roe et al., 2014). Binding of the antibodies 

to commercially-sourced TREM1 and TREM3 would demonstrate whether the 

antibodies were indeed cross-reacting to these proteins. Mapping where the in-house 

antibodies bind could also indicate whether the antibodies bind different proteins of 

the TREM family. The in-house mAb could be used in pull down assays for WT and 

KO sera, where assay eluate components could subsequently be investigated in 

western blotting using commercially available antibodies specific to other TREM 

family proteins, such as anti-mouse TREM1 and TREM3, but unfortunately time did 

not allow for this.  

 

This finding does also highlight the need to test these antibodies against other human 

TREM proteins as well, to confirm specificity of the antibodies to human TREM2 and 

investigate their cross-reactivity to other human proteins in the TREM family. This can 

be done in a similar way as described above. The in-house antibodies can be used 

to deplete TREM2 from human serum and the removed components tested using 

commercial antibodies against TREM2 and other TREM proteins. The antibodies can 

also be used in a direct ELISA against other TREM proteins similar to TREM2, to 

compare their binding capacity between proteins of the same family. Where available, 

TREM2 specificity of antibodies can also be tested by probing lysates from human 

stem cell-derived TREM2 WT and KO lines. 

 

While the findings described in this chapter were unexpected, a lot was learned 

throughout the process, particularly regarding the use of sufficient quality control 

steps at various stages during the experiments. Correcting these issues in the 

generation of TREM2-expressing cell lines shows promise in generating reliable 
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controls for TREM2 antibody characterisation in future. These findings also 

highlighted an important specificity issue for the human antibodies showing cross-

reactivity for mouse TREM2. Binding of the antibodies to both WT and KO samples 

in several different cell and tissue types demonstrated that the finding was not down 

to human error, and the absence of this binding in most negative controls suggested 

there was some specificity involved. This warrants future work to investigate the 

binding capacity of these antibodies to other (mouse and human) TREM proteins, 

with a particular focus on 8G10 as this showed more promise for true mouse TREM2 

cross-reactivity over mAb 9D10. As a short term solution for this project, the 

antibodies were deemed unsuitable for use in mouse functional assays pending 

further characterisation and were taken forward for detecting TREM2 by ELISA in 

human samples only, as demonstrated in the following chapter. 
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5 Results: Quantification of sTREM2 by ELISA  
 

5.1 Introduction 
As the soluble form of TREM2 (sTREM2) is present in CSF and plasma, it may be a 

potential candidate biomarker for diagnosis and may expand our understanding of 

the TREM2 mechanisms involved in AD. As discussed in Chapter 1, contradictory 

results from measurement of sTREM2 in biomarker studies in AD patient samples 

(Kleinberger et al., 2014, Henjum et al. 2016; Heslegrave et al., 2016; Piccio et al., 

2016) suggest differences in the types of cohorts or the stage of disease tested, but 

also highlight technical differences, including the anti-TREM2 reagents used in the 

assay.  

 

As demonstrated in Chapter 3, discrepancies in the molecular weights of TREM2 in 

cell lysates and/or fluids were reported in studies with the commercial R&D polyclonal 

antibody used in this project (Lue et al., 2015; Thornton et al., 2017). Significant 

differences in TREM2 specificity were also reported between commercial anti-TREM2 

antibodies used in western blots and immunohistochemistry (Satoh et al., 2013), 

illustrating the lack of reproducibility in studies using anti-TREM2 antibodies. 

 

To address the lack of good anti-TREM2 reagents, one of the main aims of this project 

was to utilise the generated antibodies to set up specific and sensitive assays for 

sTREM2 detection in both human and mouse systems. Chapters 3 and 4 covered the 

characterisation of the generated antibodies and their binding capacities to 

recombinant TREM2 protein and to native protein in human and mouse cell lines and 

sera, and in primary monocytic isolates and brain tissue from WT and TREM2 KO 

mice. The latter part of this characterisation cast doubt on the cross-reactivity of the 

human TREM2 antibodies with mouse TREM2 protein, so the antibodies were 

reserved for use in human systems only and this chapter will cover the optimisation 

and establishment of a quantitative assay using two of the characterised antibodies. 

 

5.1.1 Aims and Objectives 
The aim of this chapter is to develop an ELISA for the quantification of human 

sTREM2, which can be used to investigate the expression profile of sTREM2 in 

human samples.  
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5.2 Results 
5.2.1 Human sTREM2 ELISA 
5.2.1.1 Assay Establishment 

The initial assay set-up, including the selection of mAb 9D10 and the polyclonal 

antibody as capture and detection antibodies respectively, was performed by another 

team member, Angharad Morgan, and the assay validation experiments were 

conducted by me. The assay antibodies were selected because they strongly bound 

recombinant and native human TREM2 in direct ELISAs and western blotting as 

shown in Chapter 3, and demonstrated sTREM2 binding in human serum as shown 

in Chapter 4. During optimisation, initial high background levels in the assay were 

addressed by the inclusion of two overnight steps, enabling the generation of an 

appropriate standard curve (Figure 5.1) using recombinant human TREM2 protein 

(Sino Biological Inc.).  

 

 

 

 

 

 

 

 

 

 

Figure 5.1 – Standard curve of human sTREM2 ELISA. 
Standard curve of sTREM2 ELISA generated using recombinant human TREM2 protein (Sino 
Biological Inc.), starting at 6000pg/ml (6ng/ml) and titrated down in a 1 in 2 dilution series. 
Curve was plotted as 492nm absorbance readings against log10-transformed TREM2 standard 
concentrations (conc.) in pg/ml. Error bars represent mean +/- SEM of duplicates in the assay. 
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5.2.1.2 Assay Validation  

To validate the assay performance, multiple measures from diluted batches of ten in-

house plasma controls were analysed. The intra-assay coefficient of variation (CV) 

was 5%, the lower limit of detection for this assay was 0.4ng/ml, calculated by adding 

the mean of ten replicates of absorbance readings from wells representing assay 

background levels to two standard deviations (SD) of those replicates (Armbruster 

and Pry, 2008). To test assay sensitivity, TREM2 protein was added into a neat 

plasma sample that had previously generated absorbance values below assay 

detection. Protein add-back concentrations started at 10ng/ml and were titrated down 

in a 1 in 2 dilution series. Only concentrations between 0.4ng/ml and 5ng/ml were 

accurately detected in the assay; the top three add-back concentrations that fell in 

this range (1.25, 2.50 and 5.00ng/ml) showed 83-92% spike recovery demonstrating 

the assay’s high sensitivity (Table 5.1). A lower spike recovery (73%) was detected 

for the 0.63ng/ml add-back, detected at 0.46ngml, which is close to the assay’s lower 

limit of detection. 

 

 
 
 
 
 
 
 
 
 
 
Table 5.1 – TREM2 protein spike recovery assay. 
Concentrations detected by the assay reflected concentrations of protein initially added into 
the plasma, percentage recovery for the assay overall ranged between 73-92%. n/a: not 
applicable.  
 

 

This assay was also used to measure 13 CSF (non-neurological disease) samples, 

at a 1 in 2 dilution, from another study in the host lab. Measured sTREM2 levels 

ranged between 3-12ng/ml, mean: 6.7ng/ml and SD: 2.1 (Table 5.2). This preliminary 

data showed that the assay can sensitively detect sTREM2 in CSF.  

 

 

 

Protein Concentration 
(ng/ml) 

Detected Concentration 
(ng/ml) 

Percentage 
Recovery (%) 

10.00 Above detection n/a 
5.00 4.60 92 
2.50 2.24 90 
1.25 1.04 83 
0.63 0.46 73 
0.31 Below detection n/a 
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Sample sTREM2 
(ng/ml) 

CSF 1 7.0 
CSF 2 6.9 
CSF 3 6.7 
CSF 4 7.4 
CSF 5 6.3 
CSF 6 7.4 
CSF 7 5.5 
CSF 8 5.6 
CSF 9 12.3 
CSF 10 3.9 
CSF 11 7.9 
CSF 12 3.8 
CSF 13 6.4 

 
Table 5.2 – sTREM2 concentrations in CSF samples. 
Concentrations (in ng/ml) of sTREM2 in thirteen CSF samples from a non-neurological 
disease cohort. Mean sTREM2 concentration: 6.7ng/ml, SD: 2.1. 
 

 

5.2.1.3 Quantification of sTREM2 in plasma from an AD Cohort 

The human sTREM2 ELISA was used to measure sTREM2 levels in 663 individuals 

from a European cohort as part of the AddNeuroMed study (Lovestone et al., 2009; 

Morgan et al., 2019). These samples were measured by team members Angharad 

Morgan and Claire Leckey, and the subsequent statistical analysis was conducted by 

me. Samples were obtained from 241 AD patients, 184 mild cognitive impairment 

(MCI) patients and 238 age-matched healthy controls. Demographic data for this 

cohort is shown in Table 5.3, including statistical analysis by the Kruskal-Wallis test 

followed by Dunn’s multiple comparison test to demonstrate that the samples 

between clinical groups were suitably matched for number, age and gender. 

Probability (P) values below 0.05 were considered significant.  
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Group Individuals, 
number (%) 

Age, mean years 
(SD, range) 

Gender, number 
females (%) 

Control 238 (36) 74.5 (7.0, 53-93) 137 (56) 
MCI 184 (28) 76.2 (6.1, 57-94) 99 (54) 
AD 241 (36) 77.2 (6.6, 58-96) 153 (64) 
    
P-value ns ns ns 

 
Table 5.3 – Demographic data for the AddNeuroMed cohort 
Number of individuals and details of age and gender for each of the three groups in the 
AddNeuroMed cohort, P-values represent statistical differences between each variable in the 
groups, these were above 0.05 for all categories indicating values were not significant (ns) 
and demonstrating that the three groups were well matched for these demographic factors. 
 

Measured sTREM2 levels ranged between 2-24ng/ml (mean: 8ng/ml, SD: 3.5) in the 

tested cohort. To compare sTREM2 levels between the three groups, sTREM2 

concentrations were first transformed using logarithm base 10 (log10) to achieve a 

normal distribution of data (Figure 5.2) and this was confirmed using the Shapiro-Wilk 

normality test. Subsequent statistical analysis was performed using one way analysis 

of variance (ANOVA) followed by Tukey’s post-hoc test, P values below 0.05 were 

considered significant. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 5.2 – Frequency distribution before and after logarithmic transformation. 
Frequency distribution graphs illustrating that (A) initial raw data was not normally distributed 
but (B) after log10 transformation, normal distribution was achieved. 
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Samples were first tested for an association with gender and with age, the strongest 

known risk factor for AD (Rocca et al., 1991; Guerreiro and Bras, 2015). While no 

significant relationship was observed with gender, Spearman correlation analysis 

revealed that sTREM2 levels positively correlated with age in the tested cohort as a 

whole (Figure 5.3A), with rho (r) and calculated P values of r=0.2551, P<0.0001, and 

in each of the three groups separately with values of  r=0.2269, P=0.0004 for healthy 

controls, r=0.2493, P=0.0006 for MCI patients and r=0.2692, P<0.0001 for AD 

patients (Figure 5.3B-D). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 
Figure 5.3 – Correlation of sTREM2 levels with age in AddNeuroMed plasma samples.  
Levels of sTREM positively correlated with age in (A) all tested samples (r=0.2551, P<0.0001), 
and in each of the groups individually; (B) healthy controls (r=0.2269, P=0.0004), (C) MCI 
patients (r=0.2493, P=0.0006) and (D) AD patients (r=0.2692, P<0.0001).  
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To further demonstrate this age effect, the above samples were divided into 10-year 

age blocks and levels of plasma sTREM2 compared. sTREM2 levels increased with 

each increasing age block for all groups, but no significant difference was observed 

between age blocks in the healthy controls. In the MCI group, a significant difference 

was observed between 60-69- and 80-89-year-old individuals (P=0.0286). In the AD 

group, high levels of significance were observed between 60-69 and 70-79 

(P<0.0001) and between 60-69 and 80-89 age groups (P<0.0001), (Figure 5.4). The 

lowest levels of plasma sTREM2 were observed in the 60-69-year-old AD group, but 

these were not significantly different (P=0.06) from healthy controls and MCI 

individuals in the same age group. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4 – Plasma sTREM2 levels in different age groups of AddNeuroMed cohort. 
The means of log10-transformed TREM2 values were compared between age groups for each 
clinical status. Increasing levels of sTREM2 concentration with age were observed in all three 
of the tested groups. (A) No significant difference was observed in the controls. (B) The MCI 
group demonstrated a significant difference between age groups 60-69 and 80-89 (P=0.0286). 
(C) Highly significant differences were observed in the AD group between 60-69 and 70-79, 
and between 60-69 and 80-89 age groups (P<0.0001 for both). * P<0.05, *** P<0.0001. 
 

 

To investigate the age effect in younger individuals, a pilot study was conducted 

measuring sTREM2 in limited available samples; 5 young healthy donors, 3 older 

healthy controls and 13 older AD patients. Table 5.4 summarises this preliminary data 

which showed a potential age effect in sTREM2 levels between the young (mean: 

2ng/ml, SD: 0.9) and older groups (mean: 6ng/ml, SD: 1.3), with the highest sTREM2 

levels seen in the older AD patients (mean: 8.4ng/ml, SD: 3.7). Comparing where the 

samples fall on the standard curve of the assay visually illustrated the difference 
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between the younger and older samples, with the younger samples appearing 

between the lower and middle parts of the standard curve, and the older samples 

higher up on the curve, overlapping with the AD samples (Figure 5.5). Readout values 

for the younger group initially dropped below the detection range of the assay, so 

these were retested as undiluted samples to obtain a more accurate interpolation 

from the standard curve. Despite the low sample numbers, statistical analysis of 

sTREM2 levels was applied on this preliminary data and only demonstrated 

significance between younger healthy versus older AD individuals (P=0.004). No 

significance was observed between the younger and older healthy individuals, but 

this may be down to the very low sample numbers used.  

 

 

 

Group Age, Mean 
(years) 

Age, 
SD 

sTREM2, Mean 
(ng/ml) 

sTREM2, 
SD 

Young, healthy 29 4.4 2.0 0.9 
Older, healthy 73 7.6 6.0 1.3 
Older, AD 76 7 8.4 3.7 

 
Table 5.4 – Quantifying sTREM2 levels in plasma samples of different age groups. 
The ages and sTREM2 levels, as means and standard deviations (SD), of the three groups 
tested to investigate the age effect in younger individuals. 
 

 

 

 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5 – Plasma sTREM2 levels of different age groups relative to standard curve. 
Graphical representation of the sTREM2 levels in each group in relation to the assay standard 
curve. A clear difference was observed between younger and older age groups, with an 
overlap between healthy and AD samples in the two older categories. Error bars represent 
mean +/- SEM of duplicates in the assay. 
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After correcting the AddNeuroMed dataset for age using linear regression, sTREM2 

levels were compared across the three clinical categories. No significant difference in 

sTREM2 levels was observed between the three groups; control mean: 7.9ng/ml, MCI 

mean: 7.8ng/ml, AD mean: 8.4ng/ml (Figure 5.6). 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 5.6 – Levels of plasma sTREM2 in the three AddNeuroMed cohort groups. 
Age-corrected, log10-transformed TREM2 values were compared between the three tested 
groups, no significant difference in sTREM2 levels was observed (Control: mean=7.9ng/ml. 
MCI: mean=7.8ng/ml. AD: mean=8.4ng/ml). Error bars represent 95% confidence intervals.  
 

 

 

5.2.2 Mouse sTREM2 ELISA 
5.2.2.1 Assay Establishment 

The following work to develop a mouse TREM2 ELISA was performed prior to the 

demonstration that the human antibodies did not cross-react with mouse TREM2 as 

was initially believed. Confirming mouse cross-reactivity should have been prioritised 

to avoid the unnecessary expenditure of time and reagents in the following 

experiments. Using mAb 9D10 as a capture antibody paired with the polyclonal as a 

detection antibody, as in the human ELISA, did not produce a good standard curve 

(Figure 5.7). A high background level was detected and extending the assay over one 

or two overnight steps did not resolve this.  
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Figure 5.7 – Pairing mAb 9D10 and polyclonal antibody in a mouse TREM2 ELISA. 
Using mAb 9D10 and the polyclonal with recombinant mouse TREM2 protein, top standard 
concentration starting at 100ng/ml, did not generate a suitable standard curve. This curve was 
generated after the subtraction of high background values. Error bars represent mean +/- SEM 
of duplicates in the assay. 
 
 

The use of different blocking buffers, milk and gelatin (Sigma-Aldrich, Merck) instead 

of BSA, was trialled to reduce the high background signal. Gelatin lowered the 

background levels seen with BSA, but still did not generate a suitable curve, while 

milk inhibited the antibody binding that was seen using the other two blocking buffers 

(Figure 5.8). Swapping the positions of the capture and detection antibodies also 

generated a poor standard curve, and directly biotinylating antibodies to increase 

assay sensitivity and reduce background did not show any improvement in the assay 

(negative data not shown). By this stage, antibodies were demonstrated as non-

specific for mouse TREM2 as discussed in Chapter 4 and they were subsequently 

dedicated to human work only. 

 

 

 

 

 

 

 

 
 
 
Figure 5.8 – Using different blocking buffers in the mouse sTREM2 ELISA. 
Milk and gelatin blocking buffers were used as an alternative to BSA. Gelatin resulted in a 
similar curve to BSA with lower background levels, but milk completely inhibited the reaction.  
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5.3 Discussion 
5.3.1 Establishment and Application of Human sTREM2 ELISA 
An assay to quantify human sTREM2 was developed using the in-house generated 

polyclonal antibody and mAb 9D10. It was demonstrated to be highly sensitive and 

detected human sTREM2 in both plasma and CSF samples. The assay was used to 

measure sTREM2 in the AddNeuroMed cohort, as part of a larger study that 

quantified plasma biomarkers of inflammation and complement dysregulation in this 

cohort (Morgan et al., 2019). After correcting the sTREM2 data for age, no significant 

difference in sTREM2 levels was observed between the three tested groups; AD 

patients, individuals with MCI and healthy controls (Figure 5.6). 

 

 In other studies investigating sTREM2 levels in AD, some groups reported higher 

CSF sTREM2 levels in AD and MCI compared with healthy controls (Heslegrave et 

al., 2016; Piccio et al., 2016; Bekris et al., 2018), while one study reported no 

difference between the three groups (Henjum et al., 2016). Comparing the different 

stages of the AD continuum, sTREM2 levels appeared to be highest at the pre-AD 

stage, decreasing at the later stage of dementia (Suárez-Calvet et al., 2016; Liu et 

al., 2018), this suggests that sTREM2 could be used as an important biomarker of 

disease progression.  

 

Studies comparing sTREM2 levels in both CSF and plasma found that while CSF 

sTREM2 levels in MCI and AD patients were significantly higher than in healthy 

controls, these differences were not observed in plasma (Bekris et al., 2018; Liu et 

al., 2018; Ashton et al., 2019). These authors concluded that their findings limit the 

potential use of sTREM2 as a biomarker to CSF samples, where changes during 

disease progression are more likely to be detected. Preliminary data in this chapter 

demonstrated that the human ELISA described here can sensitively quantify sTREM2 

in CSF samples; further work would involve testing a higher number of CSF samples 

from both AD and control subjects to generate more meaningful results. 

 

When studying a multifactorial disease such as AD, it is important to consider the 

impact of other factors on the observed results. It was only possible to test the effect 

of age and gender in this cohort for my project, and further investigation would be 

useful to assess the relationship of other variables with sTREM2 levels. In other 

studies, sTREM2 levels did not appear to depend on gender or ApoE genotype; no 
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differences in CSF sTREM2 levels were observed between males versus females or 

between APOE4 ε4 carriers versus non-carriers (Heslegrave et al., 2016; Bekris et 

al., 2018; Ma et al., 2020; Knapskog et al., 2020). Comorbidities, such as 

hypertension and type 2 diabetes, have been shown to contribute to peripheral 

inflammation (Newcombe et al., 2018), but not all studies corrected for this factor. To 

focus on sTREM2 levels associated with AD pathology only, some studies excluded 

individuals with comorbidities that could potentially affect the levels of their tested 

biomarkers (Ma et al., 2020; Knapskog et al., 2020), so more work is required to 

investigate the effect of this factor on sTREM2 levels.  

 

Changes in biomarker levels in CSF are not always reflected in plasma, and 

biomarker measurement in plasma as an indicator of the CNS environment is still 

under debate. Immune communication between the CNS and the periphery can 

occur, particularly if the BBB is compromised, and proteins, such as chemokines, may 

be involved in bidirectional communication at early disease stages (Bettcher et al., 

2018). In the case of sTREM2, its expression on cell types both in and outside the 

CNS makes it difficult to assess its contribution as a biomarker of AD pathology. 

However, CSF sTREM2 has been demonstrated to show better reproducibility than 

plasma sTREM2 across studies, thus making it a potential candidate biomarker.   

 

5.3.2 Increase of sTREM2 Levels with Aging 
An age effect was observed in the plasma samples tested using the sTREM2 ELISA; 

sTREM2 levels positively correlated with increasing age in the cohort as a whole and 

in each of the three clinical groups (Figure 5.3). This is the first study to show this 

association in plasma samples. Two studies in plasma so far failed to show an age 

effect (Bekris et al., 2018; Ashton et al., 2019), but in contrast to this, numerous 

studies in CSF showed increasing sTREM2 levels with age in healthy individuals, MCI 

and AD patients (Henjum et al., 2016; Piccio et al., 2016; Suárez-Calvet et al., 2016; 

Bekris et al., 2018; Brosseron et al., 2018; Ma et al., 2020).  

 

Surprisingly, the lowest plasma sTREM2 levels in the AddNeuroMed cohort tested 

here were observed in the younger (60-69-year-old) AD group. As the P value (0.06) 

was close to statistical significance, increasing the number of samples in this group 

(n=26) may give a clearer indication of whether this is indeed significantly lower than 

sTREM2 levels in MCI (n=26) and control individuals (n=50) of the same age.  
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An attempt to investigate the age effect in limited available in-house samples revealed 

that sTREM2 is found at lower levels in plasma from young, healthy individuals. A 

significant difference was observed between the younger healthy and older AD 

individuals, but not between younger and older healthy individuals. The number of 

individuals per category and the difference between these numbers across the groups 

were not sufficient parameters to derive conclusive findings regarding age effect, yet 

the need to adjust dilution factors for the ELISA measurement of younger samples 

does hint to a difference between these and older samples, both healthy and AD. 

Using higher sample numbers and narrower age brackets would be an interesting 

follow up to further investigate this result and could be useful to determine the 

reference range of sTREM2 in general in the plasma of healthy individuals. 

Suggested sample numbers for a future study could not be accurately inferred from 

the pilot study due to the lack of significance between younger and older healthy 

samples. Power calculations for a future study could not be conducted on the 

AddNeuroMed cohort either as no young individuals were included in that cohort and 

this lowered its relevance in relation to the pilot study.  

 

The sTREM2 ELISA described here is a highly sensitive and specific assay that can 

measure human sTREM2 in plasma and CSF, the latter showing promise for use in 

biomarker studies investigating disease progression in AD. As the polyclonal antibody 

and mAb 9D10 were deemed unsuitable for applications involving mouse samples, 

further work is required to generate antibodies specific to mouse TREM2 as will be 

discussed in the next chapter.  
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Chapter 6 
 
 

Discussion 
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6 Discussion 
 

6.1 Introduction 
Genome-wide association studies (GWAS) have recently identified multiple genetic 

risk factors for late onset AD, several of which are involved in the regulation of the 

innate immune response (Gagliano et al., 2016; Sims et al., 2017). One such gene is 

TREM2, its most common polymorphism, R47H, conveying a 3-fold increased risk for 

AD making it a major genetic risk factor for AD (Jonsson et al., 2013; Wunderlich et 

al., 2013). The high relative risk conferred by this variant and the expression of 

TREM2 on microglia (Schmid et al., 2002; Kiialainen et al., 2005) generated a lot of 

interest in studying the effect of TREM2 on microglial function in AD. Several TREM2 

functions have been demonstrated, including microglial activation and clustering 

around Aβ plaques (Wang et al., 2015; Filipello et al., 2018; Meilandt et al., 2020) and 

increased microglial phagocytic capacity (Takahashi et al., 2005; Kleinberger et al., 

2014; Yuan et al., 2016; Zhao et al., 2018); however, there are many conflicting 

results in the literature concerning roles and relevance of TREM2. Different reports 

have reported contradictory effects of TREM2 on plaque morphology (Wang et al., 

2016; Yuan et al., 2016; Lee et al., 2018) and on synaptic elimination (Filipello et al., 

2018; Sheng et al., 2019; Meilandt et al., 2020). Differences were also seen between 

studies comparing levels of soluble TREM2 (sTREM2) in AD patients versus healthy 

controls (Henjum et al., 2016; Heslegrave et al., 2016; Piccio et al., 2016; Suárez-

Calvet et al., 2016). These results overall indicate that the role of TREM2 is context-

dependent and that the stage of disease studied and the type of anti-TREM2 

reagents, and in models, the AD mouse utilised, can all contribute to the reported 

differences in findings.  

 

The main objective of this project was to produce and characterise a novel panel of 

antibodies against human and mouse TREM2 proteins. The most suitable antibodies 

would then be used to develop sTREM2 quantification assays for both systems. 

Another objective was to produce antibodies against the two most common TREM2 

variants, R47H and R62H, that have been associated with an increased risk of late 

onset AD in Caucasian populations (Guerreiro et al., 2013; Jonsson et al., 2013; Sims 

et al., 2017).  

 



 

149 
 

Unfortunately, due to time constraints and lack of laboratory access imposed by the 

pandemic lockdown restrictions, these latter objectives were not fully completed 

before the project deadline. The following sections will cover the main findings of the 

project in relation to the current literature and discuss future work that can follow on 

from the results of this project.  

 

 

6.2 Main Findings 
6.2.1 Anti-Human TREM2 Antibodies  
Monoclonal antibodies against the extracellular portion of human TREM2 were 

generated in TREM2 KO mice using the classical hybridoma technique, and a 

polyclonal antiserum was obtained from immunised rabbits and the IgG purified. 

Antibodies were characterised by investigating binding to recombinant human and 

mouse TREM2 protein and to cell lines endogenously expressing TREM2.  

 

Differences were observed between the western blot binding patterns of the in-house 

polyclonal antibody compared to the commercial R&D polyclonal antibody, likely due 

to variations of glycosylation as reported in other studies (Lue et al., 2015; Thornton 

et al., 2018). Differences in TREM2 molecular weight in western blots were observed 

for the mAb, some only binding the protein in its reduced state. As previously 

discussed, deglycosylation of the proteins prior to assay may explain whether these 

differences are indeed due to this type of post-translational modification. This should 

have been conducted at the start of the project to ensure that the higher molecular 

weight observed when running the protein itself on a gel was indeed due to 

glycosylation as described by the supplier. Proteins should also have been 

sequenced to confirm protein identity prior to immunisation. 

 

Satoh et al. (2013) tested seven commercial anti-TREM2 antibodies and reported 

western blot binding of recombinant TREM2 protein for only three of them, including 

the R&D polyclonal antibody tested in this project. This comparison study highlights 

the limitations and specificity issues of commercial antibodies against TREM2. The 

same group were unable to show immunohistochemical staining of human tissue 

using the R&D polyclonal antibody, but this is likely a result of their use of paraffin-

embedded tissue sections with antigen retrieval, an issue the host lab also 

experienced using the in-house anti-TREM2 antibodies on paraffin-embedded 

samples.  
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Studies using cryopreserved or lightly fixed brain tissue have reported more 

successful TREM2 immunostaining (Piccio et al., 2008; Lue et al., 2015). Testing mAb 

9D10 on cryopreserved mouse brain tissue in this project resulted in non-specific 

staining in both WT and TREM2 KO samples, a finding that was replicated with mAb 

9D10 blotting of WT and KO sera and staining of monocytic isolates. The commercial 

R&D polyclonal antibody was also shown to bind bands in sera from WT and TREM2 

KO mice similarly, indicating that this non-specific binding was not limited to the in-

house antibodies. The supplier documentation reports low cross-reactivity to mouse 

TREM2 in ELISA for this anti-human TREM2 antibody, hinting at a possible true 

cross-reactivity to mouse TREM2 for both the commercial and in-house antibodies 

with potential cross-reactivity to other TREM proteins.  

 

Immunostaining of cryopreserved tissue with mAb 8G10 showed more promising 

results than mAb 9D10; the former better differentiating between WT and TREM2 KO 

brain tissue. This warrants further work on mAb 8G10 as a candidate antibody against 

both human and mouse TREM2. Further characterisation, that was prevented by time 

and laboratory access restrictions, should involve investigating binding to human and 

mouse cell lines in western blots, flow cytometry and immunostaining. 

Troubleshooting mAb 8G10 immunostaining of mouse brain tissue to generate 

cleaner negative controls and better identify TREM2-labelled cells, by co-staining with 

macrophage and microglial markers, is necessary to confirm mouse TREM2 

specificity of this antibody. Testing mAb 8G10 staining of cryopreserved human AD 

brain tissue would be another important step to determine its staining potential and 

future use on human tissue; a request for this tissue was indeed submitted and 

approved, but the tissue failed to be dispatched on time and lockdown restrictions 

prevented further action on this front.  

 

 

 

6.2.2 Anti-Mouse TREM2 Antibodies  
Antibodies against mouse TREM2 were generated in TREM2 KO mice immunised 

with the extracellular domain of recombinant mouse TREM2. All the resulting mAb 

from these immunisations belonged to the IgM isotype, which was surprising as the 

detection step carried out during screening involved the use of a commercial 

secondary antibody anti-IgG (Jackson Immunoresearch). This unusual result raised 

the question as to whether TREM2 KO mice might not class switch efficiently, but 
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time constraints meant that this could not be investigated further. Unfortunately, 

antibodies that were taken forward for characterisation were largely unsuccessful. 

Only one mAb, 7E1-E10, showed weak binding of recombinant mouse TREM2 in a 

plate binding assay, but no TREM2 binding using western blot or flow cytometry.  

 

All clones were frozen down at different stages of the production process and re-

cloning these cells from an earlier stage of mAb production would be an important 

next step to produce new batches of mAb to characterise. New immunisations and 

fusions could also be carried out, using γ-chain specific detection antibodies to select 

for IgG mAb during screening. Successful anti-mouse TREM2 mAb could then be 

used in functional assays, examples of which will be described later. 

 

An interesting side project to follow up from this would be the investigation of the 

immune response of TREM2 KO mice and whether class switching in these mice is 

indeed impaired. The human antibodies generated in this project were of the IgG 

class, and IgM characterisation was limited to antibodies raised against mouse 

protein and variant peptides. This could indicate that the nature of antigen preparation 

for those specific immunisations, for example a problematic adjuvant aliquot, may 

have influenced antibody production. While this seems unlikely, it is worth bearing in 

mind alongside further immunisation of mice and measurement of the proportions of 

generated antibody classes.  

 

Characterisation of TREM2 KO mice in the literature has overall shown decreased 

microglial activation levels and phagocytic activity, altered synaptic loss and reduced 

social behaviour. The absence of TREM2 in this model may be a valuable feature to 

study other neurodegenerative diseases; such as Nasu-Hakola disease (or PLOSL), 

a bone disease which presents with early onset dementia and is associated with 

TREM2 loss-of-function mutations (Paloneva et al., 2002). Monocytes derived from 

DAP12- and TREM2-deficient patients with this disease were shown to exhibit 

delayed differentiation into osteoclasts (Paloneva et al., 2003), and it would be 

interesting to investigate the effect of TREM2 deficiency on other immune cells and 

processes, namely immunoglobulin class switching, and its impact on 

neurodegenerative diseases. 
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6.2.3 Variant-Specific TREM2 Antibodies 
To generate mAb against the two TREM2 risk variants, R47H and R62H, TREM2 KO 

mice were immunised with wild type and variant peptides conjugated to KLH, a large 

immunogenic protein. All antibodies produced from these fusions were also isotyped 

as IgM class, as described above, but hybridoma growth in culture was much more 

successful than that observed with cells producing anti-mouse TREM2 antibodies. 

 

Antibodies 3F11 (raised against variant R47H) and 10D3 (raised against variant 

R62H) displayed specific binding to the peptide they were raised against compared 

to wild type peptides. However, upon testing each of them with the peptides they were 

not raised against, 62H for mAb 3F11 and 47H for mAb 10D3, binding was 

unexpectedly observed. Further characterisation is required to confirm the specificity 

of these two mAb and HEK293 cell lines expressing the variant forms of TREM2 were 

generated for this purpose. The transfected lines failed to demonstrate TREM2 mRNA 

expression and this was traced back to a problem with the sequences used for the 

vector design, making them incompatible with the human TREM2 primers used in this 

project. Sending DNA sequences out for vector generation is an important lesson 

learned to avoid introducing additional variables to the experiment, and sequencing 

the region of interest in the vectors is a useful future quality control check prior to 

transfecting cells.  

 

After investigating protein expression of the transfected cell lines using the in-house 

ELISA, TREM2 was detected in both variant-expressing cell lines. It would be 

interesting to investigate the binding capacity and specificity of variant mAb 3F11 and 

10D3 to these cell lines using western blotting and flow cytometry. Designing 

overlapping peptides that cover the TREM2 extracellular domain could also be used 

in an ELISA format to identify which region these variant antibodies bind to. This could 

generate useful information for investigating whether these antibodies have TREM2-

activating potential, in addition to their use in screening assays to detect variants in 

human samples.  

 

An important point to consider is the relevance of the TREM2 ectodomain structure 

to the characterisation of variant-specific antibodies. One study by Roblek et al. 

(2010) generated variant-specific antibodies to lamins using short peptides. While the 

majority of antibodies demonstrated successful results, one of the variant-specific 

antibodies failed to elicit a specific immune response. This was resolved by 

immunisation using an entire Ig-fold domain containing the polymorphism, rather than 



 

153 
 

a linear peptide, indicating that antigenicity, for that particular variant, depended on 

the conformational context of the Ig-fold as a whole. It would be interesting to 

investigate whether a similar situation exists for TREM2; a recent in silico study 

suggested that wild type residues at p.47 and p.62 appear outstretched from the 

protein domain and positive in charge. In comparison, the variant residues are more 

buried in the domain and neutral in charge, potentially resulting in impaired ligand 

binding (Menzies et al., preprint). The group also reported that the R47H variant lies 

on binding loop complementarity-determining region 1 (CDR1), and R62H lies 

between the two loops CDR1 and CDR2. These structural factors could pose a 

challenge for the production of variant-specific antibodies using short linear peptides 

and are worth further consideration. 

 

6.2.4 Establishment of Human sTREM2 ELISA 
Investigating binding of sTREM2 in human serum by mAb 9D10and the in-house 

polyclonal using western blotting resulted in clear bands at the expected molecular 

weights for TREM2, indicating their suitability for use in a quantitative assay to detect 

TREM2 in serum or plasma. These antibodies were paired together in a sandwich 

ELISA to detect recombinant human TREM2 as a protein standard, and the assay 

was optimised using in-house plasma controls to reduce the initial high levels of 

background absorbance and generate a sensitive standard curve.  

 

This assay was then used to quantify sTREM2 levels in the European AddNeuroMed 

cohort of 663 plasma samples from AD patients, individuals with MCI and age-

matched healthy controls. A positive correlation between sTREM2 levels and age was 

observed across the three groups. Categorising the data into specific age groups 

demonstrated that younger AD patients had the lowest levels of sTREM2 when 

compared to age-matched MCI and control individuals. Measuring plasma samples 

from young healthy adults in a subsequent preliminary study showed they had low 

sTREM2 concentrations compared to older adults; both of these interesting findings 

require further investigation using higher sample numbers. 

 

After correcting the AddNeuroMed dataset for age, there was no significant difference 

observed in plasma sTREM2 levels between the groups. This is in line with results 

from plasma studies in the literature (Berkis et al., 2018; Liu et al., 2018; Ashton et 

al., 2019) and differences between clinical groups are more likely to be observed in 

CSF samples (Heslegrave et al., 2016; Piccio et al., 2016; Suárez-Calvet et al., 2016; 

Liu et al., 2018). The ELISA generated here showed promising results in measuring 
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sTREM2 in CSF samples and has the potential to quantify sTREM2 in CSF or plasma 

as a biomarker for AD progression. Using the ELISA to measure sTREM2 in paired 

CSF and plasma samples would be useful to investigate the correlation between the 

two sample types, and longitudinal studies would be valuable to determine whether 

the effect of variables, such as disease intensity and co-morbidities, over time is 

reflected in sTREM2 levels.   

 

Recent evidence suggests that sTREM2 may have its own biological role and is 

perhaps not only a decoy receptor competing with membrane-bound TREM2 as 

initially thought (Piccio et al., 2008, Zhong et al., 2017). Zhong et al. (2019) 

demonstrated that sTREM2 reduced amyloid plaque deposition and stimulated 

microglial migration and inflammatory cytokine production when it was expressed in 

the 5XFAD mouse model. This suggests a neuroprotective role for sTREM2 and puts 

it forward as a potential therapeutic candidate for modulating immune responses in 

AD.   

 

 

6.3 Future Work and Perspectives 
6.3.1 Future Experimental Steps 
The previous sections covered the steps required to troubleshoot and resolve issues 

that were experienced throughout this project. The immediate priority would be to 

obtain mAb that detect mouse TREM2 and to further characterise variant-specific 

mAb already generated. Future work that follows on from this project could focus on 

the functional aspect of the generated antibodies, but only after sufficient quality 

control and antibody specificity is confirmed. Ligand-binding and blockade studies 

could provide data on whether the antibodies activate or block TREM2 signalling. As 

discussed in Chapter 1, variants R47H and R62H have been associated with impaired 

ligand binding (Wang et al., 2015; Bailey et al., 2015; Yeh et al., 2016) and a reduced 

ability for phagocytosis and triggering microglial responses (Yeh et al., 2016; Zhong 

et al., 2017; Lessard et al., 2018). It would be of particular interest to test the impact 

of R47H and R62H variant-specific antibodies on ligand binding, phagocytosis and 

signalling assays. They could also be used to set up ELISAs to detect variant-specific 

protein in human biological samples, this would be useful as a quick screen to identify 

prevalence of variant carriers in existing AD cohorts and potentially as a risk predictor 

in control and MCI samples to investigate the conversion of carriers to AD. An 

additional characterisation experiment could involve the epitope mapping of the 
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antibodies that successfully activated or blocked signalling; this would be important 

to shed light on where the mAb bind and what their mechanism of action is. 

 

As previously mentioned, investigating the immune response of TREM2 KO mice 

would be another crucial step to examine the ratio of IgM to other isotypes and reveal 

whether TREM2 KO mice have an impaired immunoglobulin response, as was 

reported in PLCG2 KO mice (Hikida et al.; 2009). The production of new antibodies 

specific to mouse TREM2 would fill the gap left by this project. Anti-mouse TREM2 

mAb could be tested for whether they activate or block TREM2 signalling pathways 

by looking at their effect on calcium flux or phagocytosis. They could also be used to 

investigate the expression of TREM2 in various knock-in and transgenic mouse 

models of AD; the mAb could be used to generate an ELISA for quantification of 

sTREM2 in mouse plasma, and to stain primary monocytes and cryopreserved brain 

tissue for this purpose.  

 

 

6.3.2 Limitations of Mouse Models on TREM2 Studies 
While mouse models are an essential part of AD research, it is important to note the 

limitations of such models on the interpretation of results in relation to TREM2. The 

overexpression of PSEN and APP in AD mouse models may affect the activity of γ-

secretase, which is a common enzyme involved in the proteolytic cleavage of both 

APP and TREM2, thus resulting in high sTREM2 levels as an undesirable effect 

(Wunderlich et al., 2013).  A transcriptional study of TREM2 KO models reported an 

upregulation in TREML1 in the Velocigene model, due to the use of a floxed neomycin 

cassette, compared to the Jackson and Colonna lab models (Kang et al., 2018). The 

TREML1 gene is immediately downstream of TREM2 and its artificial overexpression 

makes it difficult to pinpoint whether experimental results can be attributed to the loss 

of TREM2, or the increase in TREML1, or both (Carbajosa et al., 2018; Kang et al., 

2018). The KO strategy used for the mice in this project circumvented this issue by 

reversing the neomycin cassette to prevent TREML1 overexpression, but it is 

important to bear in mind the aforementioned limitations during interpretation of 

results or comparisons between TREM2 KO models. 

 

The TREM2 R47H variant was recently reported to produce aberrant spliced 

transcripts leading to a reduction of TREM2 protein expression in mice, but 

expressing the humanised TREM2 variant gene in mice did not replicate this impaired 
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splicing (Xiang et al., 2018), another limitation demonstrating that results derived from 

TREM2 knock-in models may not always be directly translated to human systems. 

 

 

6.3.3 Alternative Models of AD 
As human microglia cannot be readily accessed for analysis, studies are turning to 

the differentiation of human pluripotent stem cells (PSCs) as an AD model (Livesey, 

2014). Claes et al. (2019) generated three microglia-like cell lines using PSC 

technology; two to represent the homozygous and heterozygous loss of TREM2 and 

one to represent the heterozygous R47H variant. The group went on to report reduced 

phagocytosis and amyloid plaque clearance in both knockout models, but not in the 

variant line. They also noted, however, that their experimental factors did not include 

aging and that cells derived from AD patients carrying the variant may better 

represent the effect of aging on these functions.  

 

While PSC-derived microglia act as a useful model for investigating disease-

associated genotypes, they pose a limitation for the study of complex processes, such 

as cell-to-cell interactions, cell signalling and synaptic pruning. An important factor to 

consider is that in the brain, microglia are exposed to environmental cues from 

surrounding cells, a feature that can be simulated in vitro by co-culturing microglia-

like cells with PSC-derived neurons and/or astrocytes. This provides the anti-

inflammatory cytokine response that is absent from monocultures without 

compromising microglial surveillant and phagocytic function (Haenseler et al., 2017).  

 

Introducing stem cell-derived cell lines would be an interesting follow up for this 

project; generated anti-TREM2 antibodies could be tested for binding to the 

supernatant or cell lysates of lines differentiated directly from fibroblasts of AD 

patients, particularly TREM2 variant-carriers. These cell lines could provide a more 

accurate context to test the generated antibodies in and may help to further 

understand the molecular mechanisms of TREM2 in AD and to identify potential future 

therapeutic targets. 
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6.3.4 Anti-TREM2 Antibodies in Immunotherapy 
Monoclonal antibodies are commonly used therapeutically to bind target antigens or 

alter signalling mechanisms in disease (Berger et al., 2002; Suzuki et al., 2015), and 

the concept of using anti-TREM2 antibodies for immunotherapy has recently been of 

great interest as will be discussed below.  

 

While TREM2 has been shown to regulate the microglial response and is generally 

thought to have an anti-inflammatory role, contradictory findings in the field make it 

difficult to pinpoint the exact molecular mechanisms involved and suggest that 

TREM2 has a more complex role than once thought. AD mouse model studies, using 

5XFAD and APP/PS1 mice, reported opposing effects of TREM2 expression on 

amyloid accumulation and pathology depending on disease stage; beneficial at early 

stages of the disease (Jay et al., 2015) and detrimental at later stages (Wang et al., 

2015; Jay et al., 2017). As described in Chapter 1, spine density loss in TREM2-

deficient APP/PSEN1 and PS2APP mice also differed between disease stages, with 

increased synaptic loss seen after 6 months (Sheng et al., 2019; Meilandt et al., 

2020), suggesting a neuroprotective role for TREM2 in this middle-late stage of 

disease. Taken together, these results indicate that the role of TREM2 varies with 

disease progression and this seemingly dual function poses a therapeutic challenge 

as TREM2 may need to be activated or inhibited depending on the stage of disease.  

 

Immunotherapeutic strategies currently under development have shown some 

promise involving the use of antibodies to stimulate TREM2 signalling. Schlepckow 

et al. (2020) generated an antibody (mAb 4D9) that binds the stalk region of mouse 

TREM2, preventing cleavage of the extracellular domain while simultaneously 

activating receptor signalling, and reported reduced plaque load in an APP knock-in 

mouse model administered 4D9. Another anti-human TREM2 antibody, AL002c, 

developed by Alector, Inc. recently completed a Phase 1 clinical trial. This activating 

antibody also binds the stalk region of TREM2 and was shown to increase microglial 

proliferation and reduce neurite damage during a preclinical study using 5XFAD mice 

expressing the human TREM2 transgene (Wang et al., 2020).  

 

Another study compared the effects of two anti-TREM2 activating antibodies, a 

commercial R&D Systems mAb (clone 237920) and an in-house generated mAb, on 

the survival of macrophages and microglia from a transgenic R47H mouse model 

(Cheng et al., 2018). Both antibodies boosted survival of these myeloid cells in this 

model and in WT mice. Additionally, the commercial mAb increased microglial 
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migration in both genotypes while the in-house mAb did not influence migration in 

either. This difference in microglial modulation illustrates the complexity in the biology 

of TREM2 which requires further understanding, nevertheless, these studies overall 

have demonstrated that the therapeutic activation of TREM2 can potentially improve 

myeloid cell function in AD and have highlighted the importance of delivering sufficient 

antibody doses into the CNS. 

 

Anti-TREM2 antibodies would also be useful to further explore the link between 

TREM2 and ApoE, the strongest genetic risk factor for AD (Corder et al., 1993; Karch 

and Goate, 2015).  The TREM2-ApoE interaction was shown to drive the switch of 

microglia from a resting to disease-associated state (Krasemann et al., 2017) 

resulting in increased microglial phagocytosis (Atagi et al., 2015; Yeh et al., 2016). 

This ligand-receptor interaction was also shown to be significantly impaired by AD 

risk-associated TREM2 variants R47H and R62H (Wang et al., 2015; Yeh et al., 

2016). 

 

Another identified TREM2 ligand, clusterin, was also reported as a genetic risk factor 

for AD (Harold et al., 2009). Like ApoE and TREM2, it can bind and potentially 

modulate the microglial clearance of Aβ (Ghiso et al., 1993; Strittmatter et al., 1993; 

Lessard et al., 2018; Zhao et al., 2018), and was recently demonstrated to positively 

correlate with APOE4 genotype in AD synapses (Jackson et al., 2019), suggesting a 

functional link between all three risk factors. Learning more about this link is important 

to further current knowledge in the field and may shed light on why opposing roles 

have been associated with TREM2 in AD. 

 

 

6.3.5 Conclusions 
A vast body of literature describes the multiple functions and signalling pathways of 

TREM2 and the wide range of proposed ligands associated with it. Learning more 

about the interactions of TREM2 with these ligands can help to build a clearer picture 

of the complex biological role of TREM2, particularly for ligands that have themselves 

been associated with an increased risk of AD.  

 

The anti-human mAb described in this project are novel reagents that have been 

shown to specifically bind human TREM2. The in-house established TREM2 ELISA 

can sensitively detect human sTREM2 in both CSF and plasma samples, making it a 

good biomarker assay for CSF studies of AD and other neurodegenerative diseases. 
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The establishment of a quantitative assay using the variant mAb could provide a quick 

and simple screening technique for variant TREM2 proteins in large plasma cohorts. 

There is strong potential for both the human wild type and variant mAb to be used in 

functional assays investigating the impact of the mAb on the known functions of 

TREM2, especially those involving interactions with the risk-associated ligands 

discussed above. This in turn could result in the identification of activating or blocking 

antibodies that could possess future therapeutic value. Further research on the 

complex role of TREM2 and its potential modulation, using tools such as monoclonal 

antibodies, could provide a more comprehensive understanding of the involvement of 

TREM2-related processes in the pathogenesis of AD. 
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Appendix I – List of Chemicals 

Cell Culture Reagents 

Item Product Code Supplier 
cOmplete™ protease inhibitor 
cocktail tablets 

04693116001 Roche, Merck, UK 

Dimethyl sulfoxide (DMSO)  D2650 Sigma-Aldrich, Merck, UK 
Eagle’s MEM (EMEM) M2279 Sigma-Aldrich, Merck, UK 
Fetal bovine serum (FBS), 
South American origin 

10270106 Gibco, ThermoFisher Scientific 
UK 

HAT supplement 50X 21060-017 Gibco, ThermoFisher Scientific 
UK 

HT supplement 100X 11067-030 Gibco, ThermoFisher Scientific 
UK 

L-glutamine G7513 Sigma-Aldrich, Merck, UK  
LipofectamineTM 3000 reagent 15292465 ThermoFisher Scientific, UK 
MEM non-essential amino 
acids 100X 

11140-050 Gibco, ThermoFisher Scientific 
UK 

Micro BCA™ protein assay kit  23235 ThermoFisher Scientific, UK 
Opti-MEM™ reduced serum 
medium 

31985062 ThermoFisher Scientific, UK 

Penicillin-streptomycin P4458 Sigma-Aldrich, Merck, UK 
Phosphate Buffered Saline 
(PBS) 

12037539 Gibco, ThermoFisher Scientific 
UK 

PierceTM RIPA Buffer 89900 ThermoFisher Scientific, UK 
Polyethylene glycol 1500 10783641001 Sigma-Aldrich, Merck, UK 
RPMI 1640, no glutamine 31870074 Gibco, ThermoFisher Scientific 

UK 
Sodium pyruvate S8636 Sigma-Aldrich, Merck, UK 
Trypan blue solution 0.4% SV30084.01 HyClone, Fisher Scientific, UK 
Trypsin-EDTA (0.05%) 25-300-054 Gibco, ThermoFisher Scientific 

UK 
Ultra-low IgG fetal bovine 
serum, US origin 

16250078 Gibco, ThermoFisher Scientific 
UK 

Freezing media: FBS + 10% DMSO 
Growth media: RPMI, 50 Units Penicillin-50µg/ml Streptomycin, 1mM sodium 
pyruvate, 2mM L-glutamine, 10% FBS (or 15% FBS for fusion/re-cloning media) 
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Cloning Reagents 

Item Product Code Supplier 
Agar BP2641-1 Fisher Scientific, UK 
Ampicillin A9518 Sigma-Aldrich, Merck, UK 
Geneticin G-418 sulfate 11811023 ThermoFisher Scientific, UK 
Glycerol G6279 Sigma-Aldrich, Merck, UK 
Luria Broth (LB) base 12795084 ThermoFisher Scientific, UK 
SOC medium 15544034 ThermoFisher Scientific, UK 
Sodium chloride S/3120/65 Fisher Scientific, UK 
DH5α™ competent cells 18265017 ThermoFisher Scientific, UK 
Tryptone 1278-7099 Fisher Scientific, UK 
Yeast extract BP1422-2 Fisher Scientific, UK 

LB Agar: 1% sodium chloride + 1% tryptone + 0.5% yeast extract + 1.5% agar 
 

 

Conjugation Reagents 

Item Product Code Supplier 
EZ-Link™ Sulfo NHS-LC-Biotin  21327 ThermoFisher Scientific, UK 
Keyhole limpet hemocyanin H-1757 Sigma-Aldrich, Merck, UK 
Pierce™ immobilised TCEP 
disulfide reducing gel 

77712 ThermoFisher Scientific, UK 

Sodium chloride S/3120/65 Fisher Scientific, UK 
Sodium phosphate S3139 Sigma-Aldrich, Merck, UK 
Streptavidin-HRP DY998 R&D Systems Inc., United States 

of America (USA) 
Sulfo-SMCC 22322 ThermoFisher Scientific, UK 

Conjugation buffer: 100mM sodium phosphate, 150mM sodium chloride, pH 7.9  
 

 

DNA Extraction and Amplification Reagents 

Item Product Code Supplier 
Agarose BP1356 Fisher Scientific, UK 
Boric acid 10553001 Fisher Scientific, UK 
DNA Ladder (100bp) G2101 Promega, UK 
Ethylenediaminetetraacetic 
acid (EDTA) 

17892 ThermoFisher Scientific, UK 

GeneRuler 1kb DNA ladder SM1331 ThermoFisher Scientific, UK 
GoTaq® Green master mix M7128 Promega, UK 
High capacity RNA to cDNA kit 4387406 ThermoFisher Scientific, UK 
Nuclease-free water P119A Promega, UK 
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PowerUpTM SYBR Green 
master mix 

A25742 ThermoFisher Scientific, UK 

Proteinase K Solution 25530-049 ThermoFisher Scientific, UK 
Sodium dodecyl sulphate 
(SDS) 

BP166-500 Fisher Scientific, UK 

Sodium chloride S/3120/65 Fisher Scientific, UK 
SYBRTM Safe DNA gel stain S33102 ThermoFisher Scientific, UK 
Tris base BP152-500 Fisher Scientific, UK 

Mammalian Lysis Buffer: 0.1M Tris, 0.2M sodium chloride, 5mM EDTA, 0.2% SDS, 
pH8.5 
10X Tris-Borate-EDTA (TBE) Buffer: 0.9M Tris, 0.9M boric acid, 0.02M EDTA 
 

 

ELISA and SDS-PAGE Reagents 

Item Product Code Supplier 
Acetic acid glacial A/0400/PB17 Fisher Scientific, UK 
Acrylamide/Bisacrylamide, 
40% solution 

J60868 Alfa Aesar, ThermoFisher 
Scientific, UK 

Amersham ECL detection 
reagents 

RPN2106 GE Healthcare, UK 

Amersham Protran 0.45µm 
nitrocellulose membrane 

10600002 GE Healthcare, UK 

Ammonium persulphate (APS) A3678 Sigma-Aldrich, Merck, UK 
Anti-mouse IgG1 antibody 
(RMG1-1) 

406601 Biolegend UK Ltd. 

Anti-mouse IgG3 antibody 
(RMG3-1) 

406802 Biolegend UK Ltd. 

Anti-mouse IgG (γ-chain 
specific) peroxidase antibody 

A3673 Sigma-Aldrich, Merck, UK 

Anti-mouse IgM (μ-chain 
specific) peroxidase antibody 

SAB3701199 Sigma-Aldrich, Merck, UK 

Bovine serum albumin (BSA) A2153 Sigma-Aldrich, Merck, UK 
Bromophenol blue B5525 Sigma-Aldrich, Merck, UK 
Coomassie Brilliant blue R-250 B0149 Sigma-Aldrich, Merck, UK 
Gelatin 48722 Sigma-Aldrich, Merck, UK 
Glycine G/0800/60 Fisher Scientific, UK 
Human TREM2 antibody, 
polyclonal goat 

AF1828 R&D Systems Inc. USA 

Mercaptoethanol (β) M/P200/05 Fisher Scientific, UK 
Methanol M/4000/17 Fisher Scientific, UK 
PageRulerTM Plus prestained 
protein ladder, 10-250kDa 

26619 ThermoFisher Scientific, UK 

Peroxidase AffiniPure donkey 
anti-mouse IgG 

715-035-150 Jackson Immunoresearch, 
Stratech Scientific Ltd., UK 
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Peroxidase AffiniPure donkey 
anti-rabbit IgG 

711-035-152 Jackson Immunoresearch, 
Stratech Scientific Ltd., UK 

Peroxidase AffiniPure F(ab')₂ 
fragment donkey anti-goat IgG 

705-036-147 Jackson Immunoresearch, 
Stratech Scientific Ltd., UK 

Peroxidase AffiniPure goat 
anti-rat IgG 

112-035-003 Jackson Immunoresearch, 
Stratech Scientific Ltd., UK 

Potassium chloride P/4280/53 Fisher Scientific, UK 
Potassium phosphate A12142 Alfa Aesar, ThermoFisher 

Scientific, UK 
Recombinant human TREM2 
protein 

11084-H08H Sino Biological Inc., Stratech 
Scientific Ltd., UK 

Recombinant mouse TREM2 
protein 

50149-M08H Sino Biological Inc., Stratech 
Scientific Ltd., UK 

SIGMAFAST™  
o-phenylenediamine 
dihydrochloride (OPD) 

P9187 Sigma-Aldrich, Merck, UK 

Skimmed milk powder 70166 Sigma-Aldrich, Merck, UK 
Sodium carbonate BP357-1 Fisher Scientific, UK 
Sodium chloride S/3120/65 Fisher Scientific, UK 
Sodium dodecyl sulphate 
(SDS) 

BP166-500 Fisher Scientific, UK 

Sodium hydrogen carbonate S/4200/60 Fisher Scientific, UK 
Sodium phosphate S3139 Sigma-Aldrich, Merck, UK 
Sucrose 15503-022 ThermoFisher Scientific, UK 
Tetramethylethylenediamine 
(TEMED) 

BP150-20 Fisher Scientific, UK 

Tris base BP152-500 Fisher Scientific, UK 
Tween-20 663684B VWR, UK 

10X Phosphate buffered saline (PBS): 1.4M sodium chloride, 0.12M sodium 
phosphate, 0.03M potassium chloride, 0.02M potassium phosphate 
Blocking buffer (ELISA): 2% BSA in 1X PBS-0.05% Tween-20 
Blocking buffer (Western blot): 5% milk or 5% BSA in PBS-0.05% Tween-20 
Coomassie (R-250) stain: 0.25% Coomassie R-250, 10% acetic acid, 40% methanol 
Coating buffer (ELISA): 15mM sodium carbonate, 35mM sodium hydrogen 
carbonate, pH9.6 
Destain solution (Coomassie): 10% acetic acid, 40% methanol 
Dilution buffer (ELISA): 0.1% BSA in 1X PBS-0.05% Tween-20 
Resolving gel buffer: 0.5M tris, 0.4% SDS (pH 6.8) 
Running buffer (10X): 0.25M tris, 1.92M glycine, 1% SDS 
SDS (Non-reducing) buffer (5X): 115mM tris, 584mM sucrose, 4% SDS, 0.015% 
bromophenol blue (pH 6.8) 
SDS (Reducing) buffer (5X): Non-reducing loading buffer, 5% v/v β-
mercaptoethanol 
Stacking gel buffer: 1.5M tris, 0.4% SDS (pH 8.8) 
Transfer buffer (10X): 0.25M tris, 1.92M glycine (20% methanol added to 1X buffer) 
Washing buffer: 1X PBS-0.05% Tween-20 (pH 7.4) 
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Flow Cytometry Reagents 

Item Product Code Supplier 
Alexa Fluor 647 anti-mouse IgM, 
RMM-1  

406525 Biolegend UK Ltd. 

Alexa Fluor 647 donkey anti-goat 
IgG 

ab150131 Abcam 

Alexa Fluor 647 donkey anti-
rabbit IgG, Poly4064 

406414 Biolegend UK Ltd. 

Alexa Fluor 647 goat anti-mouse 
IgG, Poly4053 

405322 Biolegend UK Ltd. 

Anti-GFAP antibody  ab53554 Abcam 
Human TruStain FcXTM antibody 422301 Biolegend UK Ltd. 
Normal Goat Serum S-1000 Vector Laboratories, UK 
Normal Donkey Serum D9663 Sigma-Aldrich, Merck, UK 
Purified mouse IgG2a, κ Isotype 
Ctrl, MG2a53 

401501 Biolegend UK Ltd. 

TruStain FcX™ (anti-mouse 
CD16/32) antibody 

101319 Biolegend UK Ltd. 

Blocking buffer: 5% animal serum + 1:100 anti-mouse CD16/32 Fc antibody or 
5μl/well anti-human Fc antibody 
Dilution/washing buffer: 2% FBS in PBS 
 

Immunisation Reagents 

Item Product Code Supplier 
Complete Freund’s Adjuvant F5881 Sigma-Aldrich, Merck, UK 
Incomplete Freund’s Adjuvant F5506 Sigma-Aldrich, Merck, UK 

Recombinant human TREM2 
protein 

11084-H08H Sino Biological Inc., Stratech 
Scientific Ltd., UK 

Recombinant mouse TREM2 
protein 

50149-M08H Sino Biological Inc., Stratech 
Scientific Ltd., UK 

 

Microglial Isolation and Immunostaining Reagents 

Item Product Code Supplier 
Anti-Iba1 rabbit polyclonal 
antibody 

019-19741 Alpha Laboratories, UK 

Avidin/Biotin Blocking Kit SP-2001 Vector Laboratories, UK 
CD11b Microbeads 130-093-634 Miltenyi Biotec, UK 
DMEM/F-12 31331-028 Gibco, ThermoFisher Scientific 

UK 
Goat anti-Mouse IgG (H+L) 
Cross-Adsorbed Antibody, 
Alexa Fluor 488 

A-11001 ThermoFisher Scientific UK 
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Goat anti-Mouse IgG, Cross-
Adsorbed Antibody, Alexa 
Fluor 568 

A-11004 ThermoFisher Scientific UK 

Goat anti-Rabbit IgG, Cross-
Adsorbed Antibody, Alexa 
Fluor 488 

A-11008 ThermoFisher Scientific UK 

Hank’s Balanced Salt Solution 
(HBSS), without Ca2+ and Mg2+ 

14175-095 Gibco, ThermoFisher Scientific 
UK 

Hoechst Trihydrochloride 
Trihydrate 

H3570 ThermoFisher Scientific UK 

MACS Separation Buffer 130-091-221 Miltenyi Biotec, UK 
MCSF  416-ML/CF R&D Systems Inc. USA 
M.O.M. (Mouse-on-Mouse) 
Elite Immunodetection Kit, 
Peroxidase  

PK-2200 Vector Laboratories, UK 

Neural Tissue Dissociation Kit 
(P) 

130-092-628 Miltenyi Biotec, UK 

Normal Goat Serum S-1000 Vector Laboratories, UK 
Paraformaldehyde 158127 Sigma-Aldrich, Merck, UK 
Percoll 17-0891-02 GE Healthcare, UK 
Poly-L-Lysine Mw 70-150k  P6282 Sigma-Aldrich, Merck, UK 
Streptavidin, Alexa Fluor 488  S-11223 ThermoFisher Scientific UK 
TGFβ-1 130-095-067 Miltenyi Biotec, UK 
Triton X-100 T9284 Sigma-Aldrich, Merck, UK 

Washing buffer: 500ml 1X HBSS (without Ca2+ and Mg2+) MACS buffer: 1 x PBS, 
pH7.2, 0.5% BSA, 2mM EDTA 

 

Purification Reagents 

Item Product Code Supplier 
Glycine G/0800/60 Fisher Scientific, UK 
IsoStrip™ Mouse Monoclonal 
Antibody Isotyping Kit 

11493027001 Roche, Merck, UK 

Sodium azide AC190381000 Acros Organics, Fisher Scientific, 
UK 

Sodium chloride S/3120/65 Fisher Scientific, UK 
Tris base BP152-500 Fisher Scientific, UK 

Binding buffer: 10mM tris, 150mM sodium chloride, 0.1% sodium azide (pH 7.4) 
Elution buffer: 0.1M glycine (pH 2.5) 
Neutralisation buffer: 1M tris (pH 8) 
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