
sTREM2 and ApoE isoforms differentially regulate cytokine expression in myeloid-

derived cell models. 

 

 

 

 

 

Ryan Arsenault  

 

  

 

The thesis is submitted as a partial fulfillment of the requirements for the degree of Master of Science in 

Cellular and Molecular Medicine 

Department of Cellular and Molecular Medicine 

Faculty of Medicine  

University of Ottawa 

 

  

 

 

 

 

 

 

 

© Ryan Arsenault, Ottawa, Canada, 2023 



ii 
 

ABSTRACT 
 

TREM2 is an innate immune receptor expressed in microglia and macrophages. ApoE isoforms 

(E2/E3/E4) are ligands of TREM2. TREM2 variants and ApoE4 are top risk factors of Alzheimer’s 

disease. TREM2 can be cleaved from cell membrane as soluble TREM2 (sTREM2), the level of 

which fluctuates during Alzheimer’s progression. However, the mechanisms that sTREM2 and the 

interactions between TREM2 and ApoE may contribute to Alzheimer’s neuroinflammation are 

largely uncharacterized. The project objectives were to investigate whether sTREM2 and ApoE 

isoforms can affect cytokine expression profiles in myeloid-derived cell models. My results show 

that sTREM2 can stimulate inflammatory cytokine expression at early time-point but anti-

inflammatory cytokine expression at later time-point mainly via MAPK-JNK signaling pathway. 

sTREM2 has differential effects on cytokine expression in M0, M1, and M2 macrophages. ApoE 

isoforms also differentially induce cytokine expression and regulate TREM2 expression in M0, 

M1, and M2 macrophages. My study reveals a complex interplay of sTREM2, TREM2 and ApoE 

isoforms and differential effects of those in the models.   
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1.0 INTRODUCTION 
 

Alzheimer’s Disease (AD) is a progressive neurodegenerative disease (NDD) and the most 

common form of dementia worldwide accounting for between 60-80% of dementia cases 

(Alz.org). Clinically, symptoms manifest as dementia including cognitive decline faster than usual 

senescence, changes in behavior and personality, increased memory loss and generally presents 

itself in people older than 65; however, cases of earlier diagnosis are not still uncommon. 

Suspected AD may be difficult to confirm at first and requires a diverse array of neurological and 

medical tests to assess the patient’s memory, thinking, mental and emotional state, as well as 

structural brain imaging to identify any possible abnormalities of the brain or central nervous 

system (CNS) and even then, the complexity of the disease makes it difficult to definitively tell 

from an early stage. Researchers today are still searching for validated biomarkers of AD through 

neuroimaging, cerebrospinal fluid (CSF), blood, urine tests as well as genetic profiling but none 

have yet proved reliably conclusive in large scale clinical trials (McQuade and Blurton Jones, 

2019). Although recently, the United States Food and Drug Administration (FDA) has released the 

first in vitro diagnostic test for early detection of beta-amyloid associated with AD (FDA.gov). AD 

currently has no cure with only limited treatment options that are designed to help patients cope 

with disease complications rather than targeted therapies aimed at stopping, reducing, or 

reversing disease progression.  

AD was first described over a century ago in 1906 by Dr. Alois Alzheimer and his work with 

a 51-year-old patient named Auguste Deter who experienced memory loss, paranoia, and severe 
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psychological changes. Dr. Alzheimer’s pathological examination detected both beta-amyloid 

plaques and neurofibrillary tangles which would later be coined defining features of the disease 

(Alzheimer et al., 1995). Pathologically AD is characterized by two main characteristics, including 

extracellular accumulation of amyloid-beta (Aβ) peptides found in plaques and intracellular 

accumulation of hyperphosphorylated tau proteins found in neurofibrillary tangles (Brion et al., 

1985, Pollock et al., 1986). These progressively lead to synaptic dysfunction and loss, chronic 

neuroinflammation, neuronal death, severe cognitive decline and ultimately death (Alzheimer’s 

Association, 2019).  Although AD patients do not normally develop clinical symptoms until later 

in life, key disease-initiating events such as Aβ seeding and neurofibrillary tangle development 

likely begins decades before deficits in cognitive function are observed (Jack et al., 2013). Thus, 

the key to treating AD patients may lay in preventive treatment and primary identification of 

those at risk rather than trying to mitigate to treat patients after diagnosis as most times, and 

cognitive function appears non-repairable. To do so, we need to understand how these factors 

and pathologies interact with each other and their surrounding environment throughout the 

development of these key pathogenic features to drive neurodegeneration. 

AD diagnosed in people over the age of 65 is known as late-onset AD (LOAD) which is 

mostly sporadic, accounting for ~ 95% cases; however, patients presenting AD symptoms prior 

to the age of 65 are said to have early onset AD (EOAD). EOAD comprises approximately 5% of all 

diagnosed AD cases (Tellechea 2018). Some of the EOAD is heritable in a rare autosomal 

dominant fashion known as autosomal dominant AD (ADAD) representing less than 1% of all 

cases (Bateman et al., 2011). EOAD may also be familial sharing a genetic component but not all 

EOAD cases are heritable and may be sporadic due to causative gene variants and plausible 
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environmental factors. EOAD is not just LOAD occurring at an arbitrarily younger age cut off; 

EOAD differs from LOAD in many respects such as greater neurofibrillary tangle load per stage of 

dementia and per gray matter atrophy (Mendez, 2017). EOAD often involves a significantly 

greater extent of evaluation required for diagnosis (Eriksson et al., 2014), an increased impact of 

dementia risk factors such as cardiovascular and cognitive fitness (Nyberg et al., 2014). There are 

also many psychosocial problems specific to early-onset dementia which may include sudden loss 

of independence (Clemerson et al., 2013). 

The exact pathogenic reasons for developing LOAD are not currently known, but likely 

multi-factorial; however, the science community has joined a consensus that the long-standing 

theory known as the Aβ theory may be the best and most logical explanation for the development 

of AD. The theory is that mutations accumulate in gene expression throughout life which alters 

the production and subsequent proteolytic cleavage of amyloid precursor protein (APP). This 

results in excess Aβ peptides composed of either 40 or 42 amino acids (Zheng and Koo, 2011) in 

the extracellular environment and due to some genetic mutations/variations. Additionally, the 

clearance of extracellular Aβ is impaired. This then causes Aβ to aggregate into oligomers, then 

fibrils which then form toxic insoluble Aβ plaques. The accumulation of these oligomers and 

plaques throughout life then drives neuronal dysfunction and synapse damage as well as chronic 

neuroinflammation, causing neurodegeneration, dementia and ultimately death (Hardy and 

Selkoe, 2007). It was also shown that the toxicity of Aβ seems to depend on the presence of 

microtubule-associated protein tau (Roberson et al., 2007), the hyperphosphorylated forms of 

which aggregate and deposit in AD brains as neurofibrillary tangles (Liu et al., 2013). While the 

reasons for developing LOAD remain elusive, since EOAD generally has a heritable component, 
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researchers have been able to identify a few key genes that greatly increase the predisposition 

for EOAD and possibly LOAD that also coincides with the previous described Aβ theory.  

EOAD and ADAD have been identified to occur as a result, or largely because of mutations 

that are involved in the synthesis and cleavage of Aβ peptide including APP (Goate et al., 1991), 

presenilin-1 (PSEN1) (Sherrington et al., 1995) and presenilin-2 (PSEN2) (Levy-Lehad et al., 1995), 

which are proteins involved in gamma secretases that cleave APP from the membrane to 

generate Aβ40 and Aβ42. These genes alone were shown to account for approximately 71% of all 

EOAD (<61 years old) in a large population-based study in the city of Rouen which was comprised 

of 426,710 residents (Campion et al., 1999). The discoveries that mutations in APP, PSEN1 and 

PSEN2 were all significant factors in EOAD and may play roles in the development LOAD strongly 

supported the generally well accepted Aβ theory that, improper Aβ processing and cleavage 

leads to accumulation of Aβ oligomers and plaques thus driving disease progression. Together 

these gene interactions are thought to initiate disease progression at an earlier stage of life 

through improper Aβ processing which could lead to earlier seeding of Aβ plaques and therefore 

disease progression.    

  Other gene variants that are associated with neurodegeneration have also been linked to 

sporadic EOAD (sEOAD) incidences such as the predicted gene variant in the microtubule 

associated protein Tau (MAPT) gene, which provides instructions on how to make Tau protein 

(such as p.A469T variant) (Barber et al., 2017). Mutations in MAPT is thought to help promote 

AD progression similarly to APP, PSEN1 and PSEN2 in the sense that MAPT is associated with 

increased risk of sporadic tauopathies (Myers et al., 2005), therefore contributing 

neurodegeneration. This accumulation of hyperphosphorylated tau protein is known as a 
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tauopathy and is common to 80% of dementias (Scholl et al., 2018). While mutations in these 

genes can confer a large genetic risk for EOAD they may also be partially responsible in the 

development of LOAD depending on the severity of the mutation.  

EOAD and LOAD share many commonalities; however, LOAD is significantly more 

common and aside from the genes previously mentioned, often involves other complex genetic 

relationships and interactions, environmental factors, and general senescence that all contribute 

uniquely to LOAD progression throughout the duration of one’s life.  Like previously stated, the 

seemingly most logical explanation for developing this condition is the Aβ theory but it is not that 

simple. This is a disease that its progression starts from a young age and develops to a point 

where it is visible and at that point it is too late to treat or preventatively diagnose. Therefore, it 

seems that the best way to attack AD is to decipher its origin and what drives disease initiation 

and progression past the point of return beyond that of conventional medicine or cellular 

therapy.  

In the last few decades, other genes of interest have begun to be highlighted as top 

genetic risk factors in the development of LOAD such as the polymorphism in the Apolipoprotein 

E (ApoE) gene, ApoE4 (Kamboh et al., 1995; Liu et al., 2013). APOE was first identified as one of 

the protein components of plasma very-low-density lipoprotein (LDL) (Shore and Shore, 1973) 

and was found to play a critical role in plasma cholesterol metabolism and homeostasis and soon 

after realized to be a risk factor for hypercholesterolemia and atherosclerosis (Mahley, 1988; 

Davignon et al., 1988). ApoE is a multifunctional protein expressed in several tissues with its 

highest levels being expressed in liver and brain while also being expressed at relatively higher 

levels in adrenal glands, testes, and ovaries (Blue et al., 1983 Srivastava and Srivastava, 1996). 
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Although ApoE is expressed and plays roles in peripheral cholesterol metabolism, it was found to 

be the primary lipid and cholesterol transporter in the CNS (Boyles et al., 1985). Its primary role 

is involved in lipid and cholesterol metabolism where the secreted ApoE binds cholesterol and 

phospholipids from cellular efflux mediated by ATP-binding cassette (ABC) transporters (Vance, 

2012), in which have also been quite extensively linked to AD (Wolf et al., 2012). ApoE mediates 

the binding of lipoproteins and lipid complexes in the plasma, interstitial fluid, or CSF to specific 

cell-surface receptors such as LDLR (Huang and Mahley, 2014), therefore, facilitating lipid 

transportation throughout the body and in CNS. Similarly in neurons, uptake of astrocyte-derived 

ApoE-containing lipid particles is mediated by the LDL receptor family including LDLR, LDLR 

related protein (LRP) and ApoE receptor 2 (APOER2) (Boyles et al., 1989; Posse de Chaves et al., 

2000). Once bound, these receptors internalize ApoE-containing lipoprotein particles, thus 

intracellular ApoE may also modulate various other cellular processes physiologically and 

pathophysiologically such as cytoskeletal assembly and stability or dendritic morphology and 

function (Huang and Mahley, 2014). In the nervous system, ApoE is the primary transporter of 

cholesterol (Boyles et al., 1985; Weisgraber et al., 1994) and is synthesized by nearly all cell types 

under different conditions. Under normal physiological conditions, astrocytes secrete the 

majority of ApoE (Boyles et al., 1985) while under certain pathological and injury conditions ApoE 

is produced by microglia as well as neurons (Boyles et al., 1985).  

As mentioned, ApoE is a polymorphic gene existing as three isoforms within the human 

population, including ApoE2, ApoE3 and ApoE4, encoded by ε2, ε3, and ε4 alleles, respectively 

(Corder et al., 1993).  ApoE is a polypeptide consisting of 299 amino acid residues and the 

different alleles result in a structural difference between the three isoforms in their respective 
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lipid binding regions. This is due to amino acid substitutions in the 112th and 158th positions where 

ApoE2 contains two cysteine (Cys) residues at these positions, ApoE3 has a Cys and arginine (Arg) 

respectively at these positions, and ApoE4 has two Arg residues at these positions. The Arg 

residue substitutions affect sulfide bonding resulting in ApoE4 having a different tertiary 

structure than both ApoE3 and ApoE2 (Hatters et al., 2006). Specifically, the Cys112 to Arg112 

change in ApoE4, that is not part of the LDLR binding site (amino acids 138-150), is strongly 

associated with increase in cholesterol and LDL in plasma (Eto et al., 1987; Saito et al., 2004). Not 

only do these isoforms result in differences in their respective lipid binding regions but each 

isoforms affinity for LDLRs is also different. In cell, culture-based binding assays have shown that 

ApoE3 and ApoE4 bind to LDLR with high affinity whereas ApoE2s binding affinity is significantly 

weaker (Yamamoto et al., 2008). ApoE and cholesterol homeostasis is critical for many processes 

in the CNS including development, membrane stability, and in neuronal health and physiology 

(Zhang and Liu 2015). Due to the impermeable blood-brain barrier, cholesterol metabolism in the 

brain is independent of peripheral cholesterol metabolism, and defects in brain metabolism have 

been linked to NDDs including the development of AD (Vazquez et al., 2020). Specifically, that 

high LDL cholesterol levels are significantly linked to AD (Vazques et al., 2020). Given ApoE’s 

physical relationship and partial responsibility in mediating lipid metabolism, mainly cholesterol 

in the CNS, this captures the importance of maintaining lipid homeostasis for proper neuronal 

functioning.  

It is estimated that about 10-15% of people carry one copy of ApoE ε4 allele, and that two 

to three percent carry two copies of the allele. ApoE3, the most common isoform, is found in 

about 70% of the population, and ApoE2, the rarest isoform, can be found in 5-10% of the 
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population (Guo et al., 2001). Since everyone carries two copies of the ApoE alleles, people with 

ε2/ ε2 are said to be at the lowest risk for LOAD and those with ε4/ ε4 are at the greatest risk 

while those with ε3/ ε3 are considered neutral for the risk of LOAD. The risk factor between one 

copy of ApoE ε4 versus two copies is exponential where one copy is estimated to confer a 3-fold 

and two copies is estimated to have a 12-fold risk of development in LOAD relative to those who 

carry two copies of ε3 (Corder et al., 1993; Holtzman et al., 2012). For this purpose, ApoE4 is 

thought to be neurodestructive and promotes neurodegeneration, and on the other hand, ApoE2 

is thought to be neuroprotective against neurodegeneration and LOAD development and to 

reduce AD risk by nearly 50% (Conejero-Goldberg et al., 2014). ApoE has been shown to be 

extensively involved in the immune response as evident through recent transcriptomic studies 

(Keren-Shaul et al., 2017; Krasemann et al.,2017). In amyloid models, ApoE upregulation is a 

major molecular signature of the subtype of microglia known as disease-associated microglia 

(DAM) (Li et al., 2020; Keren-Shaul et al., 2017; Krasemann et al., 2017). One thing is clear, ApoE 

is very much so an integral part to AD pathogenesis, but its full extent of each of the different 

isoform’s contribution to either the progression or restriction remains to be fully characterized.  

The mechanisms underlying the neuroprotective effects of ApoE2 are less defined than 

ApoE4s neurodestructive effects; however, the goal is not necessarily to show that ApoE2 is per 

se protective but rather, not destructive, or offers less a risk than the common ApoE3. ApoE2 

gene carriers have a reduced risk of AD of nearly 50% (Conejero-Goldberg et al., 2014) but the 

mechanisms by which ApoE2 confers neuroprotection has yet to be determined. Studies of ApoE 

protein abundance in human postmortem cortex follows an isoform-dependent pattern of 

ApoE2>ApoE3>ApoE4 (Conjero-Goldberg et al., 2014). This suggests that ApoE2 abundance 
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coupled with reduced ability to bind LDLRs (Yamamoto et al., 2008; Conjero-Goldberg et al., 

2014) may act to promote Aβ clearance (Li et al., 2020). The evidence surrounding ApoE4’s 

neurodestructive properties is undeniable and it is clear why ApoE4 would be a top risk factor for 

AD.  A recent study examining ApoE4 copy number-dependent proteomic changes in 

cerebrospinal fluid (CSF) using target proteomic data from the Alzheimer’s Disease Neuroimaging 

Initiative (ADNI) CSF samples concluded that increased APOE4 copy number was associated with 

a decrease in C-reactive protein (CRP), a marker of inflammation, CSF levels across all models 

analyzed  that was also accompanied by increased Aldolase A (ALDOA), a critical enzyme involved 

in glycolysis , CH3LI, a CSF biomarker that increases with age and early in  AD as well as FABPH 

(fatty acid binding protein) CSF levels when controlling for Aβ (Berger et al., 2021). Decreased 

CRP levels in periphery serum (Nilsson et al., 2011) and in CSF (Gabin et al., 2018) have been 

previously shown to correlate with increased cognitive dysfunction and AD progression in an 

ApoE4-dependent manner.  It is also established that there is ApoE isoform specific effects on 

the Aβ pathway (Kim and Holtzman, 2009) and that ApoE4 is associated significantly with an 

increase in Aβ plaques at earlier ages compared to ApoE3 or ApoE2 individuals (Deane et al., 

2008; Kim et al., 2011). Due to ApoE4 unique structure it is susceptible to proteolysis, resulting 

in the generation of neurotoxic fragment that cause pathological mitochondrial and cytoskeletal 

alterations (Mahley and Huang, 2012).  Moreover, it was shown that ApoE2 had less neurotoxic 

effects than APOE3 following proteolysis. ApoE4 promotes the progression of AD through several 

different mechanisms compared to that of ApoE3 or ApoE2 and that ApoE2, while maybe not 

having any directly identifiable protective features against AD, likely contributes to AD protection 

by strengthening and reinforcing the networks that are susceptible to failure in AD such as Aβ 
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synthesis as well as tau accumulation. It has been shown that ApoE is involved in the innate 

immune response and ApoE4 promotes inflammatory response evoked by Aβ while ApoE2 

inhibits the inflammatory response through the vitamin D receptor pathway (Dorey et al., 2017).  

ApoE has been a long standing top genetic risk factor for LOAD but recently a new gene 

has come to light and some of its variants confer similar risks to LOAD as ApoE4, known as the 

Triggering Receptor Expressed on Myeloid Cells – 2 (TREM2) (Guerreiro et al., 2013; Korvatska et 

al., 2015). Not only do variations in TREM2 confer an increased risk of AD but it was shown that 

the ApoE isoforms are a ligand for TREM2 (Atagi et al. 2015).  This mechanistic and likely 

functional relationship between two of the top genetic risk factors for AD prompts further 

investigation to uncover how these two genes may interplay throughout one’s lifespan to 

contribute to AD development and progression.  

TREM2 is an innate immune receptor expressed on cells of the myeloid lineage such as 

dendritic cells and osteoclasts but most notably highly expressed in macrophages and microglia, 

the latter are resident macrophages of the CNS. Belonging to the immunoglobulin (Ig) 

superfamily, TREM2 is a 230 amino acid polypeptide consisting of a single-pass transmembrane 

receptor that also contains a single extracellular V-type Ig domain followed by a short stalk 

leading to a single transmembrane helix (Bouchon et al., 2000) where it interacts with DNAX-

activation protein of 12 (DAP12), encoded by TYROBP, to mediate downstream signaling 

pathways (Kober and Brett, 2017). Upon ligand recognition, TREM2 is associated with DAP12 

which contains an immunoreceptor-tyrosine activation motif (ITAM). Upon ligand recognition by 

TREM2, tyrosine residues within ITAM become phosphorylated recruiting spleen tyrosine kinase 

(Syk) to activate downstream signaling molecules such as extracellular signal regulated protein 
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kinase (ERK), phosphatidylinositol 3-kinase (PI3K) and phospholipase Cγ (PLCγ) (Takahashi et al., 

2005). TREM2 terminates with a short cytoplasmic tail lacking any known trafficking motifs 

(Colonna and Wang, 2016).  Although expressed primarily on the membrane of myeloid-derived 

cells, TREM2 can be shed its extracellular domain from cell membrane as a soluble form 

(sTREM2), but its complete functional outcome remains unknown. Shedding of membrane-

bound TREM2 is mediated by α-secretases A Disintegrin and Metalloproteinase 10/17 

(ADAM10/17) to cleave TREM2 at H157-S158 bond releasing the N-terminal fragment of TREM2, 

sTREM2, into the extracellular space (Wunderlich et al., 2013). The physiological functions of 

TREM2 are relatively well characterized and its roles in NDDs is being uncovered at a fast pace; 

however, the complete roles of its soluble counterpart both physiologically and pathologically 

remain elusive. Interestingly it was shown that TREM2 and sTREM2 bind oligomeric Aβ and that 

TREM2 deficiency impairs Aβ degradation in primary microglial cultures and mouse brains (Zhao 

et al., 2018), suggesting sTREM2 may act as a scavenger receptor capable of recruiting cells and 

acting as a sort of chemokine.  

Under normal physiological conditions TREM2 signaling in microglia promote cell survival, 

proliferation, activation, phagocytosis, and inflammation regulation (Painter et al., 2015). TREM2 

can bind a diverse array of ligands including bacterial lipopolysaccharides (LPS) and damage 

associated markers (DAMPs) such as phospholipids (Daws et al., 2003), lipids exposed during 

axonal injury (Wang et al., 2015), as well as previously stated ApoE2, ApoE3 and ApoE4 (Atagi et 

al., 2015). TREM2 in mice is also involved in synaptic pruning (Filipello et al., 2018) and mice 

deficient in TREM2 showed reduced numbers of synapse at 4 weeks of age (Jay et al., 2019).  

Atagi et al., uncovered a functional relationship between TREM2 and ApoE that ApoE binds to 
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apoptotic N2a cells and increase microglial phagocytosis in a TREM2 dependent manner (Atagi 

et al., 2015). It was also shown that each isoform binds TREM2 with high affinity and induces 

differentially levels of phosphorylated Syk, with ApoE2 and ApoE3 bind more readily to TREM2 

than ApoE4 (Atagi et al., 2015).  Contrary to this, ApoE4 stimulates Syk activation to a greater 

extent than either ApoE2 or ApoE3 (Yao et al., 2019).   

Given its widespread binding ability and diverse functions, in recent years, TREM2 and its 

variants have been increasingly linked to NDDs including AD (Zhou et al., 2019), Parkinson’s 

disease (PD) (Guo et al., 2019), Frontotemporal dementia (FTD) (Kleinberger et al., 2017), and 

amyotrophic lateral sclerosis (ALS) (Cady et al., 2014). Moreover, it was discovered early on that 

loss of function mutations in either TREM2 or TYROBP, DAP12s encoding gene, results in 

Polycystic lipomembranous osteodysplasia with sclerosing leukoencephalopathy (PLOSL), also 

known as Nasu-Hakola disease (NHD) (Lanier et al 1998; Paloneva et al., 2000; Kaneko et al., 

2010).  This rare recessively inherited disease is characterized by a combination of rapidly 

progressing to presenile dementia and bone cysts restricted to the wrists and ankles (Hakola, 

1972; Hakola 1990). TREM2’s involvement in several neurodegenerative diseases suggests 

TREM2 is critically involved in shared disease mechanisms (Jay et al 2017), highlighting the 

importance of intact TREM2 signaling.  

TREM2’s role in AD, however, is much more apparent than other diseases and offers 

researchers exciting and promising path to follow. Like previously stated, the R47H TREM2 

variant shares a risk of developing LOAD like that of ApoE4. The single nucleotide polymorphism 

(SNP) rs75932628-T encoding the R47H TREM2 variant was shown to confer a significantly 

increased risk of LOAD with odds ratio of 5.05 (Guerriero et al., 2013). This loss of function 
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mutation has been shown to lead to microglial dysregulation in neuroinflammation, and a study 

showed that a TREM2 antibody (Ab) was able to restore TREM2 functioning in microglia (Cheng 

et al., 2018). It was also shown that R47H TREM2 greatly impairs ApoE’s ability to bind (Atagi et 

al., 2015). While the R47H TREM2 variant is becoming linked to AD, several other variants have 

been linked to the development of AD and other NDDs. Mutations in TREM2 such as the T66M 

variant (Le Ber et al., 2014) and Q198X (Guerriero et al., 2013) in the development of FTD as well 

as other variants being linked to AD like the W198X variant (Giraldo et al., 2013). Although its 

polymorphisms are associated with a risk for LOAD (Guerreiro et al., 2013), TREM2’s role in 

neurodegeneration is controversial and is likely a double-edged sword in the context of NDDs 

(Konishi and Kiyama, 2018). Wang et al., showed that deletion of TREM2 in 5XFAD mice reduced 

Aβ accumulation due to dysfunctional response of microglia Aβ plaques (Wang et al., 2015). On 

the other hand, Jay et al., showed that TREM2 deficiency resulted in reduced infiltration of 

inflammatory myeloid cells and ameliorated AD pathology (Jay et al., 2015) at early stages and 

exacerbated it at later stages (Jay et al., 2017). Subsequently, Wang et al., showed that amyloid-

associated myeloid cells are derived from brain-resident microglia rather than from recruited 

peripheral monocytes (Wang et al., 2016). It was found that genetic targeting of Trem2 in APP-

PS1 mice at early stages restored homeostatic microglia associated with the reduction of Aβ 

plaques (Krasemann et al., 2017).  

Mentioned earlier, TREM2 has a soluble form, sTREM2, and not only has TREM2 begun to 

be increasingly linked to the development of AD but sTREM2 is being identified to also play 

critically important roles in the progression and development of AD. Although the actions of 

sTREM2 remain undefined, researchers are uncovering the complex functions sTREM2 may carry 
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out in normal homeostasis as well as in the context of AD and contribution to either progression 

or prevention. Some studies have shown that sTREM2 is neuroprotective by stimulating 

microglial recruitment, activation, and phagocytosis of Aβ plaques and by blocking, reversing, or 

preventing neurotoxicity (Vilalta et al., 2021). sTREM2 has also been shown to reduce Aβ 

pathology and improve synaptic functions by modulating microglial activity in 5xFAD mouse 

model (Zhong et al., 2019). Not only has the research shown that sTREM2 directly interacts with 

AD pathologies, but its levels in CSF were reported elevated in AD patients compared to controls 

as well as sharing a correlation to total tau protein as well as phosphorylated tau but interestingly 

not with Aβ (Heslegrave et al., 2016; Suarez-Calvet et al., 2019). Moreover, sTREM2 was seen to 

increase in the preclinical stages of AD (Zhong et al., 2017; Suarez-Calvet et al., 2019) and then 

decreases at early symptomatic stages (Suarez-Calvet et al., 2019), supporting the idea that 

sTREM2 plays a critical role in AD disease progression. sTREM2 may act as a second messenger 

to allow crosstalk between microglia to coordinate an appropriate response. Interestingly CSF 

sTREM2 differed between TREM2 variants, whereas the R47H variant had higher CSF sTREM2, 

L211P had lower CSF sTREM2 (Suarez-Calvet et al., 2019) suggesting that mutations in TREM2 

that are not part of the cleavage site influence TREM2 release or that shedding may be mediated 

by intrinsic factors. Moreover, sTREM2 signaling in microglia was shown to increase survival 

(Zhong et al., 2017) suggesting that sTREM2 be capable of initiating key transcription machinery 

in other cells possibly acting under chemotactic mechanisms. 

Aβ plaques and neurofibrillary tangles have been under the main scope of AD research 

for several decades now but more recently, another major key player in the pathogenesis of AD 

has come to focus. Another hallmark of AD that accompanies Aβ and neurofibrillary tangles is 
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chronic neuroinflammation in response to these pathologies that is mediated by microglia.  

Microglia are responsible for initiating and mediating the immune response to pathogenic stimuli 

such as Aβ and p-tau. In recent years, extensive research has been conducted into microglia for 

its key roles in neuroinflammation across several NDDs.   

Microglial cells are of mesenchymal or myeloid origin (Chan et al., 2006) and are the 

resident macrophages in the CNS. Besides their classic role as an immune cell, microglial cells 

protect the brain by stimulating phagocytic clearance and providing trophic sustenance to 

preserve cerebral homeostasis and support tissue repair (Hampel et al., 2020). In the event of 

loss in homeostasis, microglia become activated resulting in a highly dynamic responsive state 

(Sarlus and Heneka, 2017). This may include cellular morphology changes, increased secretion of 

molecular mediators like cytokines and chemokines, as well as increased proliferative responses 

(Streit et al., 2014). Imbalances in the brain such as Aβ and neurofibrillary tangles can trigger a 

step in activation referred to as “Priming” (Perry et al., 2014). Priming in microglia is influenced 

by acute alterations in their microenvironment (Hampel et al., 2020), releasing molecules that 

enhance their proliferation. This is a mechanism that allows microglia to be more inclined to 

respond to secondary therefore eliciting amplified inflammatory reactions (Perry et al., 2014). 

Activated microglia is a common feature of AD and other forms of neurodegeneration and there 

is increasing evidence for a high degree of heterogeneity between activated microglial 

subpopulations (Heneka et al., 2020; Wang and Colonna et al., 2019).  

Mainly two distinct and considered activated populations exist in a dynamic state of 

opposite polarization for macrophages or microglia; the M1 or pro-inflammatory phenotype, and 

the M2 or anti-inflammatory (tissue repair) phenotype (Tang and Le, 2016; Ransohoff 2016). The 



16 
 

M1 phenotype occurs through classical activation in response to cytokines such as interferon γ 

(IFNγ), LPS, DAMPs (damage-associated molecular patterns) including Aβ and apoptotic debris 

(Abbas et al., 2016). The M1 phenotype is primarily involved in initiating and sustaining the 

inflammatory cascade in response to neurological insults or tissue injuries.  Alternative activation 

results in the M2 phenotype which typically occurs in response to growth factors, and anti-

inflammatory signals like Interleukin-4 (IL-4) and IL-13 (Abbas et al., 2016). This phenotype 

involved in initiating tissue repair and inflammatory response resolution. While these phenotypes 

are generally well-accepted models for microglia and macrophage activation, it is not as clear cut 

in vivo and has several complex underlying mechanisms that govern microglial response to 

different stimuli. However, in the context of chronic neuroinflammation and AD, studies have 

shown that in pre-clinical models, M1-like microglia seem to prevail at the injury site during the 

early stage of disease, and once inflammation resolution and repair completion, M2 microglia 

are diminished (Tang and Le, 2016). This helps show the persistence of pro-inflammatory cells 

and stimuli contributing to chronic neuroinflammation throughout the onset, development, and 

progression of AD.  Although increasing evidence is compiling showing the dynamic activation 

states of microglia and shifts between them, the extent of the real-life relationship between 

microglia and phenotypes, or subtypes, is likely much more complex spectrum than just M1 and 

M2. 

Experimental models of AD have shown that microglia cluster around Aβ plaques, possibly 

due to chemotactic mechanism, and may contribute in both Aβ clearing and in preventing further 

accumulation or seeding of plaques (Edwards et al., 2019). It is also possible that microglial 

dysregulation, including dystrophic microglia, may trigger or be a worsening factor in Aβ seeding 
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(Hampe et al., 2020; Edwards et al., 2019).  At the molecular level, Aβ oligomers and fibrils are 

the driving force behind neuroinflammation in AD (Forloni et al., 2018; Glass et al., 2010). 

Although microglia are able to bind Aβ through surfaces receptors such as A1 scavenger receptor 

(SCARA1) or TREM2 (Zhao et al., 2018), whether the resulting effects are beneficial towards the 

progression of the disease is up for debate. While microglia have been shown to interact with 

Aβ, there is much debate to whether their actions are beneficial for the course of the disease or 

whether they exacerbate AD. For instance, starting at an early age Aβ clearance is sufficient via 

phagocytosis and degradation from activated microglia. Despite the advantageous early 

activation, their chronic activation is detrimental to disease progression and therefore facilitates 

chronic neuroinflammation thus accelerating neurodegeneration and initiating disease 

progression at an earlier state.  

Microglia dysregulation is thought to be one of the driving factors behind 

neuroinflammation in several NDDs, not just persistent activation by Aβ in AD or other diseases 

and associated pathogenic stimuli. To help define the mechanisms by which microglial 

dysregulation in the context of AD and other NDDs neuroinflammation, Krasemann et al., isolated 

microglia and analyzed transcriptomes during aging and disease progression in APP-PS1 AD 

mouse model, as well as ALS and Multiple sclerosis (MS) models which revealed two distinct 

microglia populations. Cluster 1 was associated with loss of 68 homeostatic microglial genes 

including P2ry12, Tmem119, Jun, Csf1, Tgfbr1, and Tgfb1 and transcriptions factors Mef2a, Jun 

and Egf1 (Krisemann et al., 2017) which are all enriched in adult microglia (Butovsky et al., 2014; 

Buttgereit et al., 2016). Cluster 2 was associated with upregulation of 28 inflammatory molecules 

including, Spp1, Csf1 and ApoE, of which ApoE was one of the most upregulated genes 
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(Krisemann et al., 2017).  This microglial phenotype termed MGnD, is resemblant of the expected 

neurodegenerative microglial responsible for promoting neurodegeneration and sustaining 

disease progression.  In fact, MGnD microglia were associated with Aβ plaques and diffuse 

neuritic dystrophy in the AD cortex of APP-PS1 mice (Krisemann et al., 2017). This study shows 

that a distinct microglia subtype is likely developed through dysregulation and contributes to 

disease progression through self-reinforced mechanisms. This can be better interpreted as a loss 

of homeostatic mechanisms which result in a pro-inflammatory environment.    

ApoE4 and TREM2 are major genetic risk factors for AD, but how they interact to affect 

microglial responses to Aβ remains largely uncharacterized. Using a preclinical AD mouse model, 

Fitz et al., reported an APOE isoform-specific phospholipid signature with correlation between 

human ApoEε3/3 and ApoEε4/4 AD brain and lipoproteins from astrocyte conditioned media of 

ApoE3 and ApoE4 mice (Fitz et al., 2021). It was shown that ApoE3 lipoproteins induce faster 

microglia migration to Aβ, facilitate Aβ uptake and ameliorate Aβ effects on cognition compared 

to ApoE4, and moreover this trend was augmented in vitro by TREM2 deficiency, suggesting 

interaction (Fitz et al., 2017).  Not only do ApoE4 microglia show reduced ability to  respond to 

Aβ but it was recently shown that lipid accumulation due to ApoE4 induces a lipid accumulated 

state that renders microglia weakly responsive to neuron activity (Victor et al., 2022). Victor et 

al., exposed ApoE3 and ApoE4 immortalized microglia-like cells (iMGLs) to conditioned neuronal 

media to test the isoform-dependent differences of ApoE on microglia neuronal activity 

surveillance. Interestingly, ApoE4 iMGLs response to conditioned media was significantly larger 

transcriptional response with nearly double the genes both up and down-regulated compared to 

that of ApoE3 with ApoE4 iMGLs being significantly enriched in HIF-1 signaling, JAK-STAT signaling 
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and cytokine-cytokine receptor interaction suggesting a strong pro-inflammatory response. 

Consistent with Krisemann et al.’ work, ApoE4 iMGLs were also found to express significantly less 

levels of P2ry12 compared to ApoE3 iMGLs, and upregulation of P2ry6, which is associated with 

a hypervigilant microglial state (Koizumi et al., 2013), was only experienced in ApoE3 iMGLs and 

not ApoE4 (Victor et al., 2022).  ApoE isoforms have been shown to differentially affect different 

aspects of AD including cell migration to neurodegenerative lesions, survival, proliferation as well 

as inflammation but since Atagi et al., in 2015 identified that ApoE is a novel ligand with high 

affinity for TREM2, the TREM2-dependant mechanisms by which ApoE mediates microglial 

response to Aβ, neuronal activity, inflammation, phagocytosis and more in the context of AD or 

even other NDDs remain to be explored.  

Chronic neuroinflammation is thought to fuel disease progression from an early stage by 

initiating microglial activation, which inadvertently contributing to disease progression is a self-

reinforced manner. Biomarkers of chronic neuroinflammation are detected in the CSF of AD 

patients and is extensively being studied.  Concentrations of several cytokines and other 

inflammatory biomarkers associated with microglia such as sTREM2, monocyte chemoattractant 

protein-1 (MCP-1), and YKL-40 (Swardfager et al., 2010; Lai et al., 2017). A recent meta-analysis 

reports higher concentration of YKL-40, sTREM2, MCP-1, and TGF-β in the CSF of AD patients 

compared to controls (Shen et al., 2019). In particular, robust evidence from several studies focus 

on CSF YKL-40 that shows a fair classificatory capability in differentiating between AD individuals 

and controls; however, distinguishing from other forms of dementia would be difficult (Balacci et 

al., 2019). Biomarkers provide good insight into what might be going on; however, it is not 
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precisely indicative and really offers no remedy. Some advancements in the field however have 

been made towards producing a viable treatment for patients living with AD. 

Currently few drugs are in clinically trials aimed at targeting AD pathologies to alleviate 

symptoms but little progress has been made. Wang et al., showed that an anti-human TREM2 

agonistic monoclonal antibody (mAb), AL002c, induced microglial proliferation of both the 

common variant and R47H variant in transgenic mice (Wang et al., 2020). Prolong exposure 

showed reduced filamentous plaques and neurite dystrophy, impacted behavior and tempered 

microglial inflammatory response (Wang et al., 2020). This is the first time a mAb was shown to 

relieve AD pathologies in a well-tolerated manner. Furthermore, they showed that AL002c was 

safe, and well tolerated in a Phase-1 clinical trial of 56 healthy adult participants with no adverse 

effect recorded. AL002c is currently undergoing Phase-2 clinical trials. Another antibody, known 

as aducanumab is a human IgG1 anti-Aβ mAb approved by FDA in 2021 and is selective for Aβ 

aggregates on the basis of slowing down cognitive decline in clinical trials but has not yet shown 

conclusive results and is under some controversy since its approval (Tampi et al., 2021). Other 

drugs are attempting similar strategies aimed at targeting and removing excess Aβ, however, at 

the time of clinical diagnosis, the patients’ cognitive functions as well as physical molecular 

structure is already significantly damaged to the point that removing Aβ may just not be enough 

to allow the patient to recover completely or even partially.  

Alzheimer’s disease is a complex multifaceted disease existing of a complex web of gene 

interactions that all contribute progressively from early life to the accumulation of Aβ plaques 

and hyperphosphorylated tau in neurofibrillary tangles which clinically presents itself alter in life. 

Currently, there is no effective treatments to stop or reverse disease progression with limited 
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therapies to even help cope.  Few available drugs in current trial offer limited help but are none 

the less exciting. Given the devastation cause by AD, the complexity in diagnosis, as well as 

ongoing research efforts, all contributions to the field help build the puzzle required to 

understand and ideally cure one day, are greatly beneficial.  

1.1 Hypothesis and Aims 
 

Neuroinflammation is a hallmark in AD as the body tries to process these insults and the 

mechanisms by which TREM2 and sTREM2 modulate neuroinflammation remain unknown. Given 

that the exact relationship and mechanisms between the different ApoE isoforms and TREM2 

signaling during microglia activation in Alzheimer’s neuroinflammation has yet to be fully 

established and my project aims to determine this.  

Since TREM2 is largely expressed in microglia and macrophages and can bind ApoE 

isoforms. Understanding in-depth the relationship that exists between different ApoE isoforms, 

sTREM2 and macrophage phenotype states in inflammation can help provide insight into the 

roles and mechanisms of sTREM2 and ApoE isoforms in the context of inflammation and AD. 

Identifying the underlying causes of dysregulation of inflammation will ultimately help leading to 

the development of the therapies for targeting and mitigating chronic neuroinflammation, 

thereby stopping or reducing the rate of disease progression.  

Macrophages are similar to microglia and can be activated to display M1 and M2 

phenotypes similarly. Here they will be used as a cheaper and disposable model for this study. 

THP-1 cells are a myeloid-derived human monocytic leukemia cell line that are easily 
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differentiated into macrophages known to express membrane bound TREM2 and will be used to 

exemplify the relationships aimed to be characterized in this study.  

TREM2 can be shed from the membrane, releasing as soluble sTREM2. Since sTREM2 

remains to be fully characterized especially in the context of inflammation and it is currently not 

known whether sTREM2 is capable of inducing inflammation. This project aims to identify 

whether sTREM2 can induce an inflammatory response in myeloid-derived cells. My hypothesis 

is that sTREM2 may induce an inflammatory response or affect cytokine expression likely via 

MAPK-JNK or NFkB signaling pathway in this model.  

Since ApoE exists as 3 different isoforms and has been shown to bind TREM2, this project 

is aimed at identifying whether ApoE isoforms are able to differentially regulate the expression 

of cytokines in a THP-1/Macrophage model.  My hypothesis is that ApoE2 may elicit an anti-

inflammatory response in THP-1 differentiated macrophages while ApoE4 may induce an 

inflammatory response.  

2.0 Materials and methods 
 

2.1. Cell Cultures 

THP-1 (Human leukemia monocytic cell line) cells were obtained from the Human Health 

Therapeutics Research Center (HHT) at the National Research Council of Canada (Ottawa, ON). 

Cells were cultured in suspension in RPMI 1640 (Wisent Bioproducts) supplemented with 10% 

FBS, 1X penicillin/streptomycin (ThermoFisher Scientific), and 1X L-glutamine (ThermoFisher 

Scientific). Cells maintained in an incubator at 37°C and 5% CO2. Media was replaced every 2-3 

days by fresh complete RPMI 1640 media, and cells were passaged once cell concentrations 
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exceeded 1x106/mL. Cells were discarded after passage 25. Passages 5-15 were used in 

throughout this study.  

2.2 Treating THP-1 cells with sTREM2  

THP-1 monocytes were counted on a hemocytometer.  3.6 million THP-1 cells were centrifuged 

at 300g for 7 minutes. Cell culture media was then removed and cells resuspended in RMPI1640 

containing 1% fetal bovine serum (FBS). THP-1 cells were then pipetted onto a 24-well plate at 

150,000 cells per well.  

Human soluble TREM2 (sTREM2 protein) (Sino Biological, #11084-H08H) was purchased 

and reconstituted according to manufacturer’s instructions in sterile water and stored at -20°C. 

Plated cells were then treated with 0.1μg/mL or 1.0μg/mL of sTREM2. Negative control cells were 

treated with sterile water, and 0.1μg/mL LPS was used as a positive control to induce 

inflammatory response. Cells were harvested at 2-, 4- ,6- and 8-hours post treatment as 

described in Section 2.4 and supernatant was collected and stored at -80°C for later cytokine 

ELISA. 

Rat monoclonal IgG2B antibody against human TREM2 was purchased from R & D systems 

(#MAB17291). Antibody was reconstituted according to manufacturer and was stored at -20°C. 

THP-1 cells were plated as described previously and cells were treated with either 0.1μg/mL 

antibody, 0.1μg/mL sTREM2, or both 0.1μg/mL sTREM2 and antibody. Antibody and sTREM2 

were preincubated together at 37°C in 1% FBS RPMI1640 for 30 minutes prior to treatment. Cells 

were harvested at 2-, 4- ,6- and 8-hours post treatment and as described in Section 2.4, and 

supernatant was collected and stored at -80°C for later ELISA. 
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Chemical inhibitors were purchased from Selleck Chemical and reconstituted according 

to manufacturer’s instructions in order to target major inflammatory signaling pathways. Prior to 

treatment, IC50 of each inhibitor was tested on cultured cells for 8 hours to ensure it did not 

affect cell viability using the dye exclusion test.  SP600125 (#S1460), a broad spectrum JNK 

inhibitor for JNK1, JNK2 and JNK3 with an IC50 of 40nM, and 90nM, respectively, was used to 

target JNK-MAPK pathway. Piceatannol (S3026), a natural stilbene, and selective Syk inhibitor 

with an IC50 of 15μM. MG-132 (#S2619), a potent well known proteasome inhibitor with an IC50 

of 0.1 μM, was used to target NFκB activation. Cells were plated as previously described in 1% 

FBS RPMI1640. Cells were then treated with either 0.1μg/mL sTREM2, IC50 of either SP00125, 

MG-132 or Piceatannol, or both 0.1μg/mL sTREM2 and IC50 of either inhibitor. Prior to the 

addition of sTREM2, cells were pre-incubated with inhibitor for 10 minutes. Control cells were 

treated with DMSO.  Cells were harvested at 6 hours post treatment as described in Section 2.4 

and supernatant was collected and stored at -80°C for later ELISA assays. 

MCC950 (Selleck chemicals, #S7809) was purchased to inhibit NLRP3 inflammasome 

activation. 7.5nM of MCC950 was incubated with THP-1 cells for 10 minutes prior to the addition 

of 0.1μg/mL sTREM2, 0.1μg/m mAb or both.  At 6 hours, cells were harvested and expression of 

IL-1β was assessed using RT-qPCR. 

2.3. Differentiation and Polarization of THP-1 Monocytes into Macrophages 

This protocol was generously provided by Patrick Salois at the Human Health Therapeutics 

Research Center, National Research Council of Canada (Montreal, QC). THP-1 cells were counted 

using a hemocytometer. Desired number of THP-1 monocytes were centrifuged at 300g for 7 



25 
 

minutes at room temperature and resuspended in monocyte attachment media (PromoCell, 

Stemcell technologies) to a final concentration of 1.5x106 cells/mL. 100μL (150,000) cells was 

pipetted per well in a 96- or 24-well flat bottom tissue culture treated plate and allowed to sit at 

room temperature for 10 minutes (Sigma Aldrich). The plate was then transferred to an incubator 

and allowed to incubate for 1.5 hours at 37°C and 5% CO2. Following this brief incubation, 

attachment media was replaced with fresh RPMI1640 substituted with 10% heat inactivated (HI) 

FBS (FBS was heat-inactivated at 56°C with moderate mixing for 30 minutes) and supplemented 

with 25ng/mL PMA (Sigma Aldrich). The plate was transferred to an incubator at 37°C and 5% 

CO2 for 72 hours for THP-1 cells to differentiate. Differentiated cells were then washed twice with 

RPMI1640 10% HI FBS and allowed to rest in media for 24 hours at 37°C and 5% CO2. Following a 

brief resting period, cells were then polarized for 48 hours at 37°C and 5% CO2 to M0, M1 and 

M2 macrophages. M0 macrophages using RPMI1640 as described above supplemented with no 

additional cytokines. M1 macrophages were polarized using RMPI1640 supplemented with 

10pg/mL LPS (Sigma Aldrich) and 25ng/mL IFN-γ (Stemcell Technologies, #78141). M2 

macrophages were polarized using 25ng/mL of IL-4 (Stemcell Technologies, #78045) and IL-13 

(Stemcell Technologies, #78029), respectively. Polarization lasted 48 hours at which time the 

supernatant was either stored at -80°C for later experiments or cells were washed and treated, 

then prepared for RT-qPCR. Images were taken using Bio-rads ZOE to show morphological 

changes between undifferentiated THP-1 cells and polarized macrophages (Supplemental Figure 

1.) 

 



26 
 

2.4 Reverse Transcription-polymerase chain reaction (RT-PCR) 

Total RNA was isolated from treated THP-1 monocytes or macrophages using 100µL TRIzol 

reagent (Invitrogen) following manufacturer’s instructions. For THP-1 monocytes, cells in 

suspension were removed from treated plate and centrifuged at 300g for 5 minutes, supernatant 

was removed and stored at -80°C for future experiments, and TRIzol reagent was added to cell 

pellet. For macrophages due to their adherence, supernatant was removed from the plate and 

stored at -80°C for future experiments, and TRIzol reagent was able to be added directly to wells. 

Manufacturers protocol was followed except that all centrifugations were carried out at 14,000g 

with the addition of an extra chloroform wash step which included diluting the fractionated 

aqueous layer to 500μL in dimethyl pyrocarbonate (DEPC)-treated dH2O and fractionating 

another aqueous using equal parts chloroform. The separated aqueous layer volume was then 

precipitated using 450μL isopropanol and 45μL 3M Sodium Acetate (pH 5.2) for 30 minutes at 

room temperature. RNA Pellet was washed three times with ice-cold 75% ethanol and solubilized 

in 15μL DEPC-treated dH2O at 55°C for 10 minutes. RNA was quantified using ThermoFisher 

Scientific NanoDrop spectrophotometer and was then either used directly for reverse 

transcription or stored at -80°C for later.  

Reverse transcription (cDNA synthesis) was performed using M-MLV reverse transcription 

kit 200U/μL (Invitrogen) supplied with 2.5μM dNTP mix, 5X First strand buffer and 0.1M DTT. 

100ng of isolated total RNA was mixed with 200ng random hexamer primer (Invitrogen, #SO142), 

0.5μM dNTP, and DEPC-treated dH2O and heated at 65°C for 5 minutes and then directly placed 

on ice. Samples were centrifuged and then combined with 1X first strand buffer and 10mM DTT 

and heated at 37°C for 2 minutes.  200U M-MLV reverse transcriptase was finally added to yield 
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a 20μl reaction and was allowed to incubate at room temperature for 10 minutes before 

incubating at 37°C for 50 minutes. The reaction was inactivated at 70°C for 15 minutes. Prepared 

complementary DNA (cDNA) was diluted 10-fold for use in subsequent qPCR reaction. 

qPCR Amplification was performed in a final volume of 10µL using PowerTrack SYBR 

Green Master Mix (ThermoFisher, #A46012) following manufacturer’s cycling protocol for 45 

cycles. Samples were run in duplicates and optimal annealing temperature for each primer was 

determined using a gradient style assay and used the annealing temperature that yielded the 

best amplification curve. The expression of several cytokines was assessed using specific primers 

for TNF-α, IL-1β, IL-10, TARC/CCL17 and housekeeping gene β-actin. Relative quantification using 

delta ct method outlined by Ganger et al. 2017 was used to quantify gene expression, normalized 

with β-actin.  

2.5. Enzyme linked-immunosorbent assay (ELISA)  

RayBio Human TREM2 ELISA kit (#ELH-TREM2) was used to detect sTREM2 in differentiating 

macrophages medium. Following differentiation like previously described, cell culture 

supernatants were harvested at 24 hours and 48 hours of polarization and stored at -80°C. 

Manufacturer’s protocol was followed except that samples were incubated overnight at 4°C with 

shaking. Samples were diluted 2-fold in 1X assay diluent, standards were prepared using fresh 

cell culture media. 

RayBio Human IL-1β ELISA kit (#ELH-IL1β) and Human TNF-α ELISA kit (#ELH-TNFα) were 

used to detect levels of IL-1β protein and TNF-α expression, respectively, in ApoE protein-treated 

macrophages and sTREM2–treated THP-1 monocytes. Supernatants stored at -80°C from 
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experiments previously described were thawed to room temperature and diluted 2-fold in 1X 

assay diluent, standards were prepared using fresh cell culture media. Manufacturer’s protocol 

was followed. Absorbance of each well was analyzed at 450nm using Synergy HTX microplate 

reader. Standard curves used for cytokine quantification included in appendices section. 

Anogen Multiplex Human Cytokine ELISA Kit (#EM10001) was used in the semi-

quantitative determination of pro-inflammatory cytokines expression in polarized M0, M1 and 

M2 macrophages being treated by sTREM2. Pro-inflammatory cytokines analyzed included IL-1α, 

IL-1β, IL-6, IL-8, IFN-γ, GM-CSF, MCAF, and TNF-α. Standards were diluted in RPMI1640 

supplemented with FBS. Two concentrations of each standard were used to generate standard 

curves, a high concentration provided by manufacturer and a 1:32 dilution. Manufacturer’s 

protocol was followed. Synergy HTX microplate reader. Standard curves used for cytokine 

quantification included in appendices section. 

2.6. Western blot analysis 

THP-1 monocytes were differentiated to macrophages as previously described and treated with 

3μM of either ApoE2 protein (Fitzgerald, #30R-AA019), ApoE3 protein (Fitzgerald, #30R-AA016) 

or ApoE4 protein (Fitzgerald, #30R-2382), for 48 hours during the polarization period. Following 

polarization, supernatants were removed, and macrophages were lysed using whole cell extract 

(WCE) buffer containing 10% glycerol, 50mM Tris-HCl pH 7.6, 400mM NaCl, 5mM EDTA, 1mM 

PMSF and 1mM DTT. Cells were lysed for 30 minutes with moderate shaking at 4°C and 

centrifuged at 14,000rpm for 20 minutes at 4°C. Immediately after centrifugation, WCE from 
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treated macrophages were quantified using Bradford assay. Standard was prepared from serial 

dilution of BSA. 

25μg of WCE protein was prepared with 6X Lammaeli buffer and ran on 10% SDS-PAGE 

gel. Proteins were then transferred to PVDF membrane following standard western blot 

procedure. Primary rabbit antibodies for human β-actin (D6A8) (Cell Signaling Technology, 

#8457) and human TREM2 (D814C) (Cell Signaling Technology, #91068) were used to probe PVDF 

membrane. Protein of interest was probed first, stripped and then probed by β-actin antibody. 

Membrane was stripped at 50°C in stripping buffer prepared with 10% SDS, 0.5M Tris-HCl pH 6.8, 

14M β-mercaptoethanol and dH2O. 

Primary antibodies were diluted 1:1000 as per manufacturer’s instructions and incubated 

overnight at 4°C in 5% milk and TBS supplemented with 1% Tween. Anti-rabbit secondary 

antibody (Cell signaling technology, #7074) was diluted 1:10000 and incubated for 1 hour at 4°C 

in 5% milk and TBS 1% Tween before developing. Bio-Rads Clarity Western ECL substrate was 

used to develop protein bands for chemiluminescence detection using Bio-Rad gel-doc. Western 

blot densitometry quantification was carried out using Bio-rads Image Lab software.   

2.7. Live cell imaging  

Live cell imaging to observe differentiation and polarization morphology changes from   THP-1 

monocytes to M0, M1 and M2 macrophages was completed by using Bio-Rads ZOE fluorescent 

cell imager. 
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2.8. Statistical analysis 

Data were presented as Mean ± SD. Statistical analysis for single comparison was performed by 

Student's t-test where each experiment was repeated at least 3 times (n= 3). For multiple 

comparisons, one way ANOVA was performed. The criterion for statistical significance was 

p<0.05. All analysis was carried out using GraphPad Prism 9 software.  

3.0 RESULTS 
 

Part A: sTREM2 induces cytokine expression in THP-1 monocytes through MAPK-JNK 

Signaling 
 

i. sTREM2 Induces Expression of Cytokine in THP-1 Monocyte Model.  
 

To characterize the role of sTREM2 in the inflammatory response, THP-1 monocytes were treated 

with 0.1μg/mL or 1.0μg/mL recombinant human sTREM2, and cytokine expression was assessed 

at 2, 4, 6, and 8 hours post treatment using RT-qPCR. ELISAs for TNF-α and IL-1β were conducted 

to confirm the expression at the protein level. Negative control cells were treated with equal 

volume sterile H2O. Bacterial LPS was used as a positive control to exemplify induction of 

inflammatory response in this model since it is known to strongly stimulate expression of 

inflammatory cytokines in monocytes. 0.1μg/mL LPS strongly stimulated the expression of TNF-α 

and IL-1β and to a lesser extent TARC/CCL17 and IL-10 at 2, 4, 6, and 8 hours post treatment 

(Figure 1). Overall, LPS served as a strong positive control to ensure functionality of the primers 

and induction of inflammatory cytokine expression. The controls in the following experiments 

are negative controls.  
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Figure 1. LPS induced cytokine expression in THP-1 cell model: Treating THP-1 monocytes with 

0.1μg/mL LPS strongly stimulated expression of TNF-α and IL-1β (***=p<0.001; *=p<0.05) as 

well as TARC and IL-10 expression (*=0.05) as compared to negative controls at 2(A), 4(B), 

6(C) and 8(D) hours post treatment.  

 

At 2 hours post treatment 0.1μg/mL sTREM2 stimulated the expression of IL-1β (*p=0.03) 

and TNF-α (**p=0.01) but failed to stimulate expression of TARC or IL-10 compared to untreated 

control samples. 1.0μg/mL sTREM2 failed to stimulate expression of cytokines at 2 hours post 

treatment although IL-1β and TARC transcription was slightly elevated (Figure 2). 

At 4 hours post treatment, the expression of cytokines induced by addition of 0.1μg/mL 

sTREM2 remained like 2 hours post treatment where TNF-α (p<0.0001) and IL-1β were increased 

but TARC expression remained similar to control levels. Interestingly at this time point, the 

expression of IL-10 was induced by both 0.1μg/mL (p=0.05) and 1.0μg/mL sTREM2 was higher 
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than both TNF-α and IL-1β. sTREM2 at 1.0μg/mL was able to stimulate the expression of TNF-α, 

IL-1β, TARC, as well as IL-10 compared to untreated controls although none were shown to be 

statistically significant (Figure 2). 

At 6 hours post treatment (Figure 2) both concentrations, 0.1μg/mL and 1.0 μg/mL 

sTREM2, were able to significantly stimulate the expression of TNF-α, IL-1β, TARC, and IL-10 

compared to control THP-1 cells. At 0.1μg/mL, sTREM2 induced the expression of TNF-α (p=0.05) 

and IL-1β (p=0.01) to levels consistent with previously seen; however, IL-10 (p=0.001) expression 

was stimulated unlike previously observed. A similar pattern is seen following treatment using 

1.0µg/mL sTREM2 where TNF-α (p=0.0004), IL-1β (p=0.02) and IL-10 (p=0.01) were increased as 

compared to untreated control. At this time point, expression levels for each TNF-α, IL-1β, TARC, 

and IL-10 expression levels were at the highest and most consistent levels following both 

0.1μg/mL and 1.0 μg/mL sTREM2 treatment compared to either of the other time points. 

Consistent with shown at previously time points, at 8 hours post treatment (Figure 2), 

0.1µg/mL sTREM2 was able to increase the expression of TNF-α (p=0.03), IL-1β, TARC (p=0.02) 

and IL-10 (p=0.02). At the concentration of 1.0μg/mL, sTREM2 was able to exert similar effects 

on THP-1 cells as 0.1μg/mL sTREM2 with increased expression of TNF-α (p<0.0001). 
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Figure 2. sTREM2 induced cytokine expression in THP-1 cell model: Treating THP-1 cells with 
0.1μg/mL and 1.0μg/mL sTREM2 induced the expression of (A) TNF-α, (B) IL-1β, (C) TARC, and (D) 
IL-10. Data presented as Mean + SD. Individual treatments were assessed using students t-test 
where *<0.05; **<0.01; ***<0.001. Complete data set was analyzed using one-way ANOVA which 
showed (A) **p=0.007, (B) p=0.1, (C) p=0.1 and (D) *p=0.03. 

 

Together these results show that 0.1μg/mL sTREM2 can consistently stimulated the 

expression of major cytokines TNF-α, IL-1β, TARC, and IL-10 with the expression of inflammatory 

cytokines TNF-α and IL-1β at earlier to later time points and the expression of anti-inflammatory 

cytokines TARC and IL-10 at later time points. On the other hand, 1.0μg/mL sTREM2 was not as 

successful at significantly stimulating expression of these cytokines. However, it is interesting 

that large amounts of sTREM2 does not exponentially increase cytokine production or induce 

apoptosis, suggesting that sTREM2-dependent signaling may be constant rather than acting in a 

dose-dependent manner in response to stimuli. One-way ANOVA revealed significant 

relationship for TNF-α (P=0.007) and IL-10 expression (p=0.03) but did not for IL-1β (p=0.1) or 
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TARC (p=0.1) expression. ELISA for TNF-α and IL-1β protein levels in treatment supernatant was 

conducted; however, the results were inconclusive with the majority of samples being below 

detectable levels of the kit. Identifying that sTREM2 could induce the expression of key 

inflammatory regulating cytokines in THP-1 monocytes but given the fact that it is not currently 

known what receptor sTREM2 binds on the membrane of THP-1 cells or how it is recognized 

prompted us to investigate more into the mechanisms behind sTREM2-dependent cytokine 

expression. To further investigate, we employed a commercially available TREM2 antibody in an 

attempt to try to neutralize sTREM2’s ability to induce expression of cytokines in THP-1 cells.  

 

ii. TREM2 mAb Partially Alleviated sTREM2-Induced Expression of Cytokines 

After showing that 0.1μg/mL sTREM2 was able to stimulate the expression of cytokines in THP-1 

cells with consistency, I attempted to neutralize this ability with a commercially available rat anti-

human IgG2B TREM2 antibody purchased from R&D systems. To assess the antibody’s ability to 

bind and neutralize sTREM2, I co-incubated recombinant sTREM2 and the antibody at equal 

concentrations of 0.1μg/mL for 30 minutes at 37°C prior to treating plated THP-1 cells. Like 

previous, cells were harvested at 2, 4, 6 and 8 hours posted treatment, supernatant was stored 

at -80°C, and cytokine expression was assessed by RT-qPCR. ELISAs for TNF-α and IL-1β protein 

expression were conducted later.  

At 2 hours post treatment 0.1μg/mL sTREM2 was able to stimulate expression of inflammatory 

cytokines in THP-1 cells as previously shown (Figure 3). Addition of only the anti-TREM2 mAb to 

cultured THP-1 cells interestingly also increased expression of TNF-α (p=0.002), IL-1β (p=0.002), 
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TARC and IL-10. This can likely be attributed to the antibody engaging TREM2 receptor on cell 

membrane which has been shown to play roles in activation and similar pathways (Yao et al., 

2019; Kraserman et al., 2017).  Addition of 0.1μg/mL sTREM2 pre-incubated with 0.1μg/mL mAb 

showed reduced expression of TNF-α and IL-10 as compared to 0.1μg/mL sTREM2 alone or mAb 

alone; however, it is interesting that sTREM2+mAb increased expression of both IL-1β (p=0.02) 

and TARC to levels higher than either sTREM2 or mAb alone (Figure 3). This may be, as a result, 

recognized as a complex and being internalized or bound to cell membrane which may trigger an 

alternative reaction to induce expression of these cytokines. 

At 4 hours post treatment (Figure 3B), the effects of 0.1μg/mL sTREM2 was able to induce 

expression of TNF-α (p=0.06) and IL-1β to levels similar to previously shown. Again, the TREM2 

mAb alone was able to stimulate increased expression of TNF-α and TARC, likely through 

activating cell surface bound TREM2. Interestingly, a consistent significant decrease of IL-1β 

(p<0.001) was observed as compared to sTREM2 and untreated groups, which is likely due to 

TREM2-dependent mechanisms. IL-10 expression remained unchanged by mAb treatment. 

Consistent with the 2-hour time point, the expression of both TNF-α and IL-10 expression were 

both decreased by treatment with 0.1μg/mL sTREM2+mAb as compared to cells that were 

treated with sTREM2 alone. Like previous I also observed that sTREM2+mAb largely stimulated 

the increased expression of TARC and IL-1β as compared to sTREM2-treated groups (Figure 3B).  

At 6 hours post treatment (Figure 3) THP-1 cells treated with 0.1μg/mL sTREM2 showed 

increased expression of TNF-α (p=0.04), IL-1β (p=0.1), TARC (p=0.04), and IL-10 (p=0.08) like seen 

in previous time points. Treatment with mAb also stimulated expression of all cytokines analyzed. 

Interestingly, treatment with sTREM2+mAb did not have any large effects on TNF-α (p=0.001) at 
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this time point as compared to sTREM2 or mAb-treated controls but showed decreased 

expression of IL-10 as compared to sTREM2 treated groups (Figure 3C). Consistent with previous 

observation, treatment of the cells with sTREM2+mAb stimulated expression of IL-1β (p=0.001) 

and TARC compared to sTREM2 or mAb treated groups which may be indicating different modes 

of action on cytokine expression under these conditions.  

At 8 hours post treatment (Figure 3), previously described results for 2-, 4-, and 6-hour time 

points were observed. 0.1μg/mL sTREM2 significantly induced the expression of TNF-α (p=0.01), 

IL-1β (p=0.1), TARC, and IL-10 (p=0.06) compared to control THP-1 cells. Treatment with mAb also 

stimulated the expression of TNF-α (p=0.02), IL-10, and TARC (p=0.04) but significantly decreased 

the expression of IL-10 (p<0.001), which was unseen previously. sTREM2+mAb treatment 

strongly increased expression of IL-1β and TARC while decreasing expression of IL-10 (p=0.04). 

Interestingly, effects of mAb pre-incubation with sTREM2 had little effects on TNF-α. 
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Figure 3. The effects of TREM2 antibody on sTREM2-induced cytokine expression: THP-1 cells 

were treated with 0.1μg/mL sTREM2, mAb or both sTREM2+mAb for 2, 4, 6 and 8 hours and 

cytokine expression of (A) TNF-α, (B) IL-1β, (C) TARC, and (D) IL-10 was assessed using qPCR. Data 

presented as Mean+SD. Individual treatments were assessed using students t-test where *<0.05; 

**<0.01; ***<0.001. Complete data set was analyzed using one-way ANOVA which showed (A) 

p=0.1, (B) p=0.2, (C) p=0.1 and (D) p=0.3. sTREM2 treatment preformed similar to previously 

shown in Figure 2, mAb treatment alone stimulated expression of cytokines probably through 

TREM2-dependant mechanisms while sTREM+mAb treatment partially reduced sTREM2 induced 

expression of some cytokines, others were greatly increased.   

 

These results reinforce that sTREM2 is able to stimulate cytokine expression in our THP-1 cell 

model. Moreover, it was shown that targeting extracellular sTREM2 with mAb was sufficient at 

alleviating the expression of some cytokines including TNF-α and IL-10 to some degree at some 

time points, but significantly induced the expression of other cytokines such as IL-1β and TARC. 

Treatment of THP-1 cells with only mAb also upregulated the expression of TNF-α, IL-1β, TARC, 

and IL-10 compared to control cells and even at sometimes compared to sTREM2 treatment 

alone. Since this is an anti-TREM2 mAb, it is assumed that the expression of these cytokines by 
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mAb treatment was due to engagement of cell membrane TREM2. Together these results suggest 

that targeting either sTREM2 or TREM2 may elicit a specific cellular response. Here it is important 

to note that while the mAb incubated with sTREM2 reduced the expression of cytokines, they 

were not reduced to the levels equal or less than controls but did however reduce expression 

compared to sTREM2. Although students t-test between control and a single treatment and a 

give cytokines expression level proved many of these relationships to be significant, one-way 

ANOVA showed insignificant relationships for TNF-α (p=0.1), IL-1β (p=0.2), TARC (p=0.1) and IL-

10 (p=0.3). ELISAs for TNF-α and IL-1β were conducted to assess expression of these cytokines at 

the protein levels; however, results were inconclusive with the majority of samples falling below 

detectable levels. Future experiments should use a larger sample size when conducting this assay. 

These results suggest that sTREM2 may induce expression of cytokines through different 

mechanisms. The mechanisms by which sTREM2 induces inflammatory response in monocytes 

needs to be explored further. While early expression of TNF-α induced by sTREM2 was reduced 

by binding of the antibody, later results stray from strongly supporting this. IL-10 expression was 

noticeably reduced by the binding of antibody to sTREM2. I also observed that the antibody 

peaked IL-10 expression at the 2-hour time point and as the time points progressed, the 

expression of IL-10 decreased. This may suggest that prolonged treatment with TREM2 antibody 

could lead to reduced anti-inflammatory signaling. To try to help identify cellular pathways 

utilized by sTREM2 to induce cytokine expression in THP-1 cells, several chemical molecular 

inhibitors were used.  
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i. Inhibition of JNK blocks sTREM2-induced expression of cytokines in THP-1 monocytes 

It remains unknown which pathways sTREM2 may use to induce expression of cytokines in THP-

1 monocyte model. Here I used several chemical inhibitors from Selleck Chemicals and employed 

them in an assay similar to previous sTREM2 treatments. MG-132 was used to inhibit proteasome 

and therefore NFκB activation. SP600125 was used to inhibit JNK which is downstream in the 

MAPK signaling pathway. Piceatannol was chosen as a Syk inhibitor which is the major kinase for 

activating TREM2 signaling. While the IC50’s of the inhibitors were provided by the manufacturer 

and subsequently used in the following experiments, it was not known whether inhibitors would 

cause cell death in THP-1 cells. In order to explore this possibility, a cell viability test was 

completed to assess for cell loss over a period longer than the intended treatment time with the 

IC50s of each inhibitor indicated by the manufacturer. Cells were counted and plated at a 

concentration of 500,000 cells/mL and treated with an inhibitor. At 8 hours, cells were collected 

and recounted which all remained within 95% viability. THP-1 cells were pre-incubated with each 

inhibitor for 15 minutes at 37°C to ensure full diffusion and to allow binding of the inhibitor prior 

to the administration of 0.1μg/mL sTREM2. Cytokine gene expression was assessed by RT-qPCR 

at the 6-hour time point to reduce sample size as this time point showed consistent sTREM2-

induced cytokine expression in my model. 

First, I targeted the Syk using the chemical inhibitor Piceatannol in an attempt to inhibit 

sTREM2 induced cytokine expression in THP-1 monocytes. Under normal physiological conditions 

TREM2 signaling has been shown to recruit and phosphorylate Syk enzyme to communicate 

downstream after ligand binding and association with its adaptor protein DAP12 (Atagi et al., 

2015; Kober and Brett 2017; Panter et al., 2015).  
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Piceatannol was administered to cultured THP-1 cells at an IC50 of 15μM (Figure 4A). 

Treatment with 0.1μg/mL sTREM2 induced expression of TNF-α, IL-1β, TARC, and IL-10 compared 

to untreated cell. While treatment with 15μM piceatannol did not induce cell death in the 

previous cell viability experiment, the inhibitor did not affect sTREM2-induced expression of 

cytokines. However, it appeared that the inhibitor slightly enhanced expression of these 

cytokines as compared to both sTREM2-treated and untreated THP-1 cells. It is important to note 

that this experiment did not show that sTREM2 uses TREM2-Syk signaling pathway to induce 

cytokine expression. Piceatannol did not inhibit expression of cytokines induced by sTREM2 

which is interesting because this suggests that sTREM2 may not bind to or interact with 

membrane bound TREM2 in the context of inflammation induction and possibly conducts 

primary function using different signaling enzymes. However, TREM2 signaling has been shown 

to interact with several different key cellular pathways (Kober and Brett, 2017), which lead me 

to question whether sTREM2 interacts with the proteasome and whether the expression of 

cytokines seen in THP-1 cells was the outcome of this especially due to its involvement in the 

secretion of IL-1β (Yao et al., 2019, Chanput et al, 2010). 

Next, I sought to inhibit possible activation of NFκB signaling by using the proteasome 

inhibitor MG-132 (Figure 4B) which was much more known and documented than piceatannol. 

It has also previously been shown that TREM2’s phagocytic activities communicate with NFκB 

which suggest sTREM2 may have a functional relationship with the NFκB activation as well. To 

test this, MG-132 was administered to plated THP-1 cells at an IC50 of 100nM as indicated by 

manufacturer. It was seen that 0.1μg/mL sTREM2 consistently stimulated expression of TNF-α, 

IL-1β, TARC, and IL-10 as shown previously. THP-1 cells treated with 100nm MG-132 showed 
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increased expression in IL-1β and IL-10 that of which only IL-10 was expressed to higher levels 

than sTREM2 treatment, unlike the Syk inhibitor but TNF-α and TARC expression remained 

relatively unchanged by 100nM MG-132. This suggests that MG-132 is a good functional inhibitor. 

Interestingly, 100nM MG-132 appeared to have some effect on sTREM2-induced cytokine 

expression in THP-1 cells but did not completely inhibit the response. TNF-α and TARC expression 

induced by sTREM2 treatment was reduced to levels similar to untreated control cells but IL-1β 

and IL-10 expression was only slightly reduced.  Although this was shown to be not statistically 

significant, a trend is still clearly visible and sTREM2 signaling through the NFκB pathway should 

be further explored and characterized. The fact that MG-132 did not completely abolish sTREM2-

induced cytokine expression supports the complexity of sTREM2 and its ability to differentially 

regulate cytokine expression.  

Lastly, I targeted JNK which is a kinase downstream of MAPK signaling, a major pathway 

of inflammatory activation. JNK is also known to be activated in response to cellular stress (Vukic 

et al., 2009). To target JNK, I used SP600125 administered at an IC50 of 90nM to inhibit JNK1, 

JNK2 and JNK3 as indicated by manufacturer. Consistent with previous, sTREM2 induced 

expression of cytokines in THP-1 cells (Figure 4C). Addition of only the inhibitor did not alter 

cytokine expression majorly except for slightly stimulating the expression of IL-1β, indicating that 

this should function as a good primer in this model. Here I observed that after a short incubation 

with SP600125 and following addition of sTREM2, the expression of cytokines was nearly 

completely abolished by the inhibitor (Figure 4C). It was primarily seen that the expression of 

TNF-α (p=0.01), TARC, and IL-10 was inhibited to levels equal to or lower than untreated control 

samples. IL-1β expression however was not completely reduced but it was partially (p<0.001) 
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which could be attributed to the complexity of communication in cytokine regulating signaling 

networks as well as the potentially different targets of sTREM2 which could lead to cytokine 

expression through different pathways. However, given that the majority of cytokine expression 

was abolished by SP600125 indicates that this may be the primary cellular pathway used by 

sTREM2 to induce expression of these cytokines in monocytes.  

 

Figure 4. The effects of Syk, NFkB and JNK inhibitors on sTREM2-induced cytokine expression 
Data presented as Mean+SD. Individual treatments were assessed using students t-test where 
*<0.05;**<0.01;***<0.001. Complete data set was analyzed using one-way ANOVA which 
showed (A) p=0.07, (B)* p=0.018 and (C) p=0.2. (A) Piceatannol administered at a concentration 
of 15μM was shown to have no effect on inhibiting cytokine expression in THP-1 cells induced by 
sTREM2; (B) 100nM MG-132 failed to completely inhibit expression of cytokines induced by 
sTREM2 but seems to partially resolve TNF-α a, IL-1β and TARC expression; (C) SP600125 at 90nM 
was able to mitigate expression of cytokines induced by sTREM2 partially reduced IL-1β 
expression. 

 

Interestingly it was seen that MG-132 did partially inhibit the expression of both TNF-α 

and TARC and slightly decreased expression of IL-1β although this relationship was not shown to 

be statistically significant. One-way ANOVA was unable to show significance between treatments, 

and the difference in cytokine production was likely to small, however a visible trend exists and 

should be explored further. Here I showed that SP600125, a well-documented JNK inhibitor 

(Vukic et al. 2009), was able to inhibit the expression of inflammatory cytokines nearly completely 

in THP-1 cells induced by 0.1μg/mL sTREM2. One-way ANOVA showed strong statistical 
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significance in this treatment between treated and control groups (p=01). Together these results 

indicate that sTREM2 may primarily use MAPK-JNK signaling pathway to induce expression of 

cytokines in THP-1 cells. 

THP-1 monocytes used in above experiments were not differentiated into macrophage. To 

test whether sTREM2 also induces the expression of cytokines in macrophages, I differentiated 

THP-1 cells into M0, M1 and M2 macrophages as described below.  

 

ii. sTREM2 induced expression of cytokines in THP-1 differentiated macrophages  
 

Knowing that TREM2 functions primarily in macrophages and microglia during the innate immune 

response (Painter et al., 2015), I sought to characterize the effects of sTREM2 on macrophages 

differentiated from THP-1 cells. THP-1 cells were differentiated into macrophages (M0) and then 

polarized them to M1 or M2 phenotype as described in the Methods section (for the morphology 

of the polarized macrophages, please see supplementary Figure 1). The protocol for THP-1 cell 

differentiation and polarization to M0, M1 and M2 macrophages has been validated by FACS 

analyses of marker expressions on these cells by Patrick Salois at National Research Council of 

Canada (data not shown). Following polarization, M0, M1 and M2 cells were washed three times 

with fresh culture media and then treated with either 0.1μg/mL or 1.0μg/mL sTREM2 for 2- and 

8-hour time points and control M0, M1, and M2 cells were treated with sterile water. Following 

treatment cytokine expression was quantified by RT-qPCR. Protein expression of IL-1α, IL-1β, IL-

6, IL-8. GM-CSF, IFN-γ, MCAF and TNF-α were also analyzed using a human cytokine multiplex 

ELISA kit. 
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At 2 hours post treatment both concentrations of sTREM2 stimulated the expression of 

cytokines in polarized macrophages. In M0 cells (Figure 5A), 0.1μg/mL sTREM2 induced the 

largest expressional changes in TNF-α (p<0.001) and IL-1β (p<0.001), but also stimulated the 

expression of IL-6 (p=0.02) and TARC. sTREM2 at 1.0μg/mL was also able to stimulate the 

expression of TNF-α and IL-1β (p=0.03) as well as IL-10 (p=0.004) but not IL-6 or TARC as 

compared to untreated M0 macrophages (Figure 5A). 

Following a 2-hour treatment with 0.1μg/mL sTREM2, M1 macrophages did not display 

large scale cytokine expression changes like in M0 macrophages except for TNF-α (p=0.04) 

expression which showed a reduction in expression compared to control (Figure 5B).  This was 

also true for 1.0μg/mL sTREM2-treated M1 macrophages where induction of inflammatory 

cytokine expression was not increased but rather decreased in TNF-α (p=0.02), IL-6 (p=0.07), 

TARC (p<0.0001) as well as IL-10 (p=0.007). This supports that sTREM2 may play a role in initiating 

inflammation rather than promoting it in M1 cells that are already “programmed” to be 

inflammatory phenotype. This may be supported by the fact that 1.0μg/mL sTREM2 shows 

reduced expression of cytokines and therefore accumulation of sTREM2 may result in a reduction 

in cytokine expression or initiate a different response. 

In M2 macrophages (Figure 5C), at 2 hours post treatment, 1.0μg/mL sTREM2 had 

minimal effects on cytokine expression with levels remaining similar to that of control M2 

macrophages except for IL-6 (p=0.007) and IL-1β which were decreased. Treatment of M2 

macrophages with 0.1μg/mL sTREM2 was much more efficient at stimulating the expression of 

cytokines. The expression of pro-inflammatory cytokines TNF-α (p=0.04), IL-1β (p=0.08) and IL-6 

was increased in M2 macrophages following treatment with 0.1μg/mL sTREM2. In M0 and M2 
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macrophages, 0.1μg/mL sTREM2 primarily exerted it effects on pro-inflammatory cytokines, 

supporting the theory that sTREM2 likely plays important roles in initiating the inflammatory 

response in neighboring cells at an early stage. On the contrary, 1.0μg/mL sTREM2 was relatively 

inefficient at stimulating expression of inflammatory cytokines in M0, M1, or M2 macrophages 

but did not cause any obvious cytotoxic effects from such a large dose.  

At two hours post treatment 0.1μg/mL sTREM2 strongly induced the expression of pro-

inflammatory cytokines in M0 and M2 cells while having minimal effect on M1 macrophage 

cytokine expression. sTREM2 at 1.0μg/mL did not induce large changes in cytokine expression in 

any of the macrophage types. Similarly, to previously shown in THP-1 cells treated with 0. 1μg/mL 

sTREM2 can induce expression of pro-inflammatory cytokines at early time points. Suggesting 

that sTREM2 may play key roles in initiating the inflammatory response in myeloid-derived cells.  

Figure 5. The effects of sTREM2 on cytokine expression in THP-1-derived macrophages: (A) 
Cytokine expression in M0 macrophages following 2-hour sTREM2 treatment. (B) Cytokine 
expression in M1 macrophages following 2-hour sTREM2 treatment.  (C) Cytokine expression in 
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M2 macrophages following 2-hour sTREM2 treatment. (D) Cytokine expression in M0 
macrophages following 8-hour sTREM2 treatment. (b) Cytokine expression in M0 macrophages 
following 8-hour sTREM2 treatment. (c) Cytokine expression in M0 macrophages following 8-
hour sTREM2 treatment. (*p<0.05; **p<0.01; ***p<0.001) (Experiment completed by Steven 
Marshal) 

 

At 8 hours post treatment the effects of 1.0μg/mL sTREM2 had much more of effect on 

the expression of inflammatory cytokines in all M0, M1 and M2 macrophages as compared to the 

effects at 2 hours post treatment. Interestingly the effects of 0.1μg/mL sTREM2 on cytokine 

expression in M0, M1 and M2 cells was reduced as compared to effects on cytokine expression 

at 2 hours post treatment. This may indicate that sTREM2s effects are relatively quick acting.  

In M0 macrophages following treatment with 0.1μg/mL sTREM2 slightly induced 

expression of IL-6, TARC, and IL-10 in comparison to control M0 macrophages at 8 hours post 

treatment. Unlike previously, TNF-α and IL-1β expression remained relatively unchanged at the 

8 hour time point in M0 macrophages (Figure 5D) as compared to controls. Interestingly, 

1.0μg/mL sTREM2 significantly induced the expression of TNF-α (p=0.05), TARC (p=0.04) and IL-

10 (p<0.0001) with mean relative changes of 2-, 1.5-, and 1.5- fold, respectively.  It is shown that 

at 8 hours, the expression of anti-inflammatory cytokines TARC and IL-10 was significantly 

upregulated with high levels of expression by 1.0μg/mL sTREM2 treatment. Here we see that at 

higher concentrations and longer exposure to sTREM2, M0 macrophages expressed high levels 

of anti-inflammatory cytokines as compared to control M0 macrophages. 

In M1 cells at the 8-hour time point (Figure 5E), the effects of both 0.1μg/mL and 

1.0μg/mL sTREM2 were greater than at the 2-hour time point in M1 macrophages. Treatment of 

M1 macrophages with 0.1μg/mL sTREM2 was able to stimulate the expression of IL-1β (p<0.001) 
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but slightly induce the expression of TNF-α, IL-6, TARC, and IL-10 as compared to untreated M1 

macrophages. In M1 macrophages at 8 hours post treatment, 1.0μg/mL sTREM2 stimulated the 

expression of TNF-α (p=0.02), IL-6, TARC (p=0.007), and IL-10 (p=0.008) compared to control M1 

macrophages. It is important to note here that M1 macrophages are polarized towards a pro-

inflammatory state, and therefore for sTREM2 to strongly induce the expression of IL-10 at 8 

hours in this cell type supports the idea that prolonged exposure to sTREM2 may initiate anti-

inflammatory response. 

Similarly, to M1 macrophages, in M2 macrophages (Figure 5F), 1.0μg/mL sTREM2 also 

strongly stimulated the expression of IL-10 (p=0.01) in comparison to control M2 macrophages, 

which coincides with what we have previously presented earlier. IL-1β and TARC expression was 

also increased following treatment although this was not shown to be significant. sTREM2 at 

0.1μg/ml showed minimal effects on cytokine expression in M2 macrophages at the 8-hour time 

point compared to control macrophages.  

In the context of our model at early time points, low concentrations of sTREM2 can 

stimulate the expression of pro-inflammatory cytokines TNF-α and IL-1β consistently and to a 

lesser extent IL-6 in M0, M1 and M2 macrophages. At the later time point, higher concentrations 

of sTREM2 were able to stimulate the expression of anti-inflammatory cytokines IL-10 strongly 

and to a lesser extent TARC. With respect to the fact that sTREM2 has a short half-life, this 

relationship may be seen in that duration of exposure to sTREM2 may play a more prominent 

role in cytokine expression rather than the actual concentration having the more driving effect 

on cytokine expression in macrophages. 



48 
 

To test whether the elevated levels of expression in pro-inflammatory cytokines 

translated to expression at the protein level in treated M0 (Table 1A), M1 (Table 1B), and M2 

(Table 1C) macrophages, a human cytokine multiplex kit was used to detect the levels of IL-1α, 

IL-1β, IL-6, IL-8, GM-CSF, IFN-γ, MCAF (monocyte chemotactic and activating factor) and TNF-α 

using the supernatant from the 2 hour treatment of 0.1μg/mL or 1.0μg/mL sTREM2 treatment 

(Table 1) (for standard curves of the multiplex ELISA, please see supplementary Figure 4). Like 

previously shown (Figure 5A) M0 macrophages treated with 0.1μg/mL sTREM2 increased the 

expression of IL-1β and TNF-α as compared to control. Although IL-1β expression was significantly 

upregulated in Figure 5A, it is not directly translated to the protein level, although increased 

protein expression was seen. TNF-α protein expression in M0 macrophages treated with 

0.1μg/mL sTREM2 showed a quite large 20pg/mL increase in protein level as compared to 

untreated M0 macrophages. Like qPCR results in Figure 2A, 1.0μg/mL sTREM2 treatment 

increased IL-1β by about 8pg/mL which is not as large as the RNA expression levels of IL-1β. The 

only other cytokines that seemed to be increased by 0.1μg/mL sTREM2 treatment in M0 

macrophages compared to controls seemed to be INF-γ and MCAF which showed approximately 

30pg/mL and 10pg/mL, respectively. Consistent with qPCR results, 1.0μg/mL sTREM2 did not 

largely increase the protein expression of any cytokines measured by the human multiplex kit.  

M1 treated macrophages (Table 1B) showed relatively not increase in cytokine expression 

following 0.1μg/mL or 1.0μg/mL sTREM2 treatment compared to untreated M1 macrophages. 

This was consistent with the qPCR results shown previously (Figure 5B). 

In M2 macrophages (Table 1C), treatment with 0.1μg/mL sTREM2 did not majorly alter 

the expression of any cytokines although consistent with previously shown (Figure 5C), but it did 
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slightly increase the expression of TNF-α by about 7pg/mL compared to untreated control M2 

cells. Interestingly an increase in IFN-γ protein expression was also seen in 0.1μg/mL sTREM2 

treated M2 macrophages. The large increase in IL-1β expression following 0.1μg/mL sTREM2 was 

not seen at the protein level; however, the qPCR data for this cytokine showed large variability 

in expression. Interestingly, 1.0μg/mL sTREM2 treatment increased the expression of several 

proteins detected by this cytokine kit. The largest expression changes were in IL-8, IFN-γ, and 

GM-CSF which showed increases of 18pg/mL, 35pg/mL, and 32pg/mL, respectively. Other 

cytokines were also slightly increased in M2 macrophages following 1.0μg/mL sTREM2 treatment 

including IL-1α, IL-1β, and MCAF. Together this data helps support that sTREM2 is a key player in 

activating cells and initiating cytokine expression.  

Table 1. Human cytokine Multiplex ELISA results for (A) M0 macrophages, (B) M1 macrophages, 
and (C) M2 macrophages treated for 2-hours by 0.1μg/mL and 1.0μg/mL sTREM2. 

 

Together the increased expression of pro-inflammatory cytokines in mainly M0 and M2 

macrophages both at the transcriptional and protein levels shows that sTREM2 can induce an 
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inflammatory response in myeloid-derived cells. Interestingly sTREM2 did not show any effects 

on the expression levels in M1 macrophages which supports that sTREM2 may be important in 

activating cells and programming them towards a pro-inflammatory state. Although increased 

expression pro-inflammatory cytokines were readily detectable by qPCR (Figure 5) and ELISA 

(Table 1), anti-inflammatory cytokines IL-10 and chemokine TARC expressions were also 

increased, at least at the transcriptional level which suggest that sTREM2 has some anti-

inflammatory actions as well. More studies will need to be conducted to investigate sTREM2 

ability to induce expressional changes in not only cytokines but other genes as well that are 

responsible for inflammatory regulation and initiation.  ELISA data for the 8-hour time point was 

not collected due to reagent cost and time constraints to complete this project. Part of the 

Section iv work was completed by Steven Marshall, Hon. B. Sci., under my supervision.  

 

iii. Polarized macrophages differentially shed sTREM2  
 

While it is widely known that TREM2 is expressed on myeloid cells like macrophages and 

microglia (Painter et al., 2015) and studies have found that M2 macrophages express larger 

quantities of TREM2 than either M0 or M1 cells (Turnbull et al., 2006) but whether TREM2 on the 

cell membrane can be shed into culture media has yet to be definitively confirmed in our THP-

1/Macrophage model. To figure out whether differentiating macrophages shed TREM2 into 

culture media, macrophages were differentiated as previously described in the Methods section 

and at 24- and 48-hours during polarization, supernatants from polarized M0, M1 and M2 

macrophages were collected and stored at -80°C. Later a human TREM2 ELISA kit was used to 

detect levels of sTREM2 in culture supernatant.  
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In all samples, sTREM2 was readily detectable under current model conditions in cell 

culture media of polarized M0, M1 and M2 macrophages. After generating a standard curve 

(Figure 6) and interpolating values of sTREM2 concentration expressed by polarizing 

macrophages showed that M2 macrophages shed sTREM2 to the highest degree followed by M0 

and M1 macrophages. M2 macrophages shed nearly double the amount of TREM2 at 24 hours 

compared to M1 macrophages and over triple the amount at 48 hours (Table 2). The levels of 

sTREM2 increased approximately two-fold between 24 hours and 48 hours in M0 and M2 

macrophages but not M1 macrophages. In M0 macrophages at 24 hours, approximately 6ng/mL 

sTREM2 was shed as compared to around 12ng/mL at 48 hours.  On the contrast, sTREM2 level 

in culture media of M1 macrophages at 24 hours was around 4ng/mL and only increased by about 

1.5ng/mL at 48 hours. M2 cells expressed the highest levels like previously mentioned, expressing 

around double that of M1 at 24 hours with 8ng/mL detectable in culture media and 17ng/mL at 

48 hours. It is important to note that levels of TREM2 expression in culture media for M2 

macrophages at 48 hours is likely to be slightly over estimated due to the fact that it is outside 

the range of concentration generated by standard curve. These results clearly indicate that M2 

macrophages shed the largest amount of TREM2 in culture media, followed by M0 and then M1 

macrophages.  It is currently not known whether sTREM2 affects expression of surface TREM2 in 

M0, M1 or M2 macrophages or whether other factors may affect TREM2 expression and shedding 

in macrophages and should be a primary focus of future experiments. The above work was 

conducted by Patrick Salois at the National Research Council of Canada. 
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Figure 6: Standard curve generated to detect human TREM2 in polarized macrophage culture 
supernatant 

 

Table 2: Interpolated values from Figure 6 for sTREM2 concentrations in macrophage culture 
supernatant. 
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Part B:  ApoE isoforms differentially affect cytokine and TREM2 expression in THP-1 

derived macrophages. 
 

i. ApoE isoforms differentially induced the expression of inflammatory cytokines in 

polarized macrophages.  
 

ApoE is known as a ligand of TREM2 receptor (Atagi et al., 2015) and both play crucial roles in 

normal neurophysiology. As ApoE exists in three isoforms, ApoE2, ApoE3 and ApoE4; while ApoE4 

is a top risk factor of AD, on the other hand ApoE3 is considered neutral, and ApoE2 is thought 

to be neuroprotective (Huang et al., 2017). The effect of ApoE-TREM2 interaction on macrophage 

polarization and cytokine expression is still largely unknown. Here I employed a similar assay as 

the previous sTREM2 and macrophages treatment. Although instead of treating with sTREM2, I 

added 3μM of either ApoE2, ApoE3 or ApoE4 to culture media (Dorey et al., 2017) during the 48-

hour polarization phase to investigate whether ApoE isoform proteins have any effect on 

macrophage polarization and cytokine expression profiles. Following polarization M0, M1 and 

M2 macrophages were harvested, and RT-qPCR was conducted to assess the difference in 

cytokine profiles attributed to either of the ApoE isoforms. Supernatants were collected after 

treatment at stored at -80°C for later to assess the expression of the cytokines at the protein 

level.  

 In M0 macrophages, treatment with 3μM of either isoform strongly stimulated the 

expression of pro-inflammatory cytokines (Figure 7). ApoE2 strongly stimulated the expression 

of TNF-α (p=0.001), and IL-1β (p=0.005) as compared to control. ApoE4 also strongly stimulated 

the expression of TNF-α (p=0.06) and IL-1β (p=0.06) to levels similar to ApoE2 and significantly 

higher than control. Interestingly, ApoE3 induced the lowest amount of pro-inflammatory 
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cytokines but still stimulated TNF-α (p=0.04) and IL-1β in M0 macrophages as compared to 

control. The effects of the ApoE isoform proteins on anti-inflammatory cytokine expression was 

significantly less significant with only ApoE4 stimulating the expression of IL-10 to levels higher 

than control M0 macrophages; while ApoE2 and ApoE3 treated macrophages showed no change 

in IL-10 transcript expression. The levels of TARC were slightly elevated by treatment with ApoE2 

and ApoE4 stimulating expression to similar levels at around 2-fold while ApoE3 stimulated the 

expression of TARC slightly more than untreated M0 macrophages (Figure 7). Together these 

results indicate that ApoE isoforms differentially induce the expression of inflammatory cytokines 

in THP-1 differentiated M0 macrophages.  

 In M1 macrophages the differential effects of the ApoE isoforms are much more 

prominent than M0 (Figure 7B). This is likely because these cells are transcriptionally active for 

inflammatory phenotype due to the culture media containing cytokines to polarize the cells 

rather than M0 cells which contain no additional cytokines to promote polarization. Here I see 

that ApoE2 strongly stimulated TNF-α and IL-1β (p=0.02) compared to control M1 macrophages, 

like what was seen regarding its effects on M0 macrophages. Unlike previously however, ApoE2 

also stimulated the expression of IL-10 and TARC to levels significantly higher than control M1 

macrophages. It is also very important to mention that ApoE2 stimulated levels of expression in 

both IL-10 and TARC to levels nearly double that of ApoE4 which will be discussed below. ApoE3 

was able to moderately induce the expression of TNF-α (p=0.03) and IL-1β (p=0.02), as well as 

TARC compared to control M1 macrophages but failed to stimulate the expression of IL-10. All 

levels of cytokine expression induced by ApoE3 treatment were to a lesser extent than either 

ApoE2 or ApoE4. ApoE4 stimulated the expression of TNF-α (p=0.01), IL-1β (p=0.005), TARC 
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(p=0.02) as well as IL-10 (p=0.03) compared to control macrophages. Here I see that both ApoE2 

and ApoE4 stimulated pro-inflammatory signaling in M1 polarized macrophages similar to each 

other; however, ApoE2 is able to stimulate the expression of anti-inflammatory cytokines IL-10 

and TARC to a significantly greater extent than ApoE4 (Figure 7). This is especially important as 

this cell type is persuaded towards pro-inflammatory responses, therefore expressing anti-

inflammatory cytokines in the context of chronic inflammation would help in resolution. 

 Cytokine expression in M2 macrophages was much like M1 macrophage cytokine 

expression following treatment with either of the ApoE isoforms (Figure 7). ApoE2 strongly 

stimulated IL-1β (p=0.01) and TARC (p=0.02) as compared to control M2 macrophages. TNF-α 

and IL-10 expression following 3μM ApoE2 treatment was also moderately increased in M2 

macrophages compared to control cells, displaying a similar profile to ApoE2-treated M1 

macrophages. ApoE3 strongly stimulated the expression of TARC (p=0.002) and moderately 

stimulated the expression of TNF-α and IL-1β compared to control macrophages, which also 

displays a similar profile as ApoE3-treated M1 macrophages. ApoE4 strongly stimulated the 

expression of IL-1β (p=0.04) and TARC (p=0.007), but to levels slightly less than ApoE2-treated 

M2 macrophages. ApoE4 also moderately stimulated the expression of TNF-α (p=0.02) while IL-

10 was not expressed as compared to control macrophages (Figure 7).   

 These results show that each ApoE isoform may differentially regulate the expression 

of these cytokines in THP-1 differentiated macrophages of different phenotypes. All isoforms 

were able to increase the expression of inflammatory cytokines in M0, M1 and M2 macrophages. 

When looking at the effects of ApoE4 on cytokine expression, it is interesting to consider that 

both ApoE2 and ApoE4 induced the expression of TNF-α and IL-1β to similar degrees in M0, M1, 
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and M2 macrophages compared to control macrophages while ApoE3 stimulated the least 

expression of these cytokines. The difference however is that ApoE2 stimulated the expression 

of anti-inflammatory cytokines IL-10 and TARC in M0, M1 and M2 macrophages to levels 

significantly higher than controls and higher than ApoE4- or ApoE3-treated macrophages.  

Although ApoE was previously shown to bind TREM2 (Atagi et al., 2015), it cannot be said for 

certain that the expression of these cytokines is solely due to an ApoE-TREM2 interaction. ApoE 

can also bind other receptors on cell membrane, such as LDLR, LRP-1, VLDLR and apoE receptor 

2 (Zhao et al. 2018) and trigger cellular responses. While it can be speculated this might be 

occurring to some degree, this would need to be confirm for certain that ApoE-induced 

inflammation in macrophages occurs due to TREM2 dependent mechanisms. TREM2-knockout 

THP-1 cell line will help to answer the question. The induction of the inflammatory cytokines TNF-

α and IL-1β by either of the isoforms across all macrophages may be indicative of ApoE’s 

inflammatory nature, meaning that ApoE itself may stimulate the expression of inflammatory 

cytokines in this cell model at least at the transcriptional level.  
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Figure 7. The effects of different ApoE isoforms on cytokine expression in M0, M1 and M2 

macrophages: Cells were polarized in the presence of 3μM APOE isoform during the polarization 

phase and cytokine expression of (A) TNF-α, (B) IL-1β, (C) TARC, and (D) IL-10 was analyzed by RT-

qPCR. Data presented as Mean + SD. Individual treatments were assessed using students t-test 

where *<0.05; **<0.01; ***<0.001. Complete data set was analyzed using one-way ANOVA which 

showed (A) p=0.07, (B) p=0.18, (C) p=0.36 and (D) *p=0.23. 

 

 To identify whether this increased expression of TNF-α (Table 3) and IL-1β (Table 4) 

induced by different ApoE isoforms translated to increased protein in macrophages, a human 

cytokine ELISA for each was conducted. Consistent with what was shown previously, all ApoE 

isoforms were able to stimulate the expression of TNF-α at the protein level in M0 (Table 3A), 

M1 (Table 3B), and M2 macrophages (Table 3C). Interestingly in M0 macrophages, unlike 

previous where ApoE2 and ApoE4 stimulated expression to similar levels, it is seen that the 
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isoforms stimulated the expression of TNF-α in a pattern of ApoE2 < ApoE3 < ApoE4. It is also 

seen that ApoE2 stimulated the expression of TNF-α to a lower degree than control in M0 

macrophages. Similarly, to M0 macrophages, M1 and M2 macrophages followed a similar trend 

in ApoE-induced inflammatory cytokine expression where ApoE2 (p=0.02) < ApoE3 (p=0.06) < 

ApoE4 (p=0.06) stimulated the expression of TNF-α compared to control. Not only was the 

expression increased but ApoE4 nearly doubled the level of expression of TNF-α in all 

macrophages compared to controls or ApoE2 (Table 2). While control macrophages had a 

somewhat high level of TNF-α expression, ApoE3 treated macrophages showed levels similar to 

control except for in M1 macrophages.  

 For IL-1β, the expression at the transcriptional level was almost replicated at the 

protein level in ApoE-treated M0, M1, and M2 macrophages (Table 3). ApoE2 (p=0.005) and 

ApoE4 (p=0.003) strongly stimulated the expression of IL-1β compared to control M0 

macrophages (Table 3A); while ApoE3 (p=0.02) stimulated the expression to a lesser degree than 

both. Similar in M1 macrophage (Table 3B), ApoE2 (p=0.0006) and ApoE4 (p=0.02) largely 

stimulated the expression of IL-1β while ApoE3 (p<0.0001) stimulated the expression the least.  

M2 macrophages followed this trend as ApoE2- and ApoE4- (p=0.02) treated M2 macrophages 

strongly expressed IL-1β, and ApoE3 (p=0.06) also induced the expression. For IL-1β expression 

induced by ApoE treatment in qPCR results (Figure 7), ApoE2 and ApoE4 stimulated transcript 

level expression to similar degrees but at the protein level, while both strongly increased its 

expression compared to ApoE3, but ApoE4-treated macrophages expressed nearly 50% more IL-

1β than ApoE2-treated macrophages. Together these results confirm that ApoE isoforms 

differentially induced the expression of inflammatory cytokines in our model. While the exact 
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mechanism remains to be determined, it will be important for future efforts to identify exactly 

how this occurs whether through TREM2 signaling-dependent mechanisms or other.  To try to 

help characterize how ApoE isoforms may affect TREM2 in the context of inflammation and our 

model, the level of TREM2 following M0, M1 or M2 macrophage treatment with either ApoE2, 

ApoE3 or ApoE4 was assessed using western blot.  

 

Table 3. The effect of ApoE isoforms on TNF-α production in macrophages: (A) Concentration of 
TNF-α protein expressed by M0 macrophages after ApoE treatment. (B) Concentration of TNF-α 
protein expressed by M1 macrophages after ApoE treatment. (C) Concentration of TNF-α protein 
expressed by M2 macrophages after ApoE treatment. (For standard curve of TNF-α ELISA, please 
see supplementary Figure 2).  

 

 

 



60 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4. The effect of ApoE isoforms on IL-1β production in macrophages (A) Concentration of IL-
1β protein expressed by M0 macrophages after ApoE treatment. (B) Concentration of IL-1β 
protein expressed by M1 macrophages after ApoE treatment. (C) Concentration of IL-1β protein 
expressed by M2 macrophages after ApoE treatment. (For standard curve of IL-1β ELISA, please 
see supplementary Figure 2).  
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ii. ApoE isoforms differentially regulated TREM2 expression in polarized macrophages.  

 

It is unknown whether ApoE isoforms would differentially regulate TREM2 expression in M0, M1 

or M2 macrophages. To test this, I repeated the previous experiment but whole cell extracts 

(WCE) were retrieved after treatment, quantified, and ran on a 9% SDS-PAGE gel. An anti-human 

TREM2 rabbit monoclonal antibody (D814C) was purchased from Cell Signaling Technology and 

used for western blot to assess levels of TREM2 expressed in M0, M1 and M2 macrophages 

treated by either ApoE2, ApoE3 or ApoE4 and compared to control untreated macrophages. 

 

 

 

Figure 8:  Secondary western blot for TREM2 expression in M0, M1, and M2 macrophages 
following ApoE treatment compared to β-actin as reference 
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 Control macrophages express TREM2 consistent with their expression of sTREM2 in 

culture media. M2 macrophages clearly express the highest amount of TREM2 followed by M0 

and then M1 macrophages. Compared to control cells, ApoE isoforms seeming decreased 

expression of TREM2 in M0, M1 and M2 macrophages. Nevertheless, the trend of ApoE inducing 

expression of TREM2 in M1<M0<M2 is replicated. Again, it also seems that the 

ApoE4<ApoE3<ApoE2 trend in affecting TREM2 expression is also followed. These results 

reinforce that ApoE isoforms differentially affected the expression of TREM2 as compared to 

control macrophages. Consistent with literature where M2 cells express the highest amount of 

TREM2 compared to M0 or M1 macrophages which is clearly seen here  

 sTREM2 has been shown to have a molecular weight ranging from 24kDa to 40kDa 

depending on the degree of glycosylation (Piccio et al., 2008). Below the readily detectable 

TREM2 protein a faint band at around 25kDa (Figure 9) exists which is likely unglycosylated 

sTREM2 or incompletely processed TREM2 that has not yet reached the membrane as it is whole 

cell extract. However, this does not exclude the possibility that sTREM2 would be detectable in 

the cytosol of macrophages. This should be confirmed in future studies and would give insight 

towards the how sTREM2 is able to induce expression of cytokines in macrophages. This would 

also likely provide important information on other signaling pathways that sTREM2 is involved 

in.  

 Together these results indicate that ApoE isoforms differentially affected the 

expression of cytokines in macrophages of different phenotypes as compared to control 

macrophages and differentially regulated TREM2 expression in these cells. Like mentioned 

previously, although ApoE isoforms can induce differential expression of TREM2, it was not 



63 
 

confirmed whether this was happening due to a TREM2-dependent mechanism which should be 

primary focus in future experiments. It will also be important to identify how ApoE isoforms 

differentially induce the expression of cytokines and TREM2 in macrophages of different 

phenotypes.  

4.0 Discussion 
 

4.1. sTREM2 induced cytokine expression in THP-1 monocytes 
 

In recent years, the roles of sTREM2 in normal microglia function (Vilalta et al., 2021) and in AD 

are becoming increasingly apparent. Importantly sTREM2 has been shown to be increased in CSF, 

with variable levels dependent on the variants, just before the clinical onset of symptoms in AD 

(Zhong et al., 2017; Suarez-Calvet et al., 2019).  Microglia is considered as a resident macrophage 

in CNS. Studies show that microglia is derived from macrophage during CNS development and 

macrophage can also migrate into CNS as well (London et al. 2013). The goal of this study was to 

determine whether sTREM2 could induce an inflammatory response in myeloid-derived cell 

model.  THP-1 cell line is a human monocytic leukemia line of myeloid origin and used as a model 

in this study. The cells were treated with different concentrations of sTREM2, and the cytokine 

expression and relevant signaling pathways involved were investigated.  

It was shown that sTREM2 can induce the expression of several pro-inflammatory and 

anti-inflammatory cytokines in our THP-1 model.  As THP-1 cells are monocytes, this may suggest 

that sTREM2 can induce large scale transcriptional changes in these cells. This could indicate that 

sTREM2 plays crucial roles in innate immune and inflammatory response. The positive control 

used in this study, 0.1μg/mL LPS, was used to show strong induction of inflammatory cytokines 
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in THP-1 cells as compared to sTREM2-treated THP-1 cells. This suggests that sTREM2 has a strong 

regulatory function, likely involved in process of innate immune and inflammatory response.  This 

is also supported by the fact that sTREM2 is readily detectable in both CSF and plasma. sTREM2 

detectable in plasma of AD patients, non-AD individuals and other NDDs has been reported to 

range anywhere from 10-50ng/mL (Ferri et al., 2021) and is significantly lower in CSF at around 

10ng/mL with cognitively impaired individuals typically displaying slightly higher levels of CSF 

compared to unimpaired individuals (Knapskog et al., 2020). 

In this model, the concentrations of sTREM2 used were relatively higher than under 

normal conditions but still encapsulated that sTERM2 can induce inflammatory cytokine 

expression in myeloid-derived cells, reinforcing that it probably plays important roles in initiating 

inflammation and activating cells. Interestingly given that 1.0μg/mL sTREM2 was used to treat 

cells and is over 20 times more concentrated than what is found in plasma and over a hundred 

more than in CSF but did not cause observably obvious cytotoxic effects such as apoptosis or 

significantly aberrant inflammatory cytokine expression. This supports that increased sTREM2 

may not be recognized as pathogenic stimuli in this THP-1 model but rather may have important 

regulating functions which remain to be fully characterized further as well as in vivo. Also, in 

support of this was sTREM2’s ability to induce the expression of pro-inflammatory cytokines in 

THP-1 cells at earlier time points but also significantly stimulating the expression of anti-

inflammatory chemokine TARC and cytokine IL-10 at later time points. 

Could large doses of sTREM2 lead to inconsistent modulation? It has been shown that 

sTREM2 has a relatively short half-life of about 4 hours in mouse brains (Henjum et al., 2016) 

which supports 0.1μg/mL sTREM2 being capable of inducing expression of cytokines more so 
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than 1.0μg/mL. Although culture conditions and in vivo conditions differ largely due to lack of 

proteolytic secretases required for sTREM2, therefore its half-life is probably significantly longer 

in culture conditions, but nonetheless should be a consideration for future experiments as these 

enzymes may be released in response to large doses of sTREM2. Another thing to consider would 

be that at the 8-hour time point would sTREM2 that was added still be influencing cells in culture 

or were we observing lasting effects say from the 2-hour time point? This could be tested in the 

future by assessing sTREM2 in culture media following treatment, but it may be hard to 

distinguish between sTREM2 that was added and sTREM2 that could have been shed from the 

cell membrane in culture. 

While the addition of sTREM2 was able to induce the expression of key inflammatory 

cytokines, the underlying mechanisms that cause specific cytokine expression remain to be 

defined. Such that it is not currently known how sTREM2 is physically modulating the innate 

immune response. Could sTREM2 be binding surface TREM2 or other receptors to elicit such 

cellular response or could it be bound and internalized by scavenger receptors? It is also 

important to consider whether sTREM2-mediated response is dependent on the receptor(s) 

bound which is likely the case. Could sTREM2 bind to a component in the media or released by 

these cells as THP-1 cells are cancerous so there may be some endogenous factors released into 

the culture media that may have alternative effects on the outcome of cytokine expression 

induced by sTREM2. Could sTREM2 binding membrane receptors to induce these expressional 

changes or is it in complex with other factors being recognized by cell receptors in solution to 

induce cellular response?  Future efforts should be directed towards identifying targets of 

sTREM2. 
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4.2. The effects of TREM2 antibody on sTREM2-induced cytokine expression  
 

Recently, a TREM2 antibody known as AL002c, which is an agonist antibody, has been shown to 

activate microglia in 5XFAD mice and that administration of AL002c showed induction of 

microglial proliferation in wildtype and R47H TREM2 mice (Wang et al., 2020) and that it also 

reduced neurotoxicity and inflammatory signaling. This shows that targeting TREM2 may be 

beneficial to modulating AD progression. With this in mind, the goal of this experiment was to 

see whether a commercially available mAb would be able to neutralize the ability of exogenous 

sTREM2 to induce expression of inflammatory cytokines in our myeloid model.  

Pre-incubation of sTREM2 with a rat anti-human TREM2 IgG2B mAb was able to partially 

reduce sTREM2-induced expression of inflammatory cytokines in THP-1 cells but significantly 

increased the expression of others. This antibody can bind to TREM2 but there is no evidence 

whether this antibody can activate TREM2 signaling in cells. Reduction in sTREM-induced 

expression of TNF-α and IL-10 mediated by the TREM2 antibody may suggest reduced 

inflammatory response as a result of neutralizing sTREM2-induced expression of the cytokines 

but an increased expression in IL-1β and TARC suggests that other mechanisms may be at play 

here. The complex of sTREM2/antibody may bind to certain receptors on cell membrane 

activating relevant signaling. This instance may be enough to highlight the complexity involved in 

sTREM2 signaling and inflammation. TREM2 and sTREM2 possess a V-set domain which allows 

binding to a large variety of substrates; therefore, it is likely that sTREM2 signaling is strongly 

dependent on the substrates or receptors bound. Moreover, the effects of the antibody on 

sTREM2 are likely dependent on the epitope it binds. Importantly it should be noted that a larger 

decrease in cytokine expression may have been seen if the antibody and sTREM2 were incubated 
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together at equal molar concentrations to account for binding ability and atomic mass. 

Interestingly, it was seen that the antibody alone was able to induce expression of inflammatory 

cytokines which was likely due to its engagement of TREM2 receptor on cell membrane, 

supporting its roles in activation of cellular signaling. Throughout the duration of the treatment 

with mAb, IL-10 showed its highest level of expression at the initial time point and showed 

progressive decline throughout, suggesting that TREM2 is important in regulating and 

maintaining a proper response. A proposed mechanism for this may be that once TREM2 

recognizes a ligand, dependent on the nature of the ligand, it may be responsible for inhibiting 

an over exaggerated response or to ensure that the response remains “in check”. 

Contrary to reduced expression of TNF-α and IL-10, the mAb strongly stimulated 

expression of IL-1β and TARC when bound to sTREM2. The mechanism for which this occurs is 

unknown but could possibly be explained by sTREM2+mAB being recognized as an immune 

complex and stimulating the activation of the NLRP3 inflammasome to release IL-1β. sTREM2’s 

role in NLRP3 activation has yet to be described but should be investigated in the future.  I wanted 

to test whether the NLRP3 inflammasome was involved in the increased expression of IL-1β being 

observed in the sTREM2+mAb treated groups (Supplementary Figure 5). I used a known NLRP3 

inhibitor MCC950 to target NLRP3 activation. The experiment was only completed once but 

showed that the inhibitor was able to partially alleviate IL-1β expression induced by 0.1μg/mL 

sTREM+mAb. This suggests that the NLRP3 inflammasome may be involved in sTREM2 induced 

inflammation.  

This work highlights the functional complexity of sTREM2 in the context of inflammatory 

regulation and shows that sTREM2 can regulate inflammatory cytokine expression in myeloid-
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derived cells. Moreover, targeting TREM2 and sTREM2 with a mAb showed increased expression 

of several cytokines which suggests that targeting TREM2 may modulate the inflammatory 

response. Phase 2 clinical trials for AD treatment using a TREM2 antibody AL002 are currently 

underway but the immune modulating function of TREM2 activation need to continue to be 

defined in order to fully take advantage of this receptor for the development molecular 

therapies.  

 

4.3. The signaling pathways involved in sTREM2-induced cytokine expression. 
 

We’ve shown that sTREM2 can induce expression of cytokines in myeloid-derived cells and that 

targeting sTREM2 could prove to be beneficial in terms of reducing inflammation. However, the 

cellular pathways sTREM2 utilizes to induce this expression has not been identified. The intention 

of this study was to define the cellular signaling pathways that sTREM2 may use to induce the 

expression of cytokines in our model. To test this, inhibitors for several well-defined signaling 

pathways were used to determine a particular pathway sTREM2 may use in myeloid cells.  

Membrane bound TREM2 has been shown to signal through second messenger Syk 

enzyme to mediate downstream signaling which is recruited and phosphorylated by ITAMS with 

TREM2’s adaptor protein, DAP12 (Peng et al., 2010).  Moreover, TREM2 has been shown to 

antagonize toll like receptor (TLR) mediated inflammatory response through modulation of JNK 

and NFκB (Takashi et al., 2005; Hamerman et al., 2006). Since several studies have shown that 

TREM2 signals through several key inflammatory networks as previously discussed, we aimed to 
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identify whether sTREM2 induces the expression of the cytokines in THP-1 cells using either Syk, 

MAPK-JNK, or NFκB. MG-132 was used to inhibit proteasome-mediated IkB degradation and 

therefore NFκB activation. SP600125 was used to inhibit JNK which is downstream in the MAPK 

signaling pathway. Piceatannol was chosen as an Syk inhibitor which is the major signaling 

enzyme for TREM2 receptor activation. 

Syk inhibitor had no effect on cytokine expression induced by sTREM2 treatment. This is 

important as it shows that sTREM2 has distinct signaling mechanisms differing from TREM2. This 

however should continue to be explored because like stated previously, sTREM2 probably has 

diverse effects and is dependent on the substrates or receptors bound and therefore may 

function through in a TREM2 independent manner.  There is also the possibility that this inhibitor 

was just inefficient as it is relatively less documented as compared to the other inhibitors tested.  

SP600125, a well-documented JNK inhibitor, has previously been shown to inhibit JNK-AP1 

singalling pathway in brain endothelial cells in response to Aβ peptide (Vukic et al., 2009). Here 

we showed that SP6000125 inhibited the expression of the cytokines induced by sTREM2 in THP-

1 cells to levels similar to controls, with the exception of IL-1β. Incomplete inhibition of IL-1β 

expression by the inhibitor suggests that another pathway may be active and also partially 

responsible for the expression of IL-1β. This indicates that in myeloid cells, sTREM2 may primarily 

use the JNK-MAPK pathway to induce cytokine expression. It will be very important for future 

experiments to determine whether this translates to microglia in the AD brain although JNK 

inhibitor was shown to inhibit Aβ-induced inflammatory response in vitro (Vukic V et al. 2009). It 

would likely be expected that MAPK-JNK signaling would be significantly activated in AD patients 

at early stage since sTREM2 levels were shown to rise at this time (Suarez-Calvet et al., 2019).  
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Previously the JNK-AP1 pathway has been linked to the expression of inflammatory genes in 

human AD brain and in human brain endothelial cells treated with Aβ (Vukic et al., 2009). 

Moreover, there is supporting evidence suggesting that JNK cascade is activated in AD neurons 

in response Aβ (Morishima et al., 2001). It was also shown that JNK activation is associated with 

intracellular Aβ accumulation (Shoji et al., 2000). Together these results suggest that the MAPK-

JNK signaling pathway may be one of the main culprits behind chronic neuroinflammation in AD, 

and sTREM2 may signal through this pathway to activate the expression of inflammatory 

cytokines.  

The transcription factor NFκB has been shown to play important mediating roles in the 

innate immune response and as a crucial regulator of IL-1β expression (Liu et al., 2017; Hwang et 

al., 2019). IL-1β has also been shown to increase neuronal susceptibility to degeneration in NDD 

(Koprich et al., 2008). Given that IL-1β was significantly upregulated in THP-1 monocytes 

following sTREM2 treatment and its implications in NDD, we expected some degree of NFκB 

signaling would be active under these treatment conditions. MG-132 is a well-known molecular 

inhibitor of NFκB and was used in this experiment. Similarly, to SP600125, MG-132 was able 

reduce the expression of some cytokines but did not decrease expression of IL-10. Consistent 

with previously mentioned, IL-1β expression was not completely reduced but was partially 

reduced suggesting multiple pathways may be activated by sTREM2. The extent whether NFkB 

and JNK-MAPK pathways are involved in sTREM2-induced inflammation in vivo is not defined and 

should be a primary focus in future work. Moreover, it will be important to identify the degree 

to which these pathways may interact to regulate inflammatory response should be explored.  
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Together these results suggest that sTREM2 mediates inflammation likely through 

multiple networks including mainly through JNK-MAPK pathway as well as partially through NFκB 

in this cell model. These results should be confirmed in a primary human microglial or iPSC-

derived microglial model to see if this relationship exists. The above experiments show that 

sTREM2 can induce cytokine expression in THP-1 cells. To test whether sTREM2 induces a similar 

pattern of cytokine expression in neuroinflammation, human microglial model with an 

appropriate microenvironment should be used. This alternatively could be verified in a mouse 

AD model.  Future work should also look at TREM2 variant dependent abilities to induce 

inflammation. For instance, comparing R47H sTREM2 to wild-type sTREM2 in mediating 

inflammation in microglia. 

4.4. The effects of sTREM2 on cytokine expression in polarized macrophages 
 

Consistent with what was shown in sTREM2-treated THP-1 cells, macrophages differentiated 

from THP-1 cells also showed an increase in expression of several inflammatory cytokines. THP-

1 differentiated macrophages were then polarized to display a neutral or homeostatic phenotype 

(M0), a pro-inflammatory phenotype (M1) or an anti-inflammatory phenotype (M2). These 

macrophages were then treated with sTREM2, and cytokine expression was assessed.  

  At early time points, the lower concentration of sTREM2 was able to stimulate the 

expression of pro-inflammatory cytokines in M0 and M2 macrophages but not M1 macrophages. 

TREM2 has been showed to play roles in macrophage activation in response to cerebral lesions 

and pathological stimuli (Cignarella et al., 2020). While sTREM2’s effects on macrophage 

activation is largely uncharacterized, here my results show that sTREM2 may promote a pro-
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inflammatory response in cell types that are not “pro-inflammatory” at early stages of treatment. 

This suggests that sTREM2 likely plays important roles in activating cells and initiating 

inflammation. Again, this would likely be highly dependent on the substrate and the mechanism 

of activation may be variable because of it. Interestingly at early time points, anti-inflammatory 

cytokines were not readily detectable further supporting the idea that sTREM2 activates 

macrophages. Literature has shown that TREM2 receptor activation attenuated neuro-

inflammation in mouse AD model (Chen et al., 2020) and therefore it would be expected that 

TREM2 can induce the expression of anti-inflammatory cytokines or modulate microglial 

phenotype to help resolve primary inflammation. Here it is shown that sTREM2 induced an 

increased expression in TARC and IL-10 in M0, M1, and M2 cells relative to control macrophages 

at the later time points.  This suggests that while sTREM2 is capable of inducing the expression 

of inflammatory cytokines and initiates the inflammatory cascade at early stage, sTREM2 may 

also be able to upregulate the expression of anti-inflammatory cytokines at a later stage for 

resolution of inflammatory response or tissue repair. My study also suggests that sTREM2 may 

be an important surveillance factor/chaperone that is required for the activation and phenotype 

modifications in macrophages and possibly microglia.  

The model used in this study may be more indicative of sTREM2 ability to regulate 

inflammation in the periphery compared to the CNS, and therefore should be validated in 

microglia. Also, this project only verified pro-inflammatory cytokines at the protein level, further 

analysis of anti-inflammatory protein expression is highly recommended. As TREM2 is also 

involved in lipid metabolism (Li et al, 2022), it would be interesting to investigate whether 

microglial sTREM2 enters peripheral circulation through the blood-brain barrier (BBB) to 
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modulate functions or vice versa, if macrophages sTREM2 passes through the BBB to exert effects 

in the CNS. This should be considered in the future. 

While we showed that sTREM2 can induce inflammatory response in myeloid-derived 

cells such as THP-1 monocytes and macrophages, it would be beneficial to also characterize 

possible effects of sTREM2 on other cell types in the context of AD, such as neurons, astrocytes 

and brain vascular cells. The reasons for which TREM2 are shed releasing sTREM2 are still largely 

unknown; however, it is speculated that sTREM2 may be continuously shed or that specific 

stimuli may induce TREM2 cleavage dependent on the degree of expression or other unknown 

factors. 

4.5 Shedding of sTREM2 by M0, M1 and M2 macrophages 
 

It is widely accepted that M2 macrophages express the highest levels of TREM2 followed by M0 

macrophages and lastly M1 macrophages expressing the least amount of TREM2. It is currently 

unknown whether these phenotypes actively shed sTREM2 into their surrounds. The goal of this 

study was also to identify which polarized macrophage phenotypes shed the highest levels of 

TREM2, which would also suggest the highest level of expression.  

Here we showed that M2 macrophages shed the highest levels of sTREM2 into their 

surrounding microenvironment, followed by M0 macrophages and lastly by M1 macrophages. 

M0 and M2 macrophages showed an approximate doubling in sTREM2 release from 24- 48 hours 

compared to M1 macrophages. While this confirms that the non-proinflammatory phenotypes 

express and shed the highest levels of sTREM2, the mechanism for this is poorly understood. Like 

previously mentioned, sTREM2 may be an important surveillance molecule in identifying and 
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initiating immune response. To support this, if M0 and M2 macrophages are acting in a 

homeostatic or restorative manner respectively, the continuous active shedding of sTREM2 into 

the surrounding environment, to act as a scavenger receptor and a type of “alarm” which can 

recognize, initiate, and terminate an appropriate immune response in neighboring macrophages 

to a particular stimulus. This would be a relatively good adaptive mechanism for cells to actively 

survey an environment while carrying out actions that are transcriptionally pro-inflammatory. 

Although sTREM2 was being shed in the culture media to different degrees during our treatment, 

the percentage compared to our treatment was minimal, therefore we can likely rule out that it 

had any major effect on my experimental results.  

 

4.6. The effects of ApoE isoforms on cytokine expression in macrophages 
 

ApoE4 has been a long standing top genetic risk factor for AD (Kamboh et al., 1995) and its role 

in innate immunity and in neuroinflammation is continuously being defined. As mentioned 

previously, ApoE4 is known to contribute to Alzheimer’s neurodegeneration while it has been 

shown that ApoE2 is neuroprotective (Coonjero-Goldberg et al., 2005; Li et al., 2020) against 

developing AD, and ApoE3 is considered to be neutral. To further characterize the roles of the 

ApoE isoforms in inflammation, macrophages were differentiated from THP-1 cells as previously 

described, polarized and treated with ApoE isoforms.  

Surprisingly my results show that ApoE isoforms strongly stimulated the expression of 

pro-inflammatory cytokines in all macrophage phenotypes. However, the expression of TNF-α 

and IL-1β differed between isoforms, with ApoE4 and ApoE2 stimulating the highest expression 
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and ApoE3 still stimulating the expression of these cytokines relative to control but significantly 

less than either of the other isoforms. Given that ApoE2 is neuroprotective, it would be expected 

that following ApoE2 treatment, macrophage inflammatory cytokine production would be 

somewhat attenuated but that is not the case here.  

Although all isoforms strongly stimulated the expression of pro-inflammatory cytokines 

in M0, M1 and M2 cells, especially ApoE2 and ApoE4 inducing around the same expression levels, 

it is very important to note that anti-inflammatory cytokine production was attenuated in ApoE4 

treated macrophages. While treatment with ApoE isoforms induced the expression of pro-

inflammatory cytokines, the isoforms were also seen to induce expression of anti-inflammatory 

TARC and IL-10. Importantly, ApoE2 strongly stimulated the expression of these cytokines in M2 

and M1 macrophages compared to ApoE4 treated macrophages. It would be expected that ApoE 

isoforms might stimulate the expression of anti-inflammatory cytokines in an ApoE2 > ApoE3 > 

ApoE4 fashion. When analyzing the protein expression of pro-inflammatory cytokines in ApoE 

treated macrophages, we do in fact see that expression of these cytokines follows an ApoE2 > 

ApoE3 > ApoE4 fashion, suggesting that another mechanism may be induced by ApoE2 to 

promote the resolution of inflammatory response.  

Even though ApoE2 induces the expression of pro-inflammatory cytokines to a degree 

similar to that of ApoE4, the protective abilities of ApoE2 lie within its robust ability to stimulate 

the expression of anti-inflammatory cytokines as well; whereas ApoE4 does not induce large 

expression of anti-inflammatory cytokines. This could lead to a completely robust innate immune 

response in ApoE2-treated macrophages and an aberrant chronic pro-inflammatory response 

without anti-inflammatory resolution in ApoE4-treated macrophages. Throughout the duration 
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of life, in ApoE4 carrier individuals this would lead to significant contribution to 

neuroinflammation and neurodegeneration and progression of diseased state and would like also 

to lead to increased complications from other factors due to persistent neuroinflammation. 

Moreover, a proposed mechanism leading to microglial dysregulation in the context of AD could 

be that aberrant ApoE4-mediated inflammation in early stages of life, which would be invisible 

without histopathological or post-mortem assessment, could lead to “primed” microglia as 

discussed in the introduction. This would contribute to microglial dysregulation and be a 

significant driving factor in disease progression.  

It is important to consider that while these cells were treated with different ApoE 

isoforms, we did not genotype THP-1 cells and therefore do not know whether the cells are, 

ApoE2, ApoE3, or ApoE4. To circumvent this in the future it may be beneficial to knock out or 

silence the ApoE gene in microglia, then to transfect them with either of the isoforms. It would 

probably be best to assess the differential effects of all ApoE isoforms on ApoE2-expressing cells, 

ApoE3-expressing cells, and ApoE4-expressing cells. This would help to create more realistic 

models and could help provide insight towards molecularly targeting ApoE. 

While the mechanism for which ApoE isoforms induce differential cytokine expression is 

not fully characterized, ApoE has been shown to bind TREM2 receptor on cells (Atagi et al., 2015). 

While it is tempting to speculate that ApoE-induced inflammation occurs under these conditions 

in a TREM2-dependent fashion, it is not known for certain. In the future, precipitation binding 

assays could be done to determine whether ApoE isoforms induce cytokine expression via 

TREM2. It would be interesting to see whether sTREM2 cleaved from cell membrane of polarizing 

macrophages would bind to ApoE isoforms and whether the structural differences between 
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ApoE4, ApoE3, and ApoE2 results in affected binding of sTREM2. This should be explored in future 

studies.  

4.7. The effects of ApoE isoforms on TREM2 expression in macrophages 
 

Like previously mentioned, it is unknown whether ApoE-induced inflammation occurs due to 

TREM2-dependent mechanisms which should be identified in the future. This experiment sought 

to identify whether ApoE isoforms were able to affect the expression of TREM2 in macrophages 

of different phenotypes. ApoE isoform-treated M0, M1 and M2 macrophages were used in a 

western blot analysis to determine the level of TREM2 expression. 

The initial blots showed almost no TREM2 expression in control macrophages but ApoE 

isoforms significantly increased expression in M2 macrophages and slightly increased expression 

in M0 macrophages but not in M1.  ApoE4-treated M2 macrophages appeared to express the 

highest levels of TREM2 compared to control followed by ApoE3- or ApoE2-treated macrophages.  

In the following blots however, control macrophages displayed a higher level of TREM2 

expression which followed a M1<M0<M2 expression pattern consistent with literature. Similar 

to the previous blot though, it is evident that ApoE isoforms differentially induce the expression 

of TREM2. Interestingly these blots show that ApoE2 may enhance the expression of TREM2 in 

macrophages in comparison to ApoE4. Enhanced TREM2 expression is associated with M2 

phenotype, and ApoE2 may promote M2 phenotype by enhancing TREM2 expression in cells, 

which remains further investigated in future.  

Yao et al., 2019 has shown that ApoE isoforms differentially stimulate TREM2 receptor 

evident by the phosphorylation state of Syk. It was shown that ApoE4 stimulates an increase in 
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levels of total and phosphorylated Syk compared to ApoE2 (Yao et al., 2019). This along with the 

differential expression induced by ApoE isoforms may indicate that TREM2 expression due to 

ApoE isoforms may be either TREM2-dependent or-independent and should be explored in 

future studies.  

Regardless of the somewhat inconsistent results, this data shows that ApoE isoforms 

differentially induced the expression of TREM2. Although inconclusive, the ability for ApoE2 to 

stimulate expression of TREM2 but does not overly stimulate the receptor shows ApoE2’s 

neuroprotective qualities over the ApoE4 isoform. Not only would ApoE2 promote a robust 

inflammatory response with strongly regulated pro-inflammatory signaling at the beginning, but 

anti-inflammatory resolution at the end. ApoE2 would also stimulate the increased expression of 

TREM2 which has been shown to be an important factor in several NDD and is increasingly being 

identified to have important implications for restricting the development of AD (Price et al.,2020; 

Yao et al., 2019; Wang et al., 2016; Zhong et al., 2019). 

5.0 Conclusions  
 

TREM2 is an innate immune receptor expressed primarily in microglia and macrophages and is 

critically involved in recognizing pathogenic stimuli as well as communicating the correct cellular 

response. Mutations in TREM2 are top genetic risk factors for several NDDs (Krasemann et al., 

2017). The more recently identified R47H TREM2 variant confers a risk in developing AD similar 

to that of another long known top genetic risk factor ApoE4 for AD. Not only are these two top 

genetic risk factors intricately involved in normal neural homeostasis and innate immunity, but 

they are also mechanistically linked as TREM2 was shown to bind ApoE isoforms (Atagi et al., 
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2015). Given that these two top genetic risk factors play roles throughout normal physiology, but 

likely collaborate to drive and/or restrict AD development or/and progression. Their relationships 

remains to be fully defined and this project aims to help add to current literature. 

This study has identified that sTREM2 can induce cytokine expression in myeloid-derived 

cell models which could be used as preliminary data towards a more in-depth, real-life situation 

model. Not only did I set out to identify sTREM2’s roles in inflammation, but I also wanted to 

characterize the ability for ApoE isoforms to differentially regulate inflammation as well.  

In conclusion, sTREM2 at a lower concentration (0.1 µg/mL) seems to sufficiently 

stimulate the expression of several pro-inflammatory cytokines at early time point; while sTREM2 

at both a lower (0.1 µg/mL) and a higher concentration (1µg/mL) appear to stimulate the 

expression of anti-inflammatory cytokines more consistently at later time point in the THP-1 cell 

model. This could possibly indicate that different concentrations and incubation times of sTREM2 

may have differential effects on affecting cytokine expression profiles in the cell model. 

Interestingly, co-incubation of sTREM2 with a TREM2 antibody was sufficient to neutralize the 

effects of sTREM2 on inducing the expression of some cytokines but promoting the expression of 

others. Data indicates that, since SP600125 inhibited sTREM2-induced cytokine expression and 

MG-132 played a partial inhibitory role, sTREM2 may regulate the cytokine expression mainly 

through MAPK-JNK pathway and partially via NFκB pathway. ApoE2 and ApoE4 both strongly 

stimulated the expression of TNF-α and IL-1β in M0, M1 and M2 macrophages as compared to 

control and ApoE3. Interestingly, ApoE4 did seem to induce an impaired inflammatory response 

as both IL-10 and TARC/CCL17 expression were markedly reduced as compared to ApoE2. ApoE 

isoforms stimulated the expression of TREM2 protein strongly in M2 macrophage, followed by 
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M0 macrophages and lastly did not largely stimulate expression in M1 macrophages. The results 

suggest that ApoE isoforms have differential effects in inducing cytokine and TREM2 expressions 

in M0, M1 and M2 cells. The mechanisms behind these observations remain further investigated.   
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Appendices 
 

Supplementary Table 1: Forward and reverse qPCR primers used for the detection of cytokine 
expression in this study. 

Gene 5’ Primer (sense primer)  3’ Primer (anti-sense primer)  

TNF-α 5’-GTGCTCCTCACCCACACC-3’ 5’CCCTTCTCCAGCTGGAAGAC-3’ 

IL-1β 5’-CCTGTGGCCTTGGGCCTC-3’ 5’-TGATGTACCAGTTGGGGAACT-3’ 

IL-10  5’-TATTTATTACCTCTGATACCTC-3’ 5’-AATTATAATATTGGGCTTCTTTC-3’ 

IL-6 5’-AGTGAGGAACAAGCCAGAGC-3’ 5’-AGCTGCGCAGAATGAGATGA-3’ 
 

TARC 5’-AGTGAGGAACAAGCCAGAGC-3’  
 

5’-AGCTGCGCAGAATGAGATGA-3’ 

Β-actin  5’ – CATGTACGTTGCTATCGAGGC-3’ 5’- CTCCTTAATACGCACGAT -3’ 
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Supplementary Figure 1: Images taken using Bio-Rad’s ZOE imager during macrophage 

differentiation protocol. Frame A shows undifferentiated THP-1 monocytes at the first day of 

differentiation. Frames B, C, and D show polarized M0, M1 and M2 macrophages respectively at 

the end of the protocol.  
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Supplementary Figure 2: ELISA standard curve used for cytokine quantification of TNF-α using 
RayBio kits. 

 

 

 

 

 

 

 

Supplementary Figure 3: ELISA standard curve used for cytokine quantification of IL-1β using 
RayBio kits. 
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Supplementary Figure 4: Multiplex human ELISA standard curves generated for cytokine 
quantification in this study. (A) IL-1α, (B) IL-1β, (C) IL-6, (D) GM-CSF, (F) IFN-γ, (G) MCAF, (H) TNF-
α. 
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Supplementary Figure 5: THP-1 cells were treated for 6 hours with 0.1μg/mL sTREM2, 0.1μg/mL 

sTREM2+mAB, and 0.1μg/mL sTREM2+mAB with MCC950. qPCR results show that MCC950 was 

able to partially inhibit expression of IL-1β.  

 

 


