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ABSTRACT OF THE DISSERTATION 
 

The Role of TREM2 in Myocardial Injury and Transcriptional Regulation of 
Macrophage Phenotypes 

 

 
by 

 

Thomas Andreas Prohaska 

 

Doctor of Philosophy in Biomedical Sciences 

University of California San Diego, 2022 

Professor Christopher Glass, Chair 
 

 

TREM2 (Triggering Receptor Expressed on Myeloid Cells 2) is a 

transmembrane receptor that has recently been established as a key regulator of 

macrophages in multiple disease models. It is highly expressed in distinct 

macrophage populations in models of Alzheimer’s Disease, non-alcoholic 

steatohepatitis, and obesity. In this study, we interrogated the effect of deletion of 

TREM2 or treatment with a TREM2-activating antibody in myocardial injury models. 

To understand how TREM2 itself is regulated and how it mediates its effects on 

transcription, we established a conditionally immortalized monocyte progenitor cell 
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line that constitutively expresses Cas9 and is able to differentiate into macrophages. 

We used this cell line to delete the intergenic enhancer of TREM2 and to knock out 

TREM2 as well as transcription factors. Thereby, we identified transcription factors 

mediating the effects of TREM2 on gene expression. Overall, in this work we 

demonstrate the role of TREM2 in myocardial injury, interrogate regulation of Trem2 

expression, and identify transcription factors downstream of TREM2 signaling. 

.
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CHAPTER 1: INTRODUCTION 
Discovery of Basic Functions of Macrophages 

Macrophages were first described at the end of the 19th century by Ilya 

Mechnikov when he described a cell type in starfish larvae he termed “phagocyte”. He 

demonstrated that they are able to engulf foreign material and that bacteria attract 

leukocytes isolated from blood (1). Macrophages are resident cells in most organs of 

the body and can either originate from fetal development or from circulating monocytes 

differentiating into a macrophage upon entry into a tissue (2). 

Previously it had been thought that most or all tissue macrophages originate from 

monocytes (3). However, fate-mapping experiments in the 21st century have 

demonstrated that many tissue-resident macrophages have their origins during 

embryonic development from the yolk sac or fetal liver (2, 4-8). Depending on the 

tissue, varying proportions of macrophages are either embryonic (yolk salk or fetal liver) 

or adult (monocytes) in origin. While some tissue macrophage populations such as 

microglia in the brain are almost exclusively composed of self-renewing macrophages of 

embryonic lineage, the liver, lung, and heart receive monocytes contributing to their 

macrophage populations, which thereby are of mixed lineage (4, 9, 10). 

Macrophages are traditionally known for their function to phagocytose 

microorganisms in response to infection. Additionally, they were described as the cells 

taking up lipids via scavenger receptors and turning into foam cells in atherosclerosis 

(11, 12). While they previously have been studied as classically (M1) or alternatively 

(M2) activated macrophages, recent studies have identified much more complexity of 

macrophage populations in various disease models in vivo that cannot be explained by 
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these polarized cell activations (13-15). They have been shown to play major functions 

in the inflammatory response and repair to any form of tissue injury, including non-

alcoholic steatohepatitis, Alzheimer’s Disease, and myocardial infarction (16-18). In 

addition, they also occupy most tissues of the body at homeostasis (2, 10). There they 

often have unique functions such as facilitating electrical conduction in the heart or 

removing aged erythrocytes in the spleen (19, 20). 

 

Macrophage Origins and Development 

Tissue resident macrophages are derived from three different lineages. First, in 

early embryogenesis, the yolk sac gives rise to macrophage progenitors (5). Following 

that, the fetal liver takes over hematopoiesis and gives rise to monocytes (21). 

Eventually, hematopoiesis starts in the bone marrow, which is the source of monocytes 

throughout life (22). Initially it was thought that all macrophages are derived from 

circulating monocytes originating from the bone marrow. However, based on lineage-

tracing experiments it is now known that adult tissue macrophages have diverse origins 

and the composition of each tissue’s resident population at homeostasis varies 

substantially. For example, microglia are by and large derived from yolk sac precursors 

with minimal contribution from other sources (4). On the other hand, skin Langerhans 

cells are mostly derived from fetal liver (23). Other organs, such as the spleen, liver, 

kidney, or heart are initially populated from yolk sac precursors, and later to varying 

extents replaced by macrophages derived from circulating monocytes (2, 9, 21). 

Circulating monocytes can enter tissue, differentiate first into a F4/80lo macrophage, 

followed by further differentiation into a F4/80hi macrophage similar to tissue 
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macrophages derived from the yolk sac (24). Thus, depending on the tissue and 

physiological or pathophysiological contexts, tissue macrophages can be derived from 

multiple sources. 

 

Role of Macrophages in Tissue Repair 

Any form of tissue injury releases damage-associated molecular patterns 

(DAMPs) or pathogen-associated molecular patterns (PAMPs), released from injured 

cells or microorganisms (25-28). These trigger an inflammatory response consisting of 

proliferation of immune cells and recruitment of various cell types to the injured tissue 

(29-32). Depending on the nature of the response, it may be well orchestrated and 

resolve quickly or it may result in chronic complications of inflammation, such as fibrosis 

and impaired tissue function (33-35). Monocytes are recruited to the site of injury from 

the bloodstream via chemokines and differentiate into macrophages after their arrival. 

Generally, first Ly6Chi monocytes are recruited, followed later by Ly6Clo monocytes (31, 

36). Additionally, local macrophages proliferate and contribute to the immune response 

to the injury (30, 33). Initially, macrophages are activated through DAMPs and/or 

PAMPs binding to pattern recognition receptors such as toll-like receptors (TLRs) 2 and 

4 and express pro-inflammatory cytokines such as interleukin 1b (IL-1b), IL-6, and 

tumor necrosis factor alpha (TNF-a), attract other chemokines, and secrete matrix 

metalloproteases (37-39). After this early pro-inflammatory response, the predominant 

phenotype generally turns towards a “reparative” macrophage secreting proteins like 

transforming growth factor b (TGF-b) inducing production of collagen in fibroblasts or 

myofibroblasts and platelet-derived growth factor (PDGF) promoting cell proliferation 
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(40, 41). This change of macrophage phenotype has been highlighted in different 

diseases models. For example, in CCl4-induced liver injury, ablation of CD11b-

expressing macrophages during CCl4 treatment decreased the extent of injury to the 

liver. In contrast, ablation of macrophages after CCl4 treatment was completed, 

increased the degree of fibrosis (39). This study highlighted the potentially detrimental 

pro-inflammatory effect of macrophages early in the process and the beneficial 

contribution in the reparative phase of tissue injury. 

The pro-inflammatory initial macrophage response is characterized by secretion 

of IL-1b, IL-6, and TNF-a (42). IL-1b accelerates atherosclerosis in mouse models and a 

randomized clinical trial of canakinumab, a monoclonal antibody targeting IL-1b, has 

shown a reduction in cardiovascular events in patients with cardiovascular disease (43, 

44). TNF-a secretion by macrophages is dysregulated in rheumatoid arthritis leading to 

inflammation of the synovial membrane (45). Inhibition of TNF-a has shown a benefit in 

randomized clinical trials of patients with rheumatoid arthritis (46-48). A trial using the 

IL-6 antagonists tocilizumab and sarilumab in patients with Covid-19 showed an 

increase in cardiovascular or respiratory organ support-free days (49). This highlights 

the detrimental effect excessive action of these cytokines can have and the beneficial 

effect of antagonizing them in certain disease processes in animal models or humans. 

In addition, macrophages can produce cytokines stimulating the proliferation and 

activation of T cells further contributing to inflammation (50, 51). While this inflammatory 

response may be beneficial in clearing pathogenic microorganisms, excessive or 

prolonged responses can cause significant tissue damage and/or lead to harmful 

chronic inflammatory processes (33, 42).  
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After the initial response, pro-inflammatory macrophages either undergo 

apoptosis or switch to a reparative or anti-inflammatory phenotype that promotes wound 

healing and recover of function of the tissue (52, 53). This macrophage subtype 

stimulates fibrosis through TGF-b, parenchymal regeneration and proliferation through 

growth factors such as insulin-like growth factor 1 (IGF-1) or PDGF, angiogenesis 

through VEGF-a, and tissue renewal from progenitors or stem cells through Wnt3a (40, 

41, 54, 55). These processes contribute to healing after the initial pro-inflammatory 

response. 

Additionally, macrophages can also promote fibrosis. This is assumed to be 

mediated through activation of collagen production in fibroblasts by TGF-b secretion but 

a TGF-b independent mechanism mediated by IL-13 has also been identified (56, 57). 

In a model of bleomycin-induced pulmonary fibrosis, depletion of macrophages led to a 

decrease in lung collagen and fibrosis by histologic assessment, showcasing the 

importance of macrophages in the development of fibrosis (58). In addition to directly 

stimulating collagen production, macrophages also contribute to the survival of 

myofibroblasts (59). Furthermore, macrophages secrete matrix metalloproteases 

(MMPs), some of which can contribute to fibrosis. IL-13 induces secretion of the 

elastase MMP12 by macrophages. Knockout of Mmp12 in mice led to a reduction in 

pulmonary and hepatic fibrosis (60). In summary, macrophages play a key role in 

regulating fibrosis after tissue injury through multiple mechanisms. 
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Transcriptional Regulation of Macrophages 

Tissue resident macrophages exhibit diverse gene expression as evidenced by 

the analysis using single-cell RNA-seq (scRNA-seq) (30, 61-64). While there is a core 

set of genes that are expressed in most macrophages, there are a variety of genes 

expressed that are mediated by the environment the macrophage resides in (64, 65). 

This diversity is often connected to tissue-specific functions such as iron homeostasis or 

toxin removal in Kupffer Cells of the liver, synaptic monitoring and pruning of microglia, 

or clearance of aged erythrocytes by splenic macrophages. 

Macrophage gene expression is regulated both by lineage determining 

transcription factors and signal-dependent transcription factors. In general, lineage 

determining factors bind to DNA and create the accessible chromatin landscape by 

dislocating nucleosomes and making promoters and enhancers accessible to 

collaborative binding of signal-dependent factors (66, 67). These complexes can then 

activate transcription based on signals from the environment the cell resides in (e.g., 

Notch ligands in Kupffer Cells) and signals derived from injury (e.g., DAMPs and 

PAMPs). The activation of transcription is often associated with acetylation of histone 3 

at the lysine 27 site (H3K27ac) (68). The macrophage lineage determining factor PU.1 

is expressed in all macrophages and together with the C/EBP family of factors 

represents the major lineage determining transcription factors in macrophages (69-71). 

Some other transcription factor families are broadly expressed throughout macrophages 

in multiple tissue environments (e.g., AP-1, IRF, TFE/MITF) (67, 72). Each transcription 

factor preferentially binds to a specific DNA sequence represented computationally by a 

“motif” that is typically 10-15 bases long (73). Of each motif, some bases are more 
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conserved and essential for transcription factor-binding while others may be flexible and 

can be replaced with other bases without major effect on transcription factor binding 

(74). 

While promoters are necessary for initiating transcription of genes into mRNA, 

information from enhancers is needed to control the level of gene expression dependent 

on the cell type and signals received from the environment (67). In macrophages, 

binding of a relatively small number of lineage-determining transcription factors, mostly 

PU.1 together with members of the C/EBP, AP-1, and RUNX families, creates the 

enhancer landscape (75, 76). Depending on signals derived from the environment, the 

enhancer landscape is modified further by signal-dependent transcription factors in 

collaboration with lineage-determining transcription factors. For example, in Kupffer 

cells, the Notch ligand DLL4, TGF-b, and desmosterol induce the recruitment of the 

transcription factors RBPJ, SMAD family, and LXR-a to create the enhancer landscape 

and induce transcriptional programs specific to Kupffer Cells (65). Depending on the 

existing enhancer landscape, each cell type then responds with different transcriptional 

programs to external signals derived from pathogens, inflammation, or disease contexts 

(67). 

Bacterial lipopolysaccharide (LPS) induces a pro-inflammatory transcriptional 

program in macrophages initially started by binding of LPS to toll like receptor 4 (TLR4), 

a pattern recognition receptor. This leads to a recruitment of interferon response 

elements such as IRF3 and nuclear factor k B (NFkB) to enhancers, eventually leading 

to the expression of pro-inflammatory cytokines such as IL-1b, IL-6, and TNF-a, 

inducing a pro-inflammatory effect also in the surrounding cells or tissue (77). 
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In non-alcoholic steatohepatitis (NASH), Kupffer cells activate vastly different 

transcriptional programs compared to homeostatic Kupffer cells characterized by 

decreased expression of Kupffer cell identity genes, decreased survival of homeostatic 

Kupffer cells, and an increase in NASH-specific genes. These effects are at least partly 

mediated by increased binding of AP-1 (e.g., ATF3) and EGR family members binding 

to enhancers of genes specific to NASH Kupffer cells and reprogramming LXR activity 

in Kupffer cells (30). Equivalent processes involving changes in transcriptional 

regulation are present in macrophages in other settings of signals from pathogens or 

tissue injury (67, 78). 

 

TREM2 as a Key Regulator of Macrophages in Tissue Injury 

TREM2 (Triggering Receptor Expressed on Myeloid cells-2) is a transmembrane 

receptor expressed in macrophages binding a variety of ligands, including DNA, 

bacterial lysates, phospholipids, and lipoproteins (79, 80). The majority of ligands are 

products present during tissue damage. TREM2 has an extracellular domain with a V-

type immunoglobulin domain and a short cytosolic domain without any motifs relevant to 

signal transduction (80). The extracellular domain can be cleaved by the 

metalloproteases ADAM10 and ADAM17, removing the ligand-binding site from TREM2 

and rendering it inactive on the cell surface (81). The effects of the cleaved and now 

soluble part of TREM2 itself are thus far largely unknown (82). TREM2 mediates its 

effects through DAP12 (DNAX activation protein 12), also known as TYROBP (TYRO 

protein tyrosine kinase-binding protein), or DAP10 (Figure 1) (83, 84). After binding of 

ligands to TREM2 and the formation of heterodimers of TREM2 with a DAP protein, 
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DAP12 then activates the tyrosine kinase SYK and DAP10 activates PI3K 

(phosphatidylinositol 3-kinase) (84, 85). However, the following steps in signal 

transduction leading to gene expression changes mediated by TREM2 are unknown. 

TREM2 expression in healthy human tissue obtained from organ donors is 

mostly limited to macrophages in adipose tissue and microglia, the tissue-resident 

macrophage of the brain (80). With the recent advances in single-cell RNA sequencing, 

macrophage populations with high expression of Trem2 have been identified in models 

of Alzheimer’s Disease (disease-associated microglia, DAM), metabolic syndrome in 

adipose tissue macrophages (lipid-associated macrophages, LAM), and in Kupffer cells 

during NASH (KC-N) (17, 67, 86, 87). In humans, Ramachandran et. al identified a 

population of macrophages that expressed high levels of TREM2 and CD9 by single-cell 

RNA-sequencing of livers from patients with cirrhosis (62). By immunofluorescence, 

they discovered that this population is located close to areas of collagen/fibrosis and 

therefore named them scar-associated macrophages (SAM) (62). As they were 

identified by RNA sequencing, these cells all have a distinct expression profile 

compared to homeostatic macrophages in the same tissue, including genes related to 

lipid metabolism, phagocytosis, and inflammatory regulation (80). One of the markers 

that is co-expressed with Trem2 in all of the above macrophage populations is Cd9 (17, 

62, 67, 86, 87). CD9 is an inhibitor of ADAM17, the major protease cleaving TREM2 off 

the cell surface (88). By this action, CD9 may act to potentiate the effect of TREM2 in 

these cells. 

In vitro, TREM2 is highly expressed in macrophages in tissue cultures. Early 

studies with knockout models of TREM2 showed that TREM2 suppressed the 
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inflammatory response of macrophages to external stimuli. The production of TNF-a 

and IL-6 in response to lipopolysaccharide, zymosan, and CpG was markedly increased 

in macrophages lacking TREM2 (89, 90). Additionally, TREM2 increased phagocytosis 

of apoptotic neurons in microglia and overexpression of both TREM2 and DAP12, but 

not overexpression of either alone, markedly increased the phagocytic capacity of 

Chinese Hamster Ovary cells that are intrinsically non-phagocytic (91, 92). Thus, 

TREM2 both dampens the pro-inflammatory response and increases phagocytosis in 

cultured cells. 

In vivo, development of the DAM population goes through two stages, with the 

first (stage 1 DAM) being TREM2 independent and the second (stage 2 DAM) being 

dependent on TREM2. Knockout of TREM2 therefore leads to loss of stage 2 DAM (17). 

Additionally, TREM2 deficiency in Alzheimer’s Disease mouse models lead to an 

increase in amyloid b plaques and loss of neurons (93, 94). Furthermore, genome wide 

association studies (GWAS) have identified a missense mutation of TREM2 that is 

strongly associated with the development of Alzheimer’s Disease in humans, further 

strengthening the evidence for a beneficial effect in microglia (95, 96). The rare human 

disease associated with loss of TREM2 or DAP12 function, Nasu-Hakola Disease or 

polycystic lipomembranous osteodysplasia with sclerosing leukoencephalopathy, leads 

to bone cysts with recurrent fractures and a severe frontal dementia that usually leads 

to death from dementia complications by age 50 (97, 98). This illustrates not only the 

effect of TREM2 in Alzheimer’s Disease but also in human brain homeostasis. 

By single-cell RNA-seq, a substantial proportion of TREM2-expressing LAM 

appeared in adipose tissue after 12 weeks of high-fat diet feeding. These cells are 
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defined by high expression of Trem2 and Cd9. Knockout of TREM2 led to adipocyte 

hypertrophy, increased glucose levels, reduced insulin sensitivity, and 

hypercholesterolemia (86). This indicates that TREM2 in adipose tissue macrophages 

has an overall beneficial effect on metabolic parameters in metabolic syndrome. 

While Trem2 is only minimally expressed in Kupffer cells in healthy livers, in 

NASH, Kupffer Cells and macrophages recruited to the liver express high levels of 

Trem2 (67). Additionally, in humans with cirrhosis, there is a subset of TREM2-

expressing scar-associated macrophages, co-localizing with fibrotic areas (62). 

However, while in most other tissues TREM2 exerts a mostly protective effect, further 

studies are needed to determine if TREM2 has a beneficial, neutral, or harmful effect in 

NASH. 

 TREM2 is also expressed on tumor-associated macrophages (TAM). TAM are 

usually considered anti-inflammatory and activate T regulatory cells suppressing the 

immune response to the tumor environment. TREM2 seems to potentiate this effect in 

two recent studies, showing that knockout of TREM2 decreases tumor growth by 

increasing the inflammatory response to the cancer (99, 100). Therefore, while 

activation of TREM2 may be desired in neurodegenerative or metabolic disease, in 

cancer, suppression of TREM2 may be a viable therapeutic strategy, similar to current 

therapies like PD-1 and PD-L1 inhibitors that augment the immune response to cancer 

(101). 

Overall, TREM2 acts as a key regulator of macrophage function in multiple 

disease contexts, and either activation or suppression may be viable therapeutic 

strategies, depending on the disease context. 
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The Immune Response to Myocardial Infarction 

Myocardial infarction (MI) is a cardiovascular event with substantial morbidity, 

mortality, and economic costs, both in the U.S. and around the world (102). It usually 

results from atherosclerotic plaque development in the coronary arteries, followed by 

plaque rupture and thrombosis, which result in occlusion or critical narrowing of the 

artery (103, 104). This leads to ischemia, tissue hypoxia, and cell death of 

cardiomyocytes in the tissue supplied by the culprit artery (105). Despite novel 

therapeutics for atherosclerotic vascular disease, about 805,000 people suffer from MI 

in the United States each year and the annual economic burden is estimated to be 

around $85 billion from medical procedures and lost productivity (102, 106, 107). 

Despite the additional advancement of early reperfusion with primary percutaneous 

coronary intervention as treatment for ST-elevation MI, in-hospital mortality remains 

high at 5-9% and congestive heart failure develops in 20-30% of patients within a year 

following MI, leading to delayed morbidity and mortality (108-113). No therapy currently 

exists that directly targets the wound-healing process after MI, creating a vacuum for 

novel therapeutics in this area to decrease morbidity and mortality.  

MI leads to extensive recruitment of immune cells to the infarcted area in multiple 

waves. First, resident cardiac macrophages secrete CXCL2 and CXCL5 to attract 

neutrophils within hours (114). Monocytes arrive at the heart first as “pro-inflammatory” 

Ly6Chi macrophages within 3-10 days and later as “reparative” Ly6Clo macrophages 

within 7-14 days either by differentiation from Ly6Chi macrophages or via recruitment 

through CX3CR1 (31, 115, 116). Initially, macrophages remove necrotic tissue and 

produce pro-inflammatory cytokines such as IL-1b and IL-6 (117). When the tissue 
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environment changes to the reparative phase, macrophages express fewer pro- 

inflammatory cytokines, but stimulate the conversion of fibroblasts into myofibroblasts 

through TGF-b and angiogenesis through VEGF (31, 118). 

In the heart, macrophages can have both beneficial and harmful effects. 

Inhibition of CCR2 improved infarct healing and left ventricular function (119). On the 

other hand, knockout of the macrophage transmembrane receptor MerTK worsened 

myocardial wound healing and MerTK also maintains function in normal hearts by taking 

up exophers filled with defective mitochondrial products from cardiomyocytes (120, 

121). Additionally, cardiac stem cell infusion was found to exert its protective effects in 

mice by activating the innate immune response, highlighting the potential of modulating 

macrophages in vivo (18). Despite these findings showing that modulation of the 

immune response can have beneficial or harmful effects, there is no current therapy 

specifically targeting macrophages in the wound-healing process after MI.  
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Figure 1: Knowledge of the TREM2 signaling pathway prior to this study 
While parts of the initial signaling cascade were known, no studies had addressed how Trem2 
expression is upregulated or which transcription factors TREM2 employs to mediate its effect on 
gene expression. Adapted from Dezykowska, Weiner, and Amit, Cell 2020 (80). 
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CHAPTER 2: TREM2 IN MYOCARDIAL INJURY 
 

Abstract: 

TREM2 (Triggering Receptor Expressed on Myeloid Cells 2) is a transmembrane 

receptor that has recently been established as a key regulator of macrophages in 

multiple disease models. It is highly expressed in distinct macrophage subsets identified 

by single-cell RNA-seq in models of Alzheimer’s Disease (disease-associated 

microglia/DAM), obesity (lipid-associated macrophages/LAM), or non-alcoholic 

steatohepatitis (scar-associated macrophages/SAM). However, it has remained 

unknown how TREM2 activates these gene expression programs. 

We analyzed published single-cell RNA-seq data and found that TREM2 is highly 

expressed in cardiac macrophages after myocardial injury with a peak around 7 days 

after LAD ligation but is not substantially expressed at baseline or in the uninjured area. 

We used TREM2 KO (knockout) mice to evaluate the function of TREM2 in cardiac 

macrophages. Loss of TREM2 led to a substantial increase in mortality in male mice 

compared to wild-type. All female mice survived until euthanasia 8 weeks after injury but 

loss of TREM2 worsened left ventricular global longitudinal strain measured 6 weeks 

after injury. These findings demonstrate that TREM2 exerts a protective effect after 

myocardial injury. 

To address whether pharmacologic activation of TREM2 is a therapeutic strategy 

with translational potential, we administered TREM2-activating antibody or isotype in a 

cohort of mice undergoing ischemia/reperfusion injury with 60 minutes of LAD ligation. 

Treatment with TREM2-activating antibody did not lead to significant changes in cardiac 

function, left ventricular volume, or heart weight. Therefore, pharmacologic modulation 
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of factors downstream of TREM2 may have better translational potential and could be 

tested in the future. 

Overall, we show that TREM2 is expressed in macrophages after myocardial 

injury, loss of TREM2 worsens cardiac mortality after LAD ligation in male mice and left 

ventricular function in female mice, but administration of a TREM2-activating antibody 

did not lead to any change in cardiac parameters after ischemia/reperfusion injury. 

Introduction: 

Ischemic heart disease is the leading cause of death worldwide and the morbidity 

associated with its complications causes suffering and major economic impacts (102, 

107). In most cases, myocardial infarction is caused by rupture of an atherosclerotic 

plaque followed by superimposed thrombosis leading to occlusion or critical stenosis of 

the artery (103, 104). This further leads to ischemia of the supplied cardiac tissue and 

cell death of cardiomyocytes (105). The necrotic cells release large amounts of 

damage-associated molecular patterns (DAMPs) causing activation of the innate 

immune system, followed by influx of neutrophils into the heart within hours of infarction 

and thereafter the recruitment of circulating monocytes that differentiate to 

macrophages upon entering the tissue (31). Inflammatory cells can be activated by 

DAMPs through pattern recognition receptors such as toll-like receptors (TLRs) (28, 77). 

This leads to the production of pro-inflammatory cytokines such as TNF-a, IL-1b, and 

IL-6 (122). While there is an association between inflammation and poor outcomes both 

in animal models and humans, anti-inflammatory treatment with glucocorticoids or non-

steroidal anti-inflammatory drugs during the acute period after myocardial infarction has 

not shown benefits in humans (123). Thus, a better understanding of factors 
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contributing to and counteracting inflammation, may lead to the discovery of novel 

therapeutic targets to target the immune system after myocardial infarction. 

TREM2 is a surface receptor of macrophages expressed during multiple types of 

tissue injury and has been shown to be protective in models of Alzheimer’s Disease and 

metabolic syndrome (86, 94). It is expressed on the cell surface of macrophage subsets 

with distinct gene expression profiles compared to other macrophages, e.g., disease-

associated microglia (DAM) in Alzheimer’s Disease, scar-associated macrophages 

(SAM) in cirrhosis, and lipid-associated macrophages (LAM) in metabolic syndrome (17, 

62, 86). In genome-wide association studies, a missense variant of TREM2 has been 

shown to substantially increase the risk of developing Alzheimer’s Disease in humans 

(95, 96). TREM2 can be cleaved off the cell surface by metalloproteases (81). It has a 

small extracellular tail with no catalytic domains and mediates its functions by binding to 

DAP12 which in turn activates intracellular signaling pathways such as 

phosphatidylinositol-3-kinase (80). It binds a variety of ligands that are present during 

any form of tissue injury, including phospholipids and free DNA, many of them also 

present after myocardial infarction (79). Despite it being identified as a key regulator of 

macrophages in multiple disease models, little is known about what mediates its 

expression, how it mediates its effects on gene expression, and if it plays a role in 

myocardial injury. 

This study aimed to address if TREM2 is expressed in models of myocardial 

infarction, similar to other disease models causing significant tissue damage. 

Additionally, we tested the effect of TREM2 knockout and treatment with the TREM2-

activating 4D9 antibody on cardiac function and/or mortality in myocardial injury models. 
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Results: 

TREM2 is expressed in macrophages after myocardial infarction 

To test whether TREM2 is expressed in macrophages after myocardial injury, we 

analyzed publicly available datasets available from single-cell data. Yokota et al. carried 

out LAD ligation in C57BL/6 mice and generated both single-cell and bulk RNA-seq data 

(124). In our analysis of the datasets, we identify Trem2 to be highly expressed in 

macrophages but not in other cell types 7 days after LAD ligation (Figure 2A). In a time 

course analysis of bulk-tissue from the infarcted area, Trem2 expression in the injured 

area is notable after 3 days, peaks at 7 days, and is decreased again by 14 days 

(Figure 2B). Notably, Trem2 expression is essentially absent in bulk tissue from 

uninjured areas of the heart. In addition, we analyzed data from Mouton et al., who 

carried out isolation of macrophages by magnetic beads after LAD ligation in C57BL/6 

mice (125). In their dataset, Trem2 was lowly expressed at baseline in macrophages, 

but expression substantially increased by day 5-7 (Figure 2C). Overall, these findings 

indicate that, similarly to other disease models such as metabolic syndrome and non-

alcoholic steatohepatitis, TREM2+ macrophages are present in the heart after 

myocardial infarction in the response to tissue injury, but not in areas unaffected by 

infarction. Similarly, Trem2 is not or only minimally expressed in the heart at baseline, in 

the absence of injury. 
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Figure 2: Trem2 is expressed in macrophages in myocardial infarction models 
A. Analysis of single-cell RNA-seq data from Yokota et al. shows high expression of Trem2 
7 days after myocardial infarction. Expression of Trem2 is limited to macrophages. 
B. Analysis of bulk RNA-seq data from Yokota et al. shows a time course of Trem2 
expression in the infarcted area of the heart after LAD ligation. Gene expression is noted after 3 
days, peaks at 7 days, and decreases by day 14. Notably, in the uninjured area of the same 
heart, there is only minimal expression of Trem2. 
C. Analysis of RNA-seq data from Mouton et al. indicates minimal expression of Trem2 in 
macrophages at baseline with a substantial increase after LAD ligation. 
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Loss of TREM2 increases mortality in male mice and worsens left ventricular 

function in female mice after myocardial infarction 

To assess whether TREM2 has a beneficial, neutral, or detrimental effect after 

myocardial injury, we used TREM2 KO mice to undergo LAD ligation. Male and female 

age-matched sex-matched C57BL6/J mice underwent baseline echo, followed by 

permanent LAD ligation by an experienced operator, and were assessed for survival for 

8 weeks on a daily basis. Serial echocardiograms were done in surviving mice 2 and 6 

weeks after LAD ligation. Mice were sacrificed 8 weeks after LAD ligation to assess 

hearts by morphometry. All procedures and analyses were carried out with the operator 

blinded to the genotype of the mice. As expected, at baseline, there was no significant 

difference in left ventricular function between TREM2 knockout and wild-type mice. 

After undergoing LAD ligation, male TREM2 KO mice showed increased mortality 

(87.5%) compared to male wild-type mice (33.3%, p=0.02 by two-tailed log-rank test). 

The curves of the Kaplan-Meier plot started to diverge around 5-10 days, consistent 

with the increased expression of Trem2 during that time (Figure 3A). The last death 

occurred on day 14 when recruited macrophages have decreased again substantially in 

numbers after the initial model. Overall, the presence of TREM2 appears to be 

decreasing mortality in male mice in a permanent LAD ligation model. However, due to 

the high mortality in the TREM2 KO mice, a comparison between male TREM2 KO and 

wild-type mice was not possible by echocardiography or morphometry. 

Female mice are known to be more resistant to the effects of myocardial 

infarction compared to male mice (126). In our study, all female mice in both the TREM2 

KO and the wild-type groups survived. This allowed for interrogation with serial 
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echocardiograms followed by morphometry. We used global longitudinal strain (GLS) to 

assess left ventricular function, a sensitive method that has been shown to be a strong 

predictor of adverse outcomes in humans. This decision was made as image quality in 

the short axis views necessary to assess fractional shortening was limited in multiple 

mice and the long-axis views provided good quality images in all mice to use for left 

ventricular strain analysis. Left ventricular GLS was not different at baseline prior to LAD 

ligation and worsened substantially in both groups 2 weeks after LAD ligation (more 

negative values are indicative of better function) (Figure 3B). At that time point, there 

was no significant difference between the groups. However, at 6 weeks after LAD 

ligation, left ventricular function was worse in TREM2 KO mice compared to wild-type 

mice (-2.4% ± 1.0% vs. -4.7% ± 2.0%, mean ± SD, p=0.03 by two-tailed t test). This 

indicates that presence of TREM2 leads to a modest increase in cardiac function 6 

weeks after LAD ligation compared to female mice lacking TREM2, suggesting that 

TREM2 plays a beneficial role in long-term remodeling. On postmortem morphometry, 

there was no statistically significant difference in heart weight normalized to tibia length 

or body weight. However, consistent with worsening numerical strain, the average 

normalized heart weight was higher in TREM2 KO mice compared to wild-type controls 

(Figure 3C). In summary, in an LAD ligation model, loss of TREM2 dramatically 

increased mortality in male mice while in female mice it led to a modest decrease in left 

ventricular function by global longitudinal strain.   
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Figure 3: Loss of TREM2 increased mortality in male mice and led to a modest decrease 
in left ventricular function in female mice after LAD ligation. 
A. Kaplan-Meier plots showing increased mortality in male TREM2 KO mice (n=9 wild-type, 

n=8 TREM2 KO). All female mice survived until the study endpoint (n=7 in each group). 
B. Assessment of left ventricular function by GLS in female mice. TREM2 KO mice showed no 

significant difference in function at baseline and 2 weeks after LAD ligation but showed a 
significant decrease in function 6 weeks after LAD ligation compared to wild-type mice (n=7 
in each group). 

C. Morphometry of female mice at time of euthanasia 8 weeks after LAD ligation. There was no 
statistically significant difference between wild-type and TREM2 KO mice, but the average 
heart weight normalized to tibia length or body weight was numerically higher in TREM2 KO 
mice. 
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TREM2 is expressed in cardiac macrophages after ischemia/reperfusion injury 

While loss of TREM2 has detrimental effects after LAD ligation, we aimed to test 

if additional pharmacologic activation of TREM2 could have beneficial effects. To test 

this, we chose to use an ischemia/reperfusion model. As in the previous experiments, 

this model includes ligation of the LAD but with removal of the suture after 60 minutes to 

allow for reperfusion. This model has the advantage that it will lead to restored perfusion 

of the infarcted area and supply the area with an administered therapy. Additionally, this 

model also recapitulates the process that most commonly in humans. Since the advent 

of reperfusion therapy, most patients with myocardial infarction due to complete 

occlusion of the culprit vessel are taken to the cardiac catheterization laboratory 

emergently and reperfusion is achieved by balloon angioplasty with subsequent stent 

placement. Alternatively, they can receive reperfusion therapy with thrombolytic 

therapies if no catheterization laboratory is available. 

Thus, we aimed to investigate whether Trem2 is expressed in cardiac 

macrophages after ischemia/reperfusion injury. We used single-cell RNA-seq data 

available from Dr. Kevin King’s laboratory in mice prior to and 4 days after 

ischemia/reperfusion injury. While a relatively small proportion of macrophages 

expresses Trem2 at baseline, after 4 days a substantial number of macrophages 

expresses high levels of Trem2 (Figure 4). This makes ischemia/reperfusion a feasible 

model that can be used to test if pharmacologic activation leads to beneficial effects 

after myocardial injury. 
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Figure 4: Single-cell RNA-seq demonstrates substantial expression of Trem2 in cardiac 
macrophages 4 days after ischemia/reperfusion injury. 
A. UMAP plots of innate immune cells at baseline and 4 days after 60 minutes of 

ischemia/reperfusion injury. Ischemia/reperfusion leads to a sizeable expansion of the 
populations of recruited macrophages in the heart. 

B. UMAP plot with Trem2 expression annotated in purple. After ischemia/reperfusion injury 
there is widespread expression of Trem2, highest in recruited macrophages. 

C. Expression of Trem2 in macrophages is substantially increased after myocardial injury 4 
days after ischemia/reperfusion injury compared to baseline. 
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Treatment with a TREM2-activating antibody does not change left ventricular 

function after ischemia/reperfusion injury 

The next aim of our studies was to assess whether pharmacologic activation of 

TREM2 can improve cardiac function after myocardial injury. 4D9 is an antibody that 

binds to TREM2 and prevents its cleavage from the cell surface by blocking the access 

of metalloproteases and itself activates signaling through TREM2 evidenced by an 

increase in phosphorylated SYK (127). In an Alzheimer’s model, treatment with the 

antibody led to a reduction in amyloid pathology. To test the effects of the antibody in a 

myocardial injury model, we designed a rigorous trial (Figure 5A). We used 16 male 

mice per group for a power of at least 80% to find a 20% difference in a parameter with 

25% standard deviation and a two-tailed p value of 0.05. The primary endpoint was left 

ventricular function at 6 weeks after ischemia/reperfusion as assessed by left ventricular 

ejection fraction. We used male wild-type C57BL6/J mice as males are more 

susceptible to the adverse effects of myocardial injury. Mice received a baseline echo, 

60 minutes of ischemia/reperfusion injury, and were then randomized to 4D9 treatment 

or an isotype control (4D5). Treatment with 4D9 antibody or isotype control was 

administered intraperitoneally at a dose of 5 mg/kg at postoperative day 1, day 7, and 

day 13. This dose was chosen as it led to supramaximal plasma concentrations for 

multiple days in pharmacokinetic experiments performed by the laboratory of Dr. 

Christian Haass, where the antibody was first developed. Only the laboratory technician 

preparing the antibody solution for injection was aware of the treatment groups, the 

operator and everyone involved in data analysis were blinded until all data acquisition 
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and echocardiographic analysis was complete. One mouse was excluded prior to 

randomization as the suture could not be removed and permanent LAD ligation ensued. 

There was no difference between the groups at baseline in echocardiographic 

parameters of left ventricular ejection fraction, fractional shortening, or left ventricular 

end-diastolic volume. As expected, after ischemia/reperfusion injury, there was a 

decrease in ejection fraction and fractional shortening, as well as an increase in left 

ventricular end-diastolic volume in both groups compared to baseline. However, at both 

time points (2 and 6 weeks after ischemia/reperfusion injury), there was no significant 

difference between the two groups in left ventricular function or dimensions (Figure 5B). 

Additionally, heart weight normalized to body weight area was not significantly different 

between the two groups at time of euthanasia (Figure 5C). In summary, treatment with a 

TREM2-activating antibody after ischemia/reperfusion injury did not alter left ventricular 

function or heart weight. 
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Figure 5: Administration of a TREM2-activating antibody (4D9) does not alter left 
ventricular function after ischemia/reperfusion injury. 
A. Outline of the study protocol. Mice underwent baseline echocardiography and 

ischemia/reperfusion injury with an ischemic time of 60 minutes. Mice were then randomized 
to receive 3 doses of either 5mg/kg of TREM2-activating antibody 4D9 or an isotype control.  
One mouse had to be removed due to technical problems during surgery, so 31 mice were 
randomized. 

B. Left ventricular function measured by ejection fraction (%) at baseline, 2 weeks after 
ischemia/reperfusion injury, and 6 weeks after ischemia/reperfusion injury (mean ± SD, 
n=15 in 4D9 group, n=16 in isotype control group). 

C. Left ventricular end-diastolic volume (µl) at baseline, 2 weeks after ischemia/reperfusion 
injury, and 6 weeks after ischemia/reperfusion injury (mean ± SD, n=15 in 4D9 group, n=16 
in isotype control group). 

D. Morphometry at 10 weeks after ischemia/reperfusion injury (mean ± SD, n=15 in 4D9 group, 
n=16 in isotype control group). 
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Discussion: 

In this study, we investigated the effect of TREM2 in myocardial injury models 

and tested whether activation may have a benefit. First, we found that Trem2 is highly 

expressed in macrophages within 3-5 days after myocardial infarction and peaks around 

7 days. Coinciding with the decrease in macrophage numbers in the heart, Trem2 

expression decreases around 14 days. This acute expression of Trem2 contrasts with 

the other disease models in which Trem2 has been found to be expressed, which are 

models of chronic diseases with ongoing tissue injury, such as metabolic syndrome or 

Alzheimer’s Disease (17, 30, 86). In these diseases, the Trem2-expressing 

macrophages cluster together as distinct populations in UMAP or t-SNE plots of single-

cell RNA-seq. In comparison, in our analyzed datasets 4 days after 

ischemia/reperfusion injury or 7 days after LAD ligation TREM2 seems to be widely 

expressed throughout macrophage populations without distinct sets of gene expression 

profiles in TREM2+ macrophages at the time. This may be a fundamental difference 

between the acute model of myocardial injury and the more chronic disease models, or 

it may indicate that it takes longer for the fundamental changes in gene expression to 

occur. 

We identified that loss of TREM2 in male mice leads to an increase in mortality 

after permanent LAD ligation. One possible explanation may be that TREM2 is required 

to induce a phagocytic phenotype in macrophages and lead to clearance of debris and 

apoptotic cells, as another study found the prophagocytic receptor MerTK to be 

necessary for the development of reparative macrophages after myocardial infarction 

and to contribute to the uptake of defective mitochondria and normal myocardial 
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function at tissue homeostasis (120, 121). TREM2 may play a similar role by inducing a 

prophagocytic phenotype. Additionally, TREM2 dampens the inflammatory response in 

vitro and in cancer models, where through its anti-inflammatory properties TREM2 has a 

pro-tumorigenic effect by suppressing the T cell immune response (89, 90, 99, 100). In 

the heart, an excessive proinflammatory immune response has been identified to be 

detrimental to wound healing and knockout of IRF3 decreased mortality in mice after 

LAD ligation (117). Therefore, TREM2 may exert its effects at least partially through 

dampening inflammation after myocardial infarction. Of note, these effects are still not 

severe enough to cause mortality in female mice, but rather a modest change in left 

ventricular strain 6 weeks after LAD ligation. Future studies will need to address how 

TREM2 modulates macrophage function, including the transcriptomic profile and 

transcriptional regulation in macrophages. Additionally, studying how TREM2+ 

macrophages affect cardiomyocyte function and metabolism or fibrosis development 

through myofibroblasts will be of importance. 

In the rigorous trial of an activating TREM2 antibody versus isotype control in 

wild-type mice, we hypothesized that additional pharmacologic activation of TREM2 

may prove beneficial after myocardial injury, as loss of TREM2 had detrimental effects. 

However, we did not observe a significant difference in left ventricular function, left 

ventricular dimension, or heart weights. There are multiple reasons for why treatment 

with the antibody may not have had an effect. First, there may not be enough antibody 

reaching the infarct area and border zone of the heart, which is where most of the 

macrophage infiltration occurs. While this cannot be ruled out, it is unlikely as the dose 

given reaches supramaximal plasma levels based on prior pharmacokinetic analyses 
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and the fact that all animals included in the study had the suture removed after 60 

minutes of LAD ligation, thereby restoring adequate blood flow. Second, there may have 

not been additional activation of TREM2 beyond physiologic states. There is an 

abundance of potential TREM2 ligands after substantial necrosis occurs with myocardial 

injury (e.g., necrotic cells, phospholipids, free DNA). These ligands may saturate the 

available TREM2 and further stimulation with an exogenous molecule may not be 

possible in this acute setting. By binding to TREM2, these endogenous ligands may 

also prevent cleavage of TREM2 at the surface. Third, the effect of the antibody may 

not be strong enough to have a substantial effect in such an acute disease model. 

Given these limitations of TREM2 antibody treatment and possible saturation of the 

receptor, understanding what leads to upregulation of TREM2 and which transcription 

factors mediate the disease will be important to study, as it will have relevance in 

multiple disease processes beyond myocardial infarction. Additionally, there are disease 

processes where TREM2 activation is desired (e.g., myocardial infarction, Alzheimer’s 

Disease, metabolic syndrome) and other diseases such as cancer where TREM2 plays 

a malignant role for the host. Therefore, the identification of factors downstream and 

upstream of TREM2 will provide new targets to test in myocardial injury models to 

assess if the pathways related to TREM2 have therapeutic potential. 
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Materials and Methods: 

Mice 

All animal studies were approved by the University of California San Diego 

Animal Care and Use Committee in accordance with the University of California San 

Diego research guidelines for the care and use of laboratory animals. Mice were 

maintained under a 12-hour light and 12-hour dark cycle at constant temperature with 

ad libitum access to food and water. Mice were fed a regular chow diet (T8604, Envigo). 

TREM2 knockout mice on a C57BL6/J background were obtained from The Jackson 

Laboratory (Strain # 027197, Bar Harbor, ME) and then maintained and bred in our 

vivarium facilities. 

Genotyping 

The primers used in the PCR reaction to genotype mice in the TREM2 knockout 

studies were the following: 

Forward: 5’-TCAGGGAGTCAGTCATTAACCA-3’ 

Reverse: 5’- AGTGCTTCAAGGCGTCATAAGT-3’ 

Reverse mutant: 5’- CAATAAGACCTGGCACAAGGA-3’ 

The product was assessed by gel electrophoresis on a 1.5% agarose gel. A 254 

base pair product was generated from the wild-type allele and a 396 bp product from 

the mutant allele. 

Permanent LAD ligation experiments 

For myocardial infarction studies, male and female TREM2 knockout and age-

matched sex-matched wild-type control mice were used. All mice were on the C57BL6/J 

background. Genotype of the mice was identified by genomic DNA from earpieces at 
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the beginning of the study. Additionally, confirmatory genotyping was performed after 

death from tail samples. Mice were 20-22 weeks old at the time of permanent LAD 

Ligation. Mice received baseline echocardiogram prior to LAD ligation. After LAD 

ligation mice were monitored at least daily and assessed for distress or death. Mice 

received echocardiogram 2 weeks and 6 weeks after surgery. The operator at the 

Seaweed Canyon core who performed echocardiograms and surgeries was not aware 

of the genotype of the mice undergoing the procedures. Mice were euthanized 8 weeks 

after surgery and hearts flushed and rinsed. They were extracted and weights 

measured for morphometry. Tibias were extracted for tibia length for normalization of 

heart weights. 

Ischemia/reperfusion experiments with 4D9 antibody treatment 

As determined by power analysis with a minimum power of 80% to find a 20% 

difference in a parameter with 25% standard deviation and a two-tailed p value cutoff of 

0.05, 16 male wild-type C57BL6/J mice (Jackson) per group to undergo 

ischemia/reperfusion injury. Mice were 16-18 weeks old at the time of surgery. All mice 

received a baseline echocardiogram prior to undergoing surgery. After successful 

completion of ischemia/reperfusion injury, mice were randomly assigned to treatment 

with 4D9 antibody (Denali Therapeutics) or isotype control (4D5, Denali Therapeutics). 

One mouse was excluded prior to randomization as reperfusion was not achieved. 

Treatment was given intraperitoneally at 5 mg/kg at post-operative days 1, 7, and 13. 

Only the laboratory technician preparing the antibody was aware of the study arm 

assignment until acquisition of all data was complete. Mice were monitored at least daily 

for distress or death after undergoing ischemia/reperfusion surgery. Echocardiograms 
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were performed 2 weeks and 6 weeks after injury to assess left ventricular function and 

dimensions. Mice were euthanized 10 weeks after injury and hearts flushed, rinsed, and 

extracted for morphometric analysis, along with tibias to normalize heart weight to tibia 

length. After completion of all data acquisition and echocardiographic analysis, 

treatment arms were revealed, and statistical analysis performed. 

Surgical procedures 

Permanent or transient LAD coronary artery ligations were be performed by an 

experienced project scientist in the Seaweed Canyon Laboratory. Mice were 

anesthetized with ketamine (50 mg/kg) and xylazine (5 mg/kg) intraperitoneally followed 

by inhaled isofluorane (0.75 – 1.5%). Anesthesia was monitored by visual examination 

of spontaneous movement, blinking, respiratory parameters on the ventilator, as well as 

the response to gentle stimuli. Mice were intubated and ventilated with a pressure 

ventilator administering inhaled isofluorane. A skin incision was made at the left chest 

and heart visualized between 3rd and 4th rib. LAD artery was ligated by tying a suture. 

Successful ligation was confirmed by blanching of the LAD territory along with ST 

elevation on electrocardiogram. For permanent ligation, the chest was closed at this 

point and monitored postoperatively as below. For ischemia/reperfusion injury, the 

mouse was kept warm with a warming pad and an additional dose of xylazine and 

ketamine given along with normal saline. After 60 minutes, the suture was released and 

reperfusion confirmed by visual return of blood flow in the LAD territory. Thereafter, the 

chest was closed with sutures and Nexaband topical tissue adhesive. Mice received 

buprenorphine (0.1 mg/kg) intraperitoneally immediately following surgery. Thereafter 

mice were monitored daily thereafter to assess for distress and mortality. 
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Transthoracic Echocardiography 

Animals were anesthetized with 5% isoflurane for 30 seconds and then 

maintained at 0.5% throughout the examination. Small needle electrodes for 

simultaneous electrocardiogram were inserted into one upper and one lower limb. 

Images were acquired in M-mode, 2- dimensional and Doppler modalities using the 

FUJIFILM VisualSonics Inc., Vevo 2100 high-resolution ultrasound system. All images 

were acquired and analyzed without knowledge of the genotype or treatment arm of the 

mice. 

Single-cell RNA-seq analysis 

Single-cell RNA-seq datasets were obtained from publicly available sources or 

collaborators as indicated and analyzed using the Seurat R toolkit for single cell 

genomics (128, 129). 
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CHAPTER 3: TRANSCRIPTIONAL REGULATION RELATED TO TREM2 
 

Abstract: 

TREM2 (Triggering Receptor Expressed on Myeloid Cells 2) is a transmembrane 

receptor that has recently been established as a key regulator of macrophages in 

multiple disease models. It is highly expressed in distinct macrophage subsets in 

models of Alzheimer’s Disease (disease-associated microglia/DAM), obesity (lipid-

associated macrophages/LAM), and non-alcoholic steatohepatitis (NASH Kupffer 

cells/KC-N). However, it has remained unclear how expression of Trem2 is activated or 

how TREM2 mediates its effects on gene expression. 

To understand these questions, we generated a conditionally immortalized 

monocyte progenitor line from a Rosa26-Cas9 mouse. These cells are immortalized at a 

monocyte progenitor stage that can terminally differentiate into macrophages. We 

generated a line with a deletion of the intergenic enhancer of Trem2, whose 

accessibility strongly correlates with expression of Trem2, and multiple lines with 

disruption of the ATF3 motif, a transcription factor strongly binding to this enhancer in 

vivo. Surprisingly, deletion of the enhancer or disruption of the motif had only minimal 

effects on gene expression of Trem2, indicating that other parts of its cis-regulatory 

system are determining its levels of expression or that redundancies are in place. We 

also created TREM2 KO clones and found 212 genes upregulated in wild-type vs. 

TREM2 KO, 90 of which are also upregulated in DAM, LAM, and/or KC-N in vivo. We 

identified active enhancers by ChIP-seq for H3K27 acetylation and found 4243 

enhancers with increased H3K27 acetylation in wild-type vs. TREM2 KO cells. In these 

enhancers, the DNA-binding motifs of the MITF/TFE family and the AP-1 family (of 
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which ATF3 is a member) were enriched compared to enhancers with unchanged 

H3K27 acetylation. We found that TREM2 signaling led to rearrangement of binding of 

MITF/TFE factors and ATF3 to gene regulatory elements. While most MITF/TFE factors 

and ATF3 showed increased binding in enhancers activated downstream of TREM2, 

TFEC binding was slightly decreased. TREM2 KO led to a substantial loss of TFEB 

peaks and a substantial gain of TFEC peaks, suggesting a diverging effect of TREM2 

on the two factors. Additionally, we created TFEB KO cells and discovered that multiple 

signature genes of DAM, LAM, and KC-N (e.g., Cd9, Myo1e, Atf3) were similarly 

changed with KO of TFEB as with KO of TREM2. These findings show that, 

unexpectedly, the intergenic enhancer of Trem2 is not required for high expression of its 

mRNA and that ATF3 and the MITF/TFE transcription factor family are downstream of 

TREM2 signaling. 

 

Introduction: 

TREM2 is a major regulator of macrophage function in multiple disease models, 

including Alzheimer’s Disease, metabolic syndrome, and cancer (17, 86, 94, 99, 100). 

Subsets of macrophages that highly express Trem2 appear in tissue injury, e.g., 

disease-associated microglia (DAM) in Alzheimer’s Disease, lipid-associated 

macrophages (LAM) in metabolic syndrome, and Kupffer Cells (KC-N) in non-alcoholic 

steatohepatitis (NASH) (17, 30, 86). TREM2 exerts a protective effect in the 5xFAD 

model of Alzheimer’s Disease and has been found essential for the full transition of 

microglia to DAM (17, 94). Additionally, a missense mutation in humans (R47H) has 

been found to be strongly associated with the development of Alzheimer’s Disease in 
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genome-wide association studies, signifying the importance in humans (95, 96). TREM2 

is a transmembrane receptor on macrophages that exerts its effects through binding of 

DAP12, which in turn activates phosphatidylinositol 3 kinase (80). Nonsense mutations 

of TREM2 or DAP12 cause the rare Nasu-Hakola Disease, leading to early onset frontal 

dementia with death from dementia complications usually by age 50 (97). This 

highlights that TREM2 plays not only a role during disease, but also during homeostasis 

of human brains. Additionally, TREM2 KO mice exhibit worsened metabolic parameters 

and adipocyte hypertrophy in a model of metabolic syndrome (86). On the other hand, 

deletion of TREM2 has pro-inflammatory effects on tumor-associated macrophages and 

leads to a reduction in tumor size (99, 100). These studies exhibit the importance of 

TREM2-expressing macrophages in the development and pathophysiology of multiple 

disease processes. However, it is currently unknown how expression of Trem2 itself is 

regulated and how TREM2 mediates its effects on transcriptional regulation to mediate 

the distinct gene expression profile of TREM2-expressing macrophages such as DAM. 

Previous results from a NASH model show that Kupffer cells gain accessibility to an 

intergenic enhancer downstream of the Trem2 gene during NASH that is not accessible 

in Kupffer cells of healthy livers, when transcription of Trem2 is low. This enhancer also 

shows substantial binding of the transcription factor ATF3 with high expression during 

NASH (30). We generated conditionally immortalized macrophages with deletion of the 

enhancer and ATF3 motif disruptions to study if and how this enhancer may regulate 

Trem2 expression. Additionally, we generated TREM2 KO lines to examine how TREM2 

affects gene regulation and KO lines of transcription factors that may be downstream of 

TREM2. 
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Results: 

Generation of Cas9-expressing conditionally immortalized macrophage cell line 

To investigate how TREM2 is regulated and how it mediates its effects on 

transcriptional regulation, we established conditionally immortalized monocyte 

progenitors from the bone marrow of a Rosa26-Cas9 mouse. These cells are 

immortalized by HoxB8 at a monocyte progenitor stage while supplemental estradiol is 

present in the culture media (130). After removal of estradiol and addition of 

macrophage colony-stimulating factor (M-CSF), the cells can differentiate into 

macrophages. This makes them a useful tool to study macrophage biology. Due to 

constitutive expression of Cas9, genetic modifications can be carried out at the 

monocyte progenitor stage with introduction of guide RNA (gRNA) by lentivirus. These 

modifications with subsequent cell sorting and generation of clones are not possible in 

conventional bone-marrow derived or peritoneal macrophages as they terminally 

differentiate within 1-2 weeks after removal from the body. 

After generation of the ER-HoxB8 monocyte progenitors, we differentiated them 

into macrophages to assess them for similarities with bone-marrow derived 

macrophages, particularly in relation to Trem2 expression and the gene regulatory locus 

of the Trem2 gene. We first carried out RNA-seq to assess gene expression before and 

after differentiation, and to compare the cells with conventional bone-marrow derived 

macrophages (Figure 6A). Expectedly, the differentiation from ER-HoxB8 progenitors to 

ER-HoxB8 macrophages massively alters their transcriptional pattern, with upregulation 

of macrophage genes such as Cd68, Csf1r, Lyz2, and Itgam, as well as downregulation 

of monocyte genes such as Ccr2 and Ly6c2. While there were differences in gene 



42 
 

expression, key macrophage genes were substantially expressed both in ER-HoxB8 

macrophages and bone-marrow derived macrophages, with the notable of Apoe, which 

was only lowly expressed in ER-HoxB8 macrophages (Figure 6B). Important for this 

study, Trem2 is expressed at high levels above 1,000 TPM (transcripts per million) in 

differentiated ER-HoxB8 cells, comparable to bone-marrow derived macrophages. Cd9, 

which is also highly expressed in DAM, LAM, and SAM subsets, is also expressed at 

high levels in differentiated ER-HoxB8 cells (Figure 6B). Importantly, these cells 

responded to stimulation with ligands that activate bone-marrow derived macrophages 

Treatment with KLA (Kdo2-Lipid A), a key component of LPS, led to large transcriptomic 

changes with more than 2,000 differentially expressed genes after 6 hours (Figure 7A). 

The pro-inflammatory genes Il1b, Il6, and Tnf were massively upregulated with 

essentially no expression at baseline (Figure 7B). We also tested differentiation into 

osteoclasts. In a protocol equivalent to the derivation of bone-marrow derived 

osteoclasts with 4 days of RANKL treatment, the ER-HoxB8 cells also expressed high 

levels of osteoclast genes, e.g., Ocstamp, Ppargc1b, Acp5, and Jdp2, comparable to 

osteoclasts differentiated directly from bone marrow cells (Figure 7C). Overall, this 

demonstrates that macrophage gene expression is comparable in ER-HoxB8 

macrophages and bone-marrow derived macrophages and that ER-HoxB8 

macrophages respond to stimuli similarly to bone-marrow derived macrophages. Thus, 

they are suitable to be used as macrophage or osteoclast models that allow for 

introduction of mutations with CRISPR gRNA and rapid generation of large amounts of 

cells necessary for assays of transcriptional regulation such as ChIP-seq (chromatin 

immunoprecipitation followed by sequencing).  
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Figure 6: Gene expression in ER-HoxB8 macrophages differs vastly from ER-HoxB8 
monocyte progenitors and resembles bone-marrow derived macrophages and 
osteoclasts 
A. Differential gene expression between undifferentiated ER-HoxB8 monocyte progenitors 

(HoxB8_undiff) and differentiated ER-HoxB8 macrophages (HoxB8_mps), as well as ER-
HoxB8 macrophages and bone-marrow derived macrophages (BMDMs). Differentially 
expressed genes were defined as FDR < 0.05, fold-change > 2 or < -2  (n=2 per cell type). 

B. Gene expression of monocyte/macrophage genes in ER-HoxB8 monocyte-progenitors 
(HoxB8_undiff), ER-HoxB8 macrophages (Hoxb8_mps), and bone-marrow derived 
macrophages (BMDMs). Mean ± SD, n=2 per cell type.  
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Figure 7: ER-HoxB8 macrophages respond to ligands of macrophages 
A. Differential gene expression of ER-HoxB8 macrophages after 1 hour or 6 hours of 

stimulation with KLA (Kdo2-Lipid A), a key component of lipopolysaccharide. Differentially 
expressed genes were defined as FDR < 0.05, fold-change > 2 or < -2, and log2(TPM+1) > 
4 in at least one group (n=2 per group). 

B. Gene expression of inflammatory genes in ER-HoxB8 macrophages in response to 1 hour 
or 6 hours of stimulation with KLA (mean ± SD, n=2 per group). 

C. Gene expression of osteoclast genes in ER-HoxB8 macrophages (HoxB8_mps), ER-HoxB8 
osteclasts (ER-HoxB8_osteo) after 4 days of RANKL stimulation, bone-marrow derived 
macrophages (BMDMs) and bone-marrow derived osteoclasts after RANKL stimulation 
(BM_osteo) (mean ± SD, n=2 per group). 
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Deletion and Motif Disruption of the Intergenic Enhancer of Trem2 in ER-HoxB8 

cells 

In addition to RNA-seq above, we carried out ATAC-seq (Assay for Transposase-

Accessible Chromatin using sequencing) in differentiated ER-HoxB8 macrophages to 

ensure the gene regulatory locus of Trem2 in ER-HoxB8 cells is similar to other cells 

that exhibit high levels of Trem2 expression. We found that in ER-HoxB8 macrophages, 

both the intronic and intergenic enhancers are accessible, like in Kupffer cells during 

NASH and in bone-marrow derived macrophages (Figure 8A). As Trem2 is highly 

expressed and the intergenic enhancer is accessible, these cells are suitable to 

investigate if the intergenic enhancer is necessary for high levels of Trem2 expression. 

To test the hypothesis that accessibility of the intergenic enhancer is required for high 

expression of Trem2, we designed gRNA targeting sequences at both flanks of the 

accessible region as defined by ATAC-seq (Figure 8B). We transduced ER-HoxB8 

monocyte progenitors with a lentiviral construct carrying the code for these two gRNAs 

as well as mCherrry. We then single-cell sorted mCherry-positive cells into 96 well-

plates and grew clones. 

As ChIP-seq data from Kupffer cells during NASH exhibits a strong increase in 

binding of ATF3 to the intergenic enhancer, we also hypothesized that the DNA binding 

site of ATF3 may be important for high expression of Trem2. Thus, we designed gRNA 

to the two ATF3 motifs within the enhancer to introduce varying insertions and deletions 

and disrupt binding of ATF3. We then introduced the gRNA and grew clones as above. 

We used a control gRNA sequence without any matching genomic DNA sequence on 

the same construct as control and isolated clones as above. 
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We carried out amplification of the genomic region of the intergenic enhancer 

after FACS sorting and identified one clone that exhibited recombination of the DNA 

causing homozygous enhancer deletion. This was evidenced by a ~500 bp reduction in 

size of a PCR product with primers flanking the enhancer and no visible PCR product 

using primers within the enhancers (Figure 8C). For ATF3, we identified three clones 

with various motif disruptions in either one or both ATF3 motifs. 

We differentiated the cells into macrophages and carried out RNA-seq to assess 

for changes in Trem2 and global gene expression. Surprisingly, neither the clone with 

homozygous enhancer knockout nor the motif disruptions exhibited a marked change in 

Trem2 expression. All clones still expressed Trem2 at levels of more than 1,000 TPM, 

indicating that the intergenic enhancer is not required for high levels of Trem2 

expression (Figure 8D). This may suggest redundancies between the intergenic and 

intronic enhancer or that binding of transcription factors to the intronic enhancers play a 

more major role in transcription factor binding. Future studies using CRISPR screen and 

Trem2 reporter cells may help in defining which proteins and transcription factors are 

upstream of Trem2 and inform how cells turn on high expression of Trem2 during tissue 

injury. 
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Figure 8: The intergenic enhancer is accessible in ER-HoxB8 macrophages but 
homozygous deletion or ATF3 motif disruption do not markedly alter Trem2 expression 
A. Genome browser track of ATAC-seq comparing the gene regulatory locus of ER-HoxB8 
macrophages to Kupffer cells of healthy liver (KC-H, low Trem2 expression, intergenic enhancer 
not accessible), Kupffer cells of NASH livers and bone-marrow derived macrophages (KC-N, 
BMDM, respectively; high Trem2 expression, intergenic enhancer accessible). 
B. CRISPR gRNA design targeting the Trem2 enhancer and primers used to confirm 
enhancer deletion by PCR. 
C. Gel electrophoresis confirming homozygous enhancer knockout (E-KO) by showing 
decreased size PCR product using flanking primers and no product using primers 
complementary to DNA within the enhancer region. 
D. Gene expression of Trem2 comparing control gRNA to enhancer deletion (E-KO) and 
ATF3 motif disruption (Motif-KO) (mean ± SD, n=2 each for control and E-KO, n=3 for Motif-
KO). 
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Gene expression profile of macrophage subsets expressing high levels of Trem2 

Recently multiple subsets of macrophages exhibiting high expression of Trem2 

have been identified in vivo. In mouse models that includes DAM in the brains in 

Alzheimer’s Disease models, LAM in adipose tissue in metabolic syndrome, and Kupffer 

cells in NASH models. In human cirrhosis, scar-associated macrophages (SAM) have 

also been identified at the sites of fibrosis. Since all these Trem2-expressing cells 

cluster distinctly by single cell RNA-seq and there is evidence for TREM2 being required 

for formation of some of them, we hypothesized that TREM2 induces a distinct gene 

expression profile in macrophages.  

We accessed publicly accessible data from previous studies to generate lists of 

upregulated genes in the murine Trem2 expressing macrophages compared to 

homeostatic macrophages in the same tissue (17, 30, 86). We overlapped the gene lists 

of DAM, LAM, and KC-N and found that a limited number of 27 genes is upregulated in 

all subsets (Figure 9A). Of the genes upregulated in all subsets, some are related to 

phagocytic function, such as Ctsd and Myo1e, metabolism such as Ldha and Aldoa, as 

well as the transcription factor Atf3 (Figure 9B). Additionally, the surface proteins Cd9, 

Cd63, and Cd84 are increased in all three populations. Of note, CD9 is an inhibitor of 

metalloproteases ADAM17, the major protease cleaving TREM2 off the cell surface (81, 

88). Thereby, CD9 may be potentiating the effect of TREM2. 

Additionally, there were 192 gene upregulated in at least two of the subsets with 

more overlap between LAM and KC-N (Figure 9A). Overall, this analysis demonstrates 

genes that are likely downstream of TREM2 in vivo. However, some may also be 
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controlled by other environmental stimuli, as all three cell subsets were identified in 

models of tissue injury.  
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Figure 9: Gene expression profile of murine macrophage subsets with high expression 
levels of Trem2 
A. Venn Diagram showing overlap of genes upregulated in DAM, LAM, KC-N macrophage 
populations. 
B. List of genes that show increased expression in all three macrophage populations.  
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TREM2 knockout in ER-HoxB8 cells leads to deregulation of DAM, LAM, KC-N 

genes 

To identify which genes are directly downstream of TREM2 in a neutral tissue 

culture environment without additional external stimuli from disease, we designed gRNA 

towards TREM2 to create TREM2 KO clones. We introduced gRNA with a lentiviral 

construct carrying an mCherry domain and single-cell sorted successfully transduced 

cells by FACS. We Sanger sequenced the growing clones and differentiated 3 clones 

with homozygous frameshift mutations in the Trem2 gene. We confirmed successful 

gene knockout with Western Blot after macrophage differentiation showing no TREM2 

signal while it was preserved in the control gRNA clones that were transduced and 

grown in parallel (Figure 10A). 

The TREM2 KO clones clustered together on principal component analysis 

showing similar changes in global gene expression. In a direct comparison of TREM2 

KO vs. control gRNA, 212 genes were expressed higher in wild-type macrophages and 

118 genes were expressed higher in TREM2 KO macrophages (fold-change > 1.5, false 

discovery rate < 0.05) (Figure 10B). The 212 genes with increased expression in control 

gRNA are downstream of TREM2 in vitro without the influence and stimuli of a disease 

process causing additional changes in macrophage gene expression independent of 

TREM2.  

Of the genes upregulated in the wild-type cells, we observed multiple signature 

genes of DAM/LAM/KC-N populations, e.g., Cd9, Atf3, Myo1e, Lpl, Lrp1, Lrpap1, and 

Igf1 (Figure 10C). In total, 90 of the 212 genes found in vitro with TREM2 present are 

also upregulated in at least one of the in vivo subsets that highly express Trem2 or are 
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TREM2-dependent (Figure 11A). Dissecting the overlap further, the expression profile 

correlates closer with LAMs and KC-N (61 and 55 genes) and less so with DAMs (19 

genes) (Figure 11B, Tables 1 and 2). However, some of the genes that overlap with 

DAMs are DAM signature genes and have proposed functions in microglia. LRP1 for 

example is a receptor for apolipoprotein E and amyloid b, two key molecules in the 

pathophysiology of Alzheimer’s Disease (131). Myosin-1e (Myo1e) has been identified 

as a key regulator of the phagocytic cap and to be upregulated in DAM (132, 133). The 

lipid droplet surface protein PLIN2 has been implicated in neuroinflammation via altering 

lipid metabolism in stressed hypertensive rats (134). Microglial lipoprotein lipase (LPL) 

has been associated with lipid uptake and suggested to prevent inflammatory lipid 

distribution and lipid droplet accumulation (135). In addition, albeit lowly expressed in 

this cultured macrophage model, the microglial homeostatic receptor genes P2ry13 and 

P2ry12 exhibited increased expression in the TREM2 KO cells, indicating that they are 

suppressed by TREM2, a finding similar to what is noted in vivo in DAMs (17). Overall, 

the gene expression profile in wild-type vs. TREM2 KO cultured macrophages 

recapitulates key aspects of the expression patterns observed in TREM2-expressing 

macrophages in vivo, making them a useful model to examine how these changes 

occur on a molecular level. 
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Figure 10: CRISPR knockout of TREM2 in ER-HoxB8 macrophages leads to loss of 
TREM2 on a protein level and to deregulation of DAM/LAM/KC-N signature genes 
A. Western Blot in cells that were transduced in parallel with control gRNA or gRNA towards 

the TREM2 gene. TREM2 KO clones were Sanger sequenced and had homozygous 
frameshift mutations. There is loss of TREM2 protein in all TREM2 KO clones. 

B. Volcano plot indicating differential gene expression in wild-type vs. TREM2 KO clones. Wild-
type clones show an increased gene expression of multiple genes that are signature genes 
of DAM/LAM/KC-N macrophage populations in vivo. Differentially expressed genes were 
defined by FDR < 0.05, fold-change > 1.5 or < -1.5 (n=3 per genotype). 

C. Bar plots of selected genes that are similarly regulated in DAM/LAM/KC-N populations 
(mean ± SD, n=3 per genotype). 
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Figure 11: Overlap of genes increased in wild-type vs. TREM2 KO ER-HoxB8 
macrophages with genes upregulated in DAM/LAM/KC-N populations in vivo 
A. Overlap of downregulated genes in TREM2 KO conditionally immortalized macrophages 

(CIM) with at least any of the genes upregulated in DAM/LAM/KC-N populations. 
B. Overlap of downregulated genes in TREM2 KO macrophages with DAM, LAM, and KC-N 

populations. Overlap is bigger with the KC-N and LAM populations compared to the overlap 
with DAM.  
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Table 1: Overlap of genes of the DAM/LAM/KC-N populations with genes downregulated 
in cultured macrophages with TREM2 KO. 
Genes with increased expression in wild-type vs. TREM2 KO ER-HoxB8 cells in vitro that are 
increased as well in at least two of the murine in vivo populations of DAM, LAM, and KC-N.  

 

DAM + LAM + 

KC-N 

LAM + KC-N  DAM + KC-N DAM + LAM 

Trem2 Lgals3 Asph Ccl4 Lpl 

Cd9 Anxa1 Metrnl Csf2ra Adssl1 

Atf3 Clic4 Slc15a3 Cd83  

Glipr1 Rnh1 Dot1l Inf2  

Gnas Dpep2 Myof Chst11  

Plin2 Atp6v1b2 Bcl2l1 Scd2  

Myo1e Lilr4b Actg1 Cd74  

 Flna Anxa2   

 Stap1 Gsn   

 Gpr137b-ps Vim   

 Lrp1 Lat2   
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Table 2: Genes expressed in a single LAM/DAM/KC-N subset that are also downregulated 
in cultured macrophages with TREM2 KO. 
Genes with increased expression in wild-type vs. TREM2 KO ER-HoxB8 cells in vitro that are 
increased one of the murine in vivo populations of, LAM (columns 1 and 2), KC-N (columns 3 
and 4), and DAM (column 5). 

 
LAM  KC-N  DAM 

Lilrb4a Pparg Adam8 Cx3cr1 Igf1 

Dusp3 Plekho2 Cdk18 Tgm2 Kcnj2 

Plk2 S100a4 Nav2 Mafb Lrpap1 

Rtn4 Serpinb6b Sema4d   

Tlr13 Id2 Oldfr111   

Itgav Nap1l1 Xylt1   

Ybx3 Ckb Pik3cb   

Acer3 Il7r Tmem132a   

Cd44 Rhoc Slc25a25   

Gngt2 S100a6 Tmem38b   

Rab7b Tuba1b Psen2   

Gpx1 Tuba1c Lars2   

Rgs1 Rgs2 Hp   

Ywhah S100a11 Tpcn2   

Pcna  Myadm   
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TREM2 leads to changes in transcriptional regulation 

To understand how TREM2 leads to the changes in transcriptional programs 

observed in Figure 10, we started by carrying out ATAC-seq to define the landscape of 

accessible chromatin in ER-HoxB8 macrophages with or without TREM2 present. As 

expected, there was only a minimal change in the enhancer landscape with knockout of 

TREM2 (Figure 12A). Changes in accessible enhancer landscape usually are more 

subtle than changes in markers of enhancer modification, especially when interrogating 

cells of the same cell type. We merged the sites of accessible chromatin obtained from 

ATAC-seq and created a file with the enhancer landscape to use for H3K27 acetylation. 

Acetylation of the lysine residue at the 27th position of histone 3 is a marker of 

active enhancers and promoters, correlating with gene expression (68). We carried out 

ChIP-seq for H3K27 acetylation to interrogate how enhancer activation changes 

between wild-type and TREM2 KO ER-HoxB8 macrophages. We found that there were 

4243 enhancers with increased acetylation at the H3K27 site within a 1000 bp region 

centered around the ATAC-seq peak (Figure 12B). Activation of these enhancers 

therefore appears to be downstream of TREM2. There were 127 gene regulatory 

regions that had increased acetylation at the H3K27 site with TREM2 KO. Therefore, 

activation of these sites appears to be suppressed by TREM2. 

We carried out motif enrichment analysis of the enhancers that are downstream 

of TREM2. Transcription factor binding motifs are short repetitive sequences of DNA 

that mediate binding of transcription factors to DNA (73). By comparing enrichment of 

motif sequences with HOMER we identified transcription factor-binding motifs 

significantly enriched in enhancers that have more H3K27 acetylation in wild-type cells 
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(Figure 12C). When comparing motif enrichment in these enhancers to a random 

genomic background, we identified motifs for the two macrophage lineage-determining 

transcription factors PU.1 and TFEB to be significantly enriched, as expected when 

comparing the motifs in macrophage enhancers to genomic background. Additionally, 

motifs for three families signal-dependent transcription factors were also significantly 

enriched. Those were motifs for transcription factors of the AP-1 family, the MITF/TFE 

family, and the MEF2 family. When comparing the motifs with increased H3K27ac in 

TREM2+ cells with enhancers that are unchanged in H3K27 acetylation (i.e., are not 

affected by the presence of TREM2), as expected, the motifs for the lineage-

determining factors PU.1 or C/EBP are not significantly enriched. However, the motifs 

for the signal-dependent factor families AP-1, MITF/TFE, and MEF2 are significantly 

enriched, suggesting that TREM2 mediates its effects on gene expression through 

factors of these families. 

As ATF3 is a member of the AP-1 family and its gene expression is increased in 

all the TREM2-expressing populations of DAM, LAM, KC-N, and wild-type HoxB8 

macrophages (compared to TREM2 KO), it is a factor likely downstream of TREM2. 

ATF3 has been described previously as a member of the AP-1 family that is specifically 

involved in resolving macrophages in the reparative phase of tissue injury, fitting with 

the prior findings that TREM2 dampens the pro-inflammatory response (33). 

The MITF/TFE family has been described as being involved in regulating genes 

involved in autophagy, phagocytosis, and lysosomal function (136). They have been 

described as potential targets in neurodegenerative and lysosomal storage disorders 
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(137). Based on TREM2 having strong effects on phagocytosis in vitro, TREM2 

mediating effects through factors of this family is also biologically plausible. 

The role of the MEF2 family in macrophages still needs further investigation but 

reports so far have suggested a role in macrophage polarization and production of 

cytokines. 

Overall, these results for the first time identify transcription factor families whose 

motifs are enriched in enhancers and are likely downstream of TREM2. After further 

validation, these may then serve as potential therapeutic targets in disease where 

TREM2 has been described to play a role, such as Alzheimer’s Disease, metabolic 

syndrome, cancer, and myocardial infarction. 
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Figure 12: CRISPR knockout of TREM2 in ER-HoxB8 macrophages leads to differences in 
enhancer activation 
A. ATAC-seq showed only minimal differences in the accessible chromatin landscape between 

TREM2 KO and wild-type cells (fold change > 2.0, FDR < 0.05). 
B. ChIP-seq for H3K27ac shows differences in acetylation of H3K27 between TREM2 KO and 

wild-type cells. In wild-type cells 4243 regions of chromatin had more H3K27ac compared to 
TREM2-KO (fold change > 1.5, FDR < 0.05), suggesting that these regulatory regions are 
activated by TREM2. On the other hand, 127 regions had increased H3K27ac in TREM2 KO 
cells, indicating that these regulatory regions are suppressed by TREM2. 

C. Motif analysis of gene regulatory regions downstream of TREM2. Regions that had more 
adjacent histone acetylation in wild-type cells were analyzed by motif analysis and first 
compared to random genomic regions. This expectedly found enrichment of motifs for 
lineage-determining factors (PU.1, C/EBP) of macrophages. Additionally, motifs of signal-
dependent transcription factors (AP-1/ATF3, MITF/TFE, and MEF2) were identified. When 
comparing motif enrichment in enhancers with increased histone-acetylation to enhancers 
with unchanged histone acetylation between wild-type and TREM2 KO, only the motifs for 
the signal-dependent transcription factors remain enriched. 
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TREM2 leads to rearrangement of MITF/TFE members and ATF3 to regulatory 

regions of DNA 

After identifying the motifs for the MITF/TFE and AP-1 family, we went on to 

further interrogate how the MITF/TFE family and ATF3 are expressed in different 

contexts and how DNA binding of these factors changes with the presence or absence 

of TREM2. First, we analyzed RNA-seq data that evaluated gene expression in 

undifferentiated ER-HoxB8 monocyte progenitors and differentiated ER-HoxB8 

macrophages (Figure 13A). Gene expression of most factors increased substantially 

with macrophage differentiation with the exception of Tfec. Tfec was highly expressed in 

monocyte progenitors and expression was reduced considerably after differentiation, 

suggesting that its high expression may be involved in preventing macrophage 

differentiation. Between wild-type and TREM2 KO ER-HoxB8 macrophages, we 

observed comparatively small changes in gene expression, with Atf3 higher expressed 

in wild-type macrophages and Tfec higher expressed in TREM2 KO macrophages (both 

meeting the statistical significance criteria of fold-change > 1.5 and FDR < 0.05) (Figure 

13B). This indicates that TREM2 suppresses expression of Tfec, induces expression of 

Atf3, but has no effect on expression levels of Tfeb, Mitf, and Tfe3. 

As DNA binding of transcription factors is often rather post-translationally 

regulated than at a level of transcription, we carried out ChIP-seq for the MITF/TFE 

family and ATF3 in TREM2-KO and wild-type ER-HoxB8 macrophages. On a global 

scale, we found that binding of ATF3, TFEB, MITF, and TFE3 was substantially 

increased in enhancers with increased H3K27ac in wild-type macrophages, suggesting 

that some of the activation in these enhancers may stem from increased binding of 
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these factors to them (Figure 13C). Interestingly however, TFEC binding to these 

enhancers was reduced when TREM2 was present, indicating that activation of the cell 

through TREM2 leads to displacement of TREM2 from DNA and to the binding of other 

MITF/TFE family transcription factors. When focusing on the gene regulatory regions of 

DAM/LAM/KC-N genes, we observed a similar effect (Figure 14D). In enhancers of Cd9, 

Atf3, and Myo1e, we noted decreased H3K27ac and decreased binding of ATF3 and 

most of the MITF/TFE family in the TREM2 KO cells but unchanged or slightly 

increased binding of TFEC. 

When further interrogating ChiP-seq for transcription factors, we identified that 

2241 TFEB peaks (defined as an at least 4-fold change in enrichment) were lost in the 

TREM2 KO cells and only 32 peaks gained (Figure 14A). This indicates that TREM2 

leads to increased TFEB binding to gene regulatory regions in DNA. The lost peaks also 

exhibited decreased H3K27ac in the TREM2 KO cells, implying that TFEB binding is 

associated with an increase in enhancer activation. Additionally, these peaks also 

showed a decrease in binding of MITF and ATF3 while TFEC binding was slightly 

increased (Figure 14A). This again highlights the differential recruitment of TFEC to 

DNA compared to the remaining MITF/TFE factors and ATF3. Interrogation of 

differential TFEC peaks again demonstrated these differences. In contrast to TFEB, 

3110 TFEC peaks were gained in the TREM2 KO cells while only 187 peaks were lost 

(Figure 14B). This indicates that TREM2 represses TFEC binding to gene regulatory 

elements. Interestingly, the peaks gained in the TREM2 KO cells were associated with 

decreased H3K27ac, suggesting that TFEC binding is associated with suppression of 

enhancer activation. Additionally, TFEB and ATF3 binding was decreased in the gained 
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peaks while MITF binding was unchanged. These findings again highlight the 

contrasting role TFEC appears to play in comparison to other MITF/TFE factors and 

ATF3 in relation to DNA binding and enhancer activation. 

Overall, these results suggest that TREM2 activation leads to rearrangement of 

transcription factor binding to enhancers. TREM2 signaling leads to displacement of 

TFEC from DNA and increases binding of ATF3, TFEB, MITF, and TFE3 to enhancers 

that also become more active. These findings are reciprocated in enhancers of 

DAM/LAM/KC-N signature genes, implying that these factors are likely to play a role in 

the regulation of these genes. 
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Figure 13: CRISPR knockout of TREM2 in ER-HoxB8 macrophages leads to differences in 
binding of ATF3, and the MITF/TFE family to differentially active enhancers. 
A. Gene expression by RNA-seq of ATF3 and the MITF/TFE family in undifferentiated ER-

HoxB8 monocyte progenitors (HoxB8_undiff) and differentiated ER-HoxB8 macrophages 
(HoxB8-mps). Mean ± SD, n = 2 per cell type. 

B. Gene expression by RNA-seq of ATF3 and the MITF/TFE family in wild-type (control gRNA) 
and TREM2 KO ER-Hoxb8 macrophages. Mean ± SD, n = 3 per genotype. 

C. Binding of ATF3 and the MITF/TFE family to enhancers that were found to have increased 
H3K27ac (i.e., are more active) in wild-type vs. TREM2 KO macrophages. 

D. Visualization of ATAC-seq and ChIP-seq for H3K27ac and transcription factors in regulatory 
regions of DAM/LAM/KC-N signature genes. 
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Figure 14: TREM2 KO leads to different binding of ATF3 and ATF/TFE transcription 
factors to gene regulatory elements and leads to changes in H3K27 acetylation at these 
sites. 
A. TREM2 KO leads to a substantial net loss of TFEB peaks (with 4-fold enrichment used as 

cutoff). The peaks lost in the TREM2 KO cells show a reduction in H3K27ac as well as a 
reduction in binding of MITF and ATF3, but a slight increase in binding of TFEC. 

B. TREM2 KO leads to a substantial net gain of TFEC peaks (with 4-fold enrichment used as 
cutoff). The peaks gained in the TREM2 KO cells show a reduction in H3K27ac as well as a 
reduction in binding of TFEB, MITF, and ATF3. 
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Loss of TFEB in ER-HoxB8 macrophages leads to downregulation of signature 

DAM/LAM/KC—N genes 

To further validate whether MITF/TFE factors and ATF3 play a role in regulating 

transcription of genes downstream of TREM2, we used CRISPR to generate knockouts 

of TFEB and ATF3 with a strategy equivalent to knockout of TREM2 above. We 

generated the knockout in ER-HoxB8 monocyte progenitors using a lentiviral construct 

carrying gRNA towards TFEB or ATF3, as well as mCherry. Cells were single-cell 

sorted based on mCherry positivity, clones grown, and knockout confirmed with Sanger 

sequencing. Clones with homozygous frameshift mutations or large insertions/deletions 

were grown and differentiated into macrophages. 

We carried out RNA-seq and found that loss of TFEB lead to a decrease in gene 

expression of 112 genes (gene expression activated by TFEB) and an increase in the 

expression of 125 genes (gene expression repressed by TFEB) (Figure 15A). The ATF3 

knockout in this context had minimal effects on gene expression with only 6 genes 

differentially expressed (Figure 15A), suggesting the need for a perturbation to see 

effects of ATF3 or redundancies in place that can step into ATF3’s role, such as other 

factors of the AP-1 family. 

13 of the 112 genes exhibited decreased expression in both TREM2 KO and 

TFEB KO cells, suggesting activation by both TREM2 and TFEB. Of note, of the 6 

genes besides Trem2 that are upregulated in DAM/LAM/KC-N and wild-type (vs. 

TREM2 KO) ER-HoxB8 macrophages, Cd9, Gnas, Atf3 were also increased in wild-type 

vs. TFEB KO ER-HoxB8 macrophages (Figure 15B, Table 1). 
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Interestingly, Atf3 expression is increased in all TREM2-expressing cells above 

as well as in wild-type vs. TFEB KO cells, while KO of ATF3 itself did not have major 

changes on gene expression. Future studies could employ other approaches of 

knockout, certain perturbations that may rely more on ATF3 signaling, or double/triple 

KO of ATF3 together with other AP-1 family members. 

Overall, these data add to the evidence that at least a subset of genes 

downstream of TREM2 is controlled by MITF/TFE family factors.  
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Figure 15: CRISPR knockout of TFEB in ER-HoxB8 macrophages leads to gene 
expression changes of DAM/LAM/KC-N genes similar to loss of TREM2 
A. Volcano plot indicating differential gene expression in control vs. TFEB KO and ATF3 KO, 

respectively. Differentially expressed genes were defined by FDR < 0.05, fold-change > 1.5 
or < -1.5, and log2(TPM+1) > 4 in at least one group (n=3 for control and ATF3 KO, n=2 for 
TFEB KO). 

B. Expression of selected DAM/LAM/KC-N genes that are also increased in expression in 
control vs. TREM2 KO cells (mean ± SD). 
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Discussion: 

In this study, we generated a conditionally immortalized myeloid cell line that 

constitutively expresses Cas9. As demonstrated in this study, these cells can 

differentiate into macrophages or osteoclasts similar in expression profile to bone-

marrow derived cells while having some benefits over primary bone marrow cells. First, 

due to constitutive expression of Cas9, genetic modifications can be carried out at the 

monocyte progenitor stage with introduction of guide RNA (gRNA) by lentivirus. After 

the successful modification is confirmed, cells can then be differentiated into 

macrophages. Primary macrophages from the bone marrow or peritoneal cavity 

terminally differentiate within two to three weeks after being removed from the body, 

making these modifications more challenging. Furthermore, it is possible to generate 

very large numbers of cells in relatively short time, making it possible to carry out high-

quality ChIP-seq for histone modifications and multiple transcription factors. Primary 

cells depend on a supply of mice of the desired genotype while these cells can be 

grown, and genetic modification made without the need for more study animals. Thus, 

these cells add an additional tool to the toolbox of macrophage research. 

We used these cells to generate an enhancer deletion and ATF3 motif 

disruptions in the intergenic TREM2 enhancer. This enhancer is accessible during 

states of high level of Trem2 expression in Kupffer cells in a NASH model (but not in 

healthy Kupffer cells with low levels of Trem2 expression) and in bone-marrow derived 

macrophages, as well as ER-HoxB8 macrophages, which all express Trem2 at high 

levels (30). Additionally, there was a substantial increase in ATF3 binding in NASH 

Kupffer cells compared to healthy cells. Thus, we had hypothesized that this enhancer, 
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and particularly binding of ATF3 to the enhancer, is necessary for high expression of 

Trem2. However, we found that deleting the whole enhancer or disrupting the ATF3 

motif did not substantially change Trem2 expression levels and it was still highly 

expressed at ~1,200 TPM. These experiments show that there might be redundancy in 

the intronic enhancer mediating high expression of Trem2 or the enhancer may not be 

necessary. Future studies could target single knockouts of the intronic enhancer and 

adding a knockout of the intronic enhancer to the intergenic enhancer cell line to assess 

the effect of a double enhancer knockout. Additionally, a TREM2 reporter ER-HoxB8 

cell line could be used in a CRISPR screen to assess which transcription factors may be 

necessary for high expression of Trem2. 

We also used these cells to test how TREM2 itself regulates gene expression by 

knockout of the Trem2 gene. We found that close to half of the genes that were 

upregulated in the wild-type cells in vitro were also upregulated in at least one of the 

DAM/LAM/KC-N populations in vivo, especially DAM/LAM/KC-N signature genes like 

Cd9, Atf3, Lpl, and Myo1e. Multiple of these genes also have proposed physiologic or 

pathophysiologic functions in microglia, making these a valuable model to improve our 

understanding of how TREM2 exerts its effects on gene regulation in macrophages. 

We identified for the first time candidate transcription factors downstream of 

TREM2 by ChIP-seq. We discovered that the motifs of the MITF/TFE family, the AP-1 

family, and the MEF2 family were enriched in enhancers that are more active (i.e., 

exhibit more H3K27 acetylation) when TREM2 is present. This suggests that factors of 

these families are likely the most important transcription factors mediating effects 

downstream of TREM2 in the cultured ER-HoxB8 macrophage model. As gene 
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expression of some signature DAM/LAM/KC-N genes is also upregulated in this context, 

these transcription factors are likely to contribute to the transcriptional program in these 

cells in Alzheimer’s Disease, metabolic syndrome, and NASH. As the AP-1 family is 

large and Atf3 is upregulated in DAM/LAM/KC-N populations, as well as wild-type vs. 

TREM2 KO cells, we focused on assessing ATF3 as a representative of the AP-1 

family. 

To further add to the evidence that these transcription factors are downstream of 

TREM2, we carried out factor-specific ChIP-seq for MITF/TFE family transcription 

factors and ATF3. We found that TREM2 leads to rearrangement of enhancer binding of 

MITF/TFE factors and ATF3. Their motifs are enriched in enhancers downstream of 

TREM2 and binding is increased in enhancers of DAM/LAM/KC-N genes when TREM2 

is present. The MITF/TFE family is well described as regulating lysosomal function, 

autophagy, and phagocytosis, and TREM2 together with DAP12 is a strong inducer of 

phagocytosis (91, 92, 136, 137). Additionally, ATF3 plays a role in the resolution of 

inflammation in macrophages and TREM2 has been shown to dampen the pro-

inflammatory response in vitro (33, 89, 90). Thus, these factors are also biologically 

plausible to be downstream of TREM2 signaling and may be possible therapeutic 

targets, as TREM2 itself may be saturated with ligands in certain disease contexts and 

challenging to further activate pharmacologically. Interestingly, we found opposing 

effects on factors of the MITF/TFE family, with TREM2 inducing DNA binding of TFEB, 

MITF, and TFE3 to active enhancers, while it reduces binding of TFEC. Additionally, we 

identified that a substantial amount of TFEB peaks is lost in the TREM2 KO while TFEC 

peaks are gained. Interestingly, TFEB binding was associated with increased enhancer 
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activation while the TFEC peaks gained associated with decreased enhancer activation 

as evidenced by H3K27ac. This suggests that in this context TFEB acts as an activator 

of gene regulatory elements while TFEC acts as a repressor. This shows that different 

factors of the MITF/TFE family may have distinctive effects on gene expression in 

macrophages. Interestingly, gene expression of Tfec during differentiation of ER-HoxB8 

monocyte progenitors to macrophages also decreases, in contrast to the increase seen 

in other MITF/TFE factors. This may point towards generally differing effects of TFEC 

and the remaining MITF/TFE factors in macrophages. Of note, CRISPR deletion of 

TFEB led to a reduction in signature DAM/LAM/KC-N genes, similar to the effect of 

deletion of TREM2 itself in these genes, adding to the evidence that at least a subset of 

genes downstream of TREM2 are regulated by MITF/TFE factors. Generally, targeting 

specific factors downstream of TREM2 may add an additional benefit that is not 

achievable with activation of TREM2. However, the effect of these transcription factors 

first needs to be tested in loss and/or gain of function experiments in disease models 

where TREM2 has been shown to have an impact, i.e., Alzheimer’s Disease, metabolic 

syndrome, cancer, and myocardial infarction (86, 94, 99, 100). 

Overall, we find that the intergenic enhancer is surprisingly not required for high 

expression of Trem2 and that TREM2 likelymediates its effect on gene expression at 

least partially through rearrangement of DNA binding of the MITF/TFE family and ATF3. 

These factors have the potential to be tested in disease models involving TREM2 and 

may serve as future therapeutic targets. 
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Materials and Methods: 

Mice 

Mice were maintained under a 12 hour light and 12 hour dark cycle at constant 

temperature with ad libitum access to food and water. Mice were fed a regular chow diet 

(T8604, Envigo). Rosa26-Cas9 knockin mice were obtained from The Jackson 

Laboratory (Strain No. 02855, Bar Harbor, ME) and maintained and bred in our 

vivarium. 

Generation of the Cas9-expressing ER-HoxB8 conditionally immortalized 

monocyte progenitor cell line 

A 12-week-old male Rosa26-Cas9 knockin mouse was euthanized by exposure 

to CO2. Tibias and femurs were flushed with RPMI 1640 (Corning) containing 10% fetal 

bovine serum (FBS, Omega Biosciences) and 1% penicillin/streptomycin (Thermo 

Fisher Scientific). Cas9-expressing ER-HoxB8 conditionally immortalized monocyte 

progenitors were generated following established protocols (130). First, bone marrow 

cells were added to 10 ml of FACS buffer (phosphate-buffered saline (PBS) 

supplemented with 2% FBS and 1 mM EDTA) and then strained through a 40 µm filter. 

Then, cells were pelleted at 200g for 10 minutes, resuspended in 4 ml of FACS buffer 

and layered over 4 ml of Ficoll-Paque-Plus (Sigma-Aldrich) in a 15 ml conical. The 

interface with cells was collected, transferred to a new tube and cells were counted. 

After centrifugation, cells were resuspended at 2x106/ml in RPMI 1640 supplemented 

with 10% FBS, 1% penicillin/streptomycin, and 10 ng/ml of each SCF, IL-3, and IL6 (all 

from PeproTech). 10x106 cells were plated in one well of a six-well plate in 5ml of 

media. Cells were cultured for 48 hours and then transduced with retrovirus containing 
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an expression vector for the ER-HoxB8 construct. Murine stem cell virus-based 

expression vector for ER-Hoxb8 was gifted from Dr. David Sykes (Massachusetts 

General Hospital, Boston, MA). 

For transduction, a 6-well culture plate was coated with fibronectin (Sigma-

Aldrich) at a concentration of 1 mg/ml in PBS for one hour. 500,000 cells in 1 ml were 

transduced with 2 ml of ER-HoxB8 retrovirus (in DMEM with 30% FBS). Lentiblast A 

(OZ Biosciences), lentiblast B (OZ Biosciences) and polybrene (Sigma-Aldrich) were 

added to concentrations of 0.5 µg/ml, 2.5 µg/ml, and 8µg/ml, respectively. The culture 

plate containing the cells was centrifuged at 1,000 g for 90 minutes at 22 °C. 6 ml of 

ER-HoxB8 cell media (RPMI 1640 supplemented with 10% FBS, 1% 

penicillin/streptomycin, 0.5 µM b-estradiol (Sigma-Aldrich), and 20 ng/ml GM-CSF 

(PeproTech)) were added to the well and a half-media exchange with ER-HoxB8 cell 

media was performed the next day to dilute the polybrene. Successfully transduced 

cells were selected with G418 (Thermo Fisher Scientific) at 1 mg/ml for 48 hours. 

Thereafter, cells were passaged as needed and maintained in ER-HoxB8 cell media for 

3 weeks. At this point, all cells except the transduced monocyte progenitors will have 

stopped dividing and vials of cells were frozen or used for further experiments such as 

macrophage differentiation or transduction with CRISPR guide RNA. 

Macrophage and osteoclast differentiation  

For differentiation into mature cells, ER-HoxB8 monocyte progenitors were 

washed twice with PBS and then resuspended at a concentration of 1x106 cells/ml in 

DMEM with 10% FBS, 1% penicillin/streptomycin, and 16.7 ng/ml M-CSF (Shenandoa). 

Cells were plated at a density of 2x106 per well of a 6-well plate or 30x106 cells per 15 
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cm culture dish. Media was exchanged after 3 days and 5 days of culture and cells were 

collected at day 7. For osteoclast differentiation, 10 ng/ml M-CSF were used throughout 

the differentiation and at day 3 an additional 50 ng/ml RANKL (PeproTech) was added, 

and cells treated with RANKL for a total of 4 days. For KLA stimulation, cells were 

treated with 100 ng/ml KLA (Avanti Polar Lipids). Differentiated cells were then washed 

twice with PBS and either lysed/crosslinked in the culture plate (for RNA-seq or ChIP-

seq) or scraped from the plate into PBS (for ATAC-seq or Western Blotting). 

Single-cell sorting of ER-HoxB8 cells 

To reduce variability between clones after CRISPR knockout, the starting culture 

was single-cell sorted by FACS to start with a clonal population of cells. For sorting, 

cells were collected from tissue culture flasks by pipetting up and down to detach 

loosely adherent cells. Cells were then centrifuged at 500 down, resuspended in FACS 

buffer and filtered through a 35 µm strainer into 5 ml polyprolylene FACS tubes. Cells 

were then single-cell sorted using a Sony MA 900 into 96-well plates filled with 100 µm 

of ER-HoxB8 cell media. After 7 days, another 100 µm of media was added and 

growing clones were subsequently moved to progressively larger cultures dishes or 

flasks and subsequently used for experiments or further characterization. 

Generation of lentivirus encoding gRNA 

For generation of lentivirus carrying a construct expressing gRNA, we used a 

modified version of lentiGuide-puro (Addgene) that has the puromycin-resistance gene 

replaced with mCherry. This plasmid was previously generated in our laboratory as 

described previously. The sequences for gRNA targets were constructed with the 

CHOPCHOP web tool for genome engineering (138-140). A full list of gRNAs can be 
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found in Table 3. Either one or two gRNAs were inserted for each vector into a BsmBI 

cleavage site. When two gRNAs were used, a sequence containing an H1 promoter 

was added between the two gRNA sequences as described previously by our 

laboratory. Annealed gRNA was ligated into the vector using T4 ligase. The vector was 

added to Stbl2 competent cells (Thermo Fisher), the mixture incubated on ice for 30 

minutes, followed by 30 seconds of heat shock at 42 °C with return to ice thereafter for 

2 minutes. Bacteria were cultured in 1ml S.O.C. media (Invitrogen) for one hour, spread 

onto an LB agar plate with ampicillin. Agar plates were cultured at 37 °C overnight. 

Colonies were picked with a 20 µl pipette tip and grown in 2 ml of LB media with 

ampicillin at 37 °C overnight with continuous agitation. The Zyppy Plasmid Miniprep Kit 

(Zymo Research) was used to extract plasmid DNA. DNA was then submitted for 

Sanger sequencing at Genewiz to confirm successful insertion of gRNA sequence(s). 

Bacteria with confirmed gRNA were cultured overnight at 37 °C overnight with 

continuous agitation in 150 ml. Plasmid DNA was then extracted with NucleoBond Xtra 

Midi Plus EF (Takara) and quantified using a NanoDrop Microvolume 

Spectrophotometer. For transfection, Lenti-X 293T cells (Clontech) were added to a 10 

cm culture plate coated with poly-D-lysin (Sigma-Aldrich) at a density of 3.5 million cells 

per plate in 10 ml DMEM containing 10% FBS and 1% penicillin/streptomycin. Cells 

were cultured overnight at 37 °C. Media was exchanged to 6 ml of DMEM containing 

30% FBS the next morning and transfection carried out with 5 µg of lentiGuide-mCherry 

with gRNA, 3.75 µg of psPAX2 (Addgene) and 1.25 µg of pVSVG (Addgene) along with 

20 µl of X-tremeGENE HP DNA Transfection Reagent (Roche). Cells were incubated 

overnight and media was replaced with 8 ml of DMEM with 30% FBS and 1% 
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penicillin/streptomycin. After another overnight incubation, media containing lentivirus 

was collected, filtered through a 0.45 µm filter. Media was exchanged again and another 

round of collection carried out the next day. Tubes with lentivirus were placed on dry ice 

immediately after collection, followed by storage at -80 °C.  

Transduction of ER-HoxB8 cells with lentivirus 

12-well plates were coated with fibronectin for an hour at 10 µg/ml. 500,000 cells 

in 500 µl of ER-HoxB8 cell media were then added to one well per lentivirus, one well 

for control gRNA lentivirus, and one well for control media (DMEM with 30% FBS and 

1% penicillin/streptomycin, to use for gating during FACS). The transductions were 

carried out with 1 ml of lentiviral or control media, 0.5 µg/ml Lentiblast A, 2.5 µg/ml 

Lentiblast B, and 8 µg/ml polybrene. The plates were centrifugated at 1,000 g for 90 

minutes at 22 °C. After completion of transduction, 3 ml of ER-HoxB8 cell media was 

added with a half-media exchange the following day. Cells were then transferred to T25 

flasks. Successfully transduced cells (mCherry positive) were single-cell sorted into 96-

well plates 4-6 days after transduction. After 7-10 days, 100 µl of ER-HoxB8 cell media 

was added to all wells. After 2-3 weeks, clones were passaged into increasingly larger 

tissue culture plates and genomic DNA isolated using the NucleoSpin Tissue Mini Kit 

(Macherey-Nagel). For gene knockouts, the region (150-300 bp) surrounding the gRNA 

target was then amplified with primers flanking the site. PCR products were identified by 

gel electrophoresis in 1.5% agarose gels, cut out, and extracted using the NucleoSpin 

Gel and PCR Clean-up Mini Kit (Macherey-Nagel), and submitted for Sanger 

sequencing (Genewiz). Sanger sequencing data was analyzed using CRISP-ID to 

identify clones with homozygous knockout deletions or large indels of more than 20 
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base pairs. Knockout was then confirmed at the protein level via Western Blotting with 

loss of bands at the size of the protein in the knockout clones compared to the clones 

that were transduced with control gRNA without binding site in the genome. For each 

round of knockouts experiments, transduction with control gRNA was performed in 

parallel and 3 independent clones of control gRNA were selected along with 2-3 clones 

with the gene knockout. 

For TREM2 enhancer deletion, two sets of primers were used for PCR, one 

flanking the enhancer and one within the enhancer. PCR followed by gel 

electrophoresis demonstrated a reduction in size of the product by 500 bp using the 

flanking primers in one of the clones in addition to loss of the product using the primers 

within the enhancer. This confirmed homozygous deletion and this clone was further 

used in experiments as enhancer knockout. 

Western Blotting 

Whole cell lysates of knockout clones were prepared and sonicated in cell lysis 

buffer (50 mM HEPES-KOH (pH 7.9), 150 mM NaCl, 1.5 mM MgCl2, 1% NP40, 1 mM 

PMSF (Sigma-Aldrich), 1x protease inhibitor cocktail (Sigma-Aldrich)) by ultrasound 

homogenizer (Bioruptor) for 10 minutes at 4 °C. Aliquots were then boiled at 95 °C for 5 

minutes in NuPage LDS Sample Buffer (Thermo Fisher) with NuPAGE Sample 

Reducing Agent (Thermo Fisher). Samples were then use for SDS-PAGE and 

transferred to immobilon-P transfer membranes (Merck Millipore). Antibody towards 

mouse TREM2 was MAB1729 (R&D Systems), followed by anti-rat secondary antibody 

(HAF005, R&D Systems). Bound antibodies were visualized using SuperSignal West 
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Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific) and images were 

acquired with ChemiDoc XRS+System (Bio-Rad Laboratories). 

RNA-seq library preparation 

Library preparation for RNA-seq was essentially carried out as published 

previously (30, 141). Total RNA was isolated from differentiated ER-HoxB8 

macrophages using the Direct-zol RNA MicroPrep Kit (Zymo Research). Plates were 

washed twice with PBS and then lysis was done with TRIzol reagent (Zymo Research) 

in the culture dish. RNA isolation was carried out according to manufacturer’s instruction 

and was quantified using a NanoDrop Microvolume Spectrophotometer. 500 ng of RNA 

were then used for mRNA selection by incubation with oligo d(T) Magnetic Beads 

(NEB). mRNA was fragmented by incubation in 2X Superscript III first strand buffer 

(Thermo Fisher Scientific) with 10 mM DTT (Thermo Fisher Scientific) at 94 °C for 9 

minutes, followed by immediate placement on ice. In the next step, 10 µl of fragmented 

mRNA was heated at 50 °C for one minute with 0.5 µl of Random primers (3 µg/µl 

stock) (Thermo Fisher Scientific), .5 µl of Oligo dT primer (50 µM) (Thermo Fisher 

Scientific), 0.5 µl SUPERase-In (Ambion), and 1 µl of dNTPs (10 mM). Following this 

step, 5.8 µl of nuclease-free water, 1 µl of DTT (100 mM) 0.1 µl Actinomycin D (2 µg/µl), 

0.2 µl of 1% Tween-20 (Sigma-Aldrich) and 0.5 µl of SuperScript III (Thermo Fisher 

Scientific) were added and incubated in a PCR thermal cycler at 25 °C for 10 minutes 

and 50 °C for 50 minutes. The RNA/cDNA hybrid double-stranded nucleic acid was then 

purified with RNAClean XP beads (Beckman Coulter) according to the manufacturer’s 

protocol. The purified nucleic acid was then eluted with 10 µl nuclease-free water and 

added to 1.5 µl of Blue Buffer (Enzymatics), 1.1 µl of dUTP mix (10 mM dATP, dCTP, 
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dGTP, and 20 mM dUTP), 0.2 µl of RNase H (5 U/µl), 1.05 µl of nuclease-free water, 1 

µl of DNA polymerase I (Enzymatics) and 0.15 µl of Tween-20 (1%). This solution was 

incubated in a thermal cycler at 16 °C for 2 hours followed by 12 °C overnight to 

produce double-stranded DNA with one strand being marked with dUTP. This nucleic 

acid was then purified with 28 µl SpeedBeads (GE Healthcare) resuspended in 20% 

PEG8000 and 2.5M NaCl, resulting in a final concentration of 13% PEG. The purified 

DNA was then eluted with 40 µl EB buffer (10 mM Tris-Cl, pH 8.5) and end-repair, A-

tailing, and adaptor ligation was carried out as previously described using barcoded 

adapters (Bioo Scientific). After adaptors were added, the dsDNA was amplified for 14 

cycles with PCR and size-selected with SpeedBeads resuspended in 20% PEG8000 

and 2.5M NaCl, resulting in a final concentration of 13% PEG. The completed libraries 

were then quantified using Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific) and 

sequenced on an Illumina HiSeq 4000 or NovaSeq 6000 at the Institute for Genomic 

Medicine sequencing core at UC San Diego. 

ATAC-seq library preparation 

ATAC-seq libraries were prepared essentially as previously described (30, 142). 

Differentiated ER-HoxB8 macrophages in culture dishes were washed twice with PBS, 

scraped from the plate, centrifugated at 500 g for 5 minutes, and resuspended in cold 

lysis buffer (10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl2, 0.1% IGEPAL-CA630). 

After another centrifugation, cells were resuspended in 50 µl reaction buffer consisting 

of 25 µl Tagment DNA buffer, 2.5 µl Tagment DNA enzyme I (both from the Nextera 

DNA Library Preparation Kit, Illumina), and 22.5 µl of nuclease-free water. The reaction 

was performed for 30 minutes at 37 °C. DNA was purified immediately thereafter using 
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the ChIP DNA&Concentrator kit (Zymo Research). Amplification of DNA was carried out 

with the Nextera primer Ad1 and a unique Ad2.n barcoding primer using NEBNext High-

Fidelity PCR Master Mix (NEB) for 14 cycles. Libraries were size selected by gel 

extraction of 175-225 base pair fragments, purified, and sequenced using an Illumina 

HiSeq 4000 at the Institute for Genomic Medicine sequencing core at UC San Diego. 

Crosslinking of ER-HoxB8 macrophages 

Plates with differentiated ER-HoxB8 macrophages were washed twice with PBS 

and cells then fixed. For H3K27ac ChIP-seq, cells were fixed with 1% formaldehyde 

(Thermo Fisher Scientific) in PBS at room temperature for 10 minutes. The reaction was 

quenched with glycine (Thermo Fisher Scientific) added to a final concentration of 125 

mM. For transcription factor ChIP-seq, cells were crosslinked with 3mM DSG 

(ProteoChem) in PBS at room temperature for 30 minutes, followed by fixation with 1% 

formaldehyde (Thermo Fisher Scientific) in PBS for 10 minutes. As above, the reaction 

was quenched with glycine added to a final concentration of 125 mM. Following fixation 

and quenching, cells were scraped from the culture dish, washed with cold PBS and 

centrifugated at 700 g at 4 °C for 5 minutes. After removal of PBS, the pellet of 

crosslinked cells was flash frozen in liquid nitrogen and stored at -80 °C until ChiP-seq 

library preparation. 

ChIP-seq library preparation 

ChIP-seq libraries were prepared mostly as described previously (30, 143). The 

pellet of fixed cells was thawed on ice. For H3K27ac ChIP-seq, cells were resuspended 

in cold LB3 lysis buffer (10 mM Tris-HCl, pH 7.5, 100 mM NaCl, 1 mM EDTA, 0.5 mM 

EGTA, 0.1% sodium deoxycholate, 0.5% N-lauroylsarcosine, protease inhibitor cocktail, 
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and 1mM sodium butyrate). For transcription factor ChIP-seq, cells were resuspended 

in cold RIPA-NR1 lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5 

mM EGTA, 0.4% sodium deoxycholate, 0.1% SDS, 1% NP40, 1x protease inhibitor 

cocktail, 1 mM PMSF). Chromatin was sheared by sonication with a PIXUL Multi-

Sample Sonicator (Active Motif) for 36 minutes for H3K27ac ChIP and 72 minutes for 

transcription factor ChIP. 10% Triton X-100 was added to each lysate to 1% final 

concentration. Samples were centrifugated at 20,000 g for 10 minutes at 4 °C and 

supernatant collected. The supernatant for each sample was brough up to 200 µl with 

LB3 buffer (H3K27ac ChIP) or RIPA-NR1 buffer (transcription factor ChIP). One percent 

of each lysate was kept as input and did not undergo chromatin immunoprecipitation. 

For H3K27ac immunoprecipitation, 30 µl of Dynabeads protein A (Thermo Fisher 

Scientific) were bound to antibodies to H3K27ac (2 µg Active Motif 39133) and 

combined with diluted lysate of ~500,000 sonicated cells and rotated overnight at 4 °C. 

Beads were washed three times with wash buffer I (20 mM Tris-HCl, pH 7.5, 150 mM 

NaCl, 1% Triton X-100, 0.1% SDS, 2 mM EDTA, 1x protease inhibitor cocktail), wash 

buffer III (10 mM Tris-HCl, pH 7.4, 250 mM LiCl, 1% Triton X-100, 0.7% sodium 

deoxycholate, 1 mM EDTA, 1x protease inhibitor cocktail) and twice with TET (10 mM 

Tris-HCl, pH 7.5, 1 mM EDTA, 0.2% Tween-20, 1x protease inhibitor cocktail). 

For transcription factor immunoprecipitation, 30 µl of Dynabeads protein A/G 

(Thermo Fisher Scientific) were bound to antibodies to ATF3 (2 µg Cell Signaling 

D2Y5W, 1 µg Invitrogen PA5-36244), MITF (1.5 µg Active Motif 91202), TFEB (1.5 µg 

Abcam ab2636, 9 µg Cell Signaling D2O7D), TFE3 (0.6 µg Abcam ab93808, 3 µl 

Abcam ab196681), and TFEC(1.65 µg Abcam ab185226, 1 µg Abcam ab115569) and 
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combined with diluted lysate of ~1x106 cells and rotated overnight at 4 °C. Beads were 

then washed three times with RIPA-NR1 lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM 

NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.4% sodium deoxycholate, 0.1% SDS, 1% NP40, 

1x protease inhibitor cocktail, 1 mM PMSF), six times with LiCl-NR1 buffer (10 mM Tris-

HCl, pH 7.5, 250 mM LiCl, 1 mM EDTA, 0.7% sodium deoxycholate, 1% NP-40 

alternative, 1x protease inhibitor cocktail, 1 mM PMSF), three times with TET (10 mM 

Tris-HCl, pH 7.5, 1 mM EDTA, 0.2% Tween-20, protease inhibitor cocktail, 1 mM 

PMSF), and one time with IDTE (10 mM Tris-HCl, pH 80, 1 mM EDTA, 0.2% Tween-20, 

1x protease inhibitor cocktail, 1 mM PMSF) 

Bead complexes were resuspended in 25 µl TT (10 mM Tris-HCl, pH 8.0, 0.05% 

Tween-20, 1x protease inhibitor cocktail). Sequencing libraries were prepared using 

NEBNext Ultra II Library preparation kit (New England Biolabs) according to 

manufacturer’s instructions. Libraries were eluted from the beads and crosslinking 

reversed by adding 20 µl of nuclease-free water, 4 µl 10% SDS, 4.5 µl 5 M NaCl, 3 µl 

0.5 M EDTA, and 1 µl 20 mg/ml proteinase K (New England Biolabs) to the 46.5 µl 

NEBNext reaction. Samples were incubated at 55 °C for an hour, followed by 65 °C for 

30 minutes. A magnet was used to remove Dynabeads from libraries. 2 µl of 

SpeedBeads 3 EDAC in 61 µl 20% PEG 8000/1.5 M NaCL were added to wash libraries 

and incubated for 10 minutes. SpeadBeads were then washed twice with 200 µl 80% 

ethanol for 1 minute each. After each wash, beads were collected with a magnet and 

ethanol removed. After the second wash, beads were air-dried and DNA eluted in 25 µl 

elution buffer (10 mM Tris-HCl, pH 8.0, 0.05% Tween-20). Libraries were amplified by 

PCR for 14 cycles using NEBNext Ultra II PCR master mix (New England Biolabs) and 
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Solexa 1GA and Solexa 1GB primers. Libraries were cleaned again with SpeedBeads 

using 36.5 µl 20% PEG 8000/1.5 M NaCl and 2 µl SpeedBeads. Ethanol washind and 

drying was repeated, the libraries eluted using 20 µl elution buffer. Next, libraries were 

size selected at 225-500 bp with gel extraction from 10% TBE acrylamide gels. Libraries 

were sequenced using either a NextSeq 500 or a NovaSeq 6000 sequencer (Illumina). 

RNA-seq analysis 

FASTQ files were mapped to the mouse mm10 genome using STAR (144). 

HOMER was used to create tag directories from aligned reads for analysis (76). Gene 

expression was calculated using HOMER by counting all strand-specific reads within 

exons. Reads were normalized to transcripts per million (TPM). Differential gene 

expression was assessed using DESeq2, using cutoffs for false discovery rate (FDR) of 

0.05 or less and a fold-change of at least 1.5 (145). 

ATAC-seq analysis 

FASTQ files were mapped to the mouse mm10 genome using Bowtie2 (146). 

Peak-calling was carried out with HOMER (findPeaks) using parameters “-style factor -

minDist 200 -size 200” (76). Peaks which contained at least 4 tags in one sample were 

used to identify differentially bound peaks by using DESeq2 (145). 

ChIP-seq analysis 

FASTQ files were mapped to the mouse genome with Bowtie2 (146). For 

H3K27ac ChIP-seq, ATAC-seq peaks were merged with the “mergePeaks” function in 

HOMER to create a file with all accessible enhancers in ER-HoxB8 cells. This peak file 

was used to identify binding of H3K27ac within a 1000 base pair region of an enhancers 

centered by the ATAC-seq peak. The HOMER function “findPeaks” was used with 
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parameters “-style -histone” to identify enhancers with H3K27 acetylation (76). Peaks 

which contained at least 16 counts in at least one sample were used to identify 

differentially acetylated enhancers with DESeq2 (145).  

For transcription factor ChIP, DESeq2 was used to identify differentially bound 

areas of chromatin. Only peaks which contained at least 4 tag counts in one sample 

were used to identify differentially bound peaks. 

Motif enrichment 

The motif analysis function of HOMER (findMotifsGenome.pl) was used to 

identify motifs enriched in peak regions over background (76). The background 

sequences were either random genomic sequences or derived from a specific set of 

enhancers in the data set (e.g., with unchanged H3K27 acetylation between two 

conditions), as indicated in the text and figure legends. 

Data Visualization 

The UCSC genome browser was used to generate tracks indicating accessible 

enhancers in ATAC-seq or immunoprecipitated DNA in ChIP-seq (147). Prism 

(GraphPad, San Diego, CA), R, or Python were used create plots and graphs, and for 

statistical analysis. Figures 1, 16, and 17 were created using BioRender 

(BioRender.com). 
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Table 3: The guide RNA sequences used for CRISPR gene editing in this study. 

 
 

Target  gRNA sequence 

Intergenic enhancer of 

Trem2 

1: ACATCCTGGCGAGAGTTAGA 

2: ATGGTCACGCTAACCCAGAG 

AP-1/ATF3 motif of the 

intergenic enhancer 

GACTAGACTGGGCTAGATTT 

TREM2 AACCTCCAAGCCGGTGACGC 

TFEB CAGCCCGATGCGTGACGCCA 

ATF3 GGCGGTCGCACTGACTTCTG 

Control gRNA GCACTACCAGAGCTAACTCA 
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CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS 

TREM2 has recently been identified as a key regulator in multiple disease 

processes. First, it was identified as protective in Alzheimer’s Disease in animal models 

and in humans by a genome-wide association study that found a missense variant of 

TREM2 that strongly associated with the development of Alzheimer’s Disease (94-96). 

Additionally, it has been found to play a protective role in an animal model of metabolic 

syndrome and a detrimental role in cancer through immunosuppressive effects (95, 96). 

While it is highly expressed in Kupffer cells during NASH, the net effect of TREM2 is to 

date still undetermined (30, 87). Many open questions remained in regard to TREM2 

signaling, especially how it is upregulated during times of tissue injury and how it exerts 

its effects on gene expression. 

We addressed multiple open questions related to TREM2 in this study. First, with 

myocardial infarction, we identified a novel disease model where TREM2 is present and 

TREM2 itself or pathways upstream or downstream of TREM2 could potentially be used 

as therapeutic targets (Figure 16). Interestingly, treatment with a TREM2-activating 

antibody did not show an effect in an ischemia/reperfusion model. This may have 

multiple reasons as outlined in the discussion of chapter 2 but shows that it may be 

difficult to further activate TREM2 in certain in vivo settings. Future studies will need to 

address the functional effect deletion of TREM2 has in macrophages regarding gene 

expression, transcriptional regulation, and the effect this in turn has on cardiomyocyte 

function. Additionally, deletion or activation of transcription factors downstream of 

TREM2 should be tested in myocardial infarction models to test their role in modifying 

macrophage function and functional outcomes in vivo. 
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Second, we addressed the question on how the cell upregulates Trem2 

expression, as observed mostly during tissue injury or when macrophages are cultured 

in tissue culture (Figure 17). As the intergenic enhancer is accessible in our datasets 

only during high expression of Trem2, we expected this enhancer to be required for it. 

Surprisingly, in a cultured macrophage model Trem2 was still highly expressed after 

deletion of the enhancer. This narrows down the regulation to either redundancy with 

the intronic enhancer (accessibility of one can compensate for the loss of the other) or 

that the intronic enhancer is the main regulator of Trem2 expression. Future studies can 

add a deletion of the intronic enhancer to the cell line generated in this study and at the 

same time generate single deletions of the intronic enhancer to test which gene 

regulatory regions are most important for high expression of Trem2. Additionally, ER-

HoxB8 cells could be generated from a TREM2 reporter mouse followed by a CRISPR 

screen to identify transcription factors or signaling pathways upstream of TREM2. 

Third, while cells depending on TREM2 signaling have been identified through 

their gene expression by single-cell RNA-seq, little had been known about how TREM2 

alters gene expression on a molecular level. In this study, we first identified enhancers 

that are more active (i.e., have increased H3K27 acetylation) when TREM2 is present. 

In these we found the motifs of MITF/TFE, AP-1, and MEF2 families enriched. We saw 

increased binding of most MITF/TFE family members and ATF3 (a member of the AP-1 

family) in these enhancers with TREM2 present, suggesting that their binding to these 

enhancers is increased by TREM2. Interestingly, TFEC was an exception and showed 

decreased binding to these enhancers, pointing towards differing function and gene 

regulation by TFEC and the remaining MITF/TFE family in macrophages. Interestingly, 
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many TFEB peaks were lost in the TREM2 KO cells and many TFEC peaks were 

gained, suggesting opposing regulation by TREM2 signaling. Additionally, enhancer 

activation (by H3K27ac) was decreased in the lost TFEB peaks but also decreased in 

the gained TFEC peaks, indicating that TFEB binding is associated with enhancer 

activation and TFEC binding with enhancer repression in this context. Further gain and 

loss of function studies of these factor will be necessary to further elucidate the 

apparently diametral effects. Deletion of TFEB led to suppression of DAM/LAM/KC-N 

genes that are also increased when TREM2 is present, adding further evidence to the 

role of MITF/TFE factors mediating effects of TREM2 (Figure 17). Future studies may 

now address perturbations or double/triple knockout of family transcription factors in 

these cells to test redundancy, especially in the case of ATF3, where deletion showed 

minimal effects on gene expression. Additionally, inhibition/deletion or 

activation/overexpression of these factors can be tested in disease models to test 

whether they could play a role as therapeutic targets. 

In summary, through the projects described we have identified an important role 

of TREM2 in an additional disease model and tested how expression of Trem2 is 

regulated and how TREM2 itself regulates gene expression. This lays the foundation for 

multiple future in vitro and in vivo studies with the eventual future goal to modulate 

TREM2 signaling in macrophages as a therapy in disease processes. These diseases 

may include neurodegenerative disorders, myocardial infarction, metabolic syndrome, 

and cancer, as TREM2 has been shown to play a key role in the phenotype of these 

disease models.  
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Figure 16: Disease models in which TREM2 is expressed and plays a role based on 
animal models or genome-wide association studies. 
TREM2 has been identified as protective in Alzheimer’s Disease by animal models and a 
genome-wide associate in humans. Additionally, it is protective in metabolic syndrome and 
detrimental in cancer. In this study, we identified its expression and a protective effect in a 
myocardial infarction model. 
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Figure 17: TREM2 signaling pathway with additional information identified in this study 
Two important questions related to TREM2 signaling are how it is upregulated and how it 
mediates its effects on gene expression. In this study, we added evidence to these two 
questions. First, we discovered that the intergenic enhancer is not solely responsible or required 
for high expression of Trem2 in a cultured macrophage model. Second, we identified the 
transcription factor family MITF/TFE family of transcription factors as well as the transcription 
factor ATF3 to be downstream of TREM2 by carrying out RNA-seq, ATAC-seq, ChIP-seq for 
H3K27ac, and ChIP-seq for transcription factors. Adapted from Dezykowska, Weiner, and Amit, 
Cell 2020 (80). 
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