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Summary

Summary

The triggering receptor expressed on myeloid cells 2 (TREM2) is an immune receptor
expressed on myeloid-derived cell types. The extracellular immunoglobulin-like
domain of TREM2 binds anionic ligands including Apolipoprotein E (APOE) and
Amyloid-B (AB). The transmembrane domain interacts with its adaptor protein
DAP12/TYROBP that is responsible for propagation of downstream signaling upon
ligand interaction. Several sequence variants of TREMZ2 have been linked to different

neurodegenerative diseases including Alzheimer’s disease.

In this study, HEK 293 Flp-In cell lines were generated stably expressing human
TREM2 and DAP12 using a bicistronic construct with a T2A linker sequence allowing
initial expression of both proteins in stoichiometric amounts. Cell biological and
biochemical analyses revealed transport of TREM2 to the cell surface, and canonical
sequential proteolytic processing and shedding of TREM2 (sTREM2). Interestingly,
the TREM2 G145W variant showed to possibly affect the cleavage and processing
by ADAM proteases. Furthermore, the H157Y variant results in a more complex
glycosylation as compared to the common variant in the reporter cell system. Using
the cell model, we could further demonstrate that TREMZ2 is mainly degraded via the
autophagy-lysosomal pathway. We verified the functionality of this cell system by
detection of reactive oxygen species upon challenge with necrotic neural debris as
well as by detection of phosphorylated spleen tyrosine kinase (SYK) upon stimulation
of TREM2 with the anionic membrane lipid phosphatidylserine or anti-TREMZ2
antibodies. Using this cell model, we demonstrated impaired signaling of disease
associated TREM2 variants. We also identified a monoclonal antibody against the
stalk region of TREM2 with agonistic activity that induced phosphorylation of SYK by
cross-linking. Activation of TREM2-DAP12 signaling with the monoclonal antibody
and the partial loss-of-function of disease associated variants were recapitulated in
induced pluripotent stem cell (iPSC) derived microglia. Thus, this reporter cell model
represents a suitable experimental system to investigate signaling of TREM2
variants, and for the identification of ligands and compounds that modulate TREM2-
DAP12 signaling.
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1 Introduction

1.1 Common characteristics of neurodegenerative diseases

Neurodegenerative diseases are fatal, neurological disorders that share hallmarks at
the neuropathological level, commonly characterized by accumulation of aggregated
proteins forming fibrils (Takalo et al., 2013). These fibrils are termed amyloids, which
are characterized by a cross-f structure along the fibril axis. Different proteins can
adopt the structure of amyloids, thereby likely damaging neurons in the brain. Due to
this specific common cross-f structure, dyes like Congo red or Thioflavin T
specifically label amyloid structures irrespective of the nature of the different proteins
in the respective disease (Saiki et al., 2005). Huntington’s Disease (HD) is
associated with protein aggregates of huntingtin protein with more than 36 CAG
repeats. The length of the CAG repeats correlates with the severity and presence of
inclusions, mainly found in the striatum (Ross & Poirier, 2004; Vonsattel et al., 1985).
In Alzheimer’'s disease (AD), a dementing illness, there are different types of
aggregated proteins. In early stages of the disease, degeneration of neurons is
particularly found in the basal forebrain and hippocampus. Extracellular plaques and
intracellular neurofibrillary tangles, consistent mostly of amyloid B (AB) and tau
protein, respectively, are the major kinds of protein aggregates involved in AD (Ross
& Poirier, 2004; Soto, 2003). In some cases of the progressive fatal disease
amyotrophic lateral sclerosis (ALS), mutations in the superoxide dismutase 1 (SOD1)
gene lead to aggregation of SOD1 protein that might cause degeneration of lower
motor neurons and upper motor neurons in the spinal cord and cerebral cortex,
respectively (Ross & Poirier, 2004). Another common neurodegenerative disease
associated with protein aggregation is Parkinson’s disease (PD). In this disease,
misfolded a-synuclein aggregates/fibrils accumulate in so called Lewy bodies (Ross
& Poirier, 2004). Aggregation of a-synuclein can occur as a result of high
temperature or low pH (Ma et al., 2003). The most affected brain region in PD is the
substantia nigra of the mid brain, though the disease is not limited to this area
(Forno, 1996). Many neurodegenerative diseases also present inflammation in the
central nervous system (CNS). This inflammation can have beneficial roles, however,
it can lead to crucial damage of the CNS and neuronal connections (Stephenson et
al., 2018; Wyss-Coray & Mucke, 2002).



Introduction

1.2 Alzheimer’s disease (AD)

Back in 1906, the neuropathologist Dr. Alois Alzheimer first described a form of
dementia that was later named after him, Alzheimer’s disease. His first AD patient
was a 51-year old woman, Auguste Deter (Hippius & Neundérfer, 2003; Stelzmann et
al., 1995). Since then, AD has become the most common cause of dementia, with
60-80 % of all cases, affecting over 30 million people worldwide (Prince et al., 2015;
The Alzheimer’'s Association, 2020). Approximately 5-8 % of the world population
over the age of 60 years will be living with dementia (Hebert et al., 2013; Prince et
al., 2015). The advances in medical research and care and the social and
environmental conditions in the current time will lead to a growing population above
their 80’s, also resulting in an increased number of AD patients (The Alzheimer’s
Association, 2020). The first clinical symptoms of the disease include mild memory
loss and cognitive impairment, followed by abnormal social behavior and impairment
of language skills (The Alzheimer’s Association, 2020). The symptoms become more
severe over time, as AD is a progressive disease with currently no available
treatment. Patients eventually rely on others as they become unable to care for
themselves, leading to social and economic burden.

The main neuropathological hallmarks of the disease are extracellular amyloid
plagues and intraneuronal neurofibrillary tangles (NFTs), already described by Alois
Alzheimer himself (Hippius & Neundorfer, 2003; Stelzmann et al., 1995). The amount
of NFTs, consisting of hyperphosphorylated tau protein, highly correlates with the
progression of clinical AD (Braak & Braak, 1991; Nelson et al., 2012; Tomlinson et
al., 1970), whereas a strong association of the genetic background of AD and
amyloid plaque formation was described (Nelson et al., 2012). In addition,
neuroinflammation supposedly contributes equally to AD pathogenesis as amyloid
plaques and NFTs (Heneka et al., 2015; Zhang et al., 2013). Amyloid-$ (AB) peptides
are the main component of the amyloid plaques (LaFerla et al., 2007). In the early
1990s, the AR cascade hypothesis was first described (Hardy & Higgins, 1992). This
hypothesis states that AR peptides, generated by proteolytic cleavage of the amyloid
precursor protein (APP), accumulate into extracellular senile plaques, disrupting the
neuronal connections and initiating several neurotoxic events, including oxidative
stress and decreased neuroplasticity, eventually leading to neuronal death (Paula et
al., 2009; Rhein & Eckert, 2007). However, the accumulation and aggregation of AB
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peptides is not the only trigger for these neurotoxic events, as it has been shown that
the soluble AB oligomers appear to exert the main toxicity of all AR forms (Paula et
al., 2009). Inside neurons, NFTs mainly consist of the tau protein (Brion et al., 1985;
Grundke-lgbal et al.,, 1987; Kosik et al., 1986; Wood et al.,, 1986). Under
physiological conditions, tau is a microtubule-associated protein, stabilizing
microtubules and regulating vesicular transport along the axons (Weingarten et al.,
1975). When tau is hyperphosphorylated, its ability to bind, stabilize and promote
microtubule assemblies is decreased (Grundke-lgbal et al., 1987; Kopke et al.,
1993). Hyperphosphorylation of tau might also lead to tau aggregation and formation
of NFTs, as tau is more prone to aggregate when it is not bound to microtubules
(Mandelkow & Mandelkow, 2012). The connection between AD and the immune
system has been described, as inflammatory pathways seem to be highly involved in
the pathogenesis of AD (Heneka et al., 2015). Also, several genes related to
inflammatory processes were found to be associated with an increased risk of

developing AD (Bradshaw et al., 2013; Guerreiro et al., 2013; Jonsson et al., 2013).

1.2.1 Genetic factors involved in AD

Even though age is the greatest known risk factor for the development of AD, it might
not directly be the cause of it (Hebert et al., 2013). AD can be separated into two
different forms, early-onset AD (EOAD) or familial AD and late-onset AD (LOAD) or
sporadic AD. EOAD occurs in patients younger than 65 years. However, this
describes the minority of all AD cases. In 1991, the first evidence was found that
mutations in APP are involved in the development of EOAD (Goate et al., 1991).
Further on, mutations in genes for presenilin 1 and 2 (PS1 and PS2) were linked to
EOAD (Tanzi & Bertram, 2001). Mutations in all three described genes are involved
in the generation or aggregation of AB, the main component of amyloid plaques in AD
brains (Haass & De Strooper, 1999). However, the majority of AD patients develop
LOAD. While the cause for this form of AD is not well understood, it has been
suggested that environmental factors, lifestyle and the combination with genetic
factors might contribute to the development of LOAD. The most important genetic
risk factor is the €4 isoform of the Apolipoprotein E (APOE) gene. The APOE gene is
localized on chromosome 19, and has three different main isoforms in the human
population: APOE €2, APOE €3 and APOE €4 (Strittmatter et al., 1993). The most
common form of APOE is APOE €3. When one allele carries the APOE €4 form, the
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risk of developing AD is increased about fourfold, whereas the presence of APOE ¢4
on both alleles increases the risk by more than 10-fold. In contrast to this, APOE €2
showed to have a protective effect on the development of LOAD (Corder et al.,
1994). Different gene sets were highly associated with AD risk, including lipid
metabolism and regulation of APP trafficking or catabolic processes (Carbon et al.,
2017; Jansen et al., 2019). Amongst others, SORL1 and ABCA7, involved in
regulation of AR peptide production and transport of lipids across membranes,
respectively, were identified as risk factors for EOAD (Bellenguez et al., 2017; Pottier
et al., 2012; Steinberg et al., 2015). As described above, genes involved in immune
responses were found to have an impact on the pathogenesis of AD as well. The
triggering receptor expressed on myeloid cells 2 (TREM2) was identified in genome-
wide association studies (GWAS) linked to LOAD (Guerreiro et al., 2013; Jonsson et
al., 2013). TREM2 rare variant R47H increased the risk for developing AD
comparable to one allele of the APOE ¢4 form (Jonsson et al., 2013).

1.2.2 APP and AB generation

Amyloid plaques mainly consist of the AR peptide that is generated by sequential
cleavage of APP. APP is a type | transmembrane protein with one large amino
terminal ectodomain, a single transmembrane domain, and a small carboxy terminal
tail within the cytosol of the cell (Dyrks et al., 1988; Kang et al., 1987). In neurons,
APP has been shown to modulate the synaptic activity, formation and function and
implies an important role in axonal transport of vesicles (Priller et al., 2006; Satpute-
Krishnan et al., 2006; P. Wang, 2005). Alternative splicing of APP can lead to several
isoforms. In the brain, APP695 is mainly expressed by neurons and represents one
of the shorter isoforms. In contrast, APP770 is the longest isoform and together with
APP751 mainly produced by peripheral cells or platelets and non-neuronal brain cells
(Esch et al., 1990; Ponte et al., 1988; Selkoe, 2001). The AB region in APP lies partly
within the ectodomain and the transmembrane domain (Kang et al., 1987).
Additionally, APP can be proteolytically processed by several proteases, resulting in
the generation of different proteolytic derivatives (Figure 1). In the non-amyloidogenic
pathway, a-secretase cleaves APP within the ectodomain. Proteases, harboring the
o-secretase activity are several members of the ADAM (a disintegrin and metallo
proteinases) family, including ADAM9, ADAM10, ADAM17 and ADAM19 (Allinson et
al., 2003). The cleavage site of a-secretase in APP is located within the AB region.
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Thus, cleavage by a-secretase prevents the production of potentially harmful A
species (Roberts et al., 1994). Following a-secretase cleavage, soluble APPa
(sAPPa) is released into the extracellular fluid. Additionally, a a-C-terminal-fragment
(a-CTF, C83) is generated, still anchored to the cellular membrane. In contrast, the
amyloidogenic pathway describes the initial cleavage of APP by B-secretase,
resulting in the release of sAPPB and a membrane-tethered 3-CTF, also called C99.
The B-site APP-cleaving enzyme (BACE) has been identified as the main [3-
secretase processing APP (Vassar et al., 1999; Yan et al., 1999). After processing by
a- or [(-secretase, the respective a- and B-CTFs can be further cleaved by y-
secretase, leading to the production of p3 (3 kDa) and AB (4 kDa), respectively
(Haass et al.,, 1993). P3 and AB peptides are released into the extracellular fluid
whereas an APP intracellular domain (AICD) remains cytosolic, acting as a
transcription factor (Furukawa et al., 2002; LaFerla et al., 2007; Mattson, 1997;
Pardossi-Piquard & Checler, 2012). The y-secretase represents a protein complex
consisting of four proteins essential for the enzymatic activity, called APH-1, PEN-2,
nicastrin and PS1 or PS2 (De Strooper, 2003; Edbauer et al., 2003). As mentioned
earlier, mutations of PS1 and PS2 are associated with the development of EOAD
(Haass & De Strooper, 1999; Tanzi & Bertram, 2001).
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non-amyloidogenic pathway amyloidogenic pathway

sAPPa sAPPf

i ST []
“ s ne 1R ®

C59 C83 APP APP C99 C59

Figure 1: Proteolytic processing of APP. In the non-amyloidogenic pathway, APP is
initially cleaved by a-secretase, leading to the release of sAPPa into the extracellular space
and generation of a a-CTF (C83) within the plasma membrane. The amyloidogenic pathway
starts with generation of sAPPB and a membrane bound fragment C99 by proteolytic
cleavage of B-secretase. In both pathways, y-secretase conducts a subsequent cleavage of
the respective CTFs, leading to the release of p3 and AB in the non-amyloidogenic and
amyloidogenic pathway, respectively (Image adapted from LaFerla et al., 2007).

The AP peptide, generated by the amyloidogenic pathway, can be of different
lengths, ranging between 37 and 49 amino acids. The most abundant species are
AB40 and AB42, with the latter to a much lower extent (Citron et al., 1996; Wiltfang et
al., 2002). The generation of AB40 and AB42 occurs through endoproteolysis in a
stepwise process, possibly due to inaccurate cleavage by the respective enzymes.
The first cleavage occurs at aa48 or 49, followed by cleavage at position 45 or 46,
eventually resulting in a peptide with 38, 40 or 42 amino acids in length (Kummer &
Heneka, 2014; Qi-Takahara, 2005). It has been shown, that even though AB42 is
less abundant, it is more toxic to neurons. Due to the last two amino acids, the
peptide becomes more hydrophobic and thus is more prone to aggregate and deposit
in amyloid plaques (Barrow et al., 1992; Haass & Selkoe, 2007; Jarrett et al., 1993).

AB can undergo several post-translational modifications (PTM). Among others,
phosphorylation at Serine 8 and Serine 26 (Kumar et al., 2011, 2013; Milton, 2001),
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nitration (Kummer et al., 2011), pyroglutamylation (Mori et al., 1992) and N-terminal
truncation can occur (Guntert et al., 2006; Schieb et al., 2011). Some PTMs have
been shown to increase the aggregation rate of AB. Truncation of AR at its N-
terminus makes up the majority of AR species in AD brains (Sergeant et al., 2003).
Truncations, producing AB 2-x, 3-X, 4-x, 5-x and even larger amino acid deprivations,
have been described in AD patients as well as transgenic mouse models (Kummer &
Heneka, 2014). In in vitro studies, N-terminally truncated species have an increased
aggregation propensity as compared to AR peptides starting at Asp1, the first amino
acid of the AR domain (Pike et al., 1995). Oxidation of AB has been described in AD
patients at early stages of the disease. In neurodegenerative diseases, increased
oxidative stress possibly plays an important role in the initiation and progression of
the disease (Kim et al., 2015). As the brain depends on a large amount of oxygen to
properly fulfill its functions, it is more prone to generate free radicals or reactive
oxygen species (ROS) (Singh et al., 2019). However, oxidation of methionine at
position 35 (Met35) prevents the formation of AR fibrils (Hou et al., 2002; Palmblad et
al., 2002). This might confirm that oligomeric AB species exert more toxic effects on
neurons compared to amyloid fibrils. Phosphorylation of AB can occur at two
positions within the peptide, serine residue 8 (Ser8) and 26 (Ser26). Some studies
described effects of both PTMs on AD pathology. In AD brains and the NT-2
neuronal cell line, phosphorylation of Ser26 was reported (Kumar et al., 2016; Milton,
2001). This PTM showed to stabilize the formation of AB oligomers and thus
increased neurotoxic effects (Kumar et al., 2016; Rezaei-Ghaleh et al., 2014).
Phosphorylation of AR at Ser8 was observed in amyloid plaques, but could also be
found inside neurons, just like phosphorylation at Ser26 (Kumar et al., 2011, 2013,
2016). Tyr10 in the AR peptide can be nitrated. This possibly occurs by the enzyme
nitric oxide synthase-2 that has been shown to be up-regulated in AD (Fernandez-
Vizarra et al., 2004; Heneka et al., 2001). Another PTM is pyroglutamylation at
position 3 or 11 of the AB peptide (3pE-AB, 11pE-AB). In N-terminally truncated Ap,
glutamate is converted into pyroglutamate, making the peptide less soluble (Mori et
al., 1992; Saido et al., 1995). The increased propensity to form aggregates might be
explained due to the loss of charges and thus the gain in hydrophobicity at the N-
terminus of the peptide (He & Barrow, 1999). Furthermore, presence of 3pE-AB in
amyloid plaques was described in postmortem brains of aged individuals (Saido et
al., 1995). Mouse models that generate 3pE-AB showed progressive accumulation
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and formation of amyloid plaques, accompanied by severe neurotoxic effects
(Alexandru et al.,, 2011; Wirths et al, 2009). Interestingly, presence of
pyroglutamylated AB was already found in preclinical stages of AD, whereas
phosphorylated Ser8 species could be exclusively detected in the clinical stage of AD
(Rijal Upadhaya et al., 2014). Thus, phosphorylation of Ser8 possibly represents an
important step in the transition of preclinical AD to clinical AD.

1.3 Microglia

As inflammation in the CNS is also a hallmark of neurodegenerative diseases,
microglia, the resident immune cells of the brain have gained high interest. Neurons
and glia cells (microglia, astrocytes and oligodendrocytes) are the main cells in the
CNS (Jakel & Dimou, 2017). Microglia represent 5-20 % of all cells in the CNS and
exert main functions in its homeostasis (Perry, 1998; Perry et al., 2010). Just one
century ago, the origin of microglia cells has been identified. Microglia arise from
primitive myeloid precursors in the yolk-sac during early hematopoiesis and further
infiltrate the CNS, where they differentiate and build connections to other cells in the
CNS (Ginhoux et al., 2010; Ransohoff & Cardona, 2010). Subsequently, the blood-
brain-barrier (BBB) develops, leading to a separation of microglia in the CNS and the
immune cells in other tissues. During brain development, microglia fulfill many
different functions. When blood vessels are built throughout the brain, microglia
control this process by clearing excess vessels (Fantin et al., 2010). In addition,
microglia control the number of neurons by releasing growth factors, or
phagocytosing excess neural stem cells (Cunningham et al., 2013; Ueno et al.,
2013). Furthermore, synapse formation and synapse pruning of neurons is regulated
by microglia cells (Stevens et al., 2007; Tremblay et al., 2010). Involvement of
microglia in the process of myelination has also been described, as they promote the
maturation of oligodendrocyte precursor cells into oligodendrocytes (Pang et al.,
2013; Shigemoto-Mogami et al., 2014). In their resting state, their most important
function is the surveillance of the CNS and maintaining its homeostasis (Nimmerjahn
et al., 2005).

When microglia are resting, they are highly ramified, with long processes and small
cell bodies, constantly scanning their environment (Tremblay et al., 2011). However,
once they become activated, they acquire an amoeboid morphology with shorter
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processes and an increasing cell body volume. Depending on the CNS region, age of
the individual and conditions of heath and disease, microglia can adopt different
functions (Stratoulias et al., 2019). In general, microglia can exert the classical type
of immune reaction, as they lead to the production of pro-inflammatory cytokines.
This pathway is mainly initiated by lipopolysaccharide (LPS) from gram-negative
bacteria, leading to release of tumor necrosis factor-a (TNF-a), interleukin-13 (IL-1pB),
superoxide, nitric oxide (NO), or reactive oxygen species (ROS) (Block et al., 2007).
In contrast, microglia can also produce opposed cytokines, leading to an anti-
inflammatory reaction. This phenotype is usually activated by IL-4 or IL-13 (Colton,
2009; Ponomarev et al., 2007). It is suggested that several microglia subtypes exist
under steady state and disease conditions, thus reacting differently to stimuli by
expression of diverse genes (Stratoulias et al., 2019).

1.4 Microglia in AD

Recent research demonstrated the contribution of inflammation in the development
and pathogenesis of AD and other neurodegenerative diseases (Heneka et al., 2015;
Heppner et al.,, 2015). A connection between the immune system and AD was
indicated by the detection of activated microglia with a pro-inflammatory phenotype in
close proximity to amyloid plaques (Frautschy et al., 1998; Solito & Sastre, 2012). It
was suggested that microglia form a protective barrier around those plaques and
thereby prevent neurotoxic effects of amyloid accumulations (Condello et al., 2015).
Accordingly, an integrative network-based approach revealed an increase of genes
involved in inflammatory processes in postmortem brains of AD patients (Zhang et
al., 2013).

Recent GWAS and exome sequencing analyses provided further evidence for an
important contribution of microglia in AD, as a number of genes expressed in this cell
type were shown to be associated with an increased risk for developing AD.
Comparison of AD patients and healthy controls revealed association of TREM2 and
the myeloid cell surface antigen CD33 variants with AD (Bertram et al., 2008;
Guerreiro et al., 2013; Jonsson et al., 2013). Interestingly, inflammatory mediators
such as cytokines were detected at earlier stages of the disease where patients
showed mild cognitive impairment (MCI). Thus, enhanced levels of cytokines
possibly represent a risk for disease progression from MCI to AD (Brosseron et al.,

10



Introduction

2014; Tarkowski et al., 2003). One study even reported that in mice, a systemic
immune reaction could be the cause of AD pathology including amyloid deposition
and tau aggregation (Krstic et al., 2012).

Microglia express various receptors, including toll-like receptors and CD36, which
bind soluble or fibrillar AR (El Khoury et al., 2003; Stewart et al., 2010). This binding
leads to the release of inflammatory mediators in vitro. In addition, one study showed
that microglia have been involved in the clearance of AR plaques in hippocampal
brain slices (Hellwig et al., 2015). In brain slices of wild-type (wt) mice that were
exposed to synthetic AB42, AB plaque formation has not been detected. However,
depletion of microglia in respective brain sections and subsequent application of
synthetic AB42 induced the formation of A deposits within 14 days (Hellwig et al.,
2015), highlighting the importance of microglia in the clearance of amyloid plaques.
Additionally, uptake and transport of AB into lysosomes of microglia cells was
detected, further indicating the involvement of microglia in AD pathology (Hellwig et
al., 2015; J.-H. Lee et al., 2010; Pickford et al., 2008). Interestingly, Hellwig et al. also
showed that depletion of microglia in brain slices and replenishment with wt-microglia
reversed the AB plaque formation. However, replenishment of respective brain slices
with microglia from an AD mouse model showed opposing effects. Here, AD-
microglia were not able to clear AR deposits, in contrast, they led to an increase of
AB plaques (Hellwig et al., 2015). This effect has already been described with
isolated microglia from two different AD mouse models, as isolated microglia showed
impaired phagocytic activity and uptake of AB (Krabbe et al., 2013; Orre et al., 2014).
Thus, microglia that are constantly exposed to high amounts of plaques become
unable to cope with the load of AR and along with this become functionally impaired.
In addition to phagocytosis of fibrillar A, soluble A can be degraded by cell surface
or secreted proteases expressed by microglia. These AR degrading enzymes are
neprilysin (NEP) and insulin-degrading enzyme (IDE) (C. Y. D. Lee & Landreth,
2010). In a transgenic mouse model with depleted NEP, increased AR levels were
detected, whereas NEP overexpressing mice showed a reduction of soluble AB and
plague deposition (Farris et al., 2007; Ilwata et al., 2001; Leissring et al., 2003).
Beside binding and degradation of insulin (Sladek et al., 2007), IDE has also been
reported to degrade soluble AR, however, with a lower efficiency compared to insulin
(lwata et al., 2000). Interestingly, patients with type-2 diabetes have a higher risk to
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develop AD (Qiu & Folstein, 2006). This might be explained by the higher amount of
insulin that is preferentially degraded by IDE, wherefore IDE cannot degrade soluble
Ap anymore (C. Y. D. Lee & Landreth, 2010; Taubes, 2003).

Another pathway for clearance of soluble AB is the uptake through constitutive
macropinocytosis by microglia with subsequent degradation in lysosomal
compartments (Mandrekar et al., 2009). Furthermore, the low-density lipoprotein
receptor-related protein 1 (LRP1) can export soluble AR through the BBB into the
peripheral circulation (Deane et al., 2004). The receptor is highly expressed in brain
capillary endothelium and has been known to efficiently bind APOE (Zerbinatti & Bu,
2005). Thus, in a complex with APOE, AB is more efficiently exported by LRP1-
mediated transcytosis (Shibata et al., 2000).

1.5 Triggering receptor expressed on myeloid cells 2 (TREM2)

TREM2 belongs to the immunoglobulin superfamily of cell surface receptors encoded
by a gene cluster located on chromosome 6p21 (Allcock et al., 2003; Klesney-Tait et
al., 2006). It is expressed on monocyte-derived cell types, including dendritic cells,
osteoclasts, tissue macrophages, and microglia (Colonna, 2003b; Colonna & Wang,
2016; Paloneva et al., 2003). The receptor represents a type | membrane protein with
an extracellular region containing a single immunoglobulin-like domain which binds
anionic lipids and lipoproteins, including APOE (Atagi et al., 2015; Y. Wang et al.,
2015; Yeh et al., 2016). Just recently, AR and galecin-3 have been identified as
TREM2 ligands (Boza-Serrano et al., 2019; Y. Zhao et al., 2018; Zhong et al., 2018).
The short cytoplasmic domain of TREMZ2 has no known signaling function. However,
TREM2 associates with its co-receptor DAP12/TYROBP (DNAX activation protein of
12 kDa, TYRO protein tyrosine kinase binding protein) via interactions of charged
residues within the transmembrane domains of both proteins (Paloneva et al., 2002).
The cytoplasmic domain of DAP12 contains a characteristic immunoreceptor
tyrosine-based activation motif (ITAM), which is phosphorylated upon ligand binding
to TREM2, recruiting spleen tyrosine kinase (SYK), which is further phosphorylated.
Phosphorylated SYK (pSYK) activates downstream signaling molecules, thereby
regulating several intracellular signaling pathways that control cell proliferation and

differentiation, survival, phagocytosis and cytoskeletal remodeling as well as calcium
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mobilization and cytokine production (Colonna, 2003a; Jay et al., 2017; J. Walter,
2016).

TREM2 ligands:
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Figure 2: TREM2 signaling pathway and processing. TREM2 forms a complex with its co-
receptor DAP12. Upon ligand binding, including anionic lipids, ApoE or A, the ITAM motif in
the cytoplasmic domain of DAP12 gets phosphorylated, further leading to phosphorylation of
SYK. This leads to phosphorylation and activation of several signaling adapters, eventually
leading to survival and proliferation of microglia, accompanied by calcium mobilization,
phagocytosis and cytokine production. TREM2 can be proteolytically processed by a-
secretase ADAM10 or ADAM17, releasing sTREMZ2 into the extracellular space and
generating a membrane bound CTF. Furthermore, y-secretase cleaves the remaining CTF,
releasing an ICD. SYK, spleen tyrosine kinase; CTF, C-terminal fragment; ICD, intracellular
domain.

TREM2 is mainly found intracellularly either within the Golgi or in exocytic vesicles
(Prada et al., 2006). TREM2 can undergo proteolytic cleavage between amino acids
H157 and S158 by members of the ADAM family, including ADAM10 and ADAM17
(Schlepckow et al., 2017; Thornton et al., 2017). This cleavage results in the release
of a soluble TREM2 ectodomain (STREMZ2) into extracellular fluids, and generation of
a membrane-tethered C-terminal fragment (CTF) (Kleinberger et al., 2014;
Wunderlich et al., 2013). TREM2 CTF represents a substrate for intramembranous

proteolysis by y-secretase that is also expressed in microglia (Farfara et al., 2011;
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Kemmerling et al., 2017; Nadler et al., 2008; J. Walter et al., 2017) and further leads
to generation of an intracellular domain (ICD, (Wunderlich et al., 2013). Notably, y-
secretase cleavage represents an important step in proteolytic processing of TREM2,
as accumulation of CTFs could trap DAP12 at the plasma membrane, interfering with
proper TREM2-DAP12 signaling.

1.5.1 Soluble TREM2 (sTREM2)

It was first thought that sSTREM2 might function as a decoy receptor, blocking ligand
binding to full-length TREM2 at the cell surface. This function has already been
shown for TREM1, as sSTREM1 competes with full-length plasma membrane TREM1
for ligands, thereby influencing TREM1 signaling (Bouchon et al., 2001; Piccio et al.,
2008). Though, it was shown that sSTREM2 could exert additional biological functions.
In response to a viral infection in the lung, macrophages showed increased
expression of TREM2 and secretion of STREM2, which prevented macrophage
apoptosis (Wu et al., 2015). In line with this, it has been described that sTREM2 can
promote microglial survival and lead to the production of inflammatory cytokines,
suggesting an important role in the immune response of microglial cells in
neurodegenerative diseases (Zhong et al., 2017). The effect of sTREM2 was
independent of full-length TREM2 at the cell surface, as these functions were
described in a TREM2-deficient mouse model. Meaning, STREM2 binds to a yet

unknown receptor on microglia cells.

The role of STREM2 became more important in the progression of AD when levels of
sTREM2 have been shown to be elevated in cerebrospinal fluids (CSFs) of AD
patients (Heslegrave et al., 2016; Piccio et al., 2016; Suarez-Calvet et al., 2016).
Thus, CSF sTREM2 might also serve as a potential biomarker for AD (Zhong &
Chen, 2019). Interestingly, sTREM2 levels correlate with the amount of
phosphorylated tau and peak in the early stages of the disease, where patients
develop MCI (Suarez - Calvet et al., 2016). In contrast, the amounts of STREM2 did
not correlate with AB levels in CSF, suggesting the involvement of sTREMZ2 in

pathological processes subsequent to the accumulation of AR (Suarez - Calvet et al.,

2016; Zhong & Chen, 2019). In inflammatory conditions in the CNS, such as multiple
sclerosis, sSTREM2 levels were found to be elevated as well (Piccio et al., 2008).
Thus, the amount of STREM2 in CSFs might also represent a biomarker for other
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inflammatory diseases. Interestingly, it has been proposed that STREM2 modulates
AD pathology, as in early-stage AD brains with high levels of STREMZ2, reduction of
the hippocampal volume was attenuated, in line with reduced cognitive decline
(Ewers et al., 2019). In a transgenic mouse model of AD, sSTREM2 could reduce AR
plaque burden, which was shown to be dependent on microglia, as depletion of
microglia abrogated the neuroprotective effects (Zhong et al., 2019).

In a GWAS study, the gene cluster membrane-spanning 4-domains superfamily A
(MS4A) was associated with sTREM2 levels in CSF (Deming et al., 2019). Variants
of the MS4A gene cluster were already linked to the risk of developing LOAD
(Hollingworth et al., 2011; Naj et al., 2011). The overexpression of MS4A genes led
to an increase in STREM2 and, in accordance with this, silencing of the MS4A gene
cluster reduced the amounts of sSTREM2 in the CSF (Deming et al., 2019). However,
those observations were obtained with a quite small sample size. As MS4A proteins
are transmembrane proteins, it might be possible that a-secretases are regulated by
MS4A proteins and therefore the amount of sSTREM2 is modulated (Zhong & Chen,
2019).

1.5.2 TREM2 variants and risk for neurodegenerative diseases

Interestingly, several mutations in TREMZ2 have been linked to different
neurodegenerative diseases. Loss-of-function mutations were first identified in Nasu-
Hakola disease (NHD, also known as polycystic lipomembraneous osteodysplasia
with sclerosing leukoencephalopathy, PLOSL) (Hakola et al., 2009; Nasu et al.,
1973), characterized by bone cysts, fractures, and dementia associated with axonal
degeneration, increased microglial activation, and neuroinflammation (Kaneko et al.,
2010; Satoh et al., 2011). Similar neurological symptoms have been discovered in
frontotemporal dementias (FTDs) (Humphrey et al., 2015). The TREM2 variants
Y38C and T66M have been shown to be a cause for NHD or FTD in homozygous
carriers (Guerreiro et al., 2013; Le Ber et al., 2014). T66M shows a decreased cell
surface expression, caused by impaired protein folding and decreased transport from
the ER to the plasma membrane (Kleinberger et al., 2014; Kober et al., 2016).
Accordingly, the T66M variant showed significantly lower secretion of sTREM2
(Kleinberger et al., 2014). TREM2 variant Q33X has been associated with NHD and

15



Introduction

FTD and results in a complete loss of TREM2 expression due to insertion of a stop
codon (Guerreiro et al., 2013).

Some rare TREM2 variants are associated with an increased risk of developing AD.
Here, the R47H variant increases the risk for AD 2-3 fold, comparable to the effect of
the APOE ¢4 allele (Guerreiro et al., 2013; Yeh et al., 2017). The R47H substitution is
located in the ligand-binding site within the Ig-like domain. It does not alter TREM2
translocation to the cell surface or overall structure of the ectodomain, but decreases
the interaction with anionic lipids (Kober et al., 2016). In AD mouse models, it was
identified that microglia with a heterozygous expression of TREM2 R47H showed
decreased abundance around amyloid plaques. Brains of these mice showed less
dense core plaques but instead more diffuse amyloid plaques, accompanied by
increased plaque-associated neuritic dystrophy (Cheng-Hathaway et al., 2018).
Those effects were also described in a TREM2-deficient mouse model of AD,
highlighting the importance of TREM2 in preventing neuritic damage (Y. Wang et al.,
2016). In addition to effects on full-length TREMZ2, the R47H variant was shown to
impair functions of sTREM2 regarding microglial survival and inflammatory
responses (Zhong et al., 2017). TREM2 R62H is another variant with an increased
risk for LOAD. It is also located within the ligand binding site and showed similar
impairment in immune responses and microglia activation as the R47H variant (Sims
et al.,, 2017).

Another AD risk-associated variant is TREM2 H157Y (Jiang, Hou, et al., 2016).
Interestingly, the cleavage of TREM2 occurs after histidine at position 157, and the
H157Y variant substitution results in increased shedding and higher levels of
sTREM2 (Schlepckow et al., 2017; Thornton et al., 2017). Concerning the amount of
TREM2 CTFs for this variant, both publications identified opposing effects. Whereas
one group described a reduction of CTF levels, possibly due to enhanced
degradation (Schlepckow et al., 2017), the other group showed increased levels,
explained by enhanced cleavage and generation of STREM2 (Thornton et al., 2017).
Recently, a novel TREM2 variant linked to familial AD has been identified. The
G145W mutation appears to cause changes in the protein conformation, thus
affecting the function and signaling of TREM2 (Karsak et al., 2020). The mutation is
located within an intrinsically disordered region (IDR) where it appears to shorten the
IDR compared to the common protein. Interestingly, TREM2 variant T96K
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supposedly reduces the risk of developing AD and is rather protective (Jin et al.,
2014). The positively charged lysine residue possibly influences ligand binding.

1.6 Protein transport mechanisms and glycosylation

Proteins that are destined to reach the plasma membrane or get secreted can
undergo the classical protein secretion (CPS) or the unconventional secretory
pathway (USP). The CPS is the best characterized mechanism in protein secretion,
where proteins start in the ER, get delivered to the Golgi apparatus (GA), further to
the trans-Golgi network (TGN) through cisternae maturation before they will finally
reach the plasma membrane via secretory vesicles (Burgess & Kelly, 1987; Kelly,
1985; Palade, 1975; Viotti, 2016). In the case of secretory or plasma membrane
proteins, a signal recognition particle (SRP) recognizes the signal peptide while the
protein is being synthesized and induces translocation through translocon pores into
the ER lumen or integrated into the ER membrane (G. Blobel & Sabatini, 1971;
Gunter Blobel & Dobberstein, 1975; Nyathi et al., 2013). Further maturation and
folding occurs through molecular chaperones that prevent aggregation and ensure
protein quality control. Misfolded proteins can be degraded through the ER-
associated degradation (ERAD) pathway, translocating the misfolded proteins to the
cytosol where they get degraded by the ubiquitin-proteasome system (P. Walter &
Ron, 2011). Properly folded membrane and soluble proteins leave the ER by coat
protein complex Il (COPIl)-mediated vesicular transport mechanisms. Several
proteins, including the GTPase Sar1p, and complexes Sec23p and Sec13p, are
involved in the formation of COPII-coated vesicles that can form at specific ER-exit
sites (Barlowe et al., 1994). Those vesicles reach and fuse with the ER-Golgi-
intermediate compartment (ERGIC) on the way to the Golgi compartments (Presley
et al., 1997). The ERGIC is a distinct organelle, possibly executing further protein
quality control steps before the protein is transported to the GA (Appenzeller-Herzog
& Hauri, 2006; Breuza et al., 2004). The GA consists of several cisternae, with the
cis-Golgi, the entry site, and the trans-Golgi, the exit site (Klumperman, 2011). In the
TGN proteins are sorted into vesicles with three different destinations, the plasma
membrane, endosomes, or lytic compartments (Viotti, 2016).

Starting in the ER already during translation, many proteins undergo glycosylation,
which is the most common but also most complex PTM (Spiro, 2002). During the

17



Introduction

process of glycosylation, glycans, also called polysaccharides, are attached by
glycosyltransferases. Most glycoproteins are found on the plasma membrane where
they have divers functions. Glycosylation plays a critical role in protein stability and
protection against proteolytic degradation, but also activity and function of the
protein. Several monosaccharides are used for the generation of glycan residues
(Varki et al., 2015). There are two types of protein glycosylation, N-linked and O-
linked glycosylation. During N-linked glycosylation, N-acetylglucosamine (GIcNAc) is
attached to the nitrogen atom of an Asn (N) residue, within the amino acid sequence
of Asn-X-Ser/Thr, where the X can be any amino acid except of Pro (Shakin-
Eshleman et al., 1996). The core of N-glycans consists of two GIcNAc and three
Mannose (Man) residues (Figure 3, Sethi & Fanayan, 2015). Based on this core,
three different subgroups of N-glycans can be classified: high-mannose N-glycan,
complex N-glycan or hybrid N-glycan (Goldberg et al., 2009). The first process of N-
glycan synthesis takes place in the ER, where the core is formed and further Man
residues are attached to the core, forming a high-mannose N-glycan. The
glycoprotein is then transported to the cis-Golgi, as reorganization and modulation
take place in the Golgi compartments (Stanley, 2011). There, trimming of Man occurs
back to the core of the N-glycan and further maturation and addition of
monosaccharides is mediated by transferases in the medial- and trans-Golgi
(Helenius & Aebi, 2001, 2004). Monosaccharides involved in the formation of
complex N-glycans are GIcNAc, N-acetylgalactosamine (GalNAc), galactose, fucose,
and N-acetylneuraminic acid (Neu5Ac). Complex N-glycans can consist of two to five
antennae growing from the core mannoses (Goldberg et al., 2009). Hybrid N-glycans
are a combination of high-mannose and complex residues (Stanley et al., 2009).
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Figure 3: Different types of N-linked glycans. The most common forms of N-linked
glycans are high-mannose, hybrid and complex glycan types. Man, mannose; GIcNAc, N-
acetylglucose; Gal, galactose; Neu5Ac, N-acetylneuraminic acid; Fuc, fucose (Image
adapted from Sethi & Fanayan, 2015).

The O-linked glycosylation is more heterogeneous and complex and typically occurs
in the Golgi compartments. GIcNAc, fucose, Man and GalNAc get attached to
hydroxyl groups of Ser or Thr. The most common types of O-linked glycosylations
are GalNAc glycans, also called mucin-type O-glycans. They are highly abundant on
many plasma membrane and secreted proteins (Bennett et al., 2012; Vasudevan &
Haltiwanger, 2014). When many of these mucin-type O-glycans are present, a barrier
is formed that protects the glycoprotein and the cell surface from pathogens, external
stress and proteolytic degradation (Amore et al., 2017; Reily et al., 2019). As O-
linked glycosylation occurs at Ser or Thr, it competes with phosphorylation of these

amino acids (Reily et al., 2019).

1.7 Protein quality control mechanisms

Protein homeostasis, or proteostasis, is very important for cellular functions. The
conformation and concentration of proteins as well as their interactions with binding
partners needs to be tightly controlled (Balch et al., 2008). An important process in
proteostasis is protein folding and regulation of protein synthesis and degradation
rates. Several chaperones and enzymes are involved in properly folding proteins to
prevent their aggregation (Voisine et al., 2010). During stress conditions, including
exposure to pathogens and presence of aggregation-prone proteins, stress sensors
like heat shock proteins help maintain the cellular proteostasis (Westerheide &
Morimoto, 2005). Turnover of proteins provides new amino acids to obtain protein
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homeostasis and prevent abnormal accumulation. Degradation pathways are
controlled by complex regulatory mechanisms to circumvent excessive breakdown of
cellular components (Lecker et al., 2006). The ubiquitin-proteasome system (UPS)
and autophagy-lysosomal pathway are the two major pathways for proteolytic
degradation. The UPS degrades most cellular proteins. However, entire organelles
and protein aggregates are more likely to be degraded by the autophagy-lysosomal
pathway (Kraft et al., 2009).

1.7.1 Ubiquitin-proteasome system (UPS)

Proteasomes, large catalytic protease complexes, are present inside the cytoplasm
as well as the nucleus of eukaryotic cells (Wojcik & DeMartino, 2003). The 26S
proteasome consists of two major subunits, the core complex which is the 20S
proteasome, and the regulatory subunit, the 19S proteasome cap (Heinemeyer et al.,
2004; Murata et al., 2009). The core is mainly responsible for protein digestion and is
composed of a and B subunits, guiding proteins through the degradation machinery
(Groll et al., 2000). Additionally, a cap subunit prevents nonspecific degradation of
proteins that are not ubiquitinated. Hence, degradation by the 20S core proteasome
is a highly selective process (Glickman & Ciechanover, 2002). The majority of
cytosolic proteins gets degraded by this pathway (Rock et al., 1994). A series of
interaction partners are involved in proteolytic degradation. Ubiquitin (Ub) is a major
cofactor for the proteasome. For degradation of proteins, Ub is covalently bound to
proteins and marks them for recognition by the 26S proteasome. Subsequently, the
proteasome degrades ubiquitinated proteins into smaller fragments that can further
be hydrolyzed by proteases, resulting in the generation of single amino acids
available for synthesis of new proteins (Baumeister et al.,, 1998; Glickman &
Ciechanover, 2002). The process of Ub binding is controlled by three enzymatic
components. The Ub-activating enzymes (E1) and Ub-carrier proteins (E2) are
responsible for preparing Ub for conjugation by the Ub-protein ligases (E3). E3
specifically recognizes proteins selected for degradation and leads to transfer and
binding of Ub to those proteins (Hershko & Ciechanover, 1992; Lecker et al., 2006).
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Figure 4: Ubiquitin-proteasome system. The 26S proteasome consists of a 20S core
proteasome and a 19S regulatory subunit that allow specific degradation of proteins.
Through covalent binding, a protein substrate gets polyubiquitinated and can thus be
recognized by the 19S subunit. The protein is further unfolded, ubiquitin is released and the
protein is translocated through the proteasome and degraded into smaller peptides (Image
adapted from Murata et al., 2009).

1.7.2 Autophagy-lysosomal pathway

Macroautophagy, hereafter referred to as autophagy, is an evolutionarily conserved
pathway in eukaryotic cells that can be induced by cellular stress factors, such as
starvation or infection by pathogens. It is important for providing nutrients to the cell
but also for the selective degradation of aggregated proteins or damaged organelles
(Klionsky, 2007; Zaffagnini & Martens, 2016). Therefore, autophagy has to be tightly
regulated (D. Wang et al., 2015). During the autophagy pathway, a double-
membrane organelle, called autophagosome, is formed and fuses with lysosomes to
build an autophagolysosome, degrading contents in the inside of the organelle
(Figure 5). Proteins of the family of autophagy-related genes (Atg) are involved in
initiation and autophagosome formation (Klionsky et al., 2011). The ULK1 kinase
complex induces autophagy after being dephosphorylated depending on the nutrient
availability inside the cell (Kraft & Martens, 2012). The phosphorylation is catalyzed
by the mammalian target of rapamycin complex 1 (mTORC1) in a nutrient-rich
condition, thus being a negative regulator of autophagy. Accordingly, inhibition of
mTORC1 with rapamycin leads to induction of autophagy (Klionsky & Emr, 2000).
Besides others, Raptor (regulator-associated protein of mTOR) is the main
component of mMTORC1. While a lot is known about mTORC1, the mTOR complex 2
(mTORC2) is not well investigated. Besides its components including Rictor
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(rapamycin-insensitive companion of mTOR), only little is known about its signaling
pathway (Sarkar, 2013; Takei & Nawa, 2014). Formation of phagophores is not only
regulated by mTOR-dependent but also by mTOR-independent pathways.
Furthermore, the autophagy-initiating class Il PI3K complex is involved in induction
of autophagy. Beclin-1 is an important interaction partner, enhancing the activity of
other components in this complex (Sarkar, 2013). Formation of phagophores is
regulated by several Atg genes (Kraft & Martens, 2012). Phagophores are formed by
activation of the Atg12-Atg5-Atg16 complex. This complex is needed for conjugation
of LC3 | with phosphatidylethanolamine (PE) into PE conjugated LC3 Il (Sarkar,
2013). LC3 1l localizes to autophagosomes and autophagolysosomes and thus
serves as a specific marker for autophagy (Kabeya et al., 2003). Once
autophagosomes are formed, autophagic cargo is engulfed. Ubiquitinated and
polyubiquitinated proteins are recognized and bound to p62 via its ubiquitin-
associated domain. Consequentially, the p62 protein, also called sequestosome 1, is
found in protein aggregate-rich inclusion bodies. Subsequently, p62 directly binds to
LC3 Il located in the membrane of phagophores (Pankiv et al., 2007). After
engulfment of autophagic cargo autophagosomes fuse with late endosomes and
lysosomes. The formed amphisomes or autophagolysosomes, respectively, lead to

degradation of cargo by lysosomal hydrolases (Sarkar, 2013).
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Figure 5: Autophagy-lysosomal pathway. The first step of autophagy is the initiation and
formation of a phagophore. For this, PE-conjugated LC3lIl is localized to the phagophore
membrane, coating autophagic cargo like aggregation-prone proteins or mitochondria.
Autophagosomes are formed, which eventually fuse with lysosomes. In the accomplished
autophagolysosome, autophagic cargo is subsequently degraded by lysosomal hydrolases
(Image adapted from Zaffagnini & Martens, 2016).

Since oligomers and aggregates are largely resistant against degradation, the
autophagy pathway is of high importance in cellular handling of protein aggregates to
protect the cell against cytotoxicity (Bence, 2001; Sarkar, 2013). Accordingly,
dysfunction of autophagy has been linked to neurodegenerative diseases. As a
result, misfolded proteins accumulate and have toxic effects on the cell (Menzies et
al., 2011). Furthermore, in a transgenic mouse model for HD, inhibition of mTORC1
results in the activation of the autophagy pathway, leading to amelioration of the
disease phenotype (Ravikumar et al., 2004). In PD, overexpression of the disease
related protein a-synuclein has been shown to even inhibit autophagosome synthesis
(Winslow et al., 2010). Autophagy dysfunction has been reported to play an important
role in AD initiation and progression, as AD patients displayed a significantly
increased amount of autophagosomes. Most importantly, dysregulation of autophagy
showed to influence the accumulation of AR and tau protein (Di Meco et al., 2020;
Menzies et al., 2017; Nixon et al., 2005). Thus, activation of autophagy signaling
might ameliorate disease pathology in several neurodegenerative diseases, showing
a high potential for future therapeutic applications.

1.7.3 Crosstalk between autophagy and the proteasome system

The UPS and autophagy seem to be distinct degradation mechanisms. However,

evidence suggests a crosstalk between those pathways with Ub as an important

interaction partner. Possibly more than half of the proteins degraded via the
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autophagy pathway are ubiquitinated (Khaminets et al., 2016). Thus, both
machineries use Ub as a signaling molecule to initiate degradation. As p62 binds Ub
and is involved autophagic protein degradation, it also plays an important role in the
process of protein degradation in general. It has been shown that oligomerization
defines the fate of an Ub bound protein. Oligomers can form under stress conditions,
caused by high concentrations of free Ub within the cells. This can happen due to a
heat shock or prolonged inhibition of the proteasome machinery (Fan et al., 2018;
Peng et al., 2017). Using the proteasome inhibitor MG132, reduced cell proliferation
accompanied by stimulation of autophagy through an increase in Beclin-1 and LC3
levels, was observed (Ge et al., 2009). In contrast, inhibition of autophagy via
mTORC1 showed enhanced degradation of long-lived proteins by autophagy and the
UPS (J. Zhao et al., 2015; J. Zhao & Goldberg, 2016). Also, enhanced autophagy
activity was induced by proteasome inhibition in retinal pigment epithelial cells and
cultured cardiomyocytes (Kyrychenko et al., 2014; Tang et al., 2014). However, in
several studies, the accumulation of ubiquitinated proteins was observed upon
proteasome inhibition (Hara et al., 2006; Komatsu et al., 2006; Korolchuk et al.,
2009). Thus, most studies suggest a compensatory mechanism of autophagy when
the UPS is inhibited or defect. However, the UPS is not always capable of
maintaining the cellular homeostasis when the autophagy-lysosomal pathway is
defect. It possibly depends on the cell type and conditions, whether successful

compensation and cellular homeostasis is sustained.

1.8 Aim of the thesis

AD has become the most common cause of dementia and affects over 30 million
people worldwide (The Alzheimer’s Association, 2020). The connection between AD
and the immune system has been described, as inflammatory pathways seem to be
highly involved in the pathogenesis of AD (Heneka et al.,, 2015). Several genes
related to inflammatory processes were found to be associated with an increased risk
of developing AD, including mutations in TREM2. The TREMZ2 variant T66M has
been shown to be a cause for NHD in homozygous carriers (Le Ber et al., 2014).
Some rare TREM2 variants are also associated with an increased risk of developing
AD. The R47H variant increases the risk for AD 2-3 fold, comparable to the effect of
the apolipoprotein €4 allele (Guerreiro et al., 2013; Jonsson et al., 2013). The R47H
substitution is located in the ligand-binding site within the Ig-like domain. It does not
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alter TREM2 translocation to the cell surface or overall structure of the ectodomain.
Instead, the R47H variant decreases the interaction with anionic lipids (Kober et al.,
2016). Recently, the R47H variant was also shown to impair functions of sSTREM2 in
microglial survival and inflammatory responses (Zhong et al., 2017). A novel TREM2
G145W variant segregating with early onset dementia in a family appears to cause
changes in the protein conformation, thus affecting the function and signaling of
TREM2 (Karsak et al.,, 2020). Additionally, the TREM2 H157Y variant shows
association with AD in some cohorts, and leads to enhanced processing of TREM2
by ADAM proteases (Jiang, Tan, et al., 2016; Schlepckow et al., 2017; Thornton et
al., 2017).

The main goal of this study is the generation and characterization of a cell culture
model for investigation of TREMZ2 subcellular transport, expression at the cell
surface, its degradation, and TREM2-DAP12 receptor complex mediated signaling. In
addition, the system should be applied to study effects of physiological ligands of
TREM2 and antibodies against the TREM2 ectodomain.
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2 Material & Methods

2.1 Biological safety

All work with genetically modified organisms was conducted under biosafety level 1
according to the present guidelines of the German Act on Genetic Engineering. All
instruments and materials contaminated with genetically modified organisms were

collected and inactivated according to official rules.

2.2 Chemicals

All chemicals used for experiments in this study were purchased from Carl Roth
(Karlsruhe, Germany) or Sigma-Aldrich (Steinheim, Germany) as not otherwise
stated.

2.3 Molecular biological methods
2.3.1 Polymerase chain reaction (PCR)

For amplification or modification of plasmid DNA, constructs were first amplified by
PCR. Primers were purchased from Eurogentec (Seraing, Belgium, Table 1). A

mixture of the following components with specific primer pairs was prepared:

Forward Primer 1 uM
Reverse Primer 1 uM
Template DNA 100 ng
5x Taq Master Mix 10 pl
dNTPs 0.2 mM
MgCI2 1.5 mM
PCR buffer 1x
Taq Polymerase 25 U/l

add HZOdest_ tO 50 ”L

A PCR program was followed with denaturation of DNA, annealing of respective
primers and elongation. This cycle (steps 2-4) was repeated 29 times before the DNA
was elongated in a final step.
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1. Initial denaturation of DNA
2. Denaturation of DNA
3. Annealing of Primers
4. Elongation of Primers

5. Final Elongation

6. Hold

95°C,30s
95°C,30s
64,7 °C, 30 s
68 °C, 2.5 min
72 °C, 5 min
4°C,

Table 1: Oligonucleotides

Name

Sequence 5’ - 3’

Application

fwd-TREM2-
R47H
rev-TREM2-
R47H
fwd-TREM2-
T66M
rev-TREM2-
T66M
fwd-TREM2-
G145W
rev-TREM2-
G145W
fwd-TREM2-
H157Y
rev-TREM2-
H157Y
Fwd-
TREMZ2aa19
Rev-
TREM2aa112
Fwd-
TREMZ2aa113
Rev-
TREMZ2aa130

ACTGGGGGAGGCACAAGGCCTGGTG

CACCAGGCCTTGTGCCTCCCCCAGT

CAGCGTGTGGTCAGCATGCACAACTGTGGC

GCCACAAGTTGTGCATGCTGACCACACGCTG

ATCTCTGGTTCCCCTGGGAGTCTGAGAGC

GCTCTCAGACTCCCAGGGGAACCAGAGAT

CGAGGATGCCCATGTGGAGTACAGCATCTCC

GGAGATGCTGTACTCCACATGGGCATCCTCG

TTGCACTTGTCACGAATTCGCACAACACCACA
GTGTTC
GGGCATGTGTGAGTTTTGTCGCTCTGGCACTG
GTAGAG
TTGCACTTGTCACGAATTCGCTCCATGGCAGT
GAGGCTG
GGGCATGTGTGAGTTTTGTCTGCCAGCACCTC
CACCAG

Site-directed
Mutagenesis
Site-directed
Mutagenesis
Site-directed
Mutagenesis
Site-directed
Mutagenesis
Site-directed
Mutagenesis
Site-directed
Mutagenesis
Site-directed
Mutagenesis
Site-directed
Mutagenesis
Gibson
Assembly
Gibson
Assembly
Gibson
Assembly
Gibson
Assembly
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Fwd- TTGCACTTGTCACGAATTCGGACCCCCTGGAT Gibson
TREM2aa131 CACCGG Assembly
Rev- GGGCATGTGTGAGTTTTGTCCTCAGACTCCCC Gibson
TREM2aa148 GGGGAAC Assembly
Fwd- TTGCACTTGTCACGAATTCGAGCTTCGAGGAT Gibson
TREM2aa149 GCCCATG Assembly
Rev- GGGCATGTGTGAGTTTTGTCGTGCTCCACATG Gibson
TREMZ2aa157 GGCATC Assembly
Gibson
Fwd-FC2 GACAAAACTCACACATGC
Assembly
Gibson
Rev-FC2 CGAATTCGTGACAAGTGC
Assembly

2.3.2 Agarose gel electrophoresis

1x TBE buffer 9 mM Tris-borate
2 mM EDTA
pH 8.0
6x OrangeG loading dye 60 % Glycerin
0.15 % OrangeG
60 mM EDTA
10 mM Tris
1:1.000 GelRed® (Biotium Inc., Fremont,
USA)
pH 7.6
Agarose AppliChem, Darmstadt, Germany
1 kbp & 100 bp DNA ladder Invitrogen, Carlsbad, USA

Agarose gel electrophoresis is used to separate DNA fragments based on their size
and conformation. Negatively charged DNA migrates via an electric field through an
agarose gel matrix. Smaller DNA fragments migrate more quickly than larger ones.
Agarose gels were prepared by boiling 1-1.5 % agarose in 1 x TBE buffer. The
solution was poured in an electrophoresis chamber prepared with a comb. After gels
were dried, they were covered with 1 x TBE buffer and loaded with the respective
samples. The DNA samples were prepared by adding an appropriate amount of
28



Material & Methods

OrangeG loading buffer and were eventually loaded on the gel along with a DNA
ladder containing DNA fragments of known sizes. The OrangeG loading buffer is
supplemented with GelRed, which intercalates between the DNA’s nucleotide bases
and makes it possible to detect DNA when exposed to ultraviolet light (UV) via its
fluorescent signal. The gel was run at 120 V for 60-90 min and bands were visualized
using UV illumination (ChemiDoc™ XRS System, BioRad).

2.3.3 DNA fragment purification from agarose gels
Gel Extraction Kit, peqGOLD PEQLAB Biotechnologie, Erlangen, Germany

Using an UV transilluminator (Trans UV llluminator GVM 20, Syngene™), the DNA
was visualized and an appropriate DNA band was cut out of the agarose gel. The
DNA was extracted from the gel using the Gel Extraction Kit, peqGOLD according to

manufacturer’s instructions.

2.3.4 Quick change site-directed mutagenesis

QuikChange Il Site-Directed Agilent Technologies, Santa Clara, USA

Mutagenesis Kit

Site-directed mutagenesis was performed according to manufacturer’'s instructions.

PCR primers used are depicted in Table 1.

2.3.5 Gibson assembly

5x isothermal (ISO) reaction buffer 25 % PEG-8000
500 mM Tris-HCI, pH 7.5
50 mM MgCl,
50 mM DTT
1 mM each dGTP, dATP, dTTP, dCTP
5 mM NAD

Gibson assembly Master Mix 320 pl 5x ISO buffer
0.64 pl 10 U/ul T5 exonuclease
20 ul 2 U/ul Phusion polymerase
160 pl 40 U/l Taq Ligase
add H3Ogest. to 1.2 ml
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The Gibson assembly is an easy method for cloning of multiple linear DNA fragments
in one reaction (Gibson et al., 2009). DNA fragments were generated by PCR and
subsequently separated using agarose gel electrophoresis. The appropriate fragment
was purified by gel extraction. 15 ul of the Gibson assembly Master Mix was
combined with 5 pl of DNA with equimolar concentrations of DNA fragments and a
total amount of 20-200 ng DNA. The mixture was incubated at 50 °C for 60 min and
subsequently transformed into E.coli XL10-Gold (2.3.7).

2.3.6 Generation of chemically competent E.coli XL10-Gold

Transformation Buffer | (TFB 1) 100 mM RbCI
50 mM MnCl,
30 mM potassium acetate
10 mM CaCl;
15 % Glycerol
pH 5.8

Transformation Buffer Il (TFB II) 10 mM MOPS
10 mM RbCI
75 mM CaCl,
15 % Glycerol
pH 6.8

Lysogeny Broth (LB) medium 2.5 % LB Broth

For generation of chemically competent bacteria, a pipette tip of frozen E.coli XL10-
Gold was inoculated into 5 ml LB medium and cells were grown over night in a
shaker at 37 °C and 200 rpm. The next day, an appropriate amount of the cell
suspension was transferred into 200 ml LB medium to reach an optical density at
600 nm (ODsggo) of 0.1. Bacterial cells were further incubated at 37 °C and 200 rpm
until the suspension had an ODggo of 0.5. The culture was cooled for 15 min at 4 °C
and subsequently centrifuged for 10 min at 4000 xg and 4 °C. The supernatant was
discarded and cells were resuspended in 80 ml TFB |. After 15 min incubation on ice,
cells were centrifuged at the same speed and time, supernatant was discarded and
the pellet was resuspended in TFB Il. Next, cells were incubated again for 15 min on
ice, immediately aliquoted, snap frozen in liquid nitrogen and stored at -80 °C.
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2.3.7 Transformation of competent E.coli with plasmid DNA

Super optimal broth with catabolite 0.5 % yeast extract
repression (SOC) Medium 2 % Tryptone

10 mM NacCl

2.5 mM KCI

20 mM MgSO,4

20 mM Glucose
Low-salt LB medium 1 % Tryprone

0.5 % yeast extract

0.5 % NaCl

pH 8.0
LB/Low-salt LB agar plates Respective Medium + 15 g/l Agar
Selection antibiotics Ampicillin — 100 pg/ml

Zeocin — 25 ug/ml

For transformation of competent bacteria with plasmid DNA, 50-500 ng of respective
plasmid was mixed with bacteria and incubated on ice for 30 min. Afterwards a heat
shock was performed for 45 s at 42 °C to permeabilize the bacterial membrane.
Bacteria were cooled on ice for 2 min before adding 1 ml SOC medium and
incubating the mixture for 1 h at 37 °C and 750 rpm. After centrifugation for 2 min at
600 xg the supernatant was aspirated and the cell pellet was resuspended in
approximately 50yl SOC medium. Bacteria were plated on agar plates
supplemented with appropriate antibiotics and incubated over night at 37 °C. For

plasmids with Zeocin resistance, low-salt LB Medium and agar plates were used.
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Table 2: Plasmids

Construct Vector Backbone sacterial
Resistance
myc-TREM2-wt-FLAG_T2A_ DAP12-wt pcDNA5/FRT Ampicillin
myc-TREM2-R47H-FLAG_T2A_DAP12-wt pcDNA5/FRT Ampicillin
myc-TREM2-T66M-FLAG_T2A_DAP12-wt pcDNA5/FRT Ampicillin
myc-TREM2-G145W-FLAG_T2A DAP12-wt pcDNA5/FRT Ampicillin
myc-TREM2-H157Y-FLAG_T2A_DAP12-wt pcDNA5/FRT Ampicillin
TREM2aa19-157-Fc pFUSE-hIgG1-FC2 Zeocin
TREM2aa19-112-Fc pFUSE-hIgG1-FC2 Zeocin
TREM2aa113-157-Fc pFUSE-hlgG1-FC2 Zeocin
TREM2aa113-130-Fc pFUSE-hlgG1-FC2 Zeocin
TREM2aa131-157-Fc pFUSE-hlgG1-FC2 Zeocin
TREM2aa131-148-Fc pFUSE-hlgG1-FC2 Zeocin
TREM2aa149-157-Fc pFUSE-hlgG1-FC2 Zeocin
2.3.8 Cultivation of bacteria and plasmid preparation
NucleoSpin™ Plasmid Kit Macherey-Nagel, Duren, Germany
NucleoBond™ Xtra Midi Kit Macherey-Nagel, Duren, Germany

A single colony of transformed bacteria on agar plates was selected and inoculated
in 5 ml LB medium supplemented with respective antibiotics. The liquid culture was
incubated in a shaking incubator at 37 °C and 200 rpm over night. The following day
plasmid preparation was performed using either the NucleoSpin Plasmid Kit for 5 ml
cultures or the NucleobondExtra Midi Kit for 200 ml cultures. Both Kits were
performed according to manufacturer’s instructions. Briefly, cells were pelleted,
resuspended and incubated with a lysis and neutralization buffer. After centrifugation,
the clear supernatant was loaded on a DNA binding column. The DNA was washed
and eluted. For the NucleobondExtra Midi Kit, DNA was further precipitated with
isopropanol and washed with ethanol. The DNA was centrifuged and resuspended in
an appropriate amount of DNase-free H,O. Plasmid DNA concentrations were
measured using the NanoPhotometer P-class P330 (Implen, Munich, Germany) and
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eventually stored at -20 °C. Sequencing of plasmid DNA was performed by Eurofins

Genomics (Ebersberg, Germany).

2.4 Cell biological methods

Cell culture was performed under sterile conditions in a Cell Culture bench Euroflow

EF6 (Clean Air, Telstar) with sterile consumables.

Table 3: Cell lines

Cell line Property Reference
HEK 293 Human embryonic kidney ATCC CRL-1573
cells
HEK 293 Flp-In HEK 293 cells with a Flp-In Invitrogen R75007

locus
HEK 293 Flp-In myc-TREM2- HEK 293 Flp-In cells stably = Generated in this study
FLAG_T2A DAP12 expressing myc-TREM2-
FLAG_T2A DAP12
HEK 293 Flp-In myc-TREM2- HEK 293 Flp-In cells stably  Generated in this study
R47H-FLAG_T2A_DAP12 expressing myc-TREM2-
R47H-FLAG_T2A DAP12
HEK 293 Flp-In myc-TREM2- HEK 293 Flp-In cells stably = Generated in this study
T66M-FLAG_T2A_DAP12 expressing myc-TREM2-
T66M-FLAG_T2A DAP12
HEK 293 Flp-In myc-TREM2- HEK 293 Flp-In cells stably ~ Generated in this study
G145W-FLAG_T2A_DAP12 expressing myc-TREM2-
G145W-
FLAG_T2A DAP12
HEK 293 Flp-In myc-TREM2- HEK 293 Flp-In cells stably = Generated in this study
H157Y-FLAG_T2A_DAP12 expressing myc-TREM2-
H157Y-
FLAG_T2A DAP12
BIONi010-C iPSC PHAGO consortia, kindly
provided by Life&Brain
GmbH, Bonn, Germany
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BIONi010-C-7

BIONi010-C-8

BIONi010-C-17

iPSC with homozygous

R47H mutation inserted

into the TREM2 locus of
BIONiO10-C

iPSC with homozygous

T66M mutation inserted

into the TREMZ locus of
BIONiO10-C

iPSC with KO of TREM2

exon 1 derived from

BIONiO10-C

PHAGO consortia, kindly
provided by Life&Brain
GmbH, Bonn, Germany

PHAGO consortia, kindly
provided by Life&Brain
GmbH, Bonn, Germany

PHAGO consortia, kindly
provided by Life&Brain
GmbH, Bonn, Germany

2.41 Thawing of HEK 293 cells

HEK 293 Culturing Medium

10 % Fetal Calf Serum (FCS, PAN-Biotech,

Aidenbach, Germany)

1 % Penicillin/Streptomycin (Gibco, Waltham,

USA)

in Dulbecco’'s Modified Eagle Medium
(DMEM) + GlutaMAX™ (Gibco, Waltham,

USA)

For thawing, cells of the human embryonic kidney cell line HEK293 were quickly
thawed at RT and transferred into a 15 ml falcon tube containing fresh, pre warmed
culturing medium. Cells were centrifuged for 5 min at 300 xg and supernatant was
aspirated. Cell pellet was resuspended in fresh medium and transferred into a new

10 cm tissue culture dish followed by incubation at 37 °C in a 5 % CO; atmosphere.

2.4.2 Culturing and passaging of HEK 293 cells

PBS Invitrogen, Carlsbad, USA
Trypsin-EDTA, 0.05 % PAN-Biotech, Aidenbach, Germany

At a confluency of 80-90 %, cells were split in fresh 10 cm dishes. Therefore, medium

was aspirated and cells were washed with PBS. To detach cells, trypsin/EDTA was
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added and cells were incubated for 5 min. Proteolysis was stopped by addition of
fresh culturing medium. An appropriate amount of cell suspension was transferred
into a new 10 cm dish. Medium for HEK 293 Flp-In cells was supplemented with
100 pg/ml Zeocin. Plasmid transfected HEK 293 Flp-In cells were cultured in cell
culture medium supplemented with 200 ug/ml Hygromycin B.

2.4.3 Cryoconservation of HEK 293 cells

Freezing Medium 10 % Dimethyl Sulfoxide (DMSO)
in FCS

For long-term storage, cells were washed with PBS and incubated with trypsin/EDTA
for 5 min. Cells were collected in fresh medium. After centrifugation for 5 min at
300 xg, supernatant was aspirated and cells were resuspended in an appropriate
amount of freezing medium. Cell suspension was transferred into cryovials and

stored at -80 °C over night. Eventually, frozen cells were stored in liquid nitrogen.

2.4.4 Thawing of induced pluripotent stem cells (iPSCs)

Geltrex™ Gibco, Waltham, USA
Basal medium DMEM/F12 + Hepes (Gibco, Waltham, USA)
iPSC culture medium StemMACS iPS-Brew XF, human (Miltenyi

Biotec, Bergisch Gladbach, Germany)

For iPSC culture, 6-well tissue culture plates were pre-coated with geltrex. Therefore,
geltrex stock solution was mixed with cold basal medium in a ratio of 1:100. Tissue
culture plates were coated with the geltrex solution and incubated for minimum 1 h at
room temperature. Meanwhile, for thawing iPS cells, the cryovial was placed in a
37 °C water bath for 3 min. Cells were subsequently transferred in a 50 ml Falcon
tube and 9 ml of basal medium was added dropwise while gently shaking the falcon
tube. Cells were centrifuged at 300 xg for 3 min and the supernatant was discarded.
Cells were resuspended in an appropriate amount of iPSC culture medium containing
5 uM Rock inhibitor. Inhibition of the Rock pathway prevents cell death while iPSCs
are single cells. After removing the extra geltrex solution from coated plates, cells
were evenly distributed onto wells with 2 ml per well and incubated at 37 °C ina 6 %
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CO, atmosphere. After 24 h, medium containing Rock inhibitor was replaced with
fresh iPSC culture medium.

2.4.5 Culturing and passaging of iPSCs

iPS cells were passaged at a confluency of 70-80 %. A new 6-well tissue culture
plate was coated with geltrex as described (2.4.4). Cells were washed once with
500 uM EDTA in PBS and then incubated with the very solution for 5 min at room
temperature. EDTA/PBS was removed and cells were collected in iPSC culture
medium and after gentle resuspension, evenly distributed onto new geltrex-coated
plates in an appropriate dilution (1:4 — 1:6).

2.4.6 Differentiation into induced pluripotent stem cell derived microglia
(iPSAMiG)

Differentiation of iPSC into microglia was performed according to EP456-26 and
Mathews-Ajendra et al. (in preparation). Briefly, to start a differentiation into iPSdMiG,
iPS cells in confluent dishes were detached using 1 mg/ml collagenase. Therefore,
cells were incubated with collagenase for approximately 30 min until colonies detach
from the dish. The formed colonies were collected and centrifuged at 200 xg for
3 min and the medium was discarded. Colonies were gently resuspended in
differentiation medium and transferred to a PETG Erlenmeyer flask with vented caps
for suspension culture and placed on a rocker at cell culture conditions. The emryoid
bodies (EBs) in suspension were cultured for 4 days with daily media change in
respective differentiation media according to EP456-26 and Mathews-Ajendra et al.
(in preparation). On the 4™ day, flow cytometry analysis was performed (2.4.7) with a
few EBs using antibodies against CD235a and Brachyury. If a sufficient amount
(>10 %) of CD235a" and Brachyury® cells (characterizing myeloid precursor cells)
was present, remaining EBs were manually inoculated onto a macrocarrier according
to EP456-26 and Mathews-Ajendra et al. (in preparation) and placed in a 10 cm petri
dish. After adherence of EBs on macrocarriers, they were transferred into non-tissue
culture coated T75 flasks to ensure free floating in the medium. Media was changed
once a week with media additions twice a week. Expansion of the progenitor cells
usually takes 4-6 weeks. Once microglia started being produced and secreted into
the medium, the media exchange was performed including a centrifugation step
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(400 xg, 3 min) and microglia were transferred back into the cell culture flask in fresh
media. Microglia cells can be identified as round and shiny cells with an approximate
size of 25 ym in suspension. The production of microglia can last up to the 12" week
of differentiation.

Microglia were harvested for experiments by collecting the supernatant and
centrifuging at 400 xg for 3 min. The supernatant was replaced into respective
differentiation flask and the microglial cell pellet was resuspended in pre-warmed
basal media. The cell suspension was filtered using a 40 ym cell strainer to remove
large clumps of debris or detached EBs. The stained cell suspension was counted
and seeded according to the required density and plate format for experiments. Of
note, remaining microglial cells that were not plated were replaced into the
differentiation flask.

2.4.7 Flow cytometry analysis

For flow cytometry of EBs, 5-6 EBs were collected on the 4™ day after induction and
centrifuged at 200 xg for 3 min. The supernatant was discarded and pelleted EBs
were resuspended in 1 ml accutase (ThermoFisher Scientific, Waltham, USA) and
incubated for 10 min at 37 °C. Once EBs have dissociated into single cells, the
suspension was centrifuged again and the media was discarded. For flow cytometry
of HEK 293 cells, 1*10° cells were used. Pellet of single cells were resuspended in
400 pl PBS and split into two samples. While the secondary-antibody controls were
left on ice, primary antibodies (Table 4) were added to the samples at an appropriate
dilution and incubated for 60 min on ice. Subsequently, cells were washed 3 times by
centrifugation for 3 min at 300 xg, the supernatant was removed and both, control
and samples were incubated with secondary antibodies for 30 min on ice (Table 5).
Cells were washed 3 times with PBS by centrifugation and dissolved in an
appropriate amount of PBS for flow cytometry analysis (FACS ACCURI™, BD
Biosciences, Franklin Lake, USA). Data analysis was performed using FlowJo
(FlowJo LLC, USA).
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2.4.8 Transfection of cells

Lipofectamine™ 2000 Transfection Invitrogen, Carlsbad, USA
Reagent
Opti-MEM™ Reduced Serum Media  Gibco, Waltham, USA

For transfection of plasmid DNA, cells were seeded in 6 cm cell culture dishes. The
next day, an appropriate amount of plasmid DNA was mixed in 200 yl Opti-MEM, as
DNA-Lipofectamine 2000 complexes must be made in serum-free conditions.
Lipofectamine 2000 was diluted in Opti-MEM 1:20 in a total volume of 200 pl for each
transfection. Lipofectamine and plasmid preparations were mixed and incubated for
20 min at RT. Meanwhile, cells were washed with PBS and cell culture medium
without supplements was added. Lipofectamine-plasmid complexes were dropwise
added to 6 cm dishes. Cells were incubated at cell culture conditions. For stable
transfections in HEK 293 Flp-In cells, a co-transfection of 7.2 uyg pOG44 coding for
Flp recombinase and 0.8 ug of respective plasmids was performed. Also, 24 h post
transfection medium was replaced with culturing medium supplemented with

200 pg/ml Hygromycin B for selection.

2.49 Limiting dilution cloning

For generation of homogenous cell populations, limiting dilution cloning was
performed. After collection of cells, the cell number was determined and cells were
seeded in 96-well plates at a density of one cell per well. Cells were cultivated for at
least one week before single cell clones were detected using a microscope. Single
clones were further expanded and analyzed for protein expression.

2.4.10 Immunocytochemistry analysis (ICC)

Poly-L-Lysine (PLL) Sigma-Aldrich, Steinheim, Germany
DAPI Invitrogen, Carlsbad, USA
Immu-Mount™ ThermoFisher Scientific, Waltham, USA
Leica SP8 Lightning Leica Microsystems, Wetzlar, Germany

For immunofluorescence analysis cells were plated on PLL coated coverslips or 96-
well plates and eventually fixed with 4 % pre-warmed PFA in PBS for 20 min. All
following solutions were prepared in PBS. Cells were washed three times and
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incubated with 0.25 % Triton X-100 for 2 min at RT for permeabilization of the cellular
membrane. Cells were blocked for 1 h with 2.5% BSA, 0.125 % Triton X-100.
Incubation with antibodies was performed in 0.125 % BSA, 0.125 % Triton X-100 for
1 h at RT in a humidified chamber. After incubation with primary antibodies, cells
were washed three times with 0.125 % Triton X-100 followed by 1 h incubation at RT
with DAPI and the appropriate secondary antibody conjugated with fluorophores.
Cells were rinsed three times with 0.125 % Triton X-100, followed by two wash steps
with PBS and shortly dipped in H2O4est. before mounting on microscopic slides using
Immu-Mount™. Images were obtained using a Leica SP8 Lightning Confocal

microscope and further analyzed by Imaged software (NIH, USA).

Table 4: Primary antibodies

Antibody Origin Specificity Dilution Reference
WB 1:1000 _
_ Genscript,
Anti-TREM2 Mouse TREM2 aa 131- ICC 1:300
generated by AG
(4B2A3) monoclonal 148 Flow cytometry
Walter
1:400
_ Provided by Prof.
Anti-TREM2 Rat C-terminus of
WB 1:1000 Haass, DZNE,
(9D11) monoclonal  human TREM2 .
Munich, Germany
Anti-TREM2 Goat N-terminus of WB 1:1000 R&D Systems,
(AF1828) polyclonal  human TREM2 ICC 1:800 Minneapolis, USA
Provided by Prof.
Anti-TREM2 Rat N-terminus of
WB 1:1000 Haass, DZNE,
(17C9) monoclonal  human TREM2 .
Munich, Germany
Anti-DAP12 Rabbit human DAP12 WB 1:1000 Abcam,
(ab124834) monoclonal within aa 50-150 ICC 1:300 Cambridge, UK
Santa Cruz
Anti-Calnexin Rabbit N-terminus of WB 1:1000 )
_ Biotechnology,
(H-70) polyclonal  human Calnexin ICC 1:200
Dallas, USA
Anti-Calnexin Mouse Invitrogen,
WB 1:1000
(AF18) monoclonal Carlsbad, USA
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Anti-TGN46

Anti-LC3
(PM036)

Anti-EEA1
(PM062)

Anti-Lamp2
(H4B4)

Anti-Lamp2

Anti-58K
(ab27043)
Anti-Rab7

(ab137029)

Psmb5

82E1

Anti-Fc-HRP

Brachyury

APC con;.
CD235a

Rabbit

polyclonal

Rabbit

polyclonal

Rabbit

polyclonal

Mouse
monoclonal
Rabbit
polyclonal
Mouse
monoclonal
Rabbit

monoclonal

Rabbit

polyclonal

Mouse

monoclonal

Goat

polyclonal
Mouse
monoclonal

Mouse

monoclonal

human TGN46
aa 426-437

human LC3B
aa 1-120

early endosome

antigen 1

Full length
protein
C-terminus of
human Lamp2
58K Golig
protein
C-terminus of
human Rab7

Psmb5 aa 243-
259

N-terminus of
human A

Gamma
Immunoglobin
Fc region

Human

Brachyury within

aa 375-393

WB 1:1000
ICC 1:200

WB 1:1000
ICC 1:200

WB 1:1000
ICC 1:200

WB 1:1000

ICC 1:200

ICC 1:200

WB 1:1000

ICC 1:100

WB 1:1000

WB 1:1000

Flow cytometry

1:50

Flow cytometry

1:50

Sigma-Aldrich,
Steinheim,

Germany

MBL/Biozol,
Eching, Germany

MBL/Biozol,
Eching, Germany

lowa Hybridoma
Bank
Abcam,
Cambridge, UK
Abcam,
Cambridge, UK
Abcam,
Cambridge, UK
Thermo Fisher
Scientific,
Waltham, USA
IBL International,
Hamburg,

Germany

Invitrogen,
Carlsbad, USA

Santa Cruz
Biotechnology,
Dallas, USA
BD Biosciences,
Minneapolis, USA
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Table 5: Secondary antibodies

Antibody Origin Dilution Reference
Horseradish peroxidase Rabbit 1:10000 Sigma-Aldrich, Steinheim,
(HRP) conj. anti-mouse 1gG Germany
HRP con;j. anti-rabbit Goat 1:10000 Sigma-Aldrich, Steinheim,
Germany
HRP conj. anti-goat Rabbit 1:10000 Sigma-Aldrich, Steinheim,
Germany
HRP conj. anti-rat Goat 1:10000  Rockland, Gilbertsville, USA
IRDye® 680RD conj. anti- Goat 1:10000 Li-COR Biosciences, Bad
mouse Homburg, Germany
Alexa Fluor 488-con;. anti- Donkey 1:1000 Invitrogen, Carlsbad, USA
mouse
Alexa Fluor 488-conj. anti- Donkey 1:1000 Invitrogen, Carlsbad, USA
rabbit
Alexa Fluor 488-con;. anti- Donkey 1:1000 Invitrogen, Carlsbad, USA
goat
Alexa Fluor 488-conj. anti-rat  Donkey 1:1000 Invitrogen, Carlsbad, USA
Alexa Fluor 546-con;j. anti- Donkey 1:1000 Invitrogen, Carlsbad, USA
mouse
Alexa Fluor 546-conj. anti- Donkey 1:1000 Invitrogen, Carlsbad, USA
rabbit
Alexa Fluor 546-con;j. anti- Donkey 1:1000 Invitrogen, Carlsbad, USA
goat
Alexa Fluor 546-conj. anti-rat  Donkey 1:1000 Invitrogen, Carlsbad, USA
APC-conj. anti human Mouse 1:50 BD Biosciences, Franklin
CD235a Lakes, USA
APC-conj. anti-mouse IgG2B ~ Mouse 1:200 R&D Systems, Minneapolis,
USA
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2.4.11 Immunocytochemistry of cell surface proteins

For staining of cell surface proteins, cells were seeded on PLL coated coverslips in
24-well plates. At the desired confluency, cells were washed once with warm DMEM
medium. Plates were placed on ice and cells were incubated for 1 h with the primary
antibody in DMEM (Table 4). After gentle washing with ice-cold DMEM for three
times, cells were incubated for 1 h with the corresponding secondary antibody
conjugated with fluorophores (Table 5). Prior to fixation with 4 % PFA, another wash
step with ice-cold DMEM was performed. Cells were washed three times with PBS
and cell membranes were permeabilized with 0.25 % Triton X-100 in PBS for 2 min.
Nuclei were stained with DAPI and coverslips were washed three times with PBS and
once with H2O4est.. Eventually, cells were mounted on microscopic slides using Immu-

Mount™ and analyzed as descried above.

2.5 Protein biochemical methods
2.5.1 Ap preparation and aggregation

AB synthetic peptides were purchased as lyophilized powder from PSL peptides
(Heidelberg, Germany). Peptides were dissolved in 10 mM NaOH to achieve a stock
concentration of 230 uM. After sonication for 10 min, peptides were snap frozen in
liquid nitrogen and stored at -20 °C. To generate oligomeric AB, peptides were
incubated at 100 uM in PBS for 24 h at 4 °C. As another protocol for oligomerization,
peptides were incubated at 37 °C for 3 h. Here, the concentration for oligomerization
was 23 uM in PBS. Aggregated A was generated by preparation of peptides in
10 mM HCI to obtain a concentration of 100 uM. The solution was further incubated
for 24 h at 37 °C. The different AR preparations were analyzed by either SDS-PAGE
(2.5.11) or Native PAGE (2.5.12).
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2.5.2 Preparation of cell lysates

1x STEN lysis buffer 50 mM Tris-HCI, pH 7.4
150 mM NacCl
2 mM EDTA
1 % Triton X-100
1 % NP-40 (Igepal CA-630)
Protease Inhibitor (cOmplete™, Roche Diagnostics, Basel, Switzerland
EDTA free)

For preparation of whole cell lysates, cells in dishes were washed with ice-cold PBS,
scraped using a cell scraper and collected in tubes. Cells were centrifuged and the
supernatant was removed. 1x STEN lysis buffer was used for resuspension of the
cell pellet followed by incubation for 20 min on ice. Further, cell lysates were
centrifuged for 10 min at 16.000 xg and 4 °C and the supernatant was stored at
-20 °C or directly analyzed by SDS-PAGE (2.5.11).

2.5.3 Membrane preparations

Hypotone Buffer 10 mM Tris
1 mM EGTA
1 mM EDTA
pH 7.4

Membrane fractions were obtained by first scraping cells from dishes in an
appropriate volume of hypotonic buffer supplemented with protease inhibitor cocktail
and collected in tubes. Cells were incubated on ice for 10 min and subsequently
lysed using a syringe with a 0.6 mm cannula, drawing 20 times. After centrifugation
for 5 min at 1.300 xg at 4 °C, the supernatant containing cell membrane and cytosol
was transferred into a fresh tube and centrifuged for 1 h at 16.000 xg and 4 °C. The
supernatant (cytosol) was removed and the remaining pellet was lysed in 1x STEN
lysis buffer supplemented with protease inhibitor cocktail. Cell membranes were
incubated for another 20 min on ice. The lysate was further centrifuged for 10 min at
16.000 xg and 4 °C and the resulting supernatant was transferred into a fresh tube

for determination of protein concentrations or SDS-PAGE analysis (2.5.11).
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2.5.4 Determination of protein concentrations
Pierce™ BCA™ Protein Assay Kit ThermoFisher Scientific, Waltham, USA

Bicinchoninic acid was used for determination of protein concentrations from cell
membrane preparations according to manufacturer’s instructions. In presence of
proteins, Cu(ll) is reduced to Cu(l) directly proportional to the protein concentration.
The absorbance was measured at 562 nm and concentrations were calculated
according to a BSA standard curve.

2.5.5 Trichloroaceticacid (TCA) precipitation

5x SDS loading buffer 125 mM Tris
10 % SDS
100 MM DTT
50 % Glycerol
Bromphenol blue

After collection of cell culture medium, the suspension was centrifuged at 16.000 xg
for 10 min at 4 °C. Supernatant was transferred into a fresh tube and
sodiumdeoxycholat (NaDOC) was added to achieve a final concentration of 0.02 %.
The solution was inverted and incubated for 15 min at RT. TCA was added to a final
concentration of 10 %, again, samples were inverted and incubated for 1 h at RT for
precipitation of proteins. Subsequently, the suspension was centrifuged at 16.000 xg
for 10 min at 4 °C. The supernatant was discarded and samples were centrifuged
again. Remaining supernatant was removed and samples were resuspended in an
appropriate volume of 50 mM Tris/1 % SDS and SDS loading buffer was added.
Samples were boiled at 95 °C for 5 min and separated using SDS-PAGE (2.5.11).

2.5.6 Deglycosylation

For deglycosylation, TCA precipitated conditioned media of TREMZ2 expressing cells
were resuspended in 50 mM Tris. Following endoglycosidases were used:
PNGase F, Endo H, Endo D, Endo F2, Endo F3, Neuraminidase and O-glycosidase
(New England Biolabs, Ipswich, USA). Preparation of samples was performed
according to the respective manufacturer’s instructions. Briefly, for PNGase F,
Endo H, Endo D and O-glycosidase digestion, samples were denatured for 10 min or
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3 min (Endo D) at 100 °C with corresponding buffers and mixed with the respective
glycosidase and supplements. Digestion with Endo F2, F3 and Neuraminidase was
performed under native conditions without prior boiling. The reactions were incubated
at 37 °C for 1 h and stopped by addition of SDS loading buffer (2.5.5). Samples were
analyzed by SDS-PAGE (2.5.11).

2.5.7 Antibody fragmentation

Pierce™ Fab Preparation Kit ThermoFisher Scientific, Waltham, USA
Pierce™ F(ab’), Preparation Kit ThermoFisher Scientific, Waltham, USA

To specify whether stimulation of cells with antibodies occurs via crosslinking,
fragments of respective antibodies were generated using the Fab and F(ab’);
Preparation Kits. Antibody fragmentation was performed according to manufacturer’s
instructions. Briefly, antibodies were digested with either Papain (Fab) or Pepsin
(F(ab’)2) and subsequently purified using Protein A to remove undigested antibodies
and Fc fragments. The concentration of Fab and F(ab’), fragments was determined
(2.5.4) and completion of the procedure was confirmed by SDS-PAGE and
Coomassie staining (2.5.11).

2.5.8 Biotinylation of cell surface proteins

1x STEN buffer 150 mM NacCl

50 mM Tris

2 mM EDTA

0.2 % NP-40

pH 7.6
EZ-Link™ Sulfo-NHS-Biotin ThermoFisher Scientific, Waltham, USA
Streptavidin Sepharose GE Healthcare, Little Chalfont, UK

Cells were cultured in PLL coated 6 cm cell culture dishes to a confluency of 80-
90 %. For biotinylation of cell surface proteins, cells were kept on ice and washed
twice with ice-cold PBS. Subsequently, cells were incubated with 0.5 mg/ml Sulfo-
NHS-biotin in PBS under constant gentle shaking. The biotin solution was removed
and cells were washed three times with 20 mM glycine in PBS, incubating the last
wash step for 15 min. Cells were washed again with ice-cold PBS prior to cell lysis
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for 15 min with 900 uL STEN lysis buffer (2.5.1). Insoluble cell fractions were
removed by centrifugation for 10 min, 12.000 xg and 4 °C. In parallel, streptavidin-
sepharose was washed three times with PBS, followed by one wash step with STEN
buffer. Beads were used as 50 % in STEN buffer. 50 uyl of washed streptavidin-
sepharose was added to cell lysates and incubated over night at 4 °C on an
overhead shaker. Streptavidin-sepharose was washed four times for 10 min with
STEN buffer and centrifuged for 3 min at 600 xg and 4 °C. The supernatant was
aspirated and samples were supplemented with 20 yL 2x SDS loading buffer and
boiled for 5 min at 95 °C. Further, samples were analyzed by SDS-PAGE (2.5.11).

2.5.9 AlphaLISA immunoassay

AlphaLISA® SureFire® Ultra™ p-SYK  Perkin Elmer, Waltham, USA
(Tyr525/526) Assay Kit

Using the AlphaLISA technology, detection of phosphorylated SYK (pSYK) in cell
lysates after stimulation of TREM2-DAP12 signaling was performed according to
manufacturer’s instructions. Briefly, cells were stimulated for indicated time points.
Subsequently, cells were lysed with the respective lysis buffer for 10 min. 10 pl of cell
lysates were transferred into a 384-well OptiPlate™ and incubated with 5 pl Acceptor
Mix for 1 h in the dark. 5 pl Donor Mix was added and the mixture was incubated for
another 1 h in the dark. The OptiPlate™ was measured with standard AlphaLISA
settings (Envision® 2105 Multimode Plate Reader, Perkin Elmer, Waltham, USA).

2.5.10 Subcellular fractionation by density gradient centrifugation

Hypotone D buffer 10 mM Tris
10 mM NacCl
0.1 mM EGTA
25 mM B-Glycerophosphate
1mMDTT
pH 7.5
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OptiPrep™, 60 % lodixanol Sigma-Aldrich, Steinheim, Germany
Diluent 0.25 mM Sucrose

6 mM EDTA

60 mM HEPES

pH 7.4

Density gradient centrifugation was performed to separate cellular vesicles and
organelles according to their density. For preparation of density gradients, 9 solutions
with varying densities were prepared using OptiPrep™ and diluent. The following
solutions were prepared and a gradient was loaded starting with the highest density:
30 %, 20 %, 17.5 %, 15 %, 12.5 %, 10 %, 7.5 %, 5 %, and 2.5 %.

Cells were seeded in 10 cm dishes and grown until 80-90 % confluent. Cells were
washed once with cold PBS and subsequently incubated with 750 yl Hypotone D
buffer and incubated 10 min on ice before cells were scraped and transferred into
tubes. Lysis was performed using a syringe with a 0.6 mm cannula as described
above (2.5.3) and the cell suspension was centrifuged for 5 min at 1300 xg and 4 °C.
The pellet was discarded and the postnuclear supernatant (PNS) was transferred into
a fresh tube. Gradients were loaded with 500 yl PNS and centrifuged at 200.000 xg
for 8h using a SW 41 Ti Swinging-Bucket Rotor and an Optima™ XPN-80
Ultracentrifuge (Beckman Coulter, Brea, USA). Subsequently, 1 ml fractions were
collected and proteins were precipitated using TCA (2.5.5). Protein estimation was
performed with the remaining PNS, which was further used as a total load, and all
samples were analyzed by SDS-PAGE (2.5.11).

2.5.11 Continuous sodium dodecylsulfate — polyacrylamide gel electrophoresis
(SDS-PAGE)

Novex™ NuPAGE™ Invitrogen, Carlsbad, USA
MES SDS Running Buffer (20x)
4-20 % Bis-Tris gels
LDS Sample Buffer (4x)

Novex™ SeeBlue™ Invitrogen, Carlsbad, USA
Protein Standard
PageRuler™ Invitrogen, Carlsbad, USA

Prestained Protein Ladder
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Coomassie staining solution 0.5 % Coomassie brilliant-blue R-250
45 % Isopropanol
10 % Acetic acid

Coomassie destaining solution 45 % Methanol
10 % Acetic acid

SDS-PAGE was used to separate proteins according to their molecular weight. Pre-
cast gels were set up in NUPAGE™ running chambers and 1x MES SDS Running
Buffer was added. An appropriate amount of protein sample was mixed with SDS
loading buffer (2.5.5) or LDS Sample Buffer and boiled for 5 min at 95 °C. Protein
samples and 3 pL protein standard were loaded on the gel and gels were run at
120 V until samples were separated. SDS-PAGE gels were further analyzed using
western immunoblotting (2.5.13) or directly stained using Coomassie staining
solution for 30-45 min with subsequent use of Coomassie destaining solution to

remove excess Coomassie dye.

2.5.12 Native PAGE

Novex™ Native PAGE™ Invitrogen, Carlsbad, USA
4-16 % Bis-Tris gels
Running Buffer (20x)
Cathode Additive (20x)
Sample Buffer (4x)

For investigation of native proteins, especially AB, Native PAGE was performed.
Therefore, samples were prepared by addition of Sample buffer and loaded on
Native PAGE™ gels. Cathode and Anode running buffers were prepared according
to manufacturer’s instructions. The gel was run for 60-90 min at 120 V and further
analyzed by western immunoblotting (2.5.13).
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2.5.13 Western immunoblotting

1x Blotting buffer 20 % Methanol
5 mM Tris
200 mM Glycine
10x Ponceau 2 % Ponceau S
30 % TCA
1x TBST 50 mM Tris
150 mM NacCl
pH 7.6
1 % Tween20
Blocking buffer 5 % skim milk powder in 1x TBST
Amersham™ ECL™ Prime, GE Healthcare, Little Chalfont, UK

Western Blotting Detection
Reagent

To specifically detect proteins in a sample extract, Towbin and coworkers invented
the western immunoblotting technique (Burnette, 1981). Proteins are separated
according to their size using SDS-PAGE and afterwards blotted on a nitrocellulose
membrane. A protein of interest can be bound to a specific primary antibody, which is
then bound by a primary-antibody-specific secondary antibody conjugated to HRP.
Detection of the desired protein can be achieved using the enhanced
chemiluminescence (ECL) method. Thereby, in the presence of H,O,, luminol is
oxidized by the HRP leading to emission of light.

As previously described, proteins were separated by SDS-PAGE (2.5.11). The
western immunoblotting was performed using the wet blot technique. Therefore,
nitrocellulose membrane and whatman paper were cut in the size of the gel and pre-
equilibrated in blotting buffer. Gel, membrane, whatman paper and pre-wetted
sponge pads were packed and placed into the wet blot tank. The chamber was filled
with blotting buffer and transfer of proteins from gel to membrane was performed for
105 min at 400 mA. Afterwards, the membrane was blocked in blocking buffer for 1 h
and incubated with primary antibodies in TBST over night at 4 °C. To remove
unbound antibodies, the membrane was washed three times for 10 min with 1 x
TBST. Afterwards, it was incubated with the corresponding secondary HRP-
conjugated antibody 1:10.000 in 1x TBST for 1 h at RT and washed again three
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times. To detect the protein of interest, membranes were incubated for 1 min with
ECL solution and placed in a transilluminator (ChemiDoc™ XRS System, BioRad).

2.6 Statistical analysis

For statistical analysis, at least three independent experiments or samples were
analyzed. Data were analyzed using GraphPad Prism 6 (Graph Pad Software, La
Jolla, USA). All data were tested for normality and subsequently analyzed by one-
way ANOVA followed by post hoc Tukey’s multiple comparisons test or Student’s t-
test (unpaired, two-sided) for comparison of two groups. A p-value less than 0.05
was considered as statistically significant (*p<0.05; **p<0.01; ***p<0.001).
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3 Results

3.1 Generation and characterization of a TREM2-DAP12 reporter cell

system

TREM2 is a receptor mainly expressed on monocyte-derived cell types, including
microglia and tissue macrophages (Colonna, 2003b; Colonna & Wang, 2016;
Paloneva et al., 2003). It interacts with its co-receptor DAP12 and upon ligand
binding induces intracellular signaling leading to phagocytosis, survival or migration
(Colonna, 2003a; Jay et al., 2017; J. Walter, 2016). In monocyte-derived cell types,
other receptors might interact with DAP12 when TREM2 is absent. Therefore,
investigation of TREM2 characteristics of TREM2 common and rare variants might
be difficult. In this study, we co-expressed TREM2 and DAP12 in HEK 293 cells that
do not express both proteins endogenously. HEK 293 cells show many advantages,
as they proliferate and represent a robust reporter system to overcome the possible
interaction of DAP12 with other immune-receptors.

In order to allow stable expression of TREM2 and its co-receptor DAP12 in
stoichiometric amounts, a bicistronic construct encoding human TREM2 and DAP12
separated by a T2A peptide sequence was cloned into the Flp-In vector (Figure 6A),
and used to transfect HEK 293 FlIp-In cells with an endogenous Flp recombination
target (FRT) site. A plasmid encoding the Flp recombinase was co-transfected.
Stable single cell clones were selected and expression of TREM2 and DAP12 was
analyzed by western immunoblotting in purified cellular membrane fractions
(Figure 6C). In parallel, transiently transfected cells were included for comparison.
TREM2 was detected as mainly immature protein of approximately 38 kDa in stably
and transiently transfected cells. In addition, TREM2 C-terminal fragments (CTFs)
migrating below 15 kDa were observed upon transient and stable transfection,
however, in different amounts. Comparison of stable and transient transfection also
revealed differences in the relative amounts of DAP12 monomers (12 kDa), dimers
(24 kDa) and higher assemblies.

TREM2 can undergo proteolytic cleavage by ADAM proteases, resulting in the
secretion of its ectodomain (Kleinberger et al., 2014; Wunderlich et al., 2013). In
conditioned media, secreted soluble TREM2 (sTREM2) was detected as diffuse
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signals between 35 and 55 kDa rather than as distinct bands (Figure 6D), consistent
with complex N-glycosylation within the TREM2 ectodomain (Kleinberger et al., 2014;
Park et al., 2015). Interestingly, sSTREM2 of transiently transfected cells showed a
lower molecular weight signal compared to cells with stable expression, indicating
aberrant glycosylation and incomplete maturation of the protein.

55
40—

A
[sPfvd | lgv-setdomain  éx [m]| o [dra]sp|ex|[m]| o
myc-TREM2-FLAG DAP12
B Serum-free Supernatant C stable transient
Medium ¢S o~ TCA kDa Ctrl wit wt
] ! :
l 08 —{ wr v - — - - ——--| Calnexin
= M
. Membrane 130
Stable/Transient Isolation 100_ High MW
Cells N Assemblies
70
D stable  transient
kDa Ctrl wit wi 55
40— _Immature
- CTREM2
130-|{"* N NEE W r %57
25
100—|
70— 21 154 TREM2
5 2 s o312
é % TREM2 5 mRN
s )
11 2
35— 130— ‘
25 100— ‘ |
70 High MW
| Assemblies
1

35
25— . . . _DAP12
Dimer

15— _DAP12
Monomer

Figure 6: Expression of TREM2 and DAP12 in stably and transiently transfected cells.
(A) lllustration of the bicistronic construct of TREM2 and DAP12, including a myc-tag after
the signal peptide and a FLAG-tag behind the cytoplasmic region of TREM2. A T2A peptide
separates TREM2 and DAP12 allowing equal initial translation of both proteins from one
mRNA. SP, signal peptide; ex, extracellular domain; TM, trans-membrane domain; cy,
cytoplasmic domain. (B) Schematic illustration of the experiments. Cell culture medium of
stably or transiently transfected cells was replaced with serum-free medium for secretion of
sTREM2 for 6 h. Media were collected and precipitated using TCA. Membrane fractions were
isolated and both were analyzed via western immunoblotting. (C) Analysis of isolated
membrane fractions. For the control, non-transfected HEK 293 Flp-In cells (Ctrl) were used.
Anti-TREM2 9D11 antibody recognizing a C-terminal epitope was used for detection of
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TREMZ2. Anti-DAP12 was used for detection of DAP12. Calnexin served as a loading control.
(D) Analysis of TCA precipitated conditioned medium of TREM2-DAP12 expressing cells.
Anti-TREM2 AF 1828 was used to detect STREM2 in conditioned media.

To test N-glycosylation of TREM2, sTREMZ2 from conditioned media of stably or
transiently transfected cells was subjected to deglycosylation using three different
enzymes (Figure 7). PNGase F removes the entire N-glycan right at the Asn linkage,
whereas Endo D and Endo H specifically hydrolyze high-mannose and/or hybrid
structures that are typically located in the ER or early Golgi compartments (Freeze &
Kranz, 2010; Plummer et al., 1984; Tarentino et al., 1989). In stable and transient
samples, treatment with PNGase F resulted in the disappearance of the diffuse
signal and formation of a ~17 kDa polypeptide, representing deglycosylated
STREM2. In contrast, the higher molecular weight smear was largely resistant
against Endo D and Endo H in supernatants of stably expressing cells. However, in
transiently transfected samples, a minor 17 kDa peptide was generated by
deglycosylation with Endo D and Endo H. Together these results indicate that
sTREM2 from stably expressing cells mainly contains mature mannose-poor,
complex glycostructures whereas transiently expressing cells partly secrete immature
TREM2 and mainly mature TREM2 with less complex glycostructures due to aberrant

glycosylation.
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Figure 7: Differential glycosylation of TREM2 in transiently and stably transfected
cells. Conditioned medium from transiently and stably transfected TREM2-DAP12
expressing cells was subjected to deglycosylation with PNGase F, Endo D and Endo H.
Samples were incubated with respective glycosidases at 37°C for 1 h and subsequently
analyzed by western immunoblotting. STREM2 was detected by anti-TREM2 AF1828.

Mature TREMZ2 is transported to the cell surface to function in a receptor complex
with DAP12. Specific labeling of cell surface proteins by biotinylation (Figure 8)
showed formation of high molecular weight forms for both, TREM2 and DAP12 in
transiently transfected cells, further suggesting aberrant maturation and assembly
upon transient overexpression of these proteins (Figure 8B). DAP12 is mainly
migrating at ~24 kDa, indicating formation of characteristic stable dimers at the
plasma membrane. A ~38 kDa TREM2, likely representing immature TREM2, was
also biotin-labeled in transiently transfected cells, indicating aberrant transport of
immature TREM2 to the cell surface. In contrast, biotin-labeled TREM2 in stably
expressing cells is exclusively presented as a smear, indicating that TREMZ2
undergoes complex maturation before it is exposed at the cellular surface. Thus, only
cell lines stably co-expressing TREM2 and DAP12 were used for further

experiments, as they represent a better system for studying TREMZ2 characteristics.
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Figure 8: Expression of immature TREM2 at the cell surface of transiently transfected
cells. (A) Schematic illustration of the experiment. Stably or transiently transfected cells were
labeled with Sulfo-NHS-biotin, lysed and biotin-labeled proteins were precipitated using
streptavidin-sepharose. (B) Western immunoblotting of biotinylated cell surface proteins of
stably and transiently transfected cells. Anti-TREM2 AF1828 was used for detection of
TREM2 (left panel), anti-DAP12 was used for detection of DAP12 (right panel).

3.2 Epitope characterization of anti-TREM2 antibodies

In this study, different anti-TREMZ2 antibodies were used for experiments. The rat
monoclonal antibody 17C9, kindly provided by the DZNE Munich, was raised against
the ectodomain of human TREM2. Additionally, we developed a mouse monoclonal
antibody (4B2A3) against human TREM2 using the complete ectodomain of human
TREM2 for immunization. The commercially available polyclonal goat antibody
AF1828, raised against the human TREM2 ectodomain, was used as well.

To investigate the epitopes of respective antibodies, TREM2 fusion proteins of
different length were generated (Figure 9A). The TREM2 sequence was fused to the
human Fc for easier purification and detection of the respective peptides. After
generation of the different TREMZ2 constructs, cells were transiently transfected and
the supernatant was collected for precipitation of fusion proteins (Figure 9B).
Western immunoblotting revealed that antibody 17C9 mainly recognized the fusion
protein containing the complete sSTREM2 sequence (aa 19-157), and weakly other
fusion proteins, whereas 4B2A3 does not bind to the Ig-like domain (aa 29-112), but
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selectively recognized an epitope within the stalk region of TREM2 (aa 131-148).
Thus, 17C9 possibly recognizes either an epitope around aa 112-113 that might not
be present in the other fusion proteins or it detects a conformational epitope of
TREM2. The same pattern of recognition as for the 4B2A3 antibody could be
observed for the AF1828 antibody, even though it is a polyclonal antibody. Here, the
main epitope lies within aa 131-148. However, it also weakly recognizes aa 149-157.
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Figure 9: Epitopes of TREM2 specific antibodies. (A) lllustration of TREM2 fragments that
were generated for investigation of TREM2 antibody binding. The sequences were C-
terminally fused to human Fc. (B) Schematic illustration of the experiment. Cells were
transfected with respective constructs and after 16 h incubation, the supernatant with
secreted fragments was collected and precipitated using TCA. (C) Western immunoblotting
of precipitated cell culture supernatants. Antibodies 17C9, 4B2A3 and AF1828 were used for

detection of TREM2 fragments. Anti-human Fc (hFc) was used as a control for successful
transfection of fusion proteins.

Though all antibodies were generated against the TREM2 ectodomain, they still
show differences in the recognition of the different fusion proteins. Antibodies 4B2A3
and AF1828 appear to detect similar epitopes within the sequence of aa 131-148
however, AF1828 shows a stronger and more diffuse signal. The characterization of

the available antibodies was important for the analysis of selective TREMZ2 variants in
the following experiments.
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3.3 Differential effects of TREM2 variants on subcellular transport,

proteolytic processing, and secretion

Several TREM2 variants have been linked to neurodegenerative diseases. After the
validation of the HEK 293 Flp-In cell system to stably co-express TREMZ2 and
DAP12, we generated additional cell models for disease-associated variants of
TREM2 together with DAP12. Beside the common (wt) TREMZ2 variant, we also used
the R47H variant associated with an increased risk for AD (Guerreiro & Hardy, 2013;
Jonsson et al., 2013) and the H157Y variant that also showed association with AD in
some cohorts (Jiang, Tan, et al., 2016). In addition, we used the T66M variant
associated with frontotemporal dementias (Le Ber et al., 2014), and a novel G145W
variant that has been shown to segregate with a familial form of dementia (Karsak et
al., 2020).

To investigate the processing and secretion of the different TREM2 variants, levels of
SsTREM2 in cell supernatants, and those of full length TREM2 and CTFs in cellular
membranes were analyzed (Figure 10A). As compared to the TREM2 wt variant, the
AD-associated R47H variant showed decreased levels of STREM2 normalized to the
amount of immature TREM2 in the respective cell models. Additionally, higher
expression of immature TREM2 and DAP12 was shown in cells expressing disease-
associated TREM2 R47H, whereas no changes could be detected in the ratio of
TREM2 CTF over immature TREMZ2 levels. sTREM2 and CTFs were hardly
detectable in media and membrane fractions of TREM2 T66M expressing cells,
consistent with efficient retention of TREM2 T66M in ER and Golgi compartments,
thereby preventing proteolytic processing by ADAM proteases. In addition, a higher
band of ~70 kDa could be observed for this variant, possibly indicating accumulation
of dimeric TREM2 T66M. In line with the absence of CTFs, DAP12 could barely be
detected in TREM2 T66M expressing cells. As TREMZ2 is not transported to the cell
surface and cannot function properly, DAP12 is not needed and thus possibly cleared
from the cell.

It could be observed that STREM2 for variants G145W and H157Y was detected
differently by the antibodies 17C9 and AF1828. As described before, the AF1828
antibody binds mainly within the stalk region of TREM2. The G145W mutation is
located within this region, and might contribute to the weaker detection by the
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AF1828 antibody compared to the 17C9 antibody that recognizes other epitopes. In
contrast, the 17C9 antibody shows a weaker detection of STREM2 H157Y. The exact
epitope for this antibody could not be determined as it presumably binds to a
conformational epitope within the ectodomain of TREM2. However, as analyzed with
both antibodies, shedding of the novel TREM2 G145W mutant was significantly
decreased, as well as the amount of CTFs compared to the wt protein.

The AD-associated variant H157Y has not been extensively studied so far. This
variant has been shown to result in increased shedding resulting in lower levels of
mature TREM2 at the cell surface (Schlepckow et al., 2017; Thornton et al., 2017).
Here, the amount of sSTREMZ2 in conditioned media of cells expressing TREM2
H157Y was rather decreased, when detected by the anti-TREM2 antibody 17C9,
whereas detection with anti-TREM2 AF1828 did not reveal decreased shedding.
Hence, this mutation could affect binding of antibody 17C9. Interestingly, an increase
of DAP12 over immature TREM2 and CTFs could be observed. This cannot be
observed in all other variants, suggesting an effect of the TREM2 H157Y variant on
DAP12 stability or complex formation.
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Figure 10: Comparative characterization of the common and disease-associated
TREM2 variants. (A) Monoclonal cell lines stably expressing TREM2 wt, R47H, T66M,
G145W and H157Y together with DAP12 were incubated with serum-free medium for
secretion of sSTREM2. Media were collected and precipitated using TCA. Membranes were
isolated and both here analyzed via western immunoblotting. Anti-TREM2 9D11 antibody
was used for detection of C-terminal TREMZ2 in membrane fractions. Anti-DAP12 was used
for detection of DAP12. Anti-TREM2 17C9 and AF1828 antibodies were used to detect
sTREM2 in conditioned media. Calnexin served as a loading control for membrane fractions.
* Shows accumulation of TREM2 in T66M variant expressing cells. (B) Quantitation of
western immunoblotting as shown in A. Data represent the mean * SEM of three
independent experiments with triplicates each (n=3). Student’s t-test (unpaired, two-tailed),
*p<0.05; **p<0.01, ***p<0.001.

For further analysis of TREM2 variants, immunocytochemical stainings of TREM2
and DAP12 were performed (Figure 11). The obtained results correspond to the
expression levels of western immunoblotting for all TREM2 variant expressing cell
lines. TREM2 R47H expressing cells show a high expression of TREM2 and DAP12,
whereas for the T66M variant, DAP12 was barely detectable and TREM2 was
exclusively detected intracellularly. For TREM2 H157Y, a stronger intensity of DAP12
was detected compared to the other variants, which is in line with previous results

(Figure 10). In general, TREM2 was mainly localized at the plasma membrane and in
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vesicular structures inside the cell. A detailed analysis of subcellular localization of
TREM2 common and rare variants will be addressed in further experiments in this

study.

DAP12 TREM2

Merge

Figure 11: Immunocytochemical detection of TREM2 common and rare variants.
Representative images of TREM2-DAP12 expressing cells for different variants of TREM2
are shown. TREM2 is shown in green and DAP12 in red. TREM2 was labeled with the
4B2A3 anti-TREM2 antibody and images are depicted with the same intensities for TREM2
and DAP12 in all variants. Nuclei were counterstained with DAPI. Scale bar = 10 ym.

Furthermore, biotinylation of surface proteins and staining of TREM2 in non-
permeabilized cells was performed to investigate the surface expression of the
protein variants (Figure 12). Levels of surface TREM2 analyzed over the amount of
immature TREM2 from previous experiments (Figure 10) revealed that all variants
had a significantly lower expression of TREM2 at the surface compared to the
common variant (Figure 12B, surface TREM2/ immature TREM2). However, absolute
values of surface TREMZ2 revealed similar levels of TREM2 R47H or even increased
levels over the common variant (Figure 12B, surface TREM2, detected with 17C9
and AF 1828, respectively). Hence, elevated expression levels of TREM2 R47H result
in an increased amount of surface TREM2 compared to the common variant, even
though ratios of surface TREM2 over immature TREM2 were decreased. A reason
for the enhanced expression levels of TREM2 R47H could be a higher stability or
aberrant transport of the R47H variant compared to the common variant. Levels of
DAP12 in TREM2 R47H expressing cells were also increased.
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In previous experiments (Figure 10), lack of TREM2 T66M at the cell surface was
assumed due to the aberrant transport of the protein to the cell surface, confirmed by
the lack of TREM2 CTFs and sTREMZ2 in membrane fractions and cellular
supernatants, respectively. Biotinylation and cell surface staining could further
confirm this result, as strongly decreased expression at the cell surface was
observed (Figure 12A and D). The same could be observed for DAP12 levels, as
those were strongly decreased in biotinylated membrane fractions of TREM2 T66M
expressing cells as well. In all variants, biotin-labeled DAP12 predominantly
presented as a band of ~23 kDa, possibly representing SDS-resistant DAP12 dimers.

Levels of mature TREM2 G145W were differently detected with anti-TREM2 17C9
and AF1828 antibodies. AF1828 mainly detects an epitope including amino acid 145,
indicating that the G—>W substitution could affect AF1828 binding. Even though the
amount of TREM2 at the cell surface of TREM2 H157Y expressing cells was
decreased, STREM2 levels in conditioned media were not increased, but rather

decreased compared to that of the TREM2 common variant (Figure 10).
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Figure 12: Cell surface expression of TREM2 common and rare variants. (A) Western
immunoblotting of biotinylated cell surface proteins using Sulfo-NHS-biotin and Streptavidin-
sepharose precipitation. Mature TREM2 was detected with 17C9 and AF1828 antibodies.
DAP12 was detected using anti-DAP12 antibody. Calnexin served as a negative control for
plasma membrane specific fractions. (B) Quantification of western immunoblotting as shown
in A. Data represent the mean + SEM of three independent experiments with triplicates each
(n=3). Student’s t-test (unpaired, two-tailed), *p<0.05; **p<0.01; ***p<0.001. (C) Schematic
illustration of cell surface immunocytochemistry. Living cells were incubated with primary
antibodies. Secondary antibody incubation was followed by fixation with 4 % PFA.
Subsequently, cells were analyzed by immunocytochemistry. (D) Representative images of
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TREM2-DAP12 expressing cells for different variants of TREM2 are shown. Surface TREM2
was stained using 4B2A3 antibody (green). Cellular TREM2 was stained using AF1828 (red).
Nuclei were counterstained with DAPI (blue). Scale bar = 10 pm.

Using an additional method to determine the surface expression of TREM2 common
and rare variants in the HEK 293 reporter cell system, we have subjected the cells to
flow cytometry analysis (Figure 13). This technique gives information about the mean
fluorescence intensity for each sample, as well as the relative cell count that was
positive for surface TREM2 (Figure 13B left and right, respectively).

Remarkably, the relative cell count obtained in flow cytometry analysis revealed that
most cells are expressing TREM2 at the cell surface with 82.7 % (TREM2 wt),
93.8 % (R47H), 89.4 % (G145W) and 71.9 % (H157Y). For TREM2 wt and H157Y
two peaks could be detected, indicating that, even though monoclonal cell lines were
used, distinct fractions of cells expressing higher and lower levels of these TREM2
variants were identified (Figure 13A). In contrast, TREM2 R47H and G145W
expressing cells have a minor population with lower expression and the majority of
cells with higher expression of TREM2 and thus probably more TREM2 protein at the
cellular surface of a single cell. It is interesting to note that even TREM2 T66M
showed surface expression of TREM2 in 10.9 % of all cells. However, as there is
barely a fluorescence signal detectable, the amount of cell surface TREM2 is
supposedly very low in each positive cell. Interestingly, the fluorescence intensity for
the TREM2 variants showed a higher expression of TREM2 G145W compared to the
biotinylation (Figure 12).

Taken together, this reporter cell system revealed differential effects of distinct
TREMZ2 variants on proteolytic processing, thereby partially confirming and extending
previous results (Kober et al., 2016; Schlepckow et al., 2017; Thornton et al., 2017).
Particularly, all variants, except the T66M, were detected at plasma membrane, albeit
at different amounts. All tested variants, including the recently identified TREM2
G145W variant showed a lower expression at the cell surface over the amount of
immature TREM2, analyzed by western immunoblotting of biotinylated cell surface
proteins and the amount of TREM2 in isolated membrane fractions. However, most
cells for TREM2 common and rare variants R47H, G145W and H157Y were positive
for TREM2 at the cellular surface, as assessed by flow cytometry analysis.
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Figure 13: Surface expression of TREM2 common and disease-associated variants
assessed by flow cytometry. (A) Relative cell count of TREM2 expressing cells detected by
anti-TREM2 4B2A3 antibody. Representative flow cytometry histogram plot shown for
Control cells, TREM2 wt, R47H, T66M, G145W and H157Y expressing cells. (B)
Quantification of flow cytometry as shown in A. The mean fluorescence intensity was
determined and normalized to TREM2 wt expressing cells. Relative numbers of cells with
TREM2 expression at the cell surface were depicted as percentage of positive cells. Data
represent the mean * SD of three independent experiments (n=3).
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3.4 TREM2 variant H157Y is differentially glycosylated

In previous experiments, it could be observed that sTREM2 of TREM2 H157Y had a
slightly different migration in western immunoblotting of TCA precipitated cell culture
supernatants compared to the common TREM2 variant (Figure 10). The higher
apparent molecular mass could suggest a more complex glycosylation of the protein.
TREM2 is glycosylated at two amino acids within the ectodomain, Asn 20 (N20) and
Asn 79 (N79) (Kober et al., 2016; Sudom et al., 2018). For investigation of the
TREM2 glycosylation, different glycosidases were used (Figure 14A). PNGase F
cleaves glycoproteins right at the N residue and thus removes the entire N-linked
glycan, whereas Endo D and Endo H specifically hydrolyze high-mannose and/or
hybrid structures (Freeze & Kranz, 2010; Plummer et al., 1984; Tarentino et al.,
1989). Proteins with high-mannose and hybrid residues are located in the ER and
early Golgi compartments, as they further mature in the medial- and trans-Golgi.
Both, wt and H157Y sTREMZ2 were resistant to Endo D and Endo H hydrolysis,
suggesting a proper maturation of both proteins followed by translocation and
secretion into the supernatants of TREM2 expressing cells (Figure 14B). Incubation
with PNGase F generates a ~17 kDa band, representing deglycosylated sTREMZ2.
Notably, the deglycosylated TREM2 H157Y shows an oppositional shift compared to
the glycosylated form of this variant, as is migrates faster than the common variant.
Endo F2 and Endo F3 both hydrolyze complex glycan types. Whereas Endo F2
mainly hydrolyses biantennary glycans, Endo F3 has a higher affinity for triantennary
glycans but also shows hydrolysis of biantennary glycan substituted with a core
fucose (Tarentino & Plummer, 1994). Upon incubation of precipitated supernatants
with both enzymes, a band representing deglycosylated sTREM2 could be detected.
For Endo F3, a stronger band was detected for TREM2 wt compared to H157Y
samples. Additionally, both variants still showed a smear representing glycosylated
sTREM2. Neuraminidase, catalyzing the hydrolysis of neuraminic acid residues, did
not show an effect on the glycosylated sTREM2 of the common and H157Y variant.
Furthermore, O-linked glycosylation was investigated. In TREMZ2, O-linked
glycosylation has not been observed (Sirkis et al., 2017), which could be confirmed
using O-glycosidase incubation of precipitated supernatants from TREM2 common
and H157Y variants (Figure 14C). For both samples, no difference could be observed
compared to the control conditions.
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These results suggest that sSTREM2 is mainly glycosylated with complex glycans.
Interestingly, the TREM2 H157Y variant shows a higher migration of glycosylated
SsTREM2 and decreased deglycosylation with Endo F3 suggests less triantennary
glycans compared to the common variant. Therefore, we assume that TREM2 is
mainly glycosylated by complex tetraantennary glycans and TREM2 H157Y has

supposedly even more complex glycostructures.
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Figure 14: Deglycosylation of TREM2 common and H157Y variant. (A) lllustration of
PNGase F and endoglycosidase cleavage sites in N-linked glycans. PNGase F cleaves the
entire glycostructure between Asn and GIcNAc of high-mannose, hybrid and complex (bi-, tri-
and tetraantennary) glycans. Endoglycosidases (D, H, F2, F3) hydrolyze the bond between
the first two GIcNAc, leaving one GIcNAc bound to the protein. Endo D recognizes one
specific high-mannose structure. Endo H has a specificity to high-mannose and hybrid
structures. Endo F2 specifically cleaves only biantennary, whereas Endo F3 additionally
recognizes triantennary structures. Neuraminidase releases Neu5Ac from complex glycans.
(B-C) Deglycosylation of TCA precipitated cell culture supernatants from TREM2 wt and
H157Y expressing cells. Precipitated proteins were incubated with respective enzymes for
1 h at RT in appropriate buffers. Samples were analyzed by western immunoblotting and
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sTREM2 was detected with anti-TREM2 AF1828. Representative blots for 3 independently
performed experiments are shown.

3.5 Subcellular localization of TREM2 variants

The expression levels of TREM2 common and rare variants were characterized in
previous experiments in this study. It has been reported that some disease-
associated mutations alter the intracellular trafficking and thus the localization of
TREM2 (Kleinberger et al., 2014; Park et al., 2015; Y. Zhao et al., 2017). We showed
that all variants except for T66M localized to the plasma membrane (Figure 12 and
13). To further investigate the intracellular localization of TREM2, a sucrose density
gradient was performed (Figure 15). Immature TREM2 mainly localized to the high-
density fractions (8-10) for all variants. In these fractions, Calnexin, 58K and Rab7
were mainly localized, defining the ER, Golgi compartments and endosomal or
lysosomal fractions. Lamp2, a marker for lysosomes, also localizes to fractions 7-9.
The same localization could be seen for DAP12 monomers and dimers that are
mainly present in fractions 9-10 with minor presence in middle fractions as well (6-8).
Here, TREM2 CTFs can also be detected, suggesting a colocalization of TREM2
CTFs and DAP12.
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Figure 15: Subcellular distribution of TREM2 and DAP12 by density gradient
centrifugation. Post-nuclear supernatants of cell lines stably expressing TREM2 wt, R47H,
T66M, G145W and H157Y were subjected to density gradient centrifugation to separate
intracellular vesicles and organelles. 11 fractions were collected and proteins were
precipitated using TCA and analyzed by western immunoblotting. Specific marker proteins
were used to determine lysosomal (Lamp2), ER (Calnexin), Golgi (58K) and late
endosomal/lysosomal (Rab7) fractions. Anti-TREM2 9D11 and anti-DAP12 antibodies were
used for detection of TREM2 and DAP12, respectively. TL = total load. * Shows
accumulation of TREM2.

Besides the different expression levels of TREMZ2 variants, a similar co-fractionation
in density gradients of TREM2 and DAP12 with organelle markers could be seen for
all variants. For further validation of TREM2 localization, immunocytochemistry
analysis was performed (Figures 16-18). Co-staining with the ER marker Calnexin
revealed that all variants partly localize to the ER (Figure 16, white arrows). Whereas
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all TREM2 variants additionally localized to trans-Golgi compartments (Figure 17),
TREM2 T66M mainly co-localized with Calnexin, further supporting efficient retention
of this variant in the ER. In addition, TREM2 T66M is more reticular and spread

throughout the cytosol compared to the other variants.
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Figure 16: Colocalization of TREM2 common and rare variants with ER. (A)
Representative images of TREM2-DAP12 expressing cells for different variants of TREM2
are shown. TREM2 was stained using 4B2A3 antibody (green). ER was stained using anti-
Calnexin (red). Nuclei were stained with DAPI (blue). Scale bar = 10 um; Inset scale bar =
5 um. (B) Pearson’s R value calculation of colocalization for TREM2 and Calnexin as shown
in A. Data represent the mean + SEM of images obtained in two independently performed
experiments (n=2). Student’s t-test (unpaired, two-tailed).
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Figure 17: Colocalization of TREM2 common and rare variants with Golgi
compartments. (A) Representative images of TREM2-DAP12 expressing cells for different
variants of TREM2 are shown. TREM2 was stained using 4B2A3 antibody (green). Cis-Golgi
and trans-Golgi were stained using anti-Giantin (A) and anti-TGN46 (B), respectively. Nuclei
were counterstained with DAPI (blue). Scale bar = 10 um; Inset scale bar = 5 ym. (B)
Pearson’s R value calculation of colocalization for TREM2 and TGN46 as shown in A. Data
represent the mean + SEM of images obtained in two independently performed experiments
(n=2). Student’s t-test (unpaired, two-tailed).

Staining for EEA-1 and TREM2 revealed a costaining of most variants with early
endosomes (Figure 18, white arrows). TREM2 variant T66M only showed minor
localization to endosomes, whereas all other variants had many colocalizing puncta,
especially in close proximity to the plasma membrane. Little if any TREM2 T66M is
present at the plasma membrane or in early endosomes, further confirming ER

retention of this variant (Kleinberger et al., 2017; Park et al., 2015).

70



Results

>
@

Ctrl wt R47H T66M G145W H157Y 0.6

TREM2
o
n
1

Figure 18: Colocalization of TREM2 common and rare variants with early endosomal
compartments. (A) Representative images of TREM2-DAP12 expressing cells for different
variants of TREM2 are shown. TREM2 was stained using 4B2A3 antibody (green). Early
endosomes were stained using anti-EEA1 (red). Nuclei were counterstained with DAPI
(blue). Scale bar = 10 ym; Inset scale bar = 5 uym. Arrows mark TREM2 positive early
endosomes. (B) Pearson’s R value calculation of colocalization for TREM2 and EEA1 as
shown in A. Data represent the mean *+ SEM of images obtained in two independently
performed experiments (n=2). Student’s t-test (unpaired, two-tailed), *p<0.05; **p<0.01;
***p<0.001.

Taken together, the intracellular localization of TREM2 common and variants R47H
and T66M highly correlates to previous publications (Kleinberger et al., 2014; Park et
al., 2015; Y. Zhao et al., 2017). The TREM2 variants G145W and H157Y showed a
similar distribution compared to the wt protein. Thus, both amino acid substitutions do
not appear to have strong effects on subcellular localization. Moreover, TREM2 is
internalized via endocytosis, confirmed by colocalization of all variants, except for
TREM2 T66M, with early endosome markers.
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3.6 TREM2 is mainly degraded by the autophagy-lysosomal pathway

Proteolytic degradation is an important mechanism for regulation of cellular functions.
Turnover of proteins provides new amino acids to obtain protein homeostasis and
prevents abnormal protein accumulation. Degradation pathways are controlled by
complex regulatory mechanisms to adopt protein levels to the respective metabolic
state of a cell and to maintain cellular functions (Lecker et al., 2006). The ubiquitin-
proteasome system (UPS) and the autophagy-lysosomal pathway are two major
pathways for proteolytic degradation. The UPS degrades most short-lived proteins
and soluble misfolded proteins. However, entire organelles and aggregates are more

likely to be fragmented by the autophagy-lysosomal pathway (Kraft et al., 2009).

As only little is known about degradation pathways of TREM2, common and rare
variant expressing cell lines were analyzed by immunocytochemistry. TREM2 cell
lines were stained for autophagosomal and proteasomal markers LC3 and PSMBS,
respectively. Under basal conditions, LC3 | is located in the cytosol and upon
conjugation with PE, LC31l is formed, which localizes to autophagosomal
membranes and serves as a specific marker for autophagy and autophagy-related
processes (Sarkar, 2013). Immunocytochemistry showed few TREM2 positive LC3
puncta (Figure 19A). In contrast, staining of PSMBS5, a subunit of the proteasome
20S subunit (Coux et al., 1996), showed enhanced colocalization with TREM2 R47H
and T66M (Figure 19C and D).

72



Results

>

TREM2 LC3 Merge Inset Cc TREM2 PSMB5 Merge Inset

G145W T66M R47H wt Ctrl

H157Y

B Colocalization D Colocalization
LC3 - TREM2 PSMBS5 - TREM2
0.6+ 0.4- *

*

o
w
1

Pearson's R value
Pearson's R value
o
N
1

Figure 19: Localization of TREM2 common and rare variants to autophagosomes and
proteasomes. (A, C) Representative images of TREM2-DAP12 expressing cells for different
variants of TREM2 are shown. TREM2 was stained using 4B2A3 antibody (green).
Autophagic vesicles were stained with LC3 (A, red). Proteasome was stained with anti-
PSMB5 (C, red). Nuclei were counterstained with DAPI (blue). Scale bar = 10 ym; Inset
scale bar = 5 uym. (B, D) Pearson’s R value calculation of colocalization for TREM2 and LC3
(B) and PSMB5 (D) as shown in A and C, respectively. Data represent the mean + SEM of
images obtained in two independently performed experiments (n=2). Student's t-test
(unpaired, two-tailed), *p<0.05.
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However, as these experiments were performed in steady state conditions, further
analysis was done with inhibitors of both degradation pathways. Therefore, cells
were treated with either Chloroquine or MG132 for inhibition of the autophagy-
lysosomal pathway or the proteasome system, respectively. MG132 inhibits the
proteolytic activity of the 26S proteasome by covalent binding to the 20S subunit (D.
H. Lee & Goldberg, 1998) and can also inhibit calpains (Tsubuki et al., 1996).
Chloroquine accumulates in lysosomes, changes the lysosomal pH and inhibits
enzymes needed for degradation of proteins in the autophagy-lysosomal pathway but
also impairs autophagosome-lysosome fusion (Mauthe et al., 2018; Pasquier, 2016).
TREM2-DAP12 expressing cells were treated with Chloroquine for 4 h and
subsequently, membrane fractions were analyzed by western immunoblotting
(Figure 20A). TREM2 full-length, CTFs and DAP12 were detected in membrane
fractions. APP and APP CTFs were also analyzed, as mature APP and APP CTFs
are known to be degraded by the autophagy-lysosomal pathway (Jaeger et al.,
2010). Treatment with Chloroquine significantly increased levels of immature TREM2
for all variants (Figure 20B). In comparison to the common TREM2 variant that
accumulated ~3 fold, this effect was attenuated by variants T66M and G145W that
accumulated less than 1.5 fold. TREM2 CTF and DAP12 levels were also increased
about 1.5 — 2 fold upon Chloroquine treatment in cell lines expressing TREM2 wt,
R47H, G145W and H157Y. For TREM2 variant T66M, both TREM2 CTFs and
DAP12 could be barely detected, which is why they were not further quantified.

To further test the effect of Chloroquine on TREMZ2 degradation,
immunocytochemistry was performed. Cells were fixed and stained for TREM2 and
LC3 or PSMBS5 (Figure 21A and C, respectively). Staining with LC3 shows LC3-
positive large puncta likely representing autophagosomes and autophagolysosomes.
Due to inhibition of lysosomal enzymes by Chloroquine, those vesicles are enriched
and show colocalization with TREM2 for all TREM2 variants (Figure 21A, white
arrows). Interestingly, costaining with PSMB5 showed stronger colocalization with
TREM2 T66M compared to the other TREM2 variants (Figure 21C and D).
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Figure 20: TREM2 expression is increased upon inhibition of autophagolysosomal
formation. (A) Cell lines stably expressing TREM2 wt, R47H, T66M, G145W and H157Y
were treated with 50 yM Chloroquine for 4 h or left untreated as a control. Membrane
fractions were isolated and analyzed by western immunoblotting. Anti-TREM2 9D11 antibody
was used for detection of C-terminal TREM2. Anti-DAP12 was used for detection of DAP12.
Calnexin served as a control for membrane specific fractions. APP and APP-CTFs were
detected using 6E10 antibody. (B) Quantification of western immunoblotting as shown in A.
Data represent the mean = SEM of two independently performed experiments in duplicates
or triplicates each (n=2). Student's t-test (unpaired, two-tailed), *p<0.05; **p<0.01;
***p<0.001.
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Figure 21: TREM2 |localizes to autophagosomes upon inhibition of
autophagolysosomal formation. Cell lines stably expressing TREM2 wt, R47H, T66M,
G145W and H157Y were treated with 50 yM Chloroquine for 4 h or left untreated as a
control. (A, C) Representative images of cells treated with Chloroquine are shown. TREM2
was stained using 4B2A3 antibody (green). Autophagic vesicles were stained with LC3 (A,
red). Proteasome was stained with PSMB5 (C, red). Nuclei were counterstained with DAPI
(blue). Scale bar = 10 uym; Inset scale bar = 5um. Arrows mark TREMZ2 positive
autophagosomes (A) or proteasomes (C). (B, D) Pearson’s R value calculation of
colocalization for TREM2 and LC3 (B) and PSMB5 (D) as shown in A and C, respectively.
Data represent the mean + SEM of images obtained in two independently performed
experiments. Student’s t-test (unpaired, two-tailed), **p<0.01.
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Furthermore, similar experiments were performed with inhibition of the proteasome
by MG132 (Figure 22 and 23). In western immunoblotting of isolated membrane
fractions, a significant decrease of TREM2 expression could be observed for all
TREM2 variant expressing cell lines. In addition, it has been shown that APP
degradation was induced upon inhibition of the proteasome machinery (F. Zhou et
al., 2011). Therefore, detection of APP and APP CTFs served as a control in these
experiments. In contrast to decreased immature TREM2, levels of TREM2 CTFs and
DAP12 show a slight increase, with the only significant difference being detected in
TREM2 H157Y expressing cells. (Figure 22B). In immunocytochemistry stainings of
MG132 treated cells, TREM2 T66M showed significantly increased colocalization
with both, LC3 and PSMBS5, as compared to the common TREM2 variant (Figure 23).
Both, levels of TREM2 CTFs and DAP12 in western immunoblotting were
accumulated up to 1.5 fold upon MG132 treatment (Figure 22). TREM2 H157Y
expressing cells showed the strongest accumulation of TREM2 CTF levels that were

significantly increased more than 1.5 fold.

Degradation of TREM2 and DAP12 has barely been investigated so far. Here,
immunocytochemistry and western immunoblotting of TREM2 common and rare
variant expressing cells revealed that immature TREMZ2 is mainly degraded by the
autophagy-lysosomal pathway, whereas TREM2 CTFs and DAP12 are supposedly

also degraded by the proteasome machinery.
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Figure 22: TREM2 expression is decreased upon inhibition of proteasomal proteases.
(A) Cell lines stably expressing TREM2 wt, R47H, T66M, G145W and H157Y were treated
with 10 yM MG132 for 4 h or left untreated as a control. Membrane fractions were isolated
and analyzed by western immunoblotting. Anti-TREM2 9D11 antibody was used for detection
of C-terminal TREM2. Anti-DAP12 was used for detection of DAP12. Calnexin served as a
control for membrane specific fractions. APP and APP-CTFs were detected using 6E10
antibody. (B) Quantification of western immunoblotting as shown in A. Data represent the
mean * SEM of two independently performed experiments in duplicates or triplicates each
(n=2). Student’s t-test (unpaired, two-tailed), *p<0.05; **p<0.01; ***p<0.001.
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Figure 23: TREM2 does not localize to proteasomes upon inhibition of proteasomal
proteases. Cell lines stably expressing TREM2 wt, R47H, T66M, G145W and H157Y were
treated with 10 yM MG132 for 4 h or left untreated as a control. (A, C) Representative
images of cells treated with MG132 are shown. TREM2 was stained using 4B2A3 antibody
(green). Autophagic vesicles were stained with LC3 (A, red). Proteasome was stained with
PSMB5 (C, red). Nuclei were counterstained with DAPI (blue). Scale bar = 10 ym; Inset
scale bar = 5 ym. Arrows mark TREM2 positive autophagosomes (A) or proteasomes (C).
(B, D) Pearson’s R value calculation of colocalization for TREM2 and LC3 (B) and PSMB5
(D) as shown in A and C, respectively. Data represent the mean + SEM of images obtained
in two independently performed experiments. Student’s t-test (unpaired, two-tailed), *p<0.05.
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3.7 Disease-associated TREM2 variants impair the production of

reactive oxygen species

Increased oxidative stress has been described in the aging brain and possibly plays
an important role in initiation and progression of AD (Kim et al., 2015; Singh et al.,
2019; X. Wang et al., 2014), A recent study indicates that TREM2 might regulate

genes involved in the oxidative stress response (Linnartz - Gerlach et al., 2019). To

investigate the oxidative stress response in cells expressing different TREM2
variants, the production of reactive oxygen species (ROS) after exposure to necrotic
neural debris was analyzed (Figure 24A). Upon treatment of cells with debris alone or
in combination with superoxide dismutase 1 (SOD1) or trolox, cells were incubated
with dihydroethidium (DHE), which reacts with superoxide radicals and forms a highly
fluorescent dye dihydroxyethidium (OH-E+). Incubation of TREM2 wt expressing cells
with necrotic neural debris resulted in increased production of ROS (Figure 24B).
Here, the addition of SOD1 completely prevented the oxidative stress response
induced by debris. Cells expressing the TREM2 H157Y variant also showed an
increased oxidative stress response after stimulation with debris. However, addition
of SOD1 could not prevent the production of ROS. Interestingly, the other tested
TREM2 variants did not evoke an up-regulation of ROS production upon exposure to
neural debris, indicating a loss-of-function in detection of cell damage and/or signal

transduction.

In summary, a lower oxidative stress of TREM2 mutant cells hints towards a reduced
oxidative stress response in most TREM2 variants. The different response in ROS
production to simultaneous treatment of debris with SOD1 in TREM2 wt and H157Y
expressing cells hints towards the production of a different type of oxygen species
upon stimulation of TREM2 H157Y. However, this needs to be further elucidated.
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Figure 24: Production of reactive oxygen species in TREM2 expressing cell lines. (A)
Schematic illustration of the experiment. Cells were treated with either necrotic neural debris
alone or supplemented with superoxide scavengers SOD1 or trolox. ROS were detected by
addition of DHE. DHE reacts with ROS and forms OH-E+. Cells were fixed and images were
analyzed by confocal microscopy (Assay performed by Bettina Linnartz-Gerlach). (B)
Analysis of oxidative stress response in cells expressing myc-TREM2-FLAG_T2A_DAP12
with TREM2 wt, R47H, T66M, G145W and H157Y. Quantitative analysis of relative DHE
intensity per cell number. Data represent the mean intensity + SEM of three independently
performed experiments with 5 images each. One-way ANOVA, Tukey’s post hoc test for
multiple comparison, separate for each genotype, *p<0.05; **p<0.01.

3.8 Monoclonal anti-TREM2 antibody 4B2A3 stimulates TREM2

signaling via cross-linking

Just recently, anti-TREM2 antibodies with agonistic activities have been described
(Price et al., 2020; Schlepckow et al., 2020; S. Wang et al., 2020). Hence, our
approach was to investigate if and how the anti-TREM2 4B2A3 antibody stimulates
TREM2 expressing cells. Therefore, Fab, F(ab’),, and Fc fragments of the 4B2A3
antibody were produced using Papain and Pepsin resin, respectively (Figure 25A).
Papain cleaves the whole IgG N-terminal from the hinge region, creating two
separate Fab fragments and one Fc fragment (Leslie et al., 1971). In contrast, Pepsin
digests the Fc part of the antibody and thus produces F(ab’), fragments that are still
connected by two disulfide bonds. Using Protein A resin, Fc fragments and
undigested antibodies can be removed from the generated Fab and F(ab’),
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fragments of both reactions. To verify the generated fragments, SDS-PAGE was
performed under reducing and non-reducing conditions with subsequent analysis by
Coomassie staining (Figure 25B (Fab) and C (F(ab’);)). Under non-reducing
conditions, the 4B2A3 antibody is detected with an approximate molecular mass of
150 kDa. Reducing the antibody, heavy and light chains are separated with ~50 kDa
and ~25 kDa size, respectively. After digestion and Protein A purification, Fab and
F(ab’), are separated from undigested antibody or large Fc fragments. Non-reduced
Fab has a molecular mass of ~50 kDa and F(ab’); of ~110 kDa. Upon elution of

Protein A resin, Fc fragments were kept for further experiments (Figure 25B).
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Figure 25: Generation of anti-TREM2 4B2A3 Fab and F(ab’), fragments. (A) Fab and
F(ab’), fragments were generated by digestion of 4B2A3 antibody with Papain or Pepsin,
respectively. Papain cleaves above the hinge region, creating two separate Fab fragments
and one Fc fragment. Pepsin digests the Fc and generates one F(ab’), fragment. In both
approaches, Protein A was used to remove undigested 4B2A3 antibodies and Fc fragments.
(B, C) Coomassie gel of digested Fab (B) and F(ab’), (C) fragments. Samples were prepared
with and without reducing agent.
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For investigation of the stimulating ability of the anti-TREM2 4B2A3 antibody and its
separate fragments, an AlphaLISA technology was used (Figure 26A) to detect the
phosphorylation of spleen tyrosine kinase (SYK), a kinase directly recruited to the
TREM2 co-receptor DAP12. Control cells that were treated with 67 uM of either the
whole 1gG, F(ab’),, Fab or Fc fragments did not show an increase in pSYK levels in
comparison to unstimulated cells, whereas TREM2-DAP12 expressing cells could be
stimulated by both, the whole IgG and F(ab’),. Therefore, these data demonstrate
that the 4B2A3 antibody has an agonistic activity and stimulates TREM2-DAP12
signaling through receptor cross-linking. Interestingly, F(ab’); fragments even
showed a two-fold increase in pSYK levels compared to the whole 1gG.
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Figure 26: 4B2A3 antibody stimulates TREM2 expressing cells via cross-linking. (A)
Schematic illustration of the AlphaLISA experiments. Cells were plated on 96-well plates and
treated for 5 min. Cells were lysed and lysates were incubated with acceptor beads (Acc.
Mix) and subsequently with donor beads (Don. Mix) for 1 h, respectively. For detection of
pSYK levels, samples were measured with a plate reader using standard AlphaLISA settings.
(B) TREM2-DAP12 expressing cells as well as empty cells (Ctrl) were treated for 5 min with
67 uM ectodomain-specific antibody or antibody fragments F(ab’),, Fab and Fc against
TREM2 (4B2A3) or left untreated as a control (Unstimulated). Cells were lysed and lysates
were analyzed for pSYK using AlphaLISA technologies. Data represent the mean + SD of

83



Results

one experiment in friplicates. One-way ANOVA, Tukey’'s post hoc test for multiple
comparison, ***p<0.001.

Taken together, anti-TREM2 4B2A3 antibody stimulates TREM2-DAP12 signaling in
the HEK 293 Flp-In reporter cell system. Using papain and pepsin digestion, it could
be shown that TREM2 stimulation occurs through receptor cross-linking, as single
Fab fragments were not able to induce a TREM2-dependent increase in pSYK levels.

3.9 Most disease-associated TREM2 variants are stimulated by the anti-
TREM2 antibody 4B2A3

In further experiments, stimulation of SYK phosphorylation by the 4B2A3 anti-TREM2
antibody was compared with TREM2 wt, R47H, T66M, G145W and H157Y
expressing cells (Figure 27). Control cells without expression of TREM2 and DAP12
did not respond to the exposure with anti-TREMZ2-antibody, whereas TREM2 wt
expressing cells showed an approximate 11-fold increase in pSYK levels upon
stimulation (Figure 27A). The TREM2 T66M variant was not stimulated, consistent
with the lack of full-length TREM2 T66M at the cell surface (see Figures 12 and 13).
Cells expressing variants R47H, G145W and H157Y showed a reduced
phosphorylation of SYK compared to cells expressing the common variant. In
western immunoblotting, ratios of pSYK over total SYK showed the same trend as for
pSYK levels alone (Figure 27B-H), while the amount of total SYK was unchanged
upon stimulation with the anti-TREMZ2 antibody. Furthermore, pSYK levels from
AlphaLISA experiments were normalized to the amount of surface TREM2 from
biotinylation and flow cytometry analyses (Figure 271 and J, respectively). For both
analyses, similar results could be observed, as TREM2 R47H showed a decreased
and TREM2 H157Y an increased stimulation by the 4B2A3 antibody. Varying results
were obtained for TREM2 G145W. Here, normalization of pSYK levels over surface
TREM2 in flow cytometry was decreased compared to TREMZ2 wt, whereas
quantification with biotinylated surface TREM2 showed the same level of stimulation
for TREM2 G145W and TREM2 wt. In addition, pSYK levels were analyzed to the
relative cell count obtained in FACS analyses (Figure 27K). Here, all variants showed
a partial or total loss-of-function compared to the common TREM2 variant.

In summary, analysis of pSYK levels obtained in AlphaLISA experiments that were
normalized to the intensity and the relative cell count expressing TREM2 at the cell
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surface show different results. As the amount of TREM2 on each cell might vary, the
number of cells responding to the antibody treatment represents a measure for the

response of cells expressing TREM2 common and rare variants.
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Figure 27: Differential activation of TREM2 disease-associated variants by agonistic
anti-TREM2 antibody 4B2A3. (A) TREM2-DAP12 expressing cells with TREM2 variants
R47H, T66M, G145W and H157Y as well as control cells were plated on 96-well plates and
treated for 5 min with 10 pg/ml ectodomain-specific antibody against TREM2 (4B2A3) or left
untreated as control (Unstimulated). Cells were lysed and lysates were analyzed for pSYK
levels using AlphaLISA technology. Data represent the mean + SEM of three independent
experiments in ftriplicates each (n=3). Student’'s t-test (unpaired, two-tailed), *p<0.05;
**p<0.01. (B-G) Western immunoblotting of cell lysates from AlphalLISA experiments.
Antibodies were used for detection of pSYK and SYK in 4B2A3 treated and untreated cells.
(H) Quantification of western immunoblotting as shown in B-G. Data represent the mean %
SD of one experiment in triplicates. Student’s t-test (unpaired, two-tailed), **p<0.01;
***p<0.001. (I) pSYK levels were analyzed over surface TREM2 expression obtained by
biotinylation and western immunoblotting (see Figure 7). Data represent the mean + SEM of
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three independent experiments in ftriplicates each (n=3). Student’s t-test (unpaired, two-
tailed), ***p<0.001. (J) pSYK levels were analyzed over surface TREM2 expression from flow
cytometry analysis (see Figure 8). Data represent the mean + SEM of three independent
experiments in triplicates each (n=3). Student’s t-test (unpaired, two-tailed), ***p<0.001. (K)
pSYK levels were analyzed over relative cell numbers expressing TREM2 at the plasma
membrane from flow cytometry analysis (see Figure 8). Data represent the mean + SEM of
three independent experiments in ftriplicates each (n=3). Student’s t-test (unpaired, two-
tailed), **p<0.01; ***p<0.001.

3.10 Most disease-associated TREM2 variants show a loss-of-function

upon stimulation with phosphatidylserine

To investigate TREM2-DAP12 signaling using a more physiological ligand, the
anionic phospholipid phosphatidylserine (PtdS) was used. PtdS has been described
as a natural ligand for TREM2 that activates the TREM2 signaling pathway (Hsieh et
al.,, 2009; Y. Wang et al., 2015). The experiments were performed as described
above and levels of pSYK were analyzed using the AlphalLISA technology. Control
cells did not respond to PtdS stimulation, whereas TREMZ2 wt showed an
approximately 4-fold increase in pSYK levels (Figure 28A). Stimulation of TREM2
R47H and T66M was significantly reduced compared to the common TREM2 variant.
As mentioned before, TREM2 T66M lacks mature TREM2 at the cell surface likely
explaining the low pSYK levels. Quantification of representative western
immunoblotting of pSYK and total SYK showed the same trend as observed for the
pSYK levels measured in AlphaLISA experiments (Figure 28B-H). PtdS did not affect
levels of total SYK and the analysis of pSYK levels in relation to surface TREM2 of
biotinylation and flow cytometry experiments were comparable to those of the
antibody stimulated cells (Figure 281 and J). Stimulation of TREM2 R47H was
decreased compared to wt TREM2, whereas TREM2 H157Y appeared to result in
stronger membrane-proximal signaling. However, as it was shown for the 4B2A3
anti-TREMZ2 antibody, all TREMZ2 rare variants showed a partial loss-of-function due
to pSYK levels normalized to the relative cell count that was positive for surface
TREM2 in PtdS treated cells (Figure 28K). Thus, using the physiological TREM2
ligand PtdS, a partial or total loss-of-function could be detected for the investigated
TREM2 variants.
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Figure 28: Differential activation of TREM2 disease-associated variants by

phosphatidylserine. (A) TREM2-DAP12 expressing cells with TREM2 variants R47H,
T66M, G145W and H157Y as well as control cells were plated on 96-well plates and treated
for 5 min with 50 uM phosphatidylserine (PtdS) or left untreated as a control (Unstimulated).
Cells were lysed and lysates were analyzed for pSYK levels using AlphaLISA technology.
Data represent the mean + SEM of three independent experiments in triplicates each (n=3).
Student’s t-test (unpaired, two-tailed), *p<0.05. (B-G) Western immunoblotting of cell lysates
from AlphaLISA experiments. Antibodies were used for detection of pSYK and SYK in PtdS
treated and untreated cells. (H) Quantification of western immunoblotting as shown in B-G.
Data represent the mean + SD of one experiment in triplicates. Student’s t-test (unpaired,
two-tailed), *p<0.05; **p<0.01; ***p<0.001. (I) pSYK levels were analyzed over surface
TREM2 expression obtained by biotinylation and western immunoblotting (see Figure 7).
Data represent the mean + SEM of three independent experiments in triplicates each (n=3).
Student’s t-test (unpaired, two-tailed), *p<0.05; **p<0.01; ***p<0.001. (J) pSYK levels were
analyzed over surface TREM2 expression from flow cytometry analysis (see Figure 8). Data
represent the mean + SEM of three independent experiments in triplicates each (n=3).
Student’s t-test (unpaired, two-tailed), *p<0.05; ***p<0.001. (K) pSYK levels were analyzed
over relative cell numbers expressing TREM2 at the plasma membrane from flow cytometry
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analysis (see Figure 8). Data represent the mean + SEM of three independent experiments
in triplicates each (n=3). Student’s t-test (unpaired, two-tailed), **p<0.01; ***p<0.001.

3.11 AB does not stimulate TREM2 signaling via pSYK in TREM2-DAP12

reporter cells

Recently, the interaction of TREM2 and oligomeric AR has been shown. In primary
mouse microglia, an increase in pSYK could be detected upon treatment with
oligomeric AB1-42 (Y. Zhao et al., 2018; Zhong et al., 2018). To further investigate
the role of AR as a ligand for TREMZ2, different forms of AB were prepared
(Figure 29A). The generated AB preparations were analyzed by SDS-PAGE and
Native PAGE (Figure 29B). Incubation for 24 h at 4°C generated mainly small
oligomers that were SDS-sensitive whereas a 3 h incubation at 37°C produced
medium molecular weight assemblies that were partly resistant to SDS as they can
still be detected in western immunoblotting after separation by SDS-PAGE. AB that
was incubated at 37°C for 24 h showed high molecular weight assemblies.
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Figure 29: Preparation of AB oligomers and fibrils. (A) Schematic illustration of A forms
that are generated by incubation at different conditions. AR monomers form small oligomers
after incubation for 24 h at 4°C. Protofibrils and amyloid fibrils are formed by incubation of A
at 37°C for 3 h or 24 h, respectively. (B) Characterization of generated AB forms by SDS-
PAGE and Native PAGE. AB was detected using 82E1 antibody.

To investigate the effect of the different A preparations, TREM2-DAP12 expressing
cells were treated with AB for different time periods and analyzed using the
AlphaLISA technology (Figure 30). Anti-TREM2 antibody 4B2A3 was used as a

positive control for performed experiments. Neither of the described AB forms could
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stimulate the phosphorylation of SYK in the reporter cell system for all tested time
points. Interestingly, the control antibody showed its strongest stimulation after

30 min that diminished after 1 h of treatment.
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Figure 30: AB oligomers and fibrils do not stimulate TREM2 signaling via pSYK.
TREM2-DAP12 expressing cells were plated on 96-well plates and treated for 5 min, 30 min,
1h or 16 h with 10 uyg/ml 4B2A3 antibody, 1 yM AB forms or not treated as a control
(Unstimulated). Cells were lysed and lysates were analyzed for pSYK levels using the
AlphaLISA technology.

AB can undergo post-translational modifications (PTMs). Among others,
phosphorylation at serine 8 and serine 26 (Kumar et al., 2011, 2013; Milton, 2001),
nitration (Kummer et al., 2011) and pyroglutamylation (Mori et al., 1992) but also N-
terminal truncation can occur (Glntert et al., 2006; Schieb et al., 2011). Previously, it
has been shown by our group that some AR species bind differently to TREM2
in vitro (Joshi et al., manuscript in revision). Thus, different modified variants of AB42
were tested for their stimulatory effect on TREM2-DAP12 expressing cells
(Figure 31A). For these experiments, non-modified truncated AB42 (3-42),
phosphorylated at serine 8 (3-42 p8), serine 26 (3-42 p26) and pyroglutamylated (3-
42 pE) were prepared. Additionally, non-modified AB1-42, phosphorylated at serine 8
(1-42 p8) and nitrated (1-42 Nitrate) species were used. The different AB species
were oligomerized for 3h at 37°C and subsequently analyzed by SDS-PAGE and
Native PAGE (Figure 31B). Most species showed medium and/or high molecular
weight assemblies that were mainly SDS-resistant. However, in the TREM2-DAP12
reporter system, neither of these species increased pSYK levels (Figure 31C).
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Figure 31: Fibrillar AR species do not increase pSYK levels in TREM2 expressing cells.
(A) PTMs in the AP sequence that were used for experiments. AR can undergo
pyroglutamylation, phosphorylation and nitration. (B) Characterization of fibrillar AR species
generated by incubation for 3 h at 37°C. Following AB species were used: truncated A 3-42,
with additional phosphorylation at Ser8 or Ser26 (p8 and p26, respectively) or
pyroglutamylation (pE), AR 1-42, with additional p8 or nitration. A species were analyzed by
SDS-PAGE and Native PAGE. AB was detected using 82E1 antibody. (C) TREM2-DAP12
expressing cells were plated on 96-well plates and treated for 5 min, with 10 pg/ml 4B2A3
antibody, 1 uM fibrillar AR species or not treated as a control (Unstimulated). Cells were
lysed and lysates were analyzed for pSYK levels using AlphaLISA technology. Data
represent the mean + SEM of three independent experiments in duplicates each (n=3).

In further experiments, oligomeric AR species with and without PTMs were prepared
by incubation for 24 h at 4°C and used for treatment of TREM2-DAP12 expressing
cells. Western immunoblotting showed that the generated oligomers were of smaller
size as compared to oligomers prepared by incubation for 3 h at 37°C and thus still
SDS-sensitive (Figure 32A). However, some species were already more prone to
develop high molecular weight assemblies under these conditions. Especially the
truncated AR 3-42 p26 and AP 1-42 Nitrate showed accumulation of high molecular
weight assemblies. The generated AR oligomer species were tested for stimulation of
control cells and TREM2-DAP12 expressing cells (Figure 32B and C, respectively).
However, as it has been shown before with oligomers generated by incubation for 3 h

at 37°C, neither of these species increased pSYK levels.
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In conclusion, the different AR preparations tested here did not stimulate TREM2
membrane-proximal signaling in the TREM2-DAP12 reporter cell system.
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Figure 32: Oligomeric AB species do not increase pSYK levels in TREM2 expressing
cells. (A) Characterization of oligomeric AR species generated by incubation for 24 h at 4°C.
Following AR species were used: truncated AR 3-42, with additional phosphorylation at Ser8
or Ser26 (p8 and p26, respectively) or pyroglutamylation (pE), Ap 1-42, with additional p8 or
nitration. AB species were analyzed by SDS-PAGE and Native PAGE. AB was detected
using 82E1 antibody. (B) TREM2-DAP12 expressing cells were plated on 96-well plates and
treated for 5 min, with 10 ug/ml 4B2A3 antibodies, 1 uM oligomeric AB species or left
untreated as a control (Unstimulated). Cells were lysed and lysates were analyzed for pSYK
levels using AlphaLISA technology. Data represent the mean + SEM of three independent
experiments in triplicates each (n=3).
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3.12 Stimulation of TREM2 wt and variant expressing iPSdMiG by
antibody 4B2A3 and physiological ligand PtdS

All experiments in this study were performed with HEK 293 TREM2-DAP12 reporter
cell lines. To validate the obtained results in a model for human microglia, induced
pluripotent stemcell-derived microglia cells (iPSdMiG) were used. Cells were
differentiated and prepared by M. Mathews-Ajendra, Life&Brain according to a newly
established protocol (Mathews-Ajendra et al., in preparation). All cells used had an

isogenic background.

First, TREM2 KO and wt iPSdMiG were treated with anti-TREM2 4B2A3 antibody
and respective antibody fragments F(ab’);, Fab and Fc (Figure 33). The whole IgG
led to stimulation of TREM2 wt expressing cells, whereas TREM2 KO cells showed
only a weak increase in pSYK levels that were considerably lower than the increase
of pSYK in the HEK 293 reporter system expressing the common TREM2 variant.
Interestingly, TREM2 wt iPSdMiG were stimulated by F(ab’), fragments of the
antibody but did not show an increase in pSYK levels with the Fc fragment. Thus,
iPSdMiG could be stimulated with anti-TREM2 4B2A3 antibodies via cross-linking.
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Figure 33: 4B2A3 antibody stimulates iPSdMiG in a TREM2-dependent manner. TREM2
KO and TREM2 wt iPSdMiG were treated for 5 min with 67 yM ectodomain-specific antibody
or antibody fragments F(ab’),, Fab and Fc against TREM2 (4B2A3) or not treated as a
control (Unstimulated). Cells were lysed and lysates were analyzed for pSYK levels using
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AlphaLISA technology. Data represent the mean + SD of one experiment in triplicates. One-
way ANOVA, Tukey’s post hoc test for multiple comparison, *p<0.05; **p<0.01; ***p<0.001.

Next, pSYK levels of TREM2 wt, R47H and T66M expressing iPSdMiG were
measured upon stimulation with 4B2A3 antibody, PtdS containing liposomes and
oligomerized AR (Figure 34). As seen in HEK 293 cells (Figure 27 and 28), 4B2A3
antibody and PtdS increased pSYK levels in TREM2 wt and R47H expressing
iPSAMIG, but not in TREM2 KO or T66M expressing iPSdMiG. Incubation with PtdS
also increased levels of pSYK in TREM2 wt and R47H expressing iPSdMiG with
similar potency (Figure 34B). In contrast, TREM2 T66M expressing iPSdMiG showed
only a minor stimulation compared to TREM2 KO cells. Interestingly, oligomeric A 1-
42 did not increase pSYK levels in neither of the tested iIPSdMIG.

In summary, obtained results of TREM2 common and variant expressing iPSdMiG
highly correlated to HEK 293 reporter cells. The anti-TREMZ2 antibody 4B2A3 and
physiological ligand PtdS activated iPSdMiG in a TREM2-dependent manner and
showed the same trend of reduced stimulation in TREM2 R47H and T66M compared

to the common variant expressing cells.
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Figure 34: Differential stimulation of iPSdMiG expressing TREM2 common and rare
variants. TREM2 KO, wt, R47H an T66M expressing iPSdMiG were treated with 10 ug/ml
4B2A3 antibody (A), 250 pg/ml PtdS containing liposomes (B) or AB 1-42 (C, 24 h, 4°C
oligomerization) for 5 min and lysates were analyzed for pSYK levels using AlphaLISA
technology. Data represent the mean + SEM of four experiments in triplicates each (n=4).

Student’s t-test (unpaired, two-tailed), *p<0.05.
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4 Discussion

TREM2 mutations have been linked to several neurodegenerative diseases,
including NHD, FTD and AD (Hakola et al., 2009; Humphrey et al., 2015; Nasu et al.,
1973; Yeh et al., 2017). Evidence suggests that most mutations result in a loss-of-
function of TREM2 (Kleinberger et al., 2014, 2017; Mazaheri et al., 2017,
Schlepckow et al., 2017; Song et al., 2018), however, the exact molecular
mechanisms underlying the effects of disease-associated mutations still remain
unclear. Here, we sought to establish a robust cellular model system stably
expressing TREM2 and its adaptor protein DAP12 in stoichiometric amounts. Results
showed that transient transfection of TREM2 and DAP12 resulted in aberrant
maturation and transport of immature proteins to the cell surface (Figure 6 and 8).
Due to these observations, a reporter cell system with stable co-expression of
TREM2 and DAP12 was established using a HEK 293 Flp-In system (Thermo Fisher
Scientific). With help of the Flp recombinase, the gene of interest is specifically
inserted into a defined locus of the host cell line, thereby generating isogenic cell
lines including a strong promoter for protein expression and a hygromycin antibiotic
resistance for selection of TREM2 and DAP12 expressing cells (Lu et al., 2011;
O’'Gorman et al., 1991). This system allowed studying characteristics of TREM2
common and rare variants and TREM2-DAP12 receptor complex mediated signaling
upon ligand binding. Application of this system revealed differential effects of the
distinct TREM2 variants on subcellular localization and transport, cell surface
exposure, degradation, receptor proximal downstream signaling, cellular response

and allowed the identification and characterization of TREM2 ligands.

4.1 HEK 293 TREM2-DAP12 reporter cells represent a suitable model

system for studying TREM2 characteristics

In microglia and other monocyte-derived cell types, intracellular signaling of TREM2
and DAP12 is involved in phagocytosis, survival and migration (Colonna, 2003b; Jay
et al., 2017; J. Walter, 2016). For investigation of the TREM2 characteristics and
signaling, a stable reporter cell system in HEK 293 cells was generated that allows
robust protein expression and easy culture of cells due to high proliferation, but also
represents a model system without endogenous expression of other immune

receptors that might interact with DAP12. Direct comparison of transiently and stably
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transfected cells showed an accumulation of high-molecular weight assemblies for
TREM2 and DAP12 in transient transfections (Figure 6 and 8). Additionally,
deglycosylation of STREMZ2 revealed the presence of partly immature mannose-rich
glycans in transiently transfected cells (Figure 7). Indeed, it has been shown that high
overexpression of proteins could saturate retention and quality control systems in the
ER and thus allow export of misfolded or immature proteins (Barlowe & Helenius,
2016; Hammond & Helenius, 1994). To prevent aberrant transport and secretion of
immature TREM2 and to better understand the characteristics, trafficking and
processing of TREM2 common and disease-associated variants, stably transfected
HEK 293 cells co-expressing TREM2 and DAP12 were used for further experiments
in this study.

Selected TREMZ2 variants associated with neurodegenerative diseases were
investigated in this study. Variant TREM2 R47H has been associated with an
increased risk for AD (Guerreiro et al., 2013; Jonsson et al., 2013), and the H157Y
variant also showed association with AD in some cohorts (Jiang, Tan, et al., 2016).
TREM2 G145W was linked to a familial form of dementia (Karsak et al., 2020), and
TREM2 T66M showed association with frontotemporal dementias (Le Ber et al.,
2014). TREM2 R47H and T66M are the most studied TREM2 variants so far. In the
established reporter cell system, known characteristics of these variants could be
confirmed. It has been previously described that in vitro and in vivo a decrease in
sTREM2 levels for both variants is related to altered transport or maturation
(Kleinberger et al., 2014; Song et al., 2018; Sudom et al., 2018). sTREM2 was barely
detectable in media of TREM2 T66M expressing cells, consistent with retention of
this variant in the ER and Golgi, thus preventing proteolytic cleavage by ADAM
proteases (Schlepckow et al., 2017; Thornton et al., 2017). Results showed a broad
band between 35 and 55 kDa rather than a distinct band for sTREM2 in all variant
cell lines except for TREM2 T66M, which is consistent with complex N-glycosylation
within the TREMZ2 ectodomain (Kleinberger et al., 2014; Park et al., 2015).
Furthermore, disease-associated TREMZ2 variants showed decreased levels of
mature TREM2 at the cell surface as compared to the common variant (Figure 12
and 13), which could be due to impaired transport of the protein. Indeed, it has been
previously shown that TREM2 T66M is retained in the ER due to misfolding, and the
R47H substitution resulted in a lower stability of the TREM2 receptor (Kleinberger et
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al., 2014; Song et al., 2017; Sudom et al., 2018). Interestingly, CTF levels of TREM2
R47H were comparable to those of the common TREM2 variant (Figure 10),
indicating similar processing of both variants. The R->H substitution thus might effect
maturation and transport of TREM2 to the cell surface. In addition, degradation of
mature TREM2 R47H could be enhanced, resulting in a decreased amount of mature
TREM2 at the plasma membrane and thus lower levels of STREM2 and CTFs in
supernatants and remaining in the cell membrane, respectively. Another reason for
lower amounts of STREM2 R47H in supernatants whereas levels of CTFs over
immature TREM2 remain comparable to common TREM2 could be that sTREM2
R47H might be degraded more efficiently upon processing and release into the

conditioned medium of TREM2 expressing cells.

As compared to the common TREM2 variant, the TREM2 T66M variant highly
localized to the ER (Figure 16), and was barely detected at the cellular surface
(Figures 12 and 13). It has already been reported that this mutation impairs N-
glycosylation and trafficking to the plasma membrane (Kleinberger et al., 2014; Park
et al., 2015). The reporter cell system also revealed a distinct localization of TREM2
T66M as compared to the other TREM2 variants investigated. In addition, TREM2
T66M is more reticular and spread throughout the cytosol compared to the other
variants (Figure 16), highly similar to previous results (Kleinberger et al., 2014; Park
et al., 2015; Y. Zhao et al., 2017). Interestingly, in T66M expressing cells only a small
amount of DAP12 was detected at the plasma membrane. As TREM2 T66M does not
reach the cell surface, DAP12 possibly gets retained in the ER as well and cannot be
transported to the cell surface without simultaneous receptor trafficking. In contrast to
natural killer cells where DAP12 could associate with other immune receptors,
HEK 293 cells do not express a compensating receptor (Mulrooney et al., 2013).
Furthermore, due to insufficient transport of DAP12, the protein might be degraded in
the absence of TREM2.

The present data support and extent previous findings showing retention of TREM2
T66M in the ER and/or decreased maturation by glycosylation (Kleinberger et al.,
2014; Park et al., 2015; Sirkis et al., 2017). Thus, results obtained with the TREM2-
DAP12 reporter cell system are reliable for the additional TREMZ2 mutants

investigated in this study.

96



Discussion

4.2 TREM2 G145W possibly affects cleavage by ADAM proteases

TREM2 variant G145W has been identified in a family with possible familial AD-type
dementia. This variant has been shown to result in structural changes of an
intrinsically disordered region (IDR) of the TREM2 ectodomain (Karsak et al., 2020).
In the reporter cell system, this variant showed increased expression levels of
immature TREM2 compared to the common variant (Figure 10). However, the
amount of mature surface TREM2 showed high variations in biotinylation and flow
cytometry analyses (Figures 12 and 13, respectively). Antibodies AF1828 and 4B2A3
both mainly recognize an epitope within the stalk region of TREMZ2, containing G145
(Figure 9). Thus, the G145W substitution might affect recognition by both antibodies,
as it has been shown for AF1828 before (Karsak et al., 2020). However, in
biotinylation experiments with subsequent western immunoblotting, mature TREM2
was detected with AF1828 and revealed a lower expression of the G145W variant at
the cell surface compared to the common variant. Interestingly, detection with
antibody 17C9 showed a slightly higher level of mature TREM2 at the cell surface
and sTREMZ2 in conditioned medium of TREM2 G145W expressing cells as
compared to detection with the AF1828 antibody. Antibody 4B2A3 was used for flow
cytometry and immunocytochemistry analysis that was performed with living cells
and proteins likely being in their native conformation. Although antibodies often bind
preferentially to denatured proteins (Brown et al., 2011; Forsstrom et al., 2015), flow
cytometry analysis with antibody 4B2A3 revealed a comparable amount of mature
TREM2 common and G145W variants at the cellular surface. Thus, TREM2 G145W

strongly influences the detection by TREM2 specific antibodies.

The G145W substitution shortens the IDR of TREM2 from aa 145-168 to aa 154-168
(Karsak et al., 2020). Within the IDR, TREM2 is processed by ADAM proteases
(Feuerbach et al., 2017; Schlepckow et al., 2017; Thornton et al., 2017). Thus, the
amino acid substitution might interfere with efficient cleavage by ADAM proteases.
Levels of TREM2 CTFs were also decreased for TREM2 G145W in comparison to
the common variant (Figure 10), further supporting this notion.
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4.3 TREM2 H157Y shows a more complex glycosylation

The H157Y mutation of TREM2 is located right at the cleavage site for ADAM
proteases (Feuerbach et al., 2017; Schlepckow et al., 2017; Thornton et al., 2017). It
has been shown that mature TREM2 at the cell surface is decreased due to the
H157Y mutation, as shedding is enhanced. One study reported increased levels of
sTREM2 in supernatants of transfected HEK 293 cells (Thornton et al., 2017).
However, our data suggest rather unchanged or even decreased levels of STREM2
in the reporter cell system (Figure 10, antibody 17C9 and AF1828, respectively). It
should be noted that both cellular systems were established in HEK 293 cells,
however, in our study cells were stably transfected whereas Thornton et al. (2017)
used a transient transfection system. Therefore, divergent results could be due to
different experimental systems. We showed that TREM2 CTF levels of TREM2
H157Y expressing cells remained comparable to those of TREM2 wt cells
(Figure 10). Previously, DAP12 was shown to enhance the half-life of TREM2 CTF by
reducing its turnover rate (Zhong et al., 2015). In line with this, Schlepckow et al.
(2017) showed reduced levels of TREM2 CTFs in TREM2 H157Y expressing cells in
absence of DAP12, whereas simultaneous expression of DAP12 increased CTF
levels to that detected in TREM2 common variant expressing cells. DAP12 is known
to stabilize other associated receptors as well (Mulrooney et al., 2013). The
interaction of DAP12 with immune receptors could occur early during transport,
possibly already in the ER as shown for killer Ig-like receptor (KIR) on natural killer
cells (Mulrooney et al., 2013). Interestingly, the ratio of DAP12 over immature
TREM2 and respective CTFs of H157Y were significantly increased as compared to
the common TREM2 variant, possibly indicating the formation of DAP12 trimers
and/or a TREM2-DAP12 receptor complex consisting of more than two DAP12 units
in TREM2 H157Y expressing cells. Indeed, formation of trimeric DAP12 complexes
has been described before (Knoblich et al., 2015). However, the structure of DAP12
complexes needs to be further investigated using for example immunoprecipitation
and subsequent non-reducing SDS-PAGE analysis or cluster analysis of cell surface
complexes by immunocytochemistry. Thereby, the exact constitution of TREM2-
DAP12 complexes could be determined and differences of the H157Y variant in this
context could be elucidated.
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Soluble proteins destined for secretion of transmembrane proteins are usually
transported through the ER and Golgi network and finally reach the plasma
membrane or are secreted into the extracellular space (Kelly, 1985; Palade, 1975;
Viotti, 2016). During this transport process, proteins undergo PTMs with glycosylation
being the most common one (Spiro, 2002). In previous studies, TREM2 has been
described to be glycosylated at Asn 20 (N20) and Asn 79 (N79) (Kober et al., 2016;
Sudom et al.,, 2018). Glycosylation is known to have several effects on protein
function and metabolism, including protection against proteolytic degradation and
affecting its solubility (Rudd & Dwek, 1997; Spiro, 2002). Furthermore, it acts as a
quality control mechanism in the ER for proper folding of proteins before they are
further transported to Golgi compartments. Also, glycostructures can affect the
activity and function of the protein through acting as a ligand for cell surface
receptors (Spiro, 2002; Wormald et al., 2002). Complex glycosylation of TREM2
common and disease-associated R47H, G145W and H157Y variants could be
confirmed using different glycosidases (Figure 14). Resistance to Endo D and
Endo H cleavage confirmed proper maturation of respective variants in the HEK 293
reporter cell system. Interestingly, the TREM2 H157Y variant shows a shift in
migration of sTREM2 in SDS-PAGE and western immunoblotting, and
deglycosylation with Endo F3 suggests less triantennary glycans compared to the
common variant (Figure 14). However, the main broad band of glycosylated sSTREM2
for TREM2 common and H157Y variant is still detectable upon incubation with Endo
F3, indicating mainly complex tetraantennary glycostructures for both proteins. The
shift in TREM2 H157Y thus might be due to enhanced poly-N-acetyllactosamine
(PNL) glycosylation. PNLs are glycans with multiple repeats of N-acetyllactosamine
(GalB1-4 and GIcNAcB1.3) (Fukuda et al., 1984; D. Zhou, 2003), that are preferentially
attached to a B1.6GIcNAc on complex N-linked glycans (Nabi & Dennis, 1998).
Results indicate that TREM2 H157Y has more complex tetraantennary
glycostructures containing PNLs compared to the common TREM2 variant.
Interestingly, for LAMP2 it has been shown that polylactosamine glycosylation is
increased due to longer residence time in the Golgi (Nabi & Dennis, 1998). Hence,
TREM2 H157Y might be present in the Golgi for a longer time due to possible
conformational alterations, which could lead to differences in protein glycosylation.
Nevertheless, mass spectrometry analysis could reveal the exact glycostructure of
the protein for further confirmation. Additional experiments to specifically assess the
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transport and stability using a pulse chase approach and protease inhibition could
provide further insight into the specific characteristics of this disease-associated

variant.

4.4 TREM2 is mainly degraded by the autophagy-lysosomal pathway

Degradation pathways of TREMZ2 have barely been investigated so far.
Internalization and receptor recycling of TREMZ2 through clathrin-mediated
endocytosis and retromers, respectively, has previously been described (Yin et al.,
2016). Receptor endocytosis results in the formation of early endosomes.
Subsequently, receptors are either recycled back to the plasma membrane via
retromer transport from early endosomes to the TGN or destined for degradation and
transported to the lysosome (Jovic et al., 2010; Mukherjee et al., 1997).
Colocalization of TREM2 with early endosomes could be detected in close proximity
to the plasma membrane for all variants except TREM2 T66M (Figure 18). This
strongly indicates endocytosis of TREM2 either for another round of delivery to Golgi
compartments and further to the plasma membrane or for degradation upon transport
to lysosomal compartments (Prada et al., 2006; Yin et al., 2016). The lacking
colocalization with early endosomes of TREM2 T66M in close proximity to the
plasma membrane is in line with the absence this variant on the cell surface
(Kleinberger et al., 2017; Park et al., 2015).

Several amino acid sequence motifs are involved in clathrin-mediated endocytosis of
cell surface receptors (Owen & Evans, 1998; Traub, 2009). Interestingly, the TREM2
cytoplasmic domain does not contain one of the classical motifs, whereas DAP12
contains one YQEL and one YSDL motif, known to facilitate endocytosis by clathrin-
coated vesicles (Owen & Evans, 1998). Hence, internalization of TREM2 possibly
depends on DAP12 interaction for receptor recycling and shuttling back to the
plasma membrane (Grant & Donaldson, 2009; Steinman et al., 1983). A TREM2
expressing reporter cell line lacking DAP12 could be used for further verification.
Receptor-mediated endocytosis is often stimulated upon ligand binding, but can also
occur without ligand binding (Hopkins et al., 1985; Mettlen et al., 2018).

In eukaryotic cells, lysosome-associated degradation and the UPS are major

pathways for proteolytic degradation. In this study, Chloroquine was used for
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inhibition of the autophagy-lysosomal pathway. It is known to accumulate in
lysosomes, where it changes the lysosomal pH and inhibits enzymes needed for
degradation of proteins but also impairs autophagosome-lysosome fusion (Mauthe et
al., 2018; Pasquier, 2016). Interestingly, for all investigated TREM2 variants, an
increase in full-length TREM2 could be observed upon inhibition of the autophagy-
lysosomal pathway, whereas a decrease was detected upon proteasomal inhibition
(Figures 20 and 22, respectively). In several studies, proteasome inhibition resulted
in enhanced autophagic activity (Ge et al., 2009; Kyrychenko et al., 2014; Tang et al.,
2014). Thus, the decreased amounts of TREM2 in MG132 treated cells could
indicate degradation of TREM2 by the autophagy-lysosomal pathway. It has already
been shown for APP that the autophagy-lysosomal pathway degrades mature APP
and APP CTFs (Jaeger et al., 2010). Moreover, APP degradation was induced by
inhibition of the proteasome (F. Zhou et al., 2011), which could also be confirmed by
treatment of cells with MG132, as lower levels for APP and respective CTFs were
detected as compared to untreated controls (Figure 22). Degradation of TREM2 and
its CTFs by lysosome-associated pathways is further supported by the finding that
Chloroquine treatment enriched TREM2 CTF levels. Another reason for enriched
levels of TREM2 CTFs upon Chloroquine treatment could be due to increased full-
length TREM2 levels, that are constantly processed by ADAM proteases (Feuerbach
et al., 2017; Schlepckow et al., 2017; Thornton et al., 2017). Both, APP CTFs and
TREM2 CTFs can be proteolytically processed by y-secretase (Haass et al., 1993;
Wunderlich et al., 2013). Hence, both protein fragments presumably share common
pathways for degradation. Interestingly, DAP12 levels were also increased in
Chloroquine treated cells, suggesting likewise degradation of DAP12 by the
autophagy-lysosomal pathway. In previous studies, DAP12 showed to stabilize
TREM2 CTFs (Zhong et al., 2015), possibly explaining the correlating levels of
DAP12 and TREM2 CTFs.

Inhibition of lysosomal activity and thus also of protein clearance by autophagy with
Chloroquine in TREM2 T66M and G145W expressing cells resulted in a significantly
diminished enhancement of full-length TREM2 compared to the common TREM2
variant (Figure 20). Especially, TREM2 T66M showed stronger colocalization with
PSMBS5, probably indicating additional involvement of the proteasome. Usually,
luminal and membrane proteins in the ER that are misfolded due to mutations can be
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translocated from the ER to the cytoplasm and are subsequently degraded by the
proteasome (Brodsky, 2012; Vembar & Brodsky, 2008). Indeed, TREM2 T66M
constantly cycles between ER and ERGIC, thus this variant is supposedly degraded
via the ER-associated degradation (ERAD) pathway (Sirkis et al., 2017; Werner et
al., 1996). However, MG132 treatment did not result in an increase of TREM2 T66M
levels, whereas Chloroquine treatment did, suggesting its main degradation by the
autophagy-lysosomal pathway. Thus, TREM2 T66M could still reach the frans-Golgi,
leading to degradation after transport to lysosomes. This process has been described
for other mutant proteins previously (Coughlan et al., 2004; Kruse et al., 2006).
TREM2 variant G145W has barely been studied so far, however, it is known that it
causes structural changes by shortening an intrinsically disordered region around the
cleavage site of TREM2 (Karsak et al., 2020). Taken together, both mutations,
TREM2 T66M and G145W, possibly lead to an additional route for degradation by
the proteasome, suggested by the results obtained from inhibition of the autophagy-

lysosomal pathway.

4.5 Partial and total loss-of-function in AD- and FTD-associated TREM2

variants

The results of both functional assays, ROS production and SYK phosphorylation
upon stimulation of TREM2, suggest a partial loss-of-function for the mutants R47H,
T66M, G145W and H157Y (Figure 24, 27 and 28). It has been shown previously that
activation of TREM2 increases the production of ROS (Charles et al., 2008; Zhu et
al., 2014). Another study revealed that TREM2 KO microglia showed less oxidative
stress and thus were retained in a less activated state compared to microglia
expressing TREM2 upon exposure to necrotic neural debris or inactivated bacteria
(Linnartz - Gerlach et al., 2019). In addition, iPSdMiG expressing TREM2 variants

R47H and T66M were examined for their effect on metabolic function, and both
variants induced metabolic deficits and impaired a metabolic switch towards
glycolysis (Piers et al., 2020). Hence, the inability of TREM2 rare variants to produce
ROS in the reporter cell system correlates to previous results described for TREM2
R47H and T66M. Still, levels of ROS upon stimulation of cells expressing the
common variant of TREM2 were very low. The obtained results could be further
verified using additional assays for the determination of oxidative stress. ROS

production by mitochondria is a byproduct of adenosine triphosphate (ATP)
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generation, wherefore determination of mitochondrial ATP could present an
additional measure for mitochondrial stress conditions (Brookes et al., 2004).

PtdS is a phospholipid, integrated into the plasma membrane lipid bilayer. Under
physiological conditions, PtdS is restricted to the inner leaflet, however, during
apoptosis and cell damage PtdS is translocated to the external leaflet of the plasma
membrane (Fadok et al., 1992). Recent studies have shown that TREM2 binds PtdS
and thus recognizes apoptotic cells (Hsieh et al., 2009; Y. Wang et al., 2015). Here,
PtdS was used to stimulate TREMZ2 signaling. PtdS efficiently stimulated the
phosphorylation of SYK in cells expressing the common variant of TREM2, but all
disease associated variants showed decreased activation of TREM2 signaling.
Analysis of pSYK in relation to expression levels obtained from biotinylation or flow
cytometry gives information about the response of the receptor to a stimulus,
whereas pSYK in relation to the relative cell number positive for surface TREM2
provides information about the intensity of the cellular response. Thus, all TREM2
variants except for TREM2 T66M were still capable to promote SYK phosphorylation.
TREMZ2 R47H showed a reduced response to PtdS stimulation, consistent with
previous literature, as TREM2 R47H has been described to impair ligand binding of
TREM2 (Atagi et al., 2015; Kober et al., 2016; Yeh et al., 2016). It has been shown
that alterations in the amino acid sequence within the v-set Ig domain could interfere
with ligand binding (Sudom et al., 2018; Y. Wang et al., 2015). Consistent with an
almost complete lack of T66M on the cell surface, PtdS did not evoke cellular
stimulation of TREM2 T66M expressing cells. Thus, the present data support and
extent previous findings showing a total loss-of-function of TREM2 T66M due to
retention in the ER and/or decreased maturation by glycosylation (Kleinberger et al.,
2014; Park et al., 2015; Sirkis et al., 2017) and a partial loss-of-function of TREM2
R47H due to decreased interaction with TREM2 ligands (Kober et al., 2016).

Due to a shortened IDR, TREMZ2 variant G145W results in conformational changes,
leading to impaired signaling activity and morphological response (Karsak et al.,
2020). In this study, TREM2 G145W was still capable to promote SYK
phosphorylation, albeit with a lower potency. Consequently, the change in
conformation leads to a decreased receptor activation and cellular response. Since
G145 is localized outside of the ligand-binding domain, it appears unlikely that the
disease-associated substitution directly interferes with ligand interaction. However,
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IDRs are known to be highly dynamic and rapidly change their conformation (Wright
& Dyson, 2015). Due to the shortened IDR in TREM2 G145W, the protein is more
defined and inflexible compared to the wt protein. Thus, the TREM2 mutation might
affect ligand-induced conformational changes resulting in reduced stimulation of the

variant.

Interestingly, TREM2 H157Y expressing cells showed significantly increased ROS
production upon incubation with debris as compared to unstimulated cells. However,
simultaneous treatment with SOD1 could not prevent the oxidative response, unlike
to what was observed in TREM2 wt cells. SOD1 can scavenge superoxide radicals,
whereas the vitamin E analog trolox reacts with peroxyl radicals (Lucio et al., 2009;
Rosen et al., 1993). This indicates that cells expressing TREM2 wt produce
superoxide radicals, whereas the nature of radicals produced by TREM2 H157Y is
unknown. Notably, the response of TREM2 H157Y expressing cells in pSYK
experiments showed an increased receptor response, analyzed by the pSYK levels
in relation to TREM2 surface intensities (Figure 281 and J). N-glycans are an
important part in binding of ligands to their receptors as it has been described for
corticosteroid-binding globulin (CBG) that showed a significantly increased
interaction with its receptor upon N-glycan removal from CBG (Sumer-Bayraktar et
al., 2011). The H157Y variant of TREM2 showed differential glycosylation indicated
by an increased apparent molecular mass in SDS-PAGE analysis and different
susceptibility to deglycosylation with Endo F3 (Figure 14). It seems reasonable that
ligand binding is modulated by the H157Y mutation due to the demonstrated more
complex glycosylation compared to the common TREM2 variant. Thus, the difference
in glycosylation of TREM2 H157Y appears to have a positive effect on ligand binding
as compared to the common TREM2 variant, whereas the cellular response appears
to be decreased. Due to the enhanced shedding of TREMZ2, leading to a reduced
presence of full-length TREM2 at the cell surface, the cellular response to PtdS
treatment is reduced. It has recently been shown that TREM2 CTFs generated by
proteolytic shedding of the ectodomain could be stabilized by its adaptor protein
DAP12 (Zhong et al., 2015). The TREM2 CTF-DAP12 complexes could alter
downstream signaling pathways by trapping DAP12, thereby preventing its
interaction with full-length TREM2 (Glebov et al., 2016; Yao et al., 2019). Thus, the
changes in the relative levels of DAP12 and TREM2 CTFs could also contribute to

104



Discussion

the observed impairment of TREM2-DAP12 signaling in TREM2 H157Y expressing

cells.

4.6 Ap does not stimulate TREM2-DAP12 signaling in the reporter cell

line

Several studies indicate an important role of TREM2 in the pathogenesis of AD,
through microglial activation and amyloid plaque clearance, as TREMZ2 deficiency
has been shown to impair the phagocytic activity of microglia cells (Kleinberger et al.,
2014; C. Y. D. Lee & Landreth, 2010). Oligomeric AR showed the strongest
interaction with TREM2, whilst monomeric AB just showed weak binding (Lessard et
al., 2018; Y. Zhao et al., 2018). While other groups have reported increased pSYK
levels due to activation of TREM2 signaling by AB (Y. Zhao et al., 2018; Zhong et al.,
2018), we could not stimulate TREM2-DAP12 signaling in HEK 293 or iPSdMiG
(Figures 30-32 and 34). However, in both studies, primary mouse microglia were
exposed to AP for at least 30 min before pSYK levels were analyzed. The divergent
results from Y. Zhao et al. (2018) and Zhong et al. (2018) as compared to our results
could thus be either due to the difference in mouse and human TREMZ2 response to
AB or the different treatment timepoints, as we have treated iPSdMiG for 5 min

instead of 30 min.

Interestingly, expression of human TREM2 R47H in a transgenic mouse model
showed impaired activation of microglia compared to mice expressing the common
human TREM2 variant (Song et al., 2018). Furthermore, in TREM2 deficient AD
mouse models, clustering of microglia around amyloid plaques was impaired, leading
to a decrease of amyloid plague compaction and enhanced damage of adjacent
axons and dendrites (Y. Wang et al., 2016; Yuan et al., 2016). Thus, the interaction
of TREM2 with AR hints towards an important interplay between amyloid plaques and
microglia. TREM2 disease-associated variants showed impaired binding to other
physiological ligands, including phospholipids and apolipoproteins (Atagi et al., 2015;
Bailey et al., 2015; Y. Wang et al., 2015; Yeh et al., 2016). However, the binding
affinity of AR to TREM2 R47H was not decreased compared to the common TREM2
variant (Lessard et al., 2018). Contrary, another study showed reduced binding of
TREM2 R47H to oligomeric AB42 (Zhong et al., 2018). Thus, the role of AB in
TREM2 activation and signaling needs to be further examined and it remains to be
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investigated whether disease-associated TREM2 variants exhibit deficits in binding to
AB.

Besides binding, activation of TREMZ2-DAP12 signaling by AR treatment was
confirmed by using an NFAT reporter system (Lessard et al., 2018). This system is
based on the activation of transcription factor NFAT due to calcium mobilization upon
stimulation of TREM2. Exposure to AB42 oligomers resulted in stimulation of NFAT
signaling in TREM2 wt expressing cells, whereas control cells without expression of
TREM2 barely responded (Lessard et al., 2018). The AD-associated TREM2 variants
R47H and R62H showed a reduced activation of NFAT signaling and further
confirmed the partial loss-of-function of both variants (Lessard et al., 2018).
Additionally, enhanced levels of pSYK were detected in primary mouse microglia
upon stimulation with 1 uM oligomeric AB42 for 16 h (Y. Zhao et al., 2018). However,
binding of AR to TREMZ2 and subsequent stimulation of pSYK levels was ambiguous,
as Y. Zhao et al. (2018) also stated the possibility of alternative, indirect pathways
leading to a TREM2-dependent microglial response to AB exposure. Indeed, TREM2
deficiency negatively modulated the K" membrane inward current upon AR exposure
and resulted in a reduced excitability of microglia as compared to TREM2 wt
microglia (Y. Zhao et al., 2018). This might be explained by the previously described
downregulation of K" channels in TREM2-deficient microglia (Ulland et al., 2017; Y.
Wang et al., 2015; Y. Zhao et al., 2018). Binding of AR was shown to be unaltered by
the deletion of TREM2 in primary mouse microglia, similarly to its phagocytic uptake,
possibly due to other surface receptors expressed on microglia cells (Doens &
Fernandez, 2014; Y. Zhao et al., 2018). In this study, TREM2 expressing HEK 293
and iPSdMiG cells were mainly treated with A for 5-30 min, which did not lead to
induction of TREM2-DAP12 signaling via stimulation of pSYK levels. However, we
have also treated HEK 293 cells for longer time points, supporting the results that Ap

does not directly activate TREM2 signaling via pSYK in this reporter system.

4.7 Antibody 4B2A3 has agonistic activity in TREM2-DAP12 reporter
cells and iPSdMiG

Since the disease-associated variants studied here caused a partial or almost
complete loss-of-function in signaling upon activation with PtdS, activation of
TREM2-DAP12 signaling could potentially represent a therapeutic approach for the
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treatment of neurodegenerative diseases. It seems reasonable that activation of
TREM2 reduces amyloid deposition and thus has a positive effect on the progression
of AD, as administration of bacterial lipopolysaccharide (LPS) activates microglia and
leads to a decrease in amyloid deposits (DiCarlo et al., 2001). Moreover, agonistic
antibodies have been used to activate TREM2 signaling (Cheng et al., 2018; Price et
al., 2020; Schlepckow et al., 2020; S. Wang et al., 2020). In a transgenic mouse
model with TREM2 R47H expression, the loss-of-myeloid cell function could be
rescued by anti-TREM2 antibody application (Cheng et al., 2018). Membrane
proximal signaling of TREM2 leads to survival, proliferation and phagocytosis and
represents an important mechanism in the immune cell response to pathogens or, in
the case of AD, amyloid deposits. Thus, the TREM2 specific antibody might also
have a therapeutic effect on LOAD patients without rare variants of TREM2 (Cheng
et al., 2018).

A promising candidate for the treatment of AD is the ALO02 anti-TREM2 specific
antibody developed by Alector. Currently, the antibody is in phase | clinical trials,
including tests for safety, tolerability, pharmacokinetics, pharmacodynamics and
immunogenicity (https://clinicaltrials.gov/ct2/show/NCT03635047). A variant of this
antibody is ALOO2a, which showed to activate TREM2 signaling in vitro and in vivo
upon intracranial and intraperitoneal injection of mice (Price et al., 2020).
Interestingly, administration of the antibody resulted in enhanced clustering of
microglia around amyloid plaques and eventually a reduced plaque deposition. A
possible mode of action could be the stabilization of the TREM2 receptor on the cell
surface, as in another study the anti-TREM2 antibody 4D9 specifically generated
against the cleavage site for ADAM proteases in the TREM2 ectodomain resulted in
enhanced microglial activity and reduced amyloid deposits (Schlepckow et al., 2020).
The 4D9 antibody significantly enhanced the membrane concentration of TREM2, as
it showed to prevent shedding of TREM2 by ADAM proteases (Schlepckow et al.,
2020). ALOO2a increased pro-inflammatory and anti-inflammatory gene expression
and thus possibly leads to a more homeostatic inflammatory response due to the
reduction in amyloid deposits and the subsequent milder damage of the surrounding
tissue (Price et al., 2020). At the behavioral level, AL0O02a showed to prevent
progression of cognitive decline in a 5xFAD mouse model and even enhanced
cognition (Price et al., 2020). Another variant of the AL002 is the mouse anti-human
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TREM2 AL00Zc, which was studied in a transgenic mouse model expressing
hTREM2 wt and R47H variants (Song et al., 2018; S. Wang et al., 2020). ALO02c
activated the metabolic activity and proliferation of microglia in vivo and had a clear
effect on neurite dystrophy and behavior. However, the anti-TREMZ2 antibody could
not change the amyloid plaque load (S. Wang et al., 2020). Several factors might
contribute to the different effects of the described anti-TREM2 antibodies. The mouse
models and experimental parameters used for their investigations were not
comparable, as mice were analyzed at different ages and thus showed variable
accumulation of amyloid plaques. Interestingly, ALOO2c had a more impressive
impact on TREM2 activation in R47H expressing mice than in TREM2 wt mice (S.
Wang et al., 2020). The authors explain this by the continuous binding and activation
of TREM2 wt by endogenous ligands, whereas the R47H variant impairs ligand
binding and is thus more responsive to antibody cross-linking.

The antibody 4B2A3 used in this study had agonistic effects on TREM2-DAP12
signaling. This antibody does not bind to the ligand binding domain, however, it still
stimulated TREM2 signaling through binding to the stalk region of TREM2 within
amino acids 131-148 and activated TREM2 through receptor cross-linking. 4B2A3
fragment F(ab’), even showed stronger stimulation of TREM2 signaling in TREM2-
DAP12 reporter cells (Figure 26). This effect might be explained by the smaller size
of the F(ab’), fragment. As the whole IgG is more bulky, F(ab’), could more easily
reach and bind to TREM2 und thus might facilitate a stronger induction of TREM2-
DAP12 signaling. Receptor cross-linking could also be confirmed with iPSdMiG
expressing endogenous TREM2, albeit the overall stimulation of SYK
phosphorylation was much lower as compared to the HEK 293 reporter line
(Figures 33). As HEK 293 cells are overexpressing TREM2 and DAP12, cross-linking
might be easier as there is presumably more protein on the cell surface. Recently,
some other anti-TREM2 antibodies showed to bind to the same region of the receptor
as the 4B2A3 antibody (Price et al., 2020; Schlepckow et al., 2020; S. Wang et al.,
2020). Thus, the stalk region of TREM2 appears to have a high antigenicity.

Notably, besides the T66M variant, stimulation by the 4B2A3 antibody was observed
for the other disease-associated variants, even though to a lower extent as compared
to the stimulation of the common TREM2 variant in both, HEK 293 and iPSdMiG

(Figures 27 and 34). Previously, a slight but significantly measurable conformational
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change was detected for TREM2 R47H (Kober et al., 2016). This altered
conformation might influence the stimulation of TREM2 R47H with the 4B2A3
antibody, even though it binds to the stalk region instead of the Ig-domain. The stalk
region is directly affected by TREM2 variant G145W and possibly also H157Y, which
might explain the decreased stimulation of pSYK levels by antibody treatment for
these variants or affect the binding of the antibodies (Karsak et al., 2020). However,
all disease-associated TREM2 variants result in a decreased cell surface expression
of TREMZ2, most likely affecting the overall stimulation of SYK phosphorylation as
compared to the common TREM2 variant.

4.8 Relevance

Several variants of TREM2 have been associated with neurological disorders in the
recent years. The receptor interacts with a variety of ligands that are hallmarks of
tissue damage, restricting the injured area and amongst others, inducing
phagocytosis of possible harmful material. For instance, microglia have been
involved in the clearance of AB plaques in hippocampal brain slices (Hellwig et al.,
2015). The exact pathways and mechanisms of TREM2 signaling involved in the
pathogenesis of neurodegenerative diseases still remain largely unknown. Therefore,
selected variants of TREMZ2 were investigated to gain better insight into the
receptor’s function. All tested variants showed a partial or total loss-of-function
compared to the wt TREM2 protein. The lowered surface levels potentially result from
different mechanisms, including impaired transport (e.g. TREM2 T66M) or enhanced
shedding by ADAM proteases (e.g. TREM2 H157Y). The TREM2 T66M variant has
been identified in patients with NHD and FTD and is the cause for the disease in
homozygous carriers (Guerreiro et al., 2013; Le Ber et al., 2014). Our results
confirmed previous studies showing deficiency of mature TREM2 at the plasma
membrane of cells expressing TREM2 T66M (Kleinberger et al., 2014; Kober et al.,
2016). Consequently, missing TREM2-DAP12 signaling leads a decreased
phagocytic activity of E.coli conjugated pHrodo particles and aggregated A
(Kleinberger et al., 2014). A recently established TREM2 T66M knock-in mouse
revealed diminished microglial activity and glucose brain metabolism as compared to
wt littermates (Kleinberger et al., 2017). Due to the lack of mature TREM2 at the cell
surface, sTREM2 could not be observed in CSF or plasma (Henjum et al., 2016;
Kleinberger et al., 2014) or in supernatants of TREM2 T66M expressing cells
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observed by us and other groups (Kleinberger et al., 2014). Interestingly, TREM2 KO
and T66M knock-in mice showed an elevated inflammatory response upon LPS
challenge (Kleinberger et al., 2017; Turnbull et al., 2006), highlighting the
involvement of TREM2 in inflammatory pathways.

The best-investigated TREM2 variant associated with an increased risk of developing
AD is TREM2 R47H (Guerreiro et al., 2013). The R->H substitution leads to
decreased ligand binding, due to a change in charge but also in conformation. In
mouse models for AD, TREM2 R47H expression resulted in decreased plaque-
associated microglia and consequently less dense core plaques, accompanied by
increased plaque-associated neuritic dystrophy (Cheng-Hathaway et al., 2018; Yuan
et al., 2016). Although TREM2 R47H is expressed at the cell surface, it shows a
significant reduction of TREM2-dependent phagocytosis of fluorescent latex beads or
aggregated AB (Kleinberger et al., 2014). Furthermore, LPS stimulation resulted in
attenuated expression of pro-inflammatory cytokines in microglial cell cultures (Yin et
al., 2016). It seems reasonable that, in addition to the shortened IDR in TREM2
G145W, proteolytic processing and secretion of STREM2 was diminished and thus
possibly contributes to AD-like pathology. TREM2 H157Y was differently glycosylated
and indicated enhanced binding to ligands. Glycosylation is known to have an
important impact on ligand binding, thus sTREM2 harboring the H157Y mutation
should be particularly investigated for its effect on microglial activation.

Upon shedding by ADAM proteases, sSTREM2 is released from the cell (Schlepckow
et al.,, 2017; Thornton et al., 2017). Levels of sTREM2 in the cerebrospinal fluid
showed correlation with AD pathogenesis and most studies demonstrated that
sTREM2 was found to be increased in AD patients, thus representing a measure of

microglial activity (Heslegrave et al., 2016; Piccio et al., 2008, 2016; Suarez - Calvet

et al., 2016). However, the increased levels of CSF sTREM2 showed variations
regarding disease stages (Carmona et al., 2018; Knapskog et al., 2020).
Interestingly, a very recent study compared AD patients with cognitively unimpaired
controls. Here, association of increased sTREM2 with increased age and tauopathy
was described, strengthening the relation of STREM2 with tauopathy, independent of
amyloid pathology and clinical symptoms (Knapskog et al., 2020). These
observations showed to be in line with other studies (Heslegrave et al., 2016; Piccio
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et al., 2016; Suarez-Calvet et al., 2019). In early phases of AD, levels of CSF
SsTREM2 for variants R47H and H157Y showed to be increased as compared to
carriers of the common TREM2 variant (Suarez-Calvet et al., 2019). In the reporter
cell system described here, sSTREM2 levels were decreased for all disease-
associated variants, suggesting that the mutations result in decreased processing of
TREM2 variants by ADAM proteases and do not necessarily reflect the processing

and presence of STREM2 in AD conditions.

Notably, sSTREM2 enhanced microglial survival, proliferation and migration as well as
clustering around AB plaques and thus suggests a protective role against amyloid
pathology (Zhong et al., 2017, 2019; Zhong & Chen, 2019). The production of
inflammatory cytokines was stimulated in microglia upon exposure to sTREMZ2, which
was independent of full-length TREM2 (Zhong et al., 2017). Microglia proliferation
and clustering around plaques was induced by wt sTREM2 but not induced by R47H,
encouraging an important protective role for sTREM2 in AD (Zhong et al., 2019).
Indeed, patients with elevated levels of CSF sTREMZ2 developed a slower rate of
decline in the hippocampal volume during AD progression (Ewers et al., 2019). In
conclusion, strong evidence suggests a loss-of-function of FTD- and AD-associated
TREM2 variants. Therefore, activation of TREM2-DAP12 signaling supposedly has

beneficial effects on disease progression (Lewcock et al., 2020).

The reporter cell model described here represents a suitable system for studying
cellular transport and metabolism of TREM2 and DAP12 and effects of disease
associated TREMZ2 mutations. This system allows the identification and
characterization of compounds that modulate TREMZ2 activity for the development of
future therapeutic strategies for AD and other neurodegenerative diseases. It is
interesting to note, that the effect of the 4B2A3 anti-TREM2 antibody is stronger than
that of the physiological ligand PtdS. However, despite the strength of the signal, the
effect on TREM2 disease-associated variants as compared to the common variant
shows the same trend. These results indicate that the receptor conformation and
glycosylation also has an impact on activation of the TREMZ2 signaling pathway by
anti-TREM2 antibodies. Thus, 4B2A3 could be further explored as a potential
therapeutic application, as it specifically activates TREMZ2. Nevertheless, microglia
have various functions in the brain, depending on the CNS region, age of the
individual and conditions of health and disease (Stratoulias et al., 2019). In mouse
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models of AD, upregulation of TREM2 in early stages of amyloidogenesis showed to
result in synaptic loss, whereas in later stages, the same approach had beneficial
effects on disease progression (Sheng et al., 2019). The exact time point for
activation of TREM2 thus needs to be determined. In addition, TREM2 is also
expressed in myeloid cells of the periphery (Colonna, 2003b). Effects of TREM2
activating antibodies should be investigated in other TREM2 expressing tissues,
including lung and adipose tissue (Jaitin et al., 2019; Wu et al., 2015), which might
also have a beneficial effect on metabolic diseases (Deczkowska et al., 2020;
Lewcock et al., 2020).
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