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CHAPTER 1: Introduction 

1.1 Atherogenesis 

1.1.1 Causes, risk factors and current treatments 

Cardiovascular disease (CVD) remains the leading cause of mortality throughout the Western 

world, representing approximately 1 out of every 3 deaths(1). Despite major advancements in disease 

prevention such as increased detection, development of effective therapeutics, and a reduction in 

high-risk behaviors, the impact of CVD has expanded worldwide(1,2). It is estimated that in the US 

alone, the cost of treating CVD has surmounted 300 billion dollars annually(1), making combating 

this alarming trend paramount to the future of human health and wellness. In many cases, the 

underlying cause of CVD is atherosclerosis, which is the pathogenic accumulation of lipid, cells, and 

fibrous material within the arterial intima, leading to the formation of plaques. As these plaques 

advance, they accumulate increasing amounts of lipid, calcium deposits, and fibrous tissue which can 

ultimately lead to either vessel occlusion, causing tissue ischemia, or plaque rupture. Plaque rupture 

is the most feared complication as this exposure of tissue factors to the blood can provoke the 

formation of a thrombus, leading to heart attack, stroke, and in many cases, death(3,4).  

The initiation of atherosclerosis is primarily driven by the deposition of low-density 

lipoprotein (LDL) particles from the blood within arteries, forming a fatty streak. The deposition of 

LDL leads to several downstream events promoting plaque expansion including activation of 

endothelial cells and recruitment of blood immune cells(5). As LDL deposition is a cornerstone of 

atherogenesis, hyperlipidemia (particularly high LDL cholesterol) is one of the primary risk factors 

for disease development(6,7). The most compelling data supporting this hypothesis comes from 

murine studies, particularly in mice lacking the low-density lipoprotein receptor (Ldlr-/-) which 

become hypercholesterolemic upon high fat diet feeding(8). Importantly, these mice develop 
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atherosclerotic plaques whereas non-hypercholesterolemic wild-type mice fail to(9).  Furthermore, 

there are several other important risk factors that are key to atherosclerosis progression beyond lipid 

profiles, including hypertension(10), smoking(11), obesity(12), aging(13) and genetic 

predisposition(14). While the exact mechanisms of how these factors drive atherosclerosis beyond 

altering serum cholesterol are not completely understood, it is generally believed that one of the 

common links is promotion of oxidative stress and inflammation which can drive an atherogenic 

state(15,16).   

Current approaches to treat atherosclerosis primarily consist of cholesterol lowering therapies 

using statins along with lifestyle changes. Statins primarily work through inhibition of HMG-CoA 

reductase, which is a key enzyme in cholesterol biosynthesis. Since their inception in the 1980ôs, 

statins have been shown to be incredibly efficacious at lowering LDL cholesterol and preventing 

cardiovascular disease(17,18). However, since their introduction, newer data has emerged showing 

that benefits have plateaued, with rates of both heart disease and stroke remaining constant over the 

last several decades(19). This data, along with the increasing belief that statins may work through 

alternative mechanisms beyond cholesterol lowering(20,21), suggest that targeting other aspects of 

atherosclerosis may be the key to further improve CVD outcomes.  

1.1.2 Mechanisms of atherogenesis  

Atherosclerotic plaque formation is driven by the accumulation of LDL particles within the 

arterial intima. These lipid rich spheroids consisting of cholesterol and lipoproteins become trapped 

in the artery and undergo several pathogenic alterations; including oxidation (oxLDL), acetylation, 

and glycation, which initiates atherogenesis(22) (Figure 1.1a). Importantly, there is growing evidence 

that there are preferential sites where atheroma formation is initiated. These sites, such as arterial 

branch points where laminar shear stress is high(23), contain endothelial cells with a unique 
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transcriptional profile consisting of proinflammatory and adhesion molecule genes predisposed to 

initiate LDL entry and plaque seeding(24).  Thus, following sensing of disturbed flow and deposition 

of oxLDL, endothelial cells become activated and upregulate adhesion molecules such as vascular 

cell adhesion molecule 1 (VCAM-1) and intracellular adhesion molecule 1 (ICAM-1)(25). As a 

result, blood immune cells recognize these molecules and transverse into the artery to initiate early 

plaque formation(26) (Figure 1.1a).  

Once initiated, atherosclerotic plaque progression is mediated by the recruitment of blood 

immune cells, primarily monocytes. Importantly, monocytes exist in two major forms, classical and 

non-classical. Both classical and non-classical monocytes are recruited to growing plaques, however 

classical monocytes enter lesions more efficiently(27), whereas non-classical monocytes are 

proposed to patrol the artery and maintain vascular homeostasis(28). Regardless, classical monocytes 

transmigrate across the endothelium, differentiate into macrophages, and begin internalizing oxLDL 

by scavenger receptor mediated uptake, and become what are known as ñfoam cellsò or ñfoamy 

macrophagesò (Figure 1.1a). These cells were initially given the name due to their bloated 

morphology from storing esterified cholesterol into lipid droplets and are a hallmark of 

atherosclerotic plaque formation(29,30). Macrophages are continually expanded during plaque 

development and subsets of these cells produce proinflammatory cytokines that promote a loop of 

chronic inflammation, exacerbating disease (Figure 1.1a). This loop of inflammation also promotes 

recruitment of adaptive immune cells, such as T-cells and B-cells that play diverse roles in plaque 

development, depending on their activation state(31). Thus, it has become increasingly clear that the 

immune system is a key player in the pathogenesis of atherosclerosis. Transformative clinical trials in 

human coronary artery disease, including the CANTOS study(32) targeting IL1ɓ and COLCOT 

study(33) employing the anti-inflammatory drug Colchicine, have shown that inhibiting 
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inflammatory mediators can improve outcomes. This data, along with the strong predictive value of 

serum inflammatory markers like CRP in outcomes of CVD(34), provides support that the immune 

system and inflammation are key contributors to atherosclerotic plaque progression.   

While immune cells, particularly macrophages, make up a large percentage of plaque 

cellularity in both mice and humans(35,36), other stromal cells such as smooth muscle cells (SMCs), 

are pivotal to disease progression. Historically, it was thought that SMCs were homogeneous within 

plaques and primarily played a role in extracellular matrix remodeling, however, more recent studies 

have suggested that these cells are extremely heterogeneous. SMCs are derived from the medial layer 

of the artery and can de-differentiate during advanced plaque formation from a homeostatic 

contractile phenotype to a proliferative and synthetic phenotype(37,38). A subset of these synthetic 

SMCs migrate to the cap of the growing lesion and lay down collagen to stabilize the plaque(39) 

(Figure 1.1b). However, SMCs are also capable of adapting other phenotypes in advanced disease, 

including a macrophage like state that engulfs oxLDL and becomes a foamy cell(40,41) (Figure 

1.1b). Furthermore, other de-differentiated SMCs within lesions can become activated and adapt a 

pro-inflammatory phenotype and promote plaque progression(39,42). Thus, while SMCs can be 

beneficial to plaque stability through formation of fibrous caps, they can also drive disease 

progression depending on their phenotypic state.  

As atherosclerotic plaques evolve, they become more complex. Masses of dead cells along 

with extracellular cholesterol accumulate, forming whatôs known as a necrotic core, while SMCs 

begin to proliferate and lay down collagen to form a fibrous cap, stabilizing the lesion (Figure 1.1b). 

Foamy macrophage cell death is one of the major drivers of necrotic core formation as the 

accumulation of excess cholesterol drives apoptosis(43). Accumulation of dying cells, along with an 

impaired ability to clear dying corpses by macrophages, termed efferocytosis (Figure 1.1b), leads to 
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increased instability and a risk of intraplaque hemorrhage(44). Clinical manifestations of 

atherosclerosis usually arise when necrotic core expansion outpaces fibrous cap formation and 

plaques rupture, causing thrombus formation and ultimately myocardial infarction or stroke. Recent 

works have highlighted that targeting macrophages to promote plaque stability is a promising avenue.  

Studies in mice and humans have extensively shown that increasing macrophage efferocytosis (45)  

and promoting cell survival(46,47), leads to decreased necrotic core formation and improved plaque 

stability. Furthermore, rewiring macrophage function toward a more anti-inflammatory, wound 

healing phenotype has been shown to be an effective approach to inhibit plaque progression(48). 

Thus, identification of regulators of macrophage survival, efferocytosis, and anti-inflammatory 

polarization could provide a powerful tool for future therapeutic targeting in atherosclerosis.  

1.2 Macrophages in atherosclerosis 

1.2.1 Macrophage heterogeneity in atherosclerosis  

In the early 1960s, Schwartz and Mitchell published seminal work finding that 

ñHomogeneous collections of cells resembling small lymphocytesò were present within human 

coronary samples(49), marking the initial indication of immune infiltration in atherosclerotic plaques. 

It wasnôt until the late 1980s when more advanced immunologic tools became available when 

investigators discovered that many of these cells resembled mononuclear phagocytes, primarily 

macrophages(50). Decades later, the importance of macrophages in driving plaque progression was 

eloquently shown in osteopetrotic (op/op) mice, which lack the critical growth factor for myeloid cell 

persistence and proliferation colony stimulating factor-1 (CSF1).  Hypercholesterolemic mice deleted 

for CSF1 had decreased plaque cellularity and attenuated atherosclerosis(51), confirming the pivotal 

role for macrophages in disease progression. Nevertheless, with our evolving understanding of 
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macrophage biology and their heterogeneity, it is increasingly evident that distinct subpopulations of 

cells may have differential effects on disease progression. 

Classically, macrophages were thought to exist as two polarization states, either inflammatory 

(M1) or anti-inflammatory (M2), based on their expression of various phenotypic and functional 

markers. However, this view has been challenged in recent years through findings showing that 

macrophages in tissue do not replicate the expression signatures of in vitro stimulated cells. In many 

settings, macrophages are found to co-express many of the historical polarization markers and are 

able switch polarization states depending on the local microenvironment. As a result, views on 

macrophage function and phenotype in atherosclerosis have shifted away from the M1/M2 paradigm. 

Studies using single cell RNA sequencing (scRNAseq) of murine and human atherosclerotic aortae 

have identified several macrophage subpopulations. These include foamy macrophages that express 

high levels of lipid metabolism genes like Fabp4, Trem2 and Lpl, inflammatory macrophages that 

express proinflammatory cytokines like Il1b and Tnf and adventitia tissue resident macrophages that 

express Lyve1 and Mrc1(36,52,53) (Figure 1.1a,b). Originally, it was believed that foamy 

macrophages were the primary inflammatory population present within atherosclerotic plaques, 

based off data showing that in vitro, macrophages treated with ox-LDL upregulate proinflammatory 

genes(54). However, more definitive in vivo studies using advanced isolation techniques to capture 

both foamy and non-foamy macrophages from plaques found that foamy cells are not major 

expressors of proinflammatory cytokines, but rather nonfoamy macrophages produce high levels of 

inflammatory cytokines(55). This data, along with the aforementioned scRNAseq studies, suggests 

that inflammation in atherosclerosis may be driven by nonfoamy, rather than foamy, macrophages.  

Macrophages within tissue primarily derived from two sources, either blood monocytes or 

from yolk sac (YS) or fetal liver (FL) precursors seeded early in life(56). Tissue resident 
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macrophages refers to a population present in tissue that can self-renew independent of blood 

monocytes. While a majority of these cells are derived from YS or FL precursors, in certain contexts 

they can also be derived from blood monocytes. To date, there have been two tissue resident 

macrophage populations identified within the murine aorta. Adventitial resident macrophages, which 

primarily reside on the outer portion of the aorta, have been identified within both steady state and 

atherosclerotic aortae and derive from both embryonic precursors and blood monocytes(57). 

Interestingly, these cells have been found to express high levels of genes involved in extracellular 

matrix remodeling, such as Lyve1 and Mrc1, and may play a role in tissue repair during 

atherogenesis(58,59).  Moreover, another population of tissue resident macrophages that reside in the 

aortic intima, termed aortic intimal resident macrophages (MacAIR), has been identified(60,61). These 

macrophages have been observed to localize to atherosclerosis-prone areas characterized by 

disturbed flow(62).  While initially thought to be dendric cells(60,61), more recent studies have 

found that these cells are derived from monocytes(63) and retain macrophage like functions such as 

the ability to uptake ox-LDL(61). Furthermore, these cells seem to be crucial for early plaque 

development as they are the initial subpopulation that contributes to the foamy macrophage pool(63) 

(Figure 1.1a). Overall, the identification and characterization of these unique subpopulations 

underscore the diverse phenotypes and sources of macrophages within atherosclerotic plaques. 

However, our knowledge of how these unique populations contribute to disease pathogenesis require 

in-depth mechanistic studies to rationally design macrophage targeted therapeutics.   

1.2.2 Macrophage lipid handling in atherosclerosis 

The development of foamy macrophages within atherosclerotic plaques is driven by the 

uptake of oxidized LDL within the arterial wall. OxLDL uptake by macrophages is primarily 

mediated by scavenger receptors, such as CD36 and SR-A1(64) (Figure 1.1a), that are present on the 
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cell surface. Scavenger receptors recognize proteins present on LDL and engulf these particles via 

endocytosis into an endosome. These endosomes then fuse with a lysosome, where oxLDL it is 

broken down into free cholesterol. Free cholesterol is delivered to the endoplasmic reticulum (ER) 

where it will undergo processing for storage or efflux. First, it can be re-esterified by the enzyme 

acyl-CoA cholesterol acyltransferase-1 (ACAT-1) and stored in lipid droplets for later clearance(65). 

Furthermore, the process of free cholesterol storage in the ER activates ER stress responses, which 

upregulates the master lipid handling transcription factor Liver X Receptor (LXR)h(66). Once LXR h

is activated, it drives expression of genes that promote the efflux of cholesterol, including ABC 

transporter channels Abca1 and Abcg1, which results in the transfer of cholesterol to high-density 

lipoprotein (HDL) in a process called reverse cholesterol transport(67) (Figure 1.1a).  

Within atherosclerotic plaque macrophages, the process of cholesterol loading is 

overwhelmed, and macrophages become over engorged with lipid resulting in severe dysfunction. 

While this process is yet to be fully understood, plaque macrophages storing excess cholesterol 

undergo exacerbated ER stress responses, which in turn promotes foamy cell death and necrotic core 

formation(68) (Figure 1.1b). Initially cholesterol homeostasis can be maintained through induction of 

efflux mechanisms, however, if these processes are overwhelmed or dysfunctional, macrophages 

either die or switch to a proinflammatory state that can exacerbate plaque progression(69,70). Thus, 

approaches to reinvigorate foamy macrophage function by promoting cholesterol homeostasis, 

through mechanisms such as driving cholesterol efflux, could be advantageous to drive plaque 

stability by reducing necrotic core formation, and halting atherosclerosis progression or even 

promote regression.  

1.2.3 Regulation of macrophage activation in atherosclerosis 
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Upon monocyte entry and differentiation to lesions, macrophages can adopt a variety of 

activation states within atherosclerotic plaques. Under inflammatory states, macrophages become 

activated through toll like receptors (TLRs), which are a group of pattern recognition receptors that 

activate host defense. TLRs respond to a wide variety of ligands including microbial derived pattern-

associated molecular patterns (PAMPs) and host derived damage-associated molecular patterns 

(DAMPs) to activate adaptor proteins, ultimately leading to proinflammatory cytokine production. 

There is mounting evidence that TLR signaling is a key driver of plaque macrophage activation and 

atherosclerosis development. Numerous studies have highlighted that deletion of TLR2(71) and 

TLR4(72), as well as adaptor proteins MyD88(72) and TRIF(73) impair macrophage activation 

within plaques and slow atherosclerosis progression.  

These findings have driven an increased interest in identifying what endogenous ligands are 

present within plaques that drive macrophage activation. Of note, oxLDL has been the most 

examined in the context of atherosclerosis given its widespread distribution within plaques and 

ability to bind TLRs(74). One of the primary ways that oxLDL has been proposed to activate 

macrophages is through triggering of inflammasome signaling. The inflammasome is a 

macromolecular complex present within innate immune cells that is responsible for activation of the 

innate immune response through secretion of proinflammatory cytokines IL1ɓ and IL18. Cannoinical 

activation of the inflammasome involves two independent signaling pathways (signal 1 and signal 2). 

Signal 1 involves a priming step where pattern recognition receptors (most notably TLRs) are 

engaged, leading ǘƻ nuclear factor kappa-light-chain-enhancer of activated B cells (NF-əB) activation 

and transcription of pro-IL1ɓ and pro-IL18(75). Signal 2 is then triggered by either large particulates 

such as cholesterol crystals or ATP, which leads to assembly of NLRP3 inflammasome complex. This 

in turn cleaves both pro-IL1ɓ and pro-IL18 along with the pore forming complex gasdermin D, 
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leading to IL1ɓ and IL18 secretion(75). Macrophage inflammasome activation in atherosclerosis has 

garnered increased attention over the years, primarily due to mounting evidence that IL1ɓ is 

proatherogenic. Macrophages within atherosclerotic plaque highly express inflammasome machinery 

and genetic deletion of either IL1ɓ or inflammasome components in immune cells in atherogenic 

mice showed a significant decrease in plaque development(76). Translating this to humans, the 

Canakinumab Anti-inflammatory Thrombosis Outcome Study (CANTOS) trial showed that treatment 

with an IL1ɓ neutralizing antibody significantly reduced cardiovascular events in high-risk 

patients(32).  

While the data clearly supports a proatherogenic role for macrophage inflammasome 

activation and proinflammatory cytokine production, understanding what is driving this activation 

and which macrophage subsets are inducing inflammasome is less clear. It was initially believed that 

foamy cells were the major producers of proinflammatory cytokines within a plaque given that 

oxLDL treatment of macrophages in vitro led to inflammasome activation and proinflammatory 

cytokine production via CD36(77). However, when macrophages were preloaded with lipid to 

generate foamy-like cells, they were resistant to activation(78), suggesting that foamy macrophages 

may not be the primary inflammasome activator. This finding was confirmed in vivo, where 

fluorescence activated cell sorting (FACS) isolation of foamy and nonfoamy macrophages found that 

transcriptionally, nonfoamy macrophages expressed increased levels of inflammatory cytokines and 

inflammasome related genes compared to foamy macrophages(55).  

Collectively, these studies raise important questions in the field. Are foamy macrophages 

derived from inflammatory cells that have downregulated inflammasome machinery and upregulated 

lipid handling profile or are these two completely separate differentiation trajectories? If the latter is 

true, what differential signals are driving foamy or non-foamy inflammatory macrophage formation? 
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One possibility is that the local plaque microenvironment shapes cellular function. Studies in human 

and murine atherosclerosis have shown that inflammatory macrophages typically dominate rupture 

prone shoulder regions of the plaque(79), whereas lipid loaded macrophages are typically present 

deep within lesions(80), suggesting that local microenvironment may dictate differential activation. 

1.2.4 Regulation of macrophage maintenance in atherosclerosis 

Once in lesions, macrophages take up residence and must rely on different cellular 

mechanisms to persist. Human studies have definitively shown that macrophages robustly proliferate 

within atherosclerotic plaques(81,82). This surprising concept ultimately led investigators to question 

whether macrophage proliferation or continued monocyte recruitment was required for plaque 

growth. Recent studies exploring early macrophage seeding within plaques found that MacAIR, the 

first population to adopt a foamy macrophage phenotype, are not particularly proliferative during 

lesion development but instead drive early plaque growth by promoting monocyte recruitment(63). 

Supporting a role for monocyte recruitment, human studies have found that increased numbers of 

blood monocytes correlate with an increased risk for CVD(83). While there is clearly a role for 

monocyte recruitment in driving atherogenesis, opposing works suggest that local proliferation may 

also play an important role in maintaining a stable pool of macrophages.  In murine atherosclerosis, it 

has been shown that macrophages turn over rapidly in advanced plaques and that replenishment of 

macrophages primarily depends on local proliferation, driven by SR-A1 mediated sensing of ox-

LDL(84) (Figure 1.1b). In line with this finding, foamy macrophages have been shown to be the 

primary proliferative population within advanced lesions(85). Overall, these studies suggest that 

early plaque seeding may be driven by circulating monocyte recruitment, whereas in advanced 

plaques macrophage proliferation dominates (Figure 1.1a,b). However, the exact cellular mechanisms 

driving plaque macrophage proliferation are still unclear. 
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Several preclinical studies have emphasized that inhibiting monocyte recruitment, primarily 

through deletion of key monocyte chemoreceptors like CCR2 that regulate egress from the bone 

marrow, slows plaque progression(86). However, clinical efforts to target these pathways in CVD 

have yielded less than desirable results(86). One explanation could be that when patients typically 

present with clinical symptoms of atherosclerosis, they have advanced disease where macrophage 

proliferation may be the dominate factor driving plaque expansion. Therefore, the argument could be 

made that targeting macrophage proliferation may be more advantageous. In support of this 

hypothesis, it has been shown that statins possess the ability to inhibit macrophage proliferation and 

at least part of their function is dependent on this effect(87). Furthermore, targeted delivery of statins 

to atherosclerotic plaques has the ability to decrease macrophage proliferation and inhibit plaque 

growth, independent of serum cholesterol(88).  Thus, targeting macrophage proliferation, rather than 

monocyte recruitment, may be a more viable approach in CVD.  

While recruitment and proliferation are important determines of plaque macrophage 

expansion, cell survival is also key to persistence. Within atherosclerotic plaques, macrophages can 

undergo several modalities of cell death. For instance, plaque macrophages undergoing 

inflammasome signaling can undergo an inflammatory cell death, termed pyroptosis (Figure 1.1b), 

that is been extensively shown to promote disease progression(89). However, foamy macrophages 

also induce a controlled form of apoptotic cell death that is more complex in its role in 

atherosclerosis pathogenesis. One of the primary drivers of macrophage apoptosis in atherosclerosis 

is the uptake of LDL, which is cytotoxic when taken up in excess(43,90). This accumulation of 

excess LDL can overwhelm the ability of a cell to store and efflux cholesterol, activate ER stress 

responses and drive macrophage apoptosis (Figure 1.1b). Importantly, if these pathways are not kept 

in check, dying macrophages and extracellular lipid accumulate and necrotic cores form(91), 
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increasing the risk for plaque rupture(92). While this suggests that macrophage apoptosis is a 

detrimental process in disease progression, data supports a more complex paradigm. Indeed, deletion 

of key macrophage cholesterol handling and ER stress response genes in mice with advanced lesions 

found that cells undergo increased apoptosis, and plaques have enhanced necrotic cores(93,94).  

However, germline deletion of apoptotic machinery in less advanced atherosclerotic plaques rendered 

macrophages unable to undergo cell death and led to increased macrophage cellularly, driving 

increased lesional size without impacting necrosis(95,96).  This seemingly conflicting data support 

the hypothesis that the net effect of macrophage apoptosis depends on the stage of disease 

progression, where early cell death slows progression, but continued accumulation of dying corpuses 

leads to plaque instability.  

One potential explanation for the switch between the anti- and pro-atherogenic effect of 

apoptosis is the ability of macrophages to clear dying cells, termed efferocytosis. Efferocytosis is a 

highly regulated process where professional phagocytes recognize ligands on dying cells via cell 

surface receptors and ingest corpses for clearance. Efferocytosis has been proposed as a key factor 

mediating cell turnover and disease progression in atherosclerosis (Figure 1.1b). Deletion of 

efferocytotic receptors like MerTK and Timd4 leads to increased numbers of apoptotic cells within 

atherosclerotic plaques and exacerbates necrosis(97,98). Furthermore, driving macrophage 

efferocytosis via blockade of ñdonôt eat meò signals on apoptotic cells leads to disease 

improvement(99). Importantly, all of the aforementioned studies were done in mice bearing advanced 

atherosclerotic lesions. It has been proposed that in early atherosclerotic plaques, the efferocytotic 

capacity of macrophages is unperturbed(100) and it is not until advanced disease that it becomes 

overwhelmed(101). Thus, the data support the hypothesis that in early lesions, where efferocytosis is 

intact, promotion macrophage cell death slows lesion development because dying corpses are easily 
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cleared. However, in advanced disease where these pathways become impaired, excess apoptosis 

leads to the accumulation of dying cells and plaque progression.    

In conclusion, maintenance of a stable macrophage pool within atherosclerotic lesions is a 

highly regulated process, dependent on stage of disease and is dictated by multiple factors including 

monocyte recruitment, proliferation, survival and efferocytosis. However, key questions still remain 

unanswered. Most notably, are their overlapping cellular mechanisms that regulate plaque 

macrophagesô ability to survive, proliferate and efferocytose dying cells? If so, would targeting this 

pathway be advantageous in early or advanced lesions? 

1.3 Trem2 

1.3.1 Trem2 signaling and function 

Recent scRNAseq studies have identified several target genes that are potential regulators of 

macrophage fate in atherosclerosis. Notably, foamy macrophages have a unique transcriptional 

signature, that includes expression of the gene triggering receptor expressed on myeloid cells 2 

(Trem2). Trem2, a member of the Trem family of cell surface receptors, is a single-transmembrane 

immune receptor expressed primarily on myeloid cells. It contains a V-type immunoglobulin domain 

connected to a short cytoplasmic tail. Interestingly, unlike similar surface receptors, Trem2 has a 

wide variety of ligands that can promote activation. These include phospholipids present on apoptotic 

cells(102), lipoproteins(103) and microbial lipids(104) (Figure 1.2). However, most studied is 

microglial Trem2ôs ability to bind Aɓ plaques in the setting of Alzheimerôs disease(105), which is 

key to its role in disease pathogenesis. Beyond binding ligands, Trem2ôs extracellular domain can be 

cleaved by proteases such as ADAM17 and impact cellular function(106) (Figure 1.2). The 

generation of soluble Trem2 (sTrem2) is thought to occur primarily in states of excess inflammation, 

when protease activity is high(107,108). While the exact consequence of Trem2 shedding is not 
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completely parsed out, studies have shown that mutation of the cleavage site in the extracellular stalk 

augments Trem2 signaling(109). Furthermore, other works have shown that sTrem2 may have an 

intrinsic signaling function either through sequestering Trem2 ligands or binding to an unknown 

receptor(110,111). 

While it seems that the cytoplasmic domain of Trem2 does not contain any intrinsic signaling 

motifs, structural analysis of Trem2 found that a positively charged amino acid present mediates the 

interaction with adaptor proteins(112). Early studies aimed at deciphering the function of Trem2 in 

macrophages found that DNAX-activating protein of 12 kDa (DAP12, Tyrobp) and DNAX-activating 

protein 10 (DAP10) are the primary adaptors that carries out its intracellular signaling(113). In 

response to Trem2 activation, kinases phosphorylate DAP12/DAP10 which provides a docking site 

for the tyrosine kinase Syk (Figure 1.2). Syk activation modulates a wide variety of downstream 

signaling pathways including phosphatidylinositol 3-kinase (PI3K), mammalian target of rapamycin 

(mTOR), ̡-catenin/Wnt and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-

əB)(112) (Figure 1.2). Seminal studies on in vitro macrophages done by Hamerman(113) and 

Turnbull(107) found that upon Trem2 ligation, macrophages downregulate proinflammatory 

cytokines such as TNFŬ, suggesting that Trem2 is an inhibitory receptor promoting alternative 

activation of macrophages. Importantly, in vivo transcriptomic data seems to support this notion, as 

Trem2 deficient microglia and macrophages fail to upregulate several key anti-inflammatory genes 

including galectins (Lgals1 and Lgals3), IL1 receptor antagonist (Il1rn) and Resistin-like alpha 

(Retnla) (114,115). Mechanistically, Trem2/DAP12 activation drives Syk, which antagonizes TLR 

signaling and proinflammatory cytokine production, primarily through regulating extracellular 

signal-regulated kinase (ERK) activation(107,116) (Figure 1.2). It is thought that this is mediated 

through DAP12 sequestration of ERK initiators(117), however the exact mediators carrying out this 
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inhibitory function are not completely understood. Furthermore, it has also been shown that Trem2 

signaling antagonizes NF-əB activation downstream of TLR signaling(118,119), suggesting that 

there could be multiple pathways through which Trem2 carries out its immune inhibitory function.  

Trem2 has also been shown to be an important promotor of myeloid cell survival, particularly 

during growth factor starvation (low M-CSF) or under chronic phagocytic load(111,120). This is 

consistent with the dependence of DAP12 signaling downstream of M-CSF receptor activation to 

promote macrophage survival(121), suggesting that there may be some overlapping downstream 

pathways between the two receptors. These findings have largely been recapitulated in vivo, where 

microglia from Trem2 deficient mice have been found to have impaired ATP production and undergo 

excess apoptosis in Alzheimerôs models(120,122). Mechanistically, these effects have been linked to 

impaired induction of the PI3K-AKT-mTOR pathway(120,123), which is a key signaling hub 

promoting cell metabolism, survival, proliferation and autophagy(124) (Figure 1.2). In these studies, 

Trem2 deficient microglia failed to induce mTOR signaling, leading to impaired metabolic fitness 

and excess induction of autophagy and cell death(120). Moreover, this activation of P13K 

downstream of Trem2 inhibits glycogen synthase kinase 3ɓ (GSK3ɓ), which leads to stabilization of 

ɓ-catenin and promotion of cell survival and proliferation(125) (Figure 1.2). Thus, data supports that 

Trem2ôs pro-survival signal seems to be driven by its ability to promote metabolic homeostasis 

during times of cellular stress.  

Furthermore, Trem2 has also been shown to be an important driver of the uptake of particles, 

termed phagocytosis. Phagocytosis requires four steps: particle recognition (typically through 

scavenger or Fc receptors), internalization, phagosome formation, and elimination(126). While there 

are several studies highlighting that Trem2 is required for phagocytosis of particles such as apoptotic 

cells, neurotoxic ɓ-amyloid (Aɓ) peptides, and bacteria(122,127), where exactly Trem2 is required to 
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elicit this function is up for debate. On one hand, studies using cultured microglia have suggested 

that the ability of Trem2 to regulate phagocytosis is dependent on the upregulation of the scavenger 

receptor CD36(128), suggesting a role in driving particle recognition. On the other hand, other works 

show that macrophage Trem2 signaling drives actin reorganization genes Rac1 and Cdc42 upon 

sensing of bacteria which was required for uptake(129), potentially pointing toward a role in driving 

internalization (Figure 1.2).  Regardless, given the structural differences between scavenger receptors 

and Trem2 and the limited data showing Trem2 internalization upon ligand binding, it stands to 

reason that while Trem2 itself may not be binding and internalizing particles, downstream signaling 

from Trem2 promotes phagocytosis capacity.  

1.3.2 The role Trem2 in disease pathogenesis  

Trem2 expression is primarily restricted to tissue myeloid cells. Meta-analysis studies 

assessing Trem2 expression on human cells and tissues in steady state find that Trem2 transcripts are 

expressed in microglia, adipose macrophages, osteoclasts, adrenal gland macrophages, and placental 

macrophages(130). Initial observations into the importance of Trem2 in disease states were seen in  

Nasu-Hakola disease (NHD), which is a loss of function mutation in either Trem2 or its adaptor 

Tyrobp (DAP12)(131). NHD is a disease characterized by frontotemporal dementia and recurrent 

bone cysts, and usually leads to death within a few years after onset(132,133). Evidence strongly 

suggests that the causative factor for the central nervous system (CNS) manifestations of NHD is 

primarily caused by microglial dysfunction(132ï135), as patients with this disorder consistently 

show inappropriate microglial activation and impaired clearance of apoptotic neurons(136).  

Many of the insights into the function of Trem2 were provided by studies in Alzheimerôs 

disease models. Alzheimerôs disease is a neurodegenerative disease characterized by brain atrophy 

and progressive dementia and is primarily caused by the buildup of amyloid- ɓ (Aɓ) neurotoxic 
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plaques and its impaired clearance by microglia. In the mid 2000ôs, a loss of function mutation in 

human Trem2, termed Trem2R47H, was identified to increase the risk of developing Alzheimerôs 

disease(137).  This finding led to the increased interest in the role of Trem2 in myeloid cell biology, 

particularly microglia, and the development of several tools including Trem2 knockout mice. Trem2 

deficient mice crossed to Alzheimerôs disease diseased mice background found that Trem2 KO 

animals develop worsen disease, primarily due to impaired microglial response to Aɓ plaques 

(102,138). Several pathways are proposed to drive this impairment in Trem2 deficient animals, 

including disrupted microglial survival, proliferation, and migration to Aɓ lesions, leading to excess 

plaque seeding and neurotoxicity(102,120,139,140). However, there is a generalized consensus 

among studies assessing Trem2 function in Alzheimerôs disease that Trem2 deficient microglia fail to 

acquire an Aɓ-responsive transcriptional program known as disease-associated microglia 

(DAM)(114,141), which are thought to be protective(142). Interestingly, the DAM transcriptional 

profile overlaps extensively with foamy macrophages from atherosclerotic plaques, including high 

expression of lipid metabolism genes(143), suggesting that there are potential overlapping pathways 

driving the development of these subsets.  

There is emerging evidence that Trem2 signaling may also play an important role in the 

immune response to tumors. In both patients and mice with lung tumors, there is observed higher 

expression of Trem2 in lung macrophages compared to normal controls(144). This elevated Trem2 

expression appears also to be correlated with poor outcomes in humans(145). Single cell RNA 

sequencing studies have found that in multiple tumor types, Trem2 is expressed by subsets of tumor 

associated macrophages (TAMs) that co-express markers of immune suppression such as Arg-1, 

Mrc1 and Pparg(146,147) suggestive of a pro-tumor role for Trem2. Genetic deletion of Trem2 in 

multiple murine tumor models led to impaired tumor growth and a decrease in immunosuppressive 
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TAMs(148,149). Importantly, this reshaping of TAM phenotype led to a reinvigoration of cytotoxic 

CD8+ T-cells that drove tumor rejection. However, the exact mechanism of how Trem2 deletion 

impaired immunosuppressive TAM development remains unclear. It stands to reason that, similar to 

DAMs in Alzheimerôs disease, Trem2 can provide a pro-survival signal to TAMs that allow for their 

persistence. However, given the proposed immune inhibitory role Trem2 signaling can drive, itôs 

possible that Trem2 directly could be promoting anti-inflammatory TAM differentiation that perturbs 

tumor responses. Regardless, these studies highlight the potential immunosuppressive role of Trem2 

and suggest that promoting Trem2 signaling in diseases exacerbated by chronic inflammation, like 

atherosclerosis, could be advantageous.  

Beyond neurodegeneration and cancer, Trem2 has been proposed to play an important role in 

metabolic syndrome. The metabolic syndrome is a cluster of medical conditions including obesity, 

dyslipidemia, and hyperglycemia that increase the risk for developing cardiovascular disease(150). 

Initial studies in the role of Trem2 in the development of metabolic syndrome were gleaned from 

obesity models that found that Trem2 deficient mice fed a high fat diet (HFD) had greater weight 

gain, increased serum cholesterol levels, and exacerbated inflammation in their adipose tissue 

compared to controls(115,151). Investigators were able to determine that this phenotype was 

primarily due to the disruption of homeostatic, monocyte derived lipid associated macrophages 

(LAMs) within the white adipose tissue(115). Intriguingly, a similar subset of Trem2+ LAMs are 

present within livers from mice with non-alcoholic fatty liver disease (NAFLD)(152). Similar to 

obesity studies, the development of these LAMs requires Trem2 for their formation and/or 

persistence(153), and deletion of Trem2 leads to worsened disease progression(108,153,154). These 

works suggested that in the absence of Trem2, the NAFLD liver becomes more inflamed due to 

excess LAM cell death(153) and disrupted regulation of hepatocyte lipid accumulation(154). 
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Furthermore, subsequent studies have highlighted that in NAFLD, macrophages lacking Trem2 have 

an impaired ability to efferocytose dead hepatocytes(108), which suggests that potentially the Trem2 

dependent, homeostatic function of these LAMs is to clear dying cells to resolve inflammation and 

injury. Regardless of their function, all of these studies suggest that the LAM macrophage signature 

is conserved among diseases associated with the metabolic syndrome and that Trem2 is a vital 

regulator of their function. This data begs the question, does Trem2 regulate LAM function in other 

diseases like atherosclerosis and are these LAMs protective or detrimental? 

1.3.3 Trem2 as a proposed regulator of foamy macrophage function in atherosclerosis  

Prior to this work, there have been no studies aimed at deciphering the role of Trem2 in 

atherosclerosis. Clinical data assessing soluble Trem2 levels in the serum of patients with known 

atherosclerosis found that sTrem2 was a positive predictor of cardiovascular related death(155), 

suggesting that membrane bound Trem2 may be protective in human atherosclerosis. However, given 

the absence of in vivo data on the direct role of Trem2 in atherosclerotic plaque development, we 

must use studies in other disease models to form hypotheses.   

As stated previously, Trem2 is expressed highly by foamy macrophages within 

atherosclerotic plaques(55). Advanced sequencing approaches have allowed us to identify a unique 

transcriptional profile of Trem2 expressing foamy macrophages which includes lipid metabolism 

genes such as Fabp5 and Cd36, cell surface glycoproteins Lgals3 and Cd9, soluble factors like Spp1 

and canonical lysosomal genes Ctsd and Atp6v0d2(35,55,156). While this signature is enriched in 

foamy macrophages from plaques, it is certainly not restricted to atherosclerosis. We see remarkable 

overlap of this Trem2 core gene signature in other pathogenic states including in DAMs in 

Alzheimerôs disease (143), LAMs in adipose tissue(115), TAMs in solid tumors(148,149), adrenal 

LAMs during stress(157) and hepatic LAMs in NAFLD(158). Thus, it seems that macrophages in 
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different tissues may induce similar signaling events to adapt this phenotype and data in these disease 

models suggest that Trem2 is a key cue driving the development of this cell subset. First, Alzheimerôs 

disease studies assessing the impact of Trem2 deficiency found that in the absence of Trem2, 

microglia fail to upregulate DAM specific genes such as Fabp5, Cd9 and Spp1 and fully differentiate 

into this subset(120,143). Similarly, in an obesity model, Trem2 deletion leads to a loss of white 

adipose LAMs expressing a Trem2 genetic signature (Cd9, Fabp5, Cstl, Cd36)(115). In both 

scenarios, myeloid cells lacking Trem2 adopt either an inflammatory or intermediate state, 

suggesting that Trem2 signaling is required for complete differentiation into LAMs or DAMs.  How 

Trem2 is able to drive this conserved transcriptional state in a wide variety of microenvironments 

could be related to the promiscuity of the receptor. Trem2 has been shown to bind to a variety of 

ligands that are highly enriched in these diseased microenvironments including Aɓ plaques, apoptotic 

cells, lipid molecules and double stranded DNA(159). Importantly, Trem2 also has the ability to bind 

both LDL and APOE(160), two factors that are rich within atherosclerotic plaques. Thus, given the 

enrichment of known Trem2 target genes within foamy macrophages and access to known Trem2 

ligands within plaques, the data support the possibility that newly emigrated monocytes or newly 

uncommitted macrophages within atherosclerotic plaques undergo Trem2 signaling to differentiate 

into foamy macrophages.  

While one possibility is that Trem2 drives foamy macrophage formation within 

atherosclerotic plaques, another possibility is that Trem2 signaling regulates foamy cell function after 

they have already acquired this phenotype. Foamy macrophages within atherosclerotic plaques 

encounter and are loaded with massive amounts of lipid that they must effectively store, metabolize, 

and efflux in order to persist. There is increasing evidence that Trem2 is a key signaling hub 

meditating lipid storage and metabolism in myeloid cells. Initial studies into the metabolic events 
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downstream of Trem2 found that Trem2 deficient microglia had an decreased ability to produce ATP 

by oxidative phosphorylation upon Alzheimerôs Disease challenge, leading to apoptosis(120). 

Importantly, these effects were only seen during challenge, either with low M-CSF or phagocytic 

loading with cholesterol rich myelin, suggesting that Trem2 signaling may promote metabolic fitness 

when macrophages are either loaded with cargo or stressed. Mechanistically, it has been shown that 

Trem2 deleted microglia and macrophages fail to upregulate LXR mediated cholesterol efflux upon 

chronic phagocytic challenge with multiple forms of cholesterol(161). Furthermore, it has also been 

shown that Trem2 deficient microglia are unable to effectively esterify and store cholesterol into lipid 

droplets upon phagocytic challenge, leading to excess ER stress responses and cell death(162). Taken 

together, this data supports the idea that Trem2 is required for myeloid cells to handle and metabolize 

excess cholesterol and in its absence, cells undergo apoptosis. Importantly, foamy macrophages 

within atherosclerotic plaques utilize the same cellular machinery to handle LDL(163).  Thus, Trem2 

signaling may promote foamy macrophage persistence within atherosclerotic plaques when faced 

with excess cholesterol loading.  

1.3.4 Targeting Trem2   

Given the widespread indications that Trem2 plays a pivotal role in the pathogenesis of many 

diseases, targeting Trem2 therapeutically is of great interest. By far, a majority of studies aimed at 

targeting Trem2 have been performed in Alzheimerôs disease models. Agonistic monoclonal 

antibodies have been developed for Alzheimerôs disease with the goal of stimulating Trem2 signaling 

to revitalize microglial function. The first antibody designed for in vivo targeting of Trem2, clone 

4D9, was tested in mouse models of amyloidosis and found to successfully reduce amyloid plaque 

seeding and promote microglial survival in vitro(164). Interestingly, this antibody was designed to 

stalk region of Trem2 and mainly elicited its function through inhibition of proteolytic cleavage, 
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rather than through direct agonism(164). Subsequent studies of the 4D9 antibody in murine models 

of Alzheimerôs disease found that while treatment reduced cortical plaque load, no improvement in 

cognitive function was observed(165). These promising findings led to the development of a 

monoclonal Trem2 agonistic antibody by Alector Inc, termed AL002, that binds Trem2 and directly 

promotes downstream signaling(166). Preclinical testing of this antibody showed that AL002 

treatment of Alzheimerôs disease mice ameliorated amyloid ɓ pathology and improved 

cognition(166,167). Microglia from AL002 treated mice showed a more metabolically active 

phenotype and had greater survival and proliferative potential(166), suggesting that this agent has the 

ability to reinvigorate myeloid cell function during diseased states.  

These studies have affirmed the therapeutic potential for targeting Trem2 during Alzheimerôs 

disease and have led to a phase 2 trial testing AL002 in humans. However, while the data suggests 

that Trem2 agonism may be beneficial during Alzheimerôs disease progression, subsequent studies 

have shown that this effect may be context dependent. It has been shown that chronic treatment with 

AL002 in Alzheimerôs disease can lead to worsened outcomes(168) suggesting that sustained 

activation of Trem2 may impair microglial function. This is further supported by work showing that 

acutely inhibiting Trem2 expression during advanced Alzheimerôs disease using antisense 

oligonucleotides (ASOs) can activate microglia to phagocytose amyloid deposits which improves 

pathology(169). Overall, these data provide important insights when thinking about translating these 

agents to CVD and suggest that implementation may be dependent on stage and severity of disease.  

While Trem2 agonism may be the more widespread approach for AD, blocking Trem2 has 

been proposed to be advantageous in other diseases such as cancer. Unlike AD, goals for cancer 

therapeutics are to boost the inflammatory response to promote tumor rejection. Thus, given the role 

of Trem2 in anti-inflammatory macrophage function, inhibiting Trem2 on TAMs to reinvigorate anti-
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tumor immune responses could be an effective therapeutic approach. Functional blockade of Trem2 

using a monoclonal antibody in murine tumor models showed improved tumor clearance and 

activation of cytotoxic CD8+ T-cells and NK cells(149,170). Furthermore, incorporation of a Trem2 

depleting antibody in a model of ovarian cancer successfully reduced immunosuppressive TAM 

development and led to tumor rejection(171), suggesting that both inhibiting Trem2 function and 

purging Trem2+ immunosuppressive macrophages can reinvigorate inflammatory responses.  

In the context of atherosclerosis, it remains to be examined if boosting or impairing Trem2 

would be an effective approach. On one hand, it would be predicted that agonizing Trem2 could drive 

anti-inflammatory macrophage function and promote foamy cell survival, both of which would 

promote aspects of plaque stability. On the other hand, blocking Trem2 may result in inhibition of 

foam cell formation, which has been shown to slow plaque progression in mice(172). As in other 

disease models, the answer is more than likely that successful integration of Trem2 targeting agents 

in atherosclerosis is dependent on the stage of disease. 
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1.4 Figures 
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Figure 1.1 Atherosclerotic plaque development in early and advanced lesions 

a) Pathogenesis of early atherosclerotic lesion development with major macrophage cell types and 

key mediators of cell functions (teal). Monocytes enter the lesion at sites of endothelial activation 

(red) and differentiate into macrophages (teal) and both monocyte derived macrophages and MacAIR 

(green) take up oxidized LDL to form foamy macrophages (light blue). Monocytes that enter near 

plaque shoulders are prone to differentiate into inflammatory macrophages (red) that undergo 

inflammasome signaling and produce pro-inflammatory cytokines like IL1̡Φ In early plaques, this 

recruitment of monocytes and subsequent accumulation of macrophages, particularly foamy 

macrophages, drives plaque expansion.  

b) Pathogenesis of advanced atherosclerotic lesion development with major macrophage cell types 

and key mediators of cell functions (teal). Foamy macrophages rely primarily on local proliferation 
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to persist within the vessel rather than continued recruitment. Foamy macrophages also become 

progressively dysfunctional and undergo apoptosis, which along with smooth muscle foamy cell 

death and inflammatory macrophage pyropotosis drives formation of necrotic cores. Smooth muscle 

cells also migrate into the intima and begin producing collagen which promotes fibrous cap 

formation.  
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Figure 1.2 Trem2 signaling and function 

Trem2 signaling events and functions with key cellular effects shown bolded and underlined. Trem2 

binds ligands such as lipids present on apoptotic cells, lipoproteins and Aɓ oligomers. Trem2 can be 

cleaved by proteases such as ADAM10/17 which generate sTrem2. Following ligand engagement, 

Trem2 promotes DAP12 and/or DAP10 phosphorylation which activates downstream signaling that 

is mediated by SYK. SYK can inhibit ERK which decreases inflammatory cytokine transcription 

following TLR signaling. Furthermore, SYK phosphorylation downstream of Trem2 leads to mTOR 

activation, actin reorganization, and gene transcription changes noted above.  
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CHAPTER 2: Methods and Materials 

2.1 Mice and diet feeding 

Mouse strains used for this study include; B6 (C57BL/6, Jackson Laboratory (Jax) 000664), Ldlr-/- 

(B6.129 S7-Ldlrtm1Her/J, Jax 002207), CX3CR1creER (B6.129P2(C)-Cx3cr1tm2.1(cre/ERT2)Jung/J, Jax 

020940), Trem2-/- (developed and provided by Dr. Colonna, Washington University), Trem2flox 

(B6(C3)-Trem2tm1c(EUCOMM)Wtsi/AdiujJ, developed and provided by Dr. Lamb at Indiana University, 

Jax 029853), R26tdTomato (B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J, Jax 007909), LysMcre (Lyz2, 

B6.129P2-Lyz2tm1(cre)Ifo/J, Jax 004781). All mice are on the C57BL/6 background and bred in specific 

pathogen-free animal facilities maintained by the University of Minnesota (UMN) Research Animal 

Resources (RAR). When possible, littermates were used for experiments. Facilities were maintained 

at ~23ÁC with a 12/12 hour light/dark cycle. Cages were changed weekly, and water was freely 

available through Lixit valve. For high fat diet (HFD) or tamoxifen enriched HFD (TAM/HFD) 

feeding HFD (diet no. TD.88137; adjusted calories diet, 42% from fat) and TAM/HFD (diet no. 

TD.130903; adjusted calories diet, 42% fat, tamoxifen-citrate 400 mg/Kg) were used from Envigo 

Teklad.  

2.2 In vivo Trem2 agonism  

For in vivo Trem2 agonism studies, Ldlr-/- mice (n=7-10/group) were aged to 7 weeks then started on 

HFD for 8 weeks. After 8 weeks, mice were randomized and treated with either isotype control or 

Trem2 agonist at 40 mg/kg/week (AL002a, Alector Inc(166)) i.p. for an additional 8 weeks.  

2.3 Bone marrow chimeras 

Ldlr-/- mice (recipients) were lethally irradiated with 1,100 rad using an X-ray irradiator using a split 

dose (550 rad each). Mice were rested for 4 hours, then adoptively transferred with donor bone 
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marrow from either Trem2-/- mice or LysMCre R26TdTomato mice or a 50/50 mix of the two. Donor bone 

marrow cells (5x106) were injected intravenously (i.v.) in a 100 ÕL volume to irradiated recipient 

mice. Mice were allowed to reconstitute for 8 weeks, then fed HFD for an additional 8 weeks. 

2.4 Atherosclerotic plaque and necrotic core analysis  

For murine atherosclerotic plaque analysis, aortae and hearts were harvested from mice and fixed in 

4% PFA overnight. Hearts were embedded in OCT, frozen then sectioned on a cryostat at 10 Õm 

thickness. Sections were stained with Oil Red-O and hematoxylin, and aortic root images were 

imaged using Leica SP8 inverted confocal microscope. For aortae, samples were cut open and pinned 

en face to wax dishes, washed with water, then put in propylene glycol for 5 minutes. Then, the 

aortae were incubated in Oil Red O (Sigma O1516) for three hours, then washed in 85% propylene 

glycol for 5 minutes. Images were taken using a Leica S9i stereo microscope with 10-megapixel 

camera. Lesion area was quantified using ImageJ and blinded analysis on 5 sections from each 

mouse. Necrotic core analysis was quantified by blinded investigators using ImageJ by quantification 

of acellular area.  

2.5 Aortic plaque imaging/immunofluorescence 

For aortic sinus imaging, hearts from mice were directly embedded in OCT on dry ice and put at -

80C, then sectioned on a cryostat at 10 Õm thickness. For staining, slides were warmed to room 

temperature then fixed in 4% paraformaldehyde for 5 minutes, then washed with 1x PBS. Samples 

were blocked with 5% donkey serum and permeabilized with 1% triton x-100 for 30 minutes. 

Samples were washed two times with 1x PBS. Slides were then stained with anti-mouse antibodies 

CD68 (FA-11,1:500), Ki67 (SP6,1:100), alpha-SMA (IA4,1:1000) or iNOS (W16030C, 1:250). 

Samples were washed three times with 1x PBS, then stained with secondary antibodies (1:500 
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dilution) and DAPI (1:1000) and/or BODIPY (1:2500) for 30 minutes. Samples were washed 3x, 

then mounted with fluoromount (Southern Biotec) and imaged. For tunnel staining, the Roche in Situ 

Cell Death Detection Kit (Millipore Sigma) was used according to the manufacturerôs instruction 

prior to primary antibody staining but after fixation and permeabilization. Samples were imaged 

using a Leica SP8 inverted confocal microscope (fluorescence imaging) or with an attached bright 

field light source and camera. For picrosirius red staining sections were hydrated in distilled water 

and stained with Sirius red (0.1% Direct Red 80 (Sigma, 365548-5G) in saturated aqueous solution of 

picric acid (Ricca Chemical, 5860-16) for one hour at room temperature. Slides were then dipped in 

0.5% acetic acid, dehydrated in 95% ethanol, then 100% ethanol, and finally cleared in xylene. 

Images were captured using polarized light on a Stellaris 8 microscope (Leica). For quantification of 

cell number or area images were blindly counted or outlined using imageJ and an average of 5 heart 

sections were used.  

For imaging of human plaques, samples were isolated from either the cranial circle of Willis and 

donated for research as part of the UMN anatomy bequest program or collected during carotid 

thromboendarterectomy procedures. Immunofluorescent staining was performed as above. For DAB 

staining, sections were incubated for 10 minutes in PBS containing 0.3% H2O2 and rinsed in buffer 

for 5 minutes.  Sections were then incubated in 2.5% Normal Horse Serum for 10 minutes and rinsed 

again in buffer for 5 minutes. The sections were then incubated in primary antibody buffer containing 

1.5% Normal Horse Serum and anti-human Trem2 antibody or isotype control at 10 Õg/mL overnight 

at 4ÁC. Then, biotinylated Pan-specific Universal secondary antibody was added for 20 minutes. 

After washing, sections were incubated with streptavidin/peroxidase complex for 5 minutes then 

peroxidase substrate was applied for 4 minutes followed by counterstaining with hematoxylin. 

2.6 Serum analysis  
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For all serum analysis, blood was allowed to clot at room temperature for 1 hour, then samples were 

centrifuged, and serum was pipetted off. 5 ɛL of serum was collected and assessed for cholesterol 

content using Wako/Fujifilm Cholesterol-E kit (#999-02601) per manufacturers protocol. For blood 

glucose analysis, serum was thawed and 10 uL was pipetted onto a sterile dish. Then a VQPET H 

blood glucose monitor system was used for analysis.    

For serum cytokine analysis, a Biolegend Legendplex inflammation panel (#740446), was used. 

Briefly, 25 uL of serum was thawed and added to V-bottom plates with 25 uL of each: matrix C, 

assay buffer, detection beads and detection antibodies then shook on an orbital shaker at 100g for 2 

hours. 25 uL of SA-PE beads were then added on top and shaken for an additional 30 mins. Plates 

were then spun down at 1,000 x g for 5 minutes. Supernatant was pipetted off then washed 2 times in 

wash buffer. Beads were then acquired on a 3L cytek aurora flow cytometer.  

2.7 Flow cytometry  

For blood immunophenotyping, whole blood was treated with ACK lysis buffer to remove red blood 

cells, and single cell suspensions were passed through 100 Õm filter, then washed in FACS buffer 

(HBSS with 2% FBS and 2mM EDTA). Cells were then stained with primary antibodies for 30 

minutes at 4ÁC. Antibodies were stained at 1 Õg/mL in 100 ÕL. Spectral cytometry was collected 

using a Cytek Aurora. Data was assessed in Flowjo (Tree Star). The following antibodies were used: 

Anti-CD45 BV480 (30-F11), Anti-CD11b BV605 (M1/70), Anti-Ly6G BV785 (1A8), Anti-Ly6C 

BV421 (HK1.4), Anti-CD115 PerCp Cy5.5 (AFS98), Anti-TCRɓ APC (H57-597), Anti-CD19 FITC 

(ID3) and Anti-sXBP1 AF647 (E9V3E). 

For immunophenotyping of aortae, atherosclerotic mice were euthanized, and 10 mL of PBS was 

flushed though the left ventricle of the heart to remove any blood. Aortae were then isolated, fat was 
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removed and placed in a tube containing 600 ɛl 1Ĭ HBSS, 100 ɛl Collagenase type I, 100 ɛl 

Collagenase type XI, 100 ɛl Hyaluronidase type I-s, and 100 ɛl DNase I for digestion. Samples were 

gently chopped using surgical scissors until no large pieces were remaining. Tubes were incubated at 

37 ÁC for 30-45 min with rotation until pieces were not visible. Then, 0.5 mLs of RPMI was added to 

each tube and samples were passed through 100 Õm filter prior to staining for flow cytometry. 

2.8 Single cell RNA sequencing and analysis  

For whole aorta single cell RNA sequencing (scRNAseq) studies, aortas were isolated from 

atherosclerotic mice (n=7/group) and digested per the above protocol. Samples were then stained 

with hashtag oligo antibodies (Biolegned Legendplex; HTO#9 and HTO#10) and then resuspended in 

a final concentration of 100 cells per Õl in PBS for single cell capture of approximately 20,000 cells 

per group. Cells were submitted to University of Minnesota Genomics Core (UMGC) for single cell 

10X Chromium 3' GEX Capture and NovaSeq 2 x150 S4 sequencing. Preparation and generation of 

count matrices was provided by the UMGC using Cell Ranger. Captures were integrated using the 

Harmony package (v0.1.0). Further downstream analysis was performed using the Seurat package 

(v4.2.1). Genes expressed by less than 10 cells were removed. Ribosomal genes were excluded from 

further analysis as they heavily skew differential expression (DE) analysis. Cells of inferior quality 

were determined and filtered based on two criteria: total read counts below 300, and fraction of 

mitochondrial genes greater than 25%. Doublets were identified using the DoubletFinder package 

(v2.0.3) and filtered out. Post principal component analysis by RunPCA, RunTSNE function was 

employed to project cells in a reduced dimensional space. Clusters were fine-tuned using 

FindNeighbors and FindClusters with resolution 0.2. The myeloid subset was then isolated for 

reclustering using resolution 0.3. DE analysis was carried out using FindMarkers or FindAllMarkers. 

Log-fold change ranked genes were used as background for pathway analysis through the fgsea 
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package (v1.18.0). In this context, the Reactome or Hallmark pathway libraries were primarily 

utilized. Furthermore, data visualization was facilitated by the ggplot2 package (v3.4.0). 

For human atherosclerotic plaque scRNAseq analysis, we took the counts data for symptomatic and 

asymptomatic human atherosclerotic carotid endarterectomy samples from Gene Expression 

Omnibus GSE224273. To identify the samples from the study (and which samples are symptomatic 

and asymptomatic), we compared the barcodes with the file ómerged_plaque_gex-umi-data-mnn-

cat_macrophages.txtô from the supplement published in figshare. To filter out dying cells and cells of 

lower quality, we used the usual filtering procedure based on the number of genes detected per cell 

and mitochondrial (mt) content; all samples had <15% mt content. Filtering boundaries were selected 

for each sample manually. To adjust for donor effect, we used integration methods with SCTransform 

normalization. In brief, all six objects were normalized using scTransform; 3,000 integration features 

were selected using SelectIntegrationFeatures; PrepSCTIntegration was applied to the object list; 

anchors were found using FindIntegrationAnchors; and then data were integrated using 

IntegrateData. We then followed the usual workflow of PCA, UMAP for the first 30 components of 

PCA and FindNeighbors for the first 30 components of PCA, followed by FindClusters with 

resolution of 0.6. We ended up with 20 clusters, four of which (namely, 2, 8, 11 and 13) were 

identified as myeloid cells based on the expression of CD14 and MRC1. We then checked expression 

levels of FABP5, LGALS3 and TREM2 and identified cluster 8 as foamy macrophages. Because 

differential expression tests in scRNA-seq are biased and prone to report many false positives, we 

decided to use the pseudobulk approach to test differential expression using DESeq2. First, we split 

the cells from cluster 8 based on their samples. Then, counts for each cell from the same samples 

were added together, resulting in six pseudobulk samples. Next, we performed differential expression 

analysis for RNA-seq using DESeq2. We used the data from ómerged_plaque_gex-umi-data-mnn-
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cat_macrophages.txtô to say which patients were symptomatic. The DESeq2 differential expression 

test was run using ósymptomaticô as the only variable, and lfcShrink was used with type = ónormalô. 

For murine atherosclerotic plaque META scRNA-seq dataset generation, eight publicly available 

scRNA-seq studies focused on atherosclerosis using mouse models were downloaded from NCBI 

Gene Expression Omnibus(55,63,173ï177). Data was uniformly processed from all these datasets 

using raw data from NCBI Sequence Read Archive and integrated all the datasets together. Analyses 

were done as followed:  

Seurat analysis 

Droplets with ambient RNA and noisy cells were filtered using the EmptyDrops function from the 

DropletUtils R package, and then genes that expressed in fewer than 200 cells were removed. The 

fraction of mitochondrial genes was calculated for every cell, and cells with a mitochondrial fraction 

that was more than the sample-specific threshold defined by the confidence interval were filtered out. 

All samples were normalized using the SCTransform function. We next processed the data, and 

features were detected using SelectIntegrationFeatures. A list with all samples as its elements was 

prepared for integration using the PrepSCTIntegration and FindIntegrationAnchors functions. 

Finally, samples were integrated using the IntegrateData function. Principal component analysis 

(PCA) was run on the integrated object. For two-dimensional visualization of object structure, both t-

distributed stochastic neighbor embedding (tSNE) and uniform manifold approximation and 

projection (UMAP) approaches were implemented using the first 20 principal components. For 

clustering purposes, the functions FindNeighbors and FindClusters were used. 

Identification of plaque monocytes and myeloid macrophages 
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All clusters were manually annotated using canonical gene markers. T cells (Cd3d+), B cells 

(Cd79a+), smooth muscle cells (Sparc+), proliferating cells (Mki67+), monocytes (Treml4+, Ly6c2+ 

and Sell+) and different macrophages subtypes (Retnla+, Adgre1+, Lyve1+ and Fabp5+) were 

identified in the prepared meta-dataset. We first identified and removed the barcodes from T cells, B 

cells, smooth muscle cells as well as proliferating cells. We then used the expression of markers 

(Lyve1+ and Mrc1high) to separate adventitia macrophages from intima macrophages. The remaining 

barcodes (assumed to be monocytes and intima macrophages) were later re-analyzed from the very 

beginning (using the same steps as outlined above). Populations were found to be monocytes, intima 

macrophages and DCs. Cells that correspond to monocyte/macrophage populations were extracted 

and fully re-analyzed using Seurat (using the same steps outlined above). For the final iteration, 

clusters were manually annotated using expression levels of known myeloid markers of monocytes, 

foamy macrophages, and inflammatory macrophages. 

Trajectory analysis 

All cells from the object that contained monocytes and intima macrophages were used, and the 

infer_trajectory function from the dyno package (version 0.1.2) was used on the normalized counts 

(integrated assay, data slot) with the available slingshot singularity container (version 1.0.3). 

Trajectory visualization was implemented after dimensionality reduction by UMAP using the 

dimred_umap function. We also used the dyno package to calculate gene importance scores for 

foamy or inflammatory differentiation along pseudotime30. In brief, the scores are calculated using a 

random forest regression model trained on gene expression values to predict pseudotime values. 

Differential expression across pseudotime 
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To find genes that are differentially expressed across pseudotime, the TradeSeq package (version 

1.4.0) was used. Raw counts (RNA assay, counts slot) were used as input expression, and the design 

matrix corresponding to the study was used as fixed effects to remove the batch effect. We used 

earlyDETest to identify genes that are differentially expressed early after the branch point. 

2.9 CRISPR screen 

BV2 cells containing the Gouda CRISPR library were treated with 20 Õg/mL soluble cholesterol 

overnight to generate foamy macrophages. Cells were then treated for 4 hours with DiI-oxLDL. Cells 

were then FACS sorted for DiI-oxLDL uptake by sorting the high and low 9% of DiI labeled cells. 

Cells were lysed and genomic DNA (gDNA) was purified and guides were sequenced with directed 

primers at the Broad Institute. Data were analyzed using Model-based Analysis of Genome-wide 

CRISPR-Cas9 Knockout (MAGeCK) algorithm. Raw read counts were first median normalized to 

harmonize sample variations in regards to library size and count distribution. Next, a negative 

binomial approach involving mean-variance modeling was applied to determine the sgRNA 

abundance difference between control and test group. Subsequently, statistical scores are calculated 

and used to rank sgRNAs using MAGeCK test. We chose positively ranked genes as they represent 

the test (DiILow) group. Log-fold change values reported by MAGeCK are used to perform pathway 

analysis using the MAGeCK pathway function. 

2.10 In vitro cell culturing  

BV2 cells were cultured in non-treated 10 cm tissue culture plates (VWR, #10062-880) in 

Dulbeccoôs Modified Eagleôs Medium containing 5% fetal bovine serum in, with addition of 1% 

Penicillin-Streptomycin, HEPES, and MEM non-essential amino acids. Peritoneal cells were 

collected by lavage with Hanks Balanced Salt Solution (HBSS) with 2% FBS and 2mM EDTA and 
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cultured the same as BV2 cells. For bone marrow derived macrophage generation and culture, mouse 

bone marrow was isolated from the femur and tibia of C57BL/6 mice and red blood cells lysed for 1 

minute using ACK lysis buffer. Cells were plated in M-CSF conditioned media: DMEM with 10% 

FBS, 1% PenStrep, 1% Sodium Pyruvate, 1% L-glutamine, 10% CMG MCSF cell supernatant. Cells 

were maintained in a 37ÜC incubator with 5% CO2. Media was refreshed on Day 4. On Day 7, cells 

were removed from the plate with trypsin-EDTA and used in in vitro assays. For in vitro foamy cell 

generation, cells were plated at 1x106 cells in a 24-well plate and treated overnight with 20 Õg/mL of 

soluble cholesterol. Soluble cholesterol was generated using methyl-beta-cyclodextrin incubated with 

cholesterol at a 1:6 ratio.  

2.11 LDH cytotoxicity assay 

In vitro cell viability was assessed using the Cytotoxicity Detection Kit Plus (LDH) (Roche) 

according to manufacturerôs instructions. Briefly, cells were incubated overnight in a 96-well plate 

(50k cells/well) in media alone or with 20 Õg/ml soluble cholesterol. For trem2 agonist studies, cells 

were treated with either isotype control or AL002a (2nM) during soluble cholesterol treatment. 

Similarly, for LXR agonist studies, cells were treated with either vehicle (DMSO) or LXR agonist 

T0901317 (10ÕM) during soluble cholesterol treatment. Finally, for Syk inhibition studies, cells were 

treated with either vehicle (DMSO) or Syk inhibitor BAY-61-3606 (1ÕM) during soluble cholesterol 

treatment. After soluble cholesterol and drug treatment, prepared reaction mixture was added to the 

cells and positive controls (lysed cells) for 20 minutes at room temperature. All wells were then 

treated with 50 Õl stop solution, and absorbance at 490nm was measured using the TECAN Infinite 

200 Pro microplate reader. Percent cytotoxicity was determined using the absorbance values minus 

the background controls and normalized to baseline. 

2.12 DiI-oxLDL uptake assay 
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Cells were seeded at 100,000 cells/mL in a 12 well plate and incubated overnight with 20 Õg/ml 

soluble cholesterol or media alone for foamy cell differentiation. Then, DiI-oxLDL was added at 10 

Õg/ml for 4 hours at 37ÜC. Cells were lifted using trypsin-EDTA, washed in HBSS, and stained for 

flow cytometry analysis. For Trem2 agonist (2nM) or Syk inhibition studies (1ÕM), agents were 

added after foamy cell differentiation for 4 hours, then DiI-oxLDL uptake was added.  

2.13 Efferocytosis assay 

Efferocytosis was measured by seeding 2x105 nonfoamy or foamy cells in 24-well plates. 

Splenocytes from B6 mice were isolated, RBC lysed and irradiated (3,000 rads). Splenocytes were 

then stained with cell trace violet (CTV) per the manufacturers protocol. CTV labeled splenocytes 

were then co-cultured at a 5:1 ratio with cells for 2 hours at 37ÁC. Following co-culture, cells were 

washed three times then stained with Live/Dead ghost dye and F4/80 for analysis via flow cytometry 

for determination of macrophages that have taken up CTV+ splenocytes.   

2.14 BrdU assay 

Cells were aliquoted at 200,000 cells/ml in 12 well plates and treated with isotype control, AL002a 

(2nM), Syk inhibitor (1ÕM), or both overnight with or without soluble cholesterol at 20 Õg/ml to 

differentiate into foamy macrophages. 50 Õl of prepared BrdU mixture was added to each well prior 

to overnight culture. The following day, cells were washed in PBS and lifted by scraping with 

trypsin. Cells were stained with an antibody cocktail for 20 minutes at 4ÜC to identify live 

macrophages: anti-CD11b, anti-F4/80, and Ghost Dye Violet 510 Viability Dye.  Cells were then 

incubated 1X BrdU staining buffer for 30 minutes at room temperature, followed by DNase working 

solution for 1 hour in a 37ÜC incubator. Lastly, cells were stained with anti-BrdU antibody for 25 

minutes at room temperature and samples were assessed via flow cytometry for BrdU positivity. 
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2.15 Cholesterol efflux assay 

Cells were aliquoted at 50,000 cells/mL and treated with either isotype control, LXR agonist 

(T0901317, 10ÕM), or AL002a (2nM). All cells received soluble cholesterol at 20 Õg/mL to 

differentiate into foamy macrophages, and then were aliquoted into a 96-well plate (200 Õl 

mixture/well). Cells were incubated for 16 hours overnight in a 37ÜC incubator with 5% CO2. Then, 

the cell-based cholesterol efflux kit (Abcam) was used to analyze cholesterol efflux. Briefly, cells 

were switched to serum-free media and incubated with a fluorescently labeled soluble cholesterol 

reagent for 1 hour, followed by incubation with equilibration buffer overnight in a 37ÜC incubator 

with 5% CO2. The following day, human recombinant ApoA-1 (Thermo Fisher) or APOB depleted 

FBS (Thermo Fisher) were added as cholesterol acceptors (10ug/ml) and cells were allowed to efflux 

for 4 hours at 37ÜC. Supernatant was collected and cells were lysed. Both supernatant and cell lysate 

were measured for fluorescence (Ex/Em = 485/523nm) using the TECAN Infinite 200 Pro microplate 

reader. 

2.16 Seahorse assay 

For metabolic studies, mitochondrial stress test was performed on BMDMs seeded at 200,000 

cells/mL in a 12 well plate. Differentiated macrophages were treated with cholesterol and stimulated 

with either isotype control or AL002 (2nM) overnight. 40,000 macrophages were resuspended in 

Seahorse RPMI media supplemented with 11 mM glucose, 1 mM pyruvate, and 2 mM glutamine and 

were seeded in a 96-well Seahorse cell culture microplate. Cells were allowed to rest in a non-CO2 

incubator at 37C for an hour. Oxygen consumption rate (OCR) measurements were then conducted 

using a Seahorse XFe 96 analyzer. Basal OCR was measured under standard conditions, followed by 

the serial addition of 1.5 ɛM oligomycin, 2.5 ɛM FCCP, and 0.5 ɛM rotenone/antimycin A to assess 
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mitochondrial function. Parameters evaluated included basal OCR, ATP-linked respiration, maximal 

respiration, and non-mitochondrial respiration. Data was analyzed using seahorse software.  

2.17 In vitro bulk RNA sequencing  

BV2 cells were cultured at 200,000 cells/mL in 24 well plates. Cells were lysed for RNA isolated by 

Trizol directly from plates following overnight treatment in media or cholesterol. Samples were 

submitted to the University of Minnesota Genomics Core for RNA isolation (Qiagen RNeasy kit) and 

sequencing using the NOVAseq platform. Raw data was processed using CHURP pipeline developed 

by the Minnesota Supercomputing Institute, which implemented and integrated Trimmomatic, 

HISAT2, SAMTools and featureCounts. Data was aligned to the Mus musculus GRCm38 (Ensembl 

release 102) mouse reference genome. Differential expression analysis was adopted from DEseq2 

(v.1.32.0). Pathway analyses were performed using the fgsea package (v.1.18.0). 

2.18 Quantification and statistical analysis  

Graphs were generated and statistical analysis performed in Graphpad Prism software. In general, 

comparison between two experimental groups utilized a studentôs t-test, whereas comparisons of 

more than 2 groups utilized a two-tailed ANOVA analysis. Graph error bars represent standard error 

of the mean (SEM), and p-value was considered statistically significant below <0.05. In graphs, 

*<0.05, **<0.01, ***<0.001, ****<0.0001. 
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CHAPTER 3: Trem2 Promotes Foamy Macrophage Lipid Uptake and 

Survival in Atherosclerosis 

3.1 Introduction 

Despite recent improvements in cardiovascular disease (CVD) outcomes, CVD remains a 

leading cause of death(1). Atherosclerotic plaque formation, a primary cause of CVD, is a disease of 

the artery wall driven by hyperlipidemia and vascular inflammation(178). Atherosclerosis is 

mediated by the deposition of low-density lipoprotein (LDL) cholesterol particles into the arterial 

intima that accumulate within macrophages, termed foamy cells(30). These cells constitute a major 

portion of the total cellularity in early atherosclerotic plaque. Importantly, accumulation of foamy 

macrophages is associated with increased necrotic core formation and risk of plaque rupture(179). In 

early lesions, foamy macrophages derive from a resident pool of aorta intima resident macrophages 

(MacAIR) but are replaced by recruited monocytes as plaque progresses(63). In larger lesions, the 

contribution of monocytes gives way to local macrophage proliferation as a primary mechanism for 

foamy macrophage maintenance(84). However, mechanisms regulating foamy macrophage 

persistence in atherosclerotic lesions are not fully understood(180,181).  

Single cell RNA-sequencing (scRNA-seq) analysis has identified previously unrecognized 

heterogeneity for macrophage populations within the atherosclerotic aorta(35). Notably, foamy 

macrophages have a unique gene signature relative to nonfoamy macrophages, including Triggering 

Receptor Expressed on Myeloid Cells 2 (Trem2)(52,55). Trem2 is a cell-surface lipid-sensor that 

plays a regulatory role in microglia function(102,182), and polymorphisms are causative for early 

onset Alzheimerôs-like dementia(183). Trem2 signals through the adaptor molecules Dap12 to 

activate Syk, PI3K, AKT, and mTOR pathways activating pro-survival and anti-inflammatory 
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responses(113,119,184). Consequently, Trem2 broadly regulates phagocytosis, autophagy, 

cytoskeletal remodeling, and metabolic programming(120,185). Trem2 promotes homeostatic 

functions of adipose macrophages, and Trem2-deficiency resulted in enhanced inflammation and 

adipose hypertrophy(115). Importantly, Trem2-/- animals have lipid dysregulation and elevated stress 

hormones, making this mouse difficult to interpret for atherosclerosis(115,186). Overall, these studies 

support a role for Trem2 as a lipid-sensor and a candidate regulator of foamy macrophage function.  

 Here, we performed trajectory analysis on integrated scRNA-seq data derived from 

atherosclerotic samples and a genome-wide CRISPR screen to identify Trem2 as a regulator of 

foamy macrophage differentiation. Macrophage-specific deletion of Trem2 led to reduced 

macrophage proliferation, enhanced foamy macrophage death, and reduced atherosclerotic plaque 

size. Trem2-deficient foamy macrophages showed an inability to down-regulate cholesterol 

biosynthesis pathways following lipid loading and reduced cell proliferation pathways. This was 

associated with an upregulated endoplasmic reticulum (ER) stress response, impaired cholesterol 

efflux, and enhanced macrophage cytotoxicity following cholesterol loading. Overall, this study 

reveals a regulatory module in foamy macrophages reliant on Trem2 for regulating cholesterol 

accumulation and cell survival and identifies Trem2 as a therapeutic candidate for atherosclerosis. 

3.2 Results 

3.2.1 Trem2 is associated with foamy macrophage differentiation  

Recent efforts in scRNA-seq have generated high dimensional analysis of immune cell 

profiles of atherosclerotic plaques, defining previously unknown cell subset heterogeneity(52,187). 

However, regulators of fate specification between key subsets remains unclear. We created a META-

dataset of immune cells associated with mouse atherosclerosis using eight publicly available scRNA-
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seq libraries (Figure 3.1a)(55,63,173ï177). Integrated data revealed 16 total clusters and differential 

gene expression analysis supported prior META-analysis studies (Figure 3.2a)(35). This included the 

identification of three intima associated macrophage populations, a monocyte population, and 5 

adventitia macrophage populations. In addition, we identified clusters of dendritic cells (DCs), 

lymphocytes, proliferating cells, as well as smooth muscle cells and two small undefined 

populations. To remove non-macrophage clusters and clusters not present within atherosclerotic 

lesions, we used prior sequencing profiles to enrich monocytes and intima macrophage clusters(55). 

The resulting dataset contained four main clusters (Figure 3.1b,c), defined by canonical gene 

markers: monocytes (Hp+ Treml4+ Ly6c2+), foamy macrophages (Fabp5+ Mmp12+ Gpnmb+ Itgax+ 

Cd9+), inflammatory macrophages (Tnf+ Nlrp3+ Mgl2+ Il1b+) and MHC-IIhigh macrophages (H2-

DMa+ Cd74+). Inflammatory macrophages shared expression of MHC-II genes with MHC-IIhigh 

macrophages, yet, MHC-IIhigh macrophages lacked an inflammatory cytokine signature. Importantly, 

all intima-associated clusters were represented in each input scRNA-seq dataset, suggesting high 

reproducibility for cluster identities across studies (Figure 3.1d, Figure 3.2b).  

To predict differentiation trajectories between intima myeloid cell subsets, we applied the 

slingshot algorithm from Dynverse(188,189) to our integrated dataset. Using monocytes as the 

origin, we reveal two trajectories that suggest binary fate determinates toward either foamy or 

inflammatory macrophage lineages (Figure 3.1c). Surprisingly, trajectory analysis suggests an 

intermediate inflammatory population shared between differentiation programs, which upregulate 

modest levels of MHCII and inflammatory genes prior to lineage commitment (Figure 3.1c, Figure 

3.3a). From this intermediate transition stage, monocytes may differentiate toward foamy lineage, 

where inflammatory genes are downregulated, or inflammatory lineage, where inflammatory genes 

are further upregulated (Figure 3.3b). While it is difficult to meaningfully split the inflammatory 
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macrophage cluster into several clusters due to the shared continuous expression of canonical 

inflammatory genes (Il1b, Tnf, Nlrp3), there were genes reserved for further commitment to 

inflammatory fate, including MHC II genes, Ccl3, and Ccl4 (Figure 3.3c,d). Interestingly, expression 

levels of Sirpa and Cd47, genes associated with efferocytosis, were not differentially expressed 

between macrophage clusters (Figure 3.3e).  

Next, we sought to visualize the kinetics of the monocyte-to-foamy macrophage 

differentiation program on pseudotime ordering, showing gene expression changes over pseudotime 

for selected foamy macrophage genes (Figure 3.1e). While the patterns of activation of foamy 

macrophage-associated genes Lgals3, Spp1, and Trem2 are similar, the heat map suggests earlier 

activation of Trem2 transcript during lineage commitment. We used Dynverse to also obtain gene 

importance scores associated with each differentiation outcome(189) (Figure 3.1f). Lastly, gene 

expression plots for top candidate genes, Lgals3, Spp1, and Trem2 confirm specificity for the foamy 

macrophage cell cluster (Figure 3.1g). These data identify candidate genes that may be key regulators 

for differentiation into terminal states. Furthermore, this analysis suggests that monocyte 

commitment toward fully differentiated plaque macrophages may occur as a binary fate-decision 

from a common inflammatory intermediate population.  

To compare these findings to human atherosclerosis, we performed characterization of 

myeloid cells from publicly available symptomatic and asymptomatic human atherosclerotic carotid 

endarterectomy samples(36). After data integration, 19 distinct cell populations were identified 

(Figure 3.4a). Clustering of monocytes and macrophages generated four unique clusters (Figure 3.4b) 

that expressed PTPRC and CD14, confirming myeloid origins (Figure 3.4c). Similar to the mouse 

data, foamy and inflammatory macrophages were distinct populations, with cluster 8 expressing high 

levels of lipid processing genes (FABP5, LGALS3), while cluster 2 expressed inflammatory genes 
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including IL1B and NLRP3 (Figure 3.4d,e). Furthermore, we found that TREM2 expression was 

limited to foamy macrophages in human plaques (Figure 3.4f). Stratification of differentially 

expressed myeloid genes between asymptomatic and symptomatic plaques found that foamy genes 

FABP4, CD9, and LPL were enriched in asymptomatic plaques (Figure 3.4g), suggesting that foamy 

macrophages may promote plaque stability. TREM2 was also enriched in plaques from asymptomatic 

patients, but this was not statistically significant (Figure 3.4g). 

3.2.2 Genome wide CRISPR-knockout screen of oxLDL uptake  

Single cell trajectory and differential gene expression analysis provided a detailed map of 

transcriptional changes that occur during foamy macrophage differentiation. However, it is unable to 

define which genes regulate foamy macrophage differentiation. To determine whether genes 

expressed during foamy macrophage commitment could also influence the ability of macrophages to 

accumulate oxidized LDL (oxLDL), we designed an in vitro CRISPR screening approach. For this 

screen we elected to differentiate cells into foamy macrophages to mimic macrophages in 

atherosclerotic plaque. We inserted Cas9 and the ñGoudaò knockout pooled CRISPR-guide library 

into the BV2 myeloid cell line(190). This cell line was selected based on infection efficiency of the 

library (>90%)(191,192). To screen for genes associated with oxLDL uptake cells were loaded with 

soluble cholesterol, then pulsed with fluorescently labeled DiI-conjugated oxLDL particles (Figure 

3.5a,b). After four hours, cells were collected and separated into DiIlow or DiIhigh populations by 

fluorescence activated cell sorting (FACS). The four-hour time point was selected for the screen since 

it was within the maximal DiI-oxLDL uptake phase (Figure 3.6a). The top and bottom 9% of cells 

labeling with DiI were sorted and sequenced for guide enrichment. Differential guide analysis 

between DiIlow versus DiIhigh cells revealed gene targets associated with enhanced or reduced oxLDL 

uptake, including Trem2 (Figure 3.5c). Unbiased analysis of guide enrichment rank-ordered against 
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P-values and FDR are shown (Figure 3.6b,c). Selected genes associated with lipid processing, 

classical activation, or alternative activation pathways are also shown (Figure 3.5d). As expected, 

loss of lipid processing genes, like Lpl or Fabp5, led to reduced ability to take up DiI-oxLDL. 

Furthermore, anti-inflammatory genes also were enriched in DiIlow cells, suggesting that these genes 

were associated with foamy macrophage maintenance. Interestingly, of the top 15 ñimportance-

indexò genes identified in foamy cell trajectory analysis in Figure 3.1, Trem2 was the top enriched 

gene associated with the regulation of oxLDL uptake (Figure 3.6d).  

 Next, we sought to validate the CRISPR screen result using ex vivo cultured primary 

macrophages. Peritoneal macrophages were isolated from C57Bl/6 (WT) or Trem2-/- mice and treated 

with soluble cholesterol overnight. Peritoneal macrophages induced Trem2 expression on WT 

peritoneal macrophages after cholesterol loading (Figure 3.5e), and bodipy staining for total neutral 

lipids confirmed similar lipid accumulation in WT and Trem2-/- macrophages (Figure 3.5f). However, 

DiI-oxLDL treatment resulted in reduced fluorescence in Trem2-/- foamy macrophages compared to 

WT controls (Figure 3.5g), confirming that foamy macrophages depend on Trem2 for efficient 

oxLDL uptake. Furthermore, Trem2-/- cells had decreased expression of CD36 (Figure 3.5h, Figure 

3.6e), suggesting that Trem2 signaling may drive oxLDL uptake through regulation of scavenger 

receptors. We also assessed SR-AI expression, a class A scavenger receptor that mediates LDL 

uptake, and found no difference in expression (Figure 3.6f).  These data confirm that Trem2 regulates 

the ability of lipid loaded macrophages to take up additional oxLDL. Lastly, to confirm the prior 

findings of TREM2 expression by human plaque macrophages (Figure 3.4)(36), we also confirmed 

by protein immunofluorescence that TREM2 protein was expressed by macrophages present in 

human carotid plaque (Figure 3.7). Thus, Trem2 is expressed by plaque-associated macrophages in 

both mice and humans and is a putative regulator of foamy macrophage formation. 
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3.2.3 Trem2 is required for foamy cell formation in vivo 

Trem2 regulates macrophage polarization, phagocytosis, and survival, but its role in 

atherosclerosis remains to be examined. Since Trem2-/- mice have elevated cholesterol levels 

compared to control mice following high fat diet (HFD) feeding, we elected to utilize a mixed bone 

marrow chimera approach to normalize cholesterol levels between strains and allow for examination 

between WT and Trem2-/- macrophages. Atherosclerosis-susceptible Ldlr-/- mice were lethally 

irradiated, then transplanted with a 50/50 mix of Trem2-/- bone marrow cells or control bone marrow 

cells that express LysMcre R26tdTomato reporter allele. Mice were rested for 8 weeks following 

irradiation, then chimeric mice were fed HFD for 8 weeks to induce plaque formation (Figure 3.8a). 

Blood analysis confirmed efficient mixing of Trem2-/- (tdTomato-) and control (tdTomato+) 

monocytes in chimeric mice (Figure 3.8b). Confocal analysis of the aortic plaques revealed a distinct 

enrichment of tdTomato+ labeling in cells resembling foamy morphology (large, bloated) that co-

stained for CD45 (white). Conversely, CD45+ tdTomato- cells were associated with smaller, 

nonfoamy morphology (Figure 3.8c). For quantification, foamy macrophages were blindly identified 

using morphology and CD68 staining, then separated into tdTomato-positive (WT) or -negative 

(Trem2-/-) populations. Analysis revealed equal contributions to blood monocytes, but Trem2-/- 

macrophages failed to compete against WT macrophages to differentiate into foamy macrophages in 

plaques (Figure 3.8d). To confirm this finding, we also employed a ñFoam FACSò approach to 

determine foamy macrophage formation by flow cytometry in mixed chimera mice(55). After HFD 

feeding, aortas were isolated and enzymatically digested to liberate macrophages for flow cytometry. 

Macrophages were identified (CD64+CD11b+), then separated into Trem2-/- (tdTomato-) or control 

(tdTomato+) and cells were assessed for lipid content (Bodipy) and side-scatter (SSC) (Figure. 3.8e). 

Control macrophages were more effective at taking up lipid compared to Trem2-/- macrophages 
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(Figure 3.8f), and a larger percentage of tdTomato+ cells were phenotypically foamy (Figure 3.8g). 

Together, these data support the idea that Trem2 promotes the formation of foamy macrophages in 

atherosclerosis. 

3.2.4 Loss of Trem2 on macrophages attenuates atherosclerosis progression 

Given the systemic defects associated with the Trem2-/- mouse, we crossed Trem2 conditional 

knockout (Trem2flox) with CX3CR1creER inducible-Cre mice on the Ldlr-/- background (Trem2ȹMʌ). 

This approach allows for temporal Trem2 deletion on CX3CR1-expressing cells, which includes all 

monocytes, plaque associated macrophages, and other CX3CR1-expressing tissue resident 

macrophages. Control (Cntl) animals were littermates and included Cre-negative and Cre-positive 

animals, both control strains showed comparable results and were combined for reporting. To test the 

role of Trem2 in plaque formation, Trem2ȹMʌ or controls were continuously fed a tamoxifen-

enriched HFD (TAM-HFD) for 8 or 16 weeks to induce Trem2 deletion and drive atherosclerosis 

(Figure 3.9a). Deletion of Trem2 in plaque macrophages was confirmed by flow cytometry from 

aorta after 16-week TAM-HFD feeding (Figure 3.10a). Strikingly, after 8 weeks of TAM-HFD, 

atherosclerotic plaques in both the aortic arch and aortic sinus were dramatically reduced in the 

Trem2ȹMʌ mice compared to controls (Figure 3.9b,c). Importantly, this result was independent of 

changes in serum cholesterol or body weight (Figure 3.9d,e). Reduced atherosclerotic plaque 

formation in the aortic arch and aortic sinus of Trem2ȹMʌ mice were replicated after 16 weeks TAM-

HFD feeding (Figure 3.9f-g) and was not associated with changes in cholesterol or weight (Figure 

3.9h-i). Together, these data show Trem2 is required for atherosclerosis progression and support the 

hypothesis that Trem2 regulates foamy macrophage formation in atherosclerotic lesions. 

3.2.5 Trem2 regulates foamy macrophage survival and proliferation in plaque 
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To determine mechanisms regulating plaque progression in Trem2ȹMʌ mice, we investigated 

whether there were systemic changes in inflammation. First, by serum cytokine multiplex assay, we 

observed no significant changes across a panel of 10 cytokines associated with atherosclerosis 

progression at 8- or 16-weeks TAM-HFD feeding (Figure 3.11a,b). Next, since increased blood 

monocyte numbers are associated with elevated atherosclerotic plaque formation(193), we performed 

flow cytometry to assess peripheral blood immune cell populations (Figure 3.10b). Data revealed no 

substantial changes in monocyte or other immune cell numbers in the blood, suggesting that changes 

in systemic inflammation were not a major driver of the reduced atherosclerosis observed in 

Trem2ȹMʌ mice (Figure 3.10c, Figure 3.11c). 

We next performed a monocyte recruitment assay by labeling monocytes with fluorescent 

beads to determine whether there were changes in recruitment to lesions following 8 or 16 weeks of 

TAM-HFD. Following established protocols(80,194), beads were injected i.v. to label classical 

monocytes, labeling efficiency was checked after 24 hours, and mice were sacrificed to assess 

monocyte infiltration into lesions 48 hours after bead labeling. Figure 3.11d shows representative 

plaque area and bead recruitment to lesions. Beads typically infiltrated the surface of lesions, as 

previously described(80). Importantly bead uptake by blood monocytes was similar between control 

and Trem2ȹMʌ mice (Figure 3.10d). Quantification of beads in atherosclerotic lesions revealed 

comparable recruitment rates between experimental groups (Figure 3.11e). This was independent of 

changes in atherosclerotic lesion size. Changes in plaque lesion size were also independent of sex, 

where male and female mice show similar trends in reduced plaque size when Trem2 was 

conditionally deleted (Figure 3.12a,b). Cumulatively, these data suggest that changes in plaque size 

are likely associated with local changes in foamy macrophage function or persistence in lesions.  



рн 
 

To test local plaque changes in TAM-HFD fed Trem2ȹMʌ or control mice, we performed 

confocal microscopy to assess plaque macrophage and smooth muscle area using 

immunofluorescence staining of aortic sinus sections. Macrophages were identified using CD68 

antibody and smooth muscle cells with alpha actin (SMA). Quantification confirmed reduced total 

macrophage area in Trem2ȹMʌ mice at 8- and 16-week TAM-HFD (Figure 3.13a,b). However, as a 

percentage of total plaque, macrophage area was trending larger in the Trem2 deficient mice (Figure 

3.13c), which is consistent with less developed plaques, prior to the formation of a fibrous cap, 

smooth muscle-derived foam cells, or necrotic core formation(195). SMA-expressing fibrous cap size 

was further examined but no difference between groups at either time point was observed (Figure 

3.12c,d). We also assessed necrotic core formation and found no significant differences (Figure 

3.12e).  

Since Trem2 is associated with alternative activation responses in macrophages(107), we next 

stained sections for iNOS expression to detect whether macrophage activation states were affected in 

Trem2-deficient plaques. By performing immunofluorescence staining and quantification, we found 

no differences in the number of iNOS+ macrophages after 16 weeks TAM-HFD feeding (Figure 

3.12f,g), suggesting Trem2 deletion may not affect proinflammatory macrophage skewing within 

plaques. Moreover, given the reduced number of macrophages within Trem2ȹMʌ plaques and that 

Trem2-/- peritoneal macrophages had decreased ox-LDL uptake, we tested whether there were 

changes in total lipid content in Trem2-sufficient or deficient plaques. We measured total plaque lipid 

content by staining neutral lipids (Bodipy) by confocal microscopy and quantified average pixel 

intensity across lesions (Figure 3.12h). Data revealed no change in the MFI of Bodipy between 

Trem2ȹMʌ and Ctrl plaques at 16-weeks post TAM-HFD (Figure 3.12i), suggesting that the reduction 
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in plaque macrophages was not leading to excess accumulation of cholesterol in the lesions of 

Trem2ȹMʌ animals.  

Next, to detect potential changes in proliferation, we performed immunostaining for Ki67 

(Figure 3.13d). Quantification of CD68+ Ki67+ macrophages within lesions showed a dramatic 

reduction in local proliferation in Trem2ȹMʌ plaques at both 8- and 16-week TAM-HFD feeding 

(Figure 3.13e). To test whether loss of Trem2 resulted in changes in macrophage susceptibility to 

death in plaques, we also performed TUNEL staining to identify apoptotic cells (Figure 3.13f). 

TUNEL+ CD68+ macrophages were dramatically enriched in Trem2ȹMʌ plaques at both time points 

analyzed (Figure 3.13g). Together, these data suggest that foamy macrophages rely on Trem2 to 

persist and proliferate in atherosclerotic lesions. 

3.2.6 Trem2 deletion in established plaque slows atherosclerosis progression 

Since humans are diagnosed with atherosclerosis once plaque has already developed, we 

wanted to test whether Trem2 can be targeted therapeutically in established atherosclerotic lesions. 

We designed an in vivo intervention study by feeding Trem2ȹMʌ mice or littermate controls a regular 

HFD for 8 weeks to induce atherosclerotic lesions in all animals, then transitioning the mice to a 

TAM-HFD to allow for deletion of Trem2 on CX3CR1-expressing cells for an additional 8 weeks. 

After 16 weeks of total HFD feeding, mice were sacrificed and assessed for atherosclerosis 

progression (Figure 3.14a). Aortic arch and aortic sinus were measured for atherosclerotic plaque 

area and revealed that myeloid-specific deletion of Trem2 in established lesions attenuated further 

atherosclerosis progression (Figure 3.14b,c). This outcome was independent of blood monocyte 

numbers or serum cholesterol levels (Figure 3.14d,e). Similar to data from the continuous treatment 

experiments, plaque macrophages from Trem2ȹMʌ mice showed reduced Ki67 positivity and elevated 
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TUNEL staining compared to controls (Figure 3.14f,g). Overall, these data emphasize the potential 

for targeting Trem2 to reduce further atherosclerosis progression in patients with established plaques. 

3.2.7 Trem2 regulates foamy macrophage cholesterol sensing and ER stress 

To examine the mechanisms that are regulated downstream of Trem2 in foamy macrophages, 

we generated a Trem2-/- BV2 macrophage cell line to allow for rapid assessment of the role of Trem2 

in a homogenous cell line. For in vitro studies, BV2 cells were cultured in media alone, in soluble 

cholesterol at 20 Õg/mL, or ñhighò dosing at 80 Õg/mL. First, we validated that we had CRISPR-

Cas9 knockout of Trem2 protein in BV2 cells following soluble cholesterol treatment (Figure 3.15a). 

We next sought to understand the molecular regulation of Trem2 in nonfoamy and foamy 

macrophages. Thus, we performed bulk RNA-seq analysis of control or Trem2-/- BV2 cells treated 

overnight in media alone or 20 Õg/mL soluble cholesterol. We were interested in understanding the 

response to cholesterol loading, so we compared WT BV2 to WT-foamy and Trem2-/- BV2 to Trem2-

/- foamy. As expected, WT foamy cells showed a strong upregulation of cholesterol efflux genes 

(Abca1, Abcg1) and a downregulation of cholesterol synthesis genes (Cyp51, Hmgcr) (Figure 3.15b). 

Surprisingly, these features were inversely associated in the Trem2-/- foamy cells. Foamy Trem2-/- 

cells showed a lipid loading phenotype by increased expression of Fabp5, Stard4, and Plin2, but had 

reduced expression of efflux genes (Abca1, Abcg1) and upregulation of cholesterol synthesis genes 

(Cyp51, Hmgcr) (Figure 3.15c). Comparison between WT and Trem2-/- macrophages (untreated or 

foamy) revealed numerous classical and alternative activation pathways being upregulated in Trem2-/- 

BV2s, independent of treatment condition (Figure 3.16a,b). In addition, cell cycle genes (Ccnd1 and 

Ccnd2) and cell proliferation pathways (Figure 3.16c), were upregulated in WT BV2 cells. 

Consistent with the interpretation of dysfunctional cholesterol sensing and response, Trem2-/- BV2s 

showed upregulation of cholesterol biosynthesis pathways, whereas WT cells showed significant 
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downregulation, as observed by GSEA (Figure 3.15d). Interestingly, we also found that Trem2-/- 

BV2s expressed lower levels of matrix metalloprotease genes (Mmp9, Mmp12) suggesting a potential 

role from Trem2 signaling in extracellular matrix remodeling (Figure 3.16d). 

Pathway analysis comparing WT-foamy and Trem2-/- foamy macrophages revealed that the 

top 10 pathways enriched in WT foamy macrophages were associated with cell cycle pathways 

(Figure 3.15e,f,), supporting our prior in vivo conclusions. Finally, we also assessed cytokine 

production in the supernatant of BV2 cell cultures and found no significant differences between the 

production of pro and anti-inflammatory cytokines between WT and Trem2-/- BV2s, regardless of 

lipid loading (Figure 3.16e). Overall, RNA-seq analysis revealed dramatic changes in cell 

proliferation and lipid metabolism pathways in Trem2-/- BV2 cells compared to WT.  

Since gene expression analysis suggested a defect in Trem2-/- BV2 cells in cell cycle 

regulation and lipid sensing, we first tested whether these cells were more sensitive to lipid loading. 

Using an LDH assay, we tested cytotoxicity in foamy and nonfoamy BV2 KO and WT cells (Figure 

3.15g). Soluble cholesterol loading bypasses any defects associated with Trem2-/- lipid loading and 

forces cell accumulation of cholesterol. Data show no change in Trem2-/- BV2 cell cytotoxicity until 

cells given greater loads of soluble cholesterol (Foamyhi), whereas Trem2-/- BV2 foamy cells showed 

approximately a 20% increase in overall death in culture. Similar results were observed in peritoneal 

macrophages lacking Trem2 (Figure 3.17a). In accordance with this, we also assessed the ability of 

Trem2-/- and WT foamy or nonfoamy BV2 cells to uptake oxLDL and found that only foamy, and not 

nonfoamy, Trem2-/- cells had a defect in DiI-oxLDL uptake (Figure 3.15h), consistent with prior 

peritoneal macrophage data. These observations led us to hypothesize that impaired oxLDL uptake 

may be linked to reduced survival under lipid loaded conditions.  
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Given the established role of Trem2 in regulating phagocytosis and efferocytosis(108), we 

next asked if Trem2-/- macrophages had a defect in efferocytosis of dead cells by culturing irradiated, 

cell trace violet (CTV) stained splenocytes with Trem2-/- or WT BV2s and measuring uptake. We 

found that in both nonfoamy and foamy state, Trem2 deficiency led to a decreased ability to 

efferocytose dying cells in BV2s (Figure 3.15i) and peritoneal macrophages (Figure 3.17b), 

suggesting that, unlike oxLDL uptake, efferocytic impairment may be a product of intrinsic Trem2 

deficiency rather than driven by impaired survival.   

Since Trem2-/- foamy macrophages showed enhanced cytotoxicity and defective cholesterol 

response, we hypothesized that loss of Trem2 in foamy macrophages may lead to accumulation of 

free cholesterol in the endoplasmic reticulum (ER) and promote the ER stress response. This is 

supported by prior work showing that Trem2-deficient microglia were unable to adapt to excess 

cholesterol exposure(162). Cholesterol mediated cytotoxicity is commonly associated with an ER-

stress response. We performed intracellular flow cytometry for sXBP1, to indicate ER stress 

response, in WT and Trem2-/- nonfoamy or foamy BV2 cells and used tunicamycin treatment as a 

positive control (Figure 3.15j)(196). We observed enhanced ER stress response in Trem2-/- foamy 

BV2s after 20 Õg/mL soluble cholesterol (Figure 3.15j) and in Trem2-/- foamy peritoneal 

macrophages (Figure 3.17c). Lipid toxicity can affect a wide variety of organelles, so to determine if 

ER stress is the primary mediator of impaired survival seen in lipid loaded Trem2-/- BV2s, we 

performed an overnight foamy macrophage formation assay in WT or Trem2-/- cells in the presence 

or absence of 4-phenylbutyrate (PBA), an ER stress inhibitor(162,197). PBA treatment led to a minor 

survival benefit in WT cells, but it recovered Trem2-/- foamy macrophages viability to WT levels in 

(Figure 3.15k), suggesting that ER stress drives the impaired cell survival observed with Trem2 

deficiency.  
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Our sequencing data and other work support that Trem2 signaling drives Liver X Receptor 

(LXR) activation and cholesterol efflux(69,161) and that LXR deficiency can exacerbate ER stress 

responses(198,199). Thus, we hypothesized that Trem2 deficiency leads to impaired LXR activation 

and cholesterol efflux, driving ER stress responses and cell death. GSEA analysis of RNA-seq 

studies found that Trem2-/- foamy cells failed to induce genes associated with cholesterol efflux 

(Figure 3.15l), LXRŬ (Nr1h2) and LXRɓ (Nr1h3) (Figure 3.15m). To test if driving LXR activation 

could rescue Trem2-/- foamy macrophages, we cultured WT or Trem2-/- foamy macrophages with the 

LXR agonist T0901317. LXR agonist treatment led to improved cell survival (Figure 3.15n) and 

decreased ER stress responses by sXBP1 expression in Trem2-/- foamy BV2s (Figure 3.15o). 

Together these data support a model where Trem2 is required for intracellular lipid sensing and 

metabolic programming to drive LXR activation in foamy macrophages which promotes foamy cell 

survival and maximization of lipid storage, efflux potential, and survival. 

3.3 Discussion 

Macrophages are major contributors to the formation of atherosclerotic plaque. Many 

features of lipid loaded foamy macrophage function are well-established, including cholesterol 

uptake, storage, and efflux. However, factors specifically regulating foamy macrophage 

differentiation and survival have remained understudied. We approached this subject using an in-

silico analysis approach of scRNA-seq data. By generating a META-scRNA-seq dataset, we were 

able to achieve (i) finer resolution to identify rare cell clusters, (ii) observe previously concealed 

intermediate cells, and (iii) split previously defined clusters into sub-clusters. We tested the 

differentiation trajectory between major atherosclerosis associated myeloid subsets using 

computational modeling to predict gene expression trajectories associated with the major 

inflammatory or foamy macrophage states that appear to be terminal differentiation points.  
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One significant result from our analysis was the predicted binary differentiation pathways 

from recruited monocytes toward inflammatory or foamy macrophage lineages. Studies in other 

chronic inflammatory disease models, including lung fibrosis, suggest that monocytes undergo a 

transient inflammatory state before maturing into a pro-resolving macrophage(200). Additional 

studies are needed to test this hypothesis by utilizing fate-mapping approaches to determine whether 

foamy and inflammatory clusters are indeed terminal differentiation states, or whether there is 

plasticity between clusters. Given the highly inflammatory state of Cluster 1 defined in Figure 3.1c, it 

may not be surprising if many of these cells undergo inflammasome-mediated pyroptosis(201,202). 

Expanded investigation into these possibilities and defining the function of the MHCII+ subsets will 

be necessary. Pseudotime analysis was used to identify genes associated with commitment toward 

foamy or inflammatory outcomes. We also performed a genome wide CRISPR screen to detect genes 

that regulate the uptake of oxLDL. Together, the screen and pseudotime analysis emphasized the 

importance of Trem2 in foamy cell formation. Through in vitro and in vivo approaches, we validated 

the role of Trem2 in regulating foamy macrophage lipid, cellular metabolism, and survival in lesions.  

 Trem2-/- mice possess a variety of phenotypes that make analysis and interpretation difficult, 

particularly in the context of atherosclerosis(115). A recent preprint article showed that Trem2-/- was 

sufficient to drive accelerated necrotic core formation in atherosclerosis(203). These data further 

support our findings that Trem2 is required for foamy macrophage survival and efficient 

efferocytosis. Interestingly, we report that deletion of Trem2 on macrophages does not recapitulate 

the systemic cholesterol effects seen with whole body Trem2 deletion(115,203). Furthermore, our 

studies did not address advanced lesion formation, thus results observing no change in necrotic core 

formation may be expected when compared against the more advanced lesions studied with the 

Trem2-/- mouse(203). This leads us to hypothesize that differences between models could be due to 
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developmental defects that require Trem2, such as in brain or liver, or that Trem2 deletion influences 

cell function in CX3CR1-negative macrophages which did not delete in our model. Despite 

differences between Trem2 models, our findings align and support that Trem2 is a master regulator of 

lipid associated macrophage function and phenotype across disease subtypes.  

Mechanistically, we found that Trem2 signaling promotes proliferation and survival of foamy 

macrophages. Deletion of Trem2 led to a defect in LXR-mediated cholesterol efflux and 

downregulation of cholesterol synthesis pathways. Other groups have also reported deficiencies in 

cholesterol efflux pathways in Trem2-deficient macrophages(123,161). Our studies further revealed 

an increase in ER stress responses in Trem2-/- foamy macrophages, which drove cell death upon lipid 

loading. Consistent with these results, studies of microglia found that Trem2 deletion leads to 

impaired uptake and storage of myelin debris(162) Based on this, we conclude that Trem2-deficiency 

drives two downstream outcomes that contribute to atherosclerosis protection. Trem2 is required for 

cholesterol efflux pathway activation and in Trem2-/- cells, this impairment leads to exacerbated ER-

stress response. Cholesterol accumulation in the ER and subsequent ER stress likely promotes the 

downregulation of cholesterol uptake pathways, such as CD36, and contributes to reduced 

cholesterol uptake. Thus, we propose that changes in lesion size are mediated by slowed cholesterol 

uptake and enhanced cell death, which are products of reduced cholesterol efflux capacity in Trem2-/- 

macrophages.    

 Trem2 has been proposed as a therapeutic target for a variety of disease models, including 

Alzheimerôs disease(183) and cancer(149). Targeting Trem2 is tempting because of its 

immunomodulatory function. Importantly, both Trem2 agonistic and blocking antibodies have been 

developed for use in Alzheimerôs disease and cancer. Trem2 blocking antibodies enhance tumor 

immunotherapy action through modulating the cancer microenvironment(149). Our results support 
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that targeting Trem2 in established atherosclerotic lesions may result in protection (Figure 3.14). 

However, in advanced lesions, inhibiting Trem2 may lead to enhanced necrotic core formation as a 

result of impaired cell survival(203).  

In conclusion, loss of Trem2 in foamy macrophages led to enhanced cellular stress response, 

reduced proliferative potential, and augmented cell death. Conditional deletion of Trem2 in foamy 

macrophages showed attenuated atherosclerosis progression and that targeting Trem2 in established 

lesions was sufficient to reduce overall plaque burden. Thus, Trem2 is a regulator of foamy 

macrophage survival, and is an appealing target for future therapeutic studies. 
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3.4 Figures 

Figure 3.1 META scRNA-seq trajectory analysis identifies genes associated with foamy 

macrophage differentiation in atherosclerotic plaques 

a) scRNA-seq datasets from atherosclerosis studies were integrated into a single meta-dataset. 

Based on cluster gene enrichment signatures cells were filtered to isolate intima-associated 

monocyte and macrophage clusters. Cells were examined for trajectory analysis and differential 

gene expression.  

b) Four main clusters of intima associated monocytes/macrophages were identified and 

annotated based on enriched gene signatures. Top differential expressed genes are displayed in 

association with the different clusters. 
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c) Trajectory analysis was performed to determine the potential differentiation pathways used 

by foamy or inflammatory clusters. Data emphasizes a monocyte origin and bifurcation toward 

terminal macrophage differentiation endpoints, with intermediate transition state marked with hash 

marks. 

d) Monocyte and macrophage cluster representation from original studies is displayed, 

emphasizing the presence of all clusters from each independent study.  

e) Pseudotime trajectory was plotted between monocyte (cluster 3, origin) and foamy 

macrophages (cluster 0, end point). Genes associated with monocyte lineage, including Plac8 and 

Ifitm6, were rapidly lost and genes associated with foamy macrophage specification were enriched 

across pseudotime.  

f) Trade-seq analysis algorithm predicted genes most likely associated with lineage 

commitment, called importance index. Top predicted genes for inflammatory and foamy 

differentiation are outlined in the table.  

g) The top three genes associated with foamy cell ñimportance indexò were plotted on tSNE 

project map for gene expression profile. 
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Figure 3.2 Integrated scRNA-seq differential gene expression  

a)  Heat map of cell clusters identified in META-scRNA-seq dataset, and top enriched genes for 

each cluster. 
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b) Cell type proportion per each dataset from META-scRNA-seq dataset. 
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Figure 3.3 Trajectory analysis of META-scRNA-seq dataset 

a) Trajectory analysis revealed stages of differentiation following monocyte entry associated 

with inflammatory macrophage clusters 
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b) Upregulation of inflammation genes associated with entry into intima and commitment 

toward inflammatory macrophage differentiation 

c) Ccl3 and Ccl4 were uniquely expressed by committed inflammatory cells, but not by 

intermediate inflammatory cells. 

d) MHC II expression is gradually elevated along commitment toward inflammatory 

differentiation arm of the trajectory map. 

e) Cd47 and Sirpa expression on trajectory map. 

  



ст 
 

Figure 3.4 Human atherosclerotic endarterectomy scRNA-seq  
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a) Clustering of all cell subsets from human atherosclerotic endarterectomy samples (Fernandez 

et. al., Nat Med 2019). 

b) Clustering of monocyte/macrophage populations from human atherosclerotic endarterectomy 

samples (Fernandez et. al., Nat Med 2019). 

c) PTPRC and CD14 expression of clustered monocyte/macrophage populations from 3b. 

d) Foamy macrophage gene (FABP5, LGALS3) expression of clustered monocyte/macrophage 

populations from 3b. 

e) Inflammatory macrophage gene (IL1B, NLRP3) expression of clustered 

monocyte/macrophage populations from 3b 

f) TREM2 expression of clustered monocyte/macrophage populations from 3b.  

g) Volcano plot of enrichment of genes from samples from either asymptomatic or symptomatic 

patients. TREM2 in red. DEGs were determined by Wald test with DESeq2. 
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Figure 3.5 Genome-wide CRISPR-screen identifies Trem2 as a candidate regulator for foamy 

macrophage formation.  

a) Schematic for CRISPR knockout screening approach for oxLDL uptake. BV2 macrophages 

were loaded with CRISPR pooled guide library (Gouda). Cells were made foamy by overnight 

treatment with soluble cholesterol, then challenged for 4 hours with DiI-oxLDL and sorted for DiI-

high and DiI-low cells. Guides were sequenced from sorted populations. 

b) Confocal micrograph showing BV2 DiI uptake after 4 hour incubation with DiI-oxLDL. 

Representative of two independent experiments. 

c) CRISPR-guide enrichment comparing log-normalized enrichment in DiI-high (X-axis) versus 

DiI-low (Y-axis). Gray error bands delineate guides with log fold change<1.  

d) Selected gene enrichments comparing DiI-low vs. DiI-high.  

e) Peritoneal macrophages were isolated from WT or Trem2-/- mice and treated with soluble 

cholesterol to induce foamy cell formation. After overnight culture, cells were analyzed for Trem2 
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expression by flow cytometry (n=5 biologically independent replicates/group). Data are mean Ñ 

S.E.M. Studentôs t-test, P= ****<0.0001. 

f) Bodipy staining for total neutral lipid accumulation was performed by flow cytometry on 

peritoneal macrophages from WT or Trem2-/- mice, cultured overnight in media alone or in media 

with soluble cholesterol. (n=6 biologically independent replicates for untreated and n=4 biologically 

independent replicates for foamy). Data are mean Ñ S.E.M. Studentôs t-test. 

g) Peritoneal macrophages were isolated from WT or Trem2-/- mice and treated with soluble 

cholesterol to induce foamy cell formation. After overnight culture, cells were treated with DiI-

oxLDL for 4 hours and assessed for uptake by flow cytometry (n=5 biological replicates/group). Data 

are mean Ñ S.E.M. Studentôs t-test, P=**<0.01. 

h) CD36 expression from peritoneal macrophages isolated from WT or Trem2-/- mice and 

treated with soluble cholesterol overnight to induce foamy cell formation (n=5 biological 

replicates/group). Data are mean Ñ S.E.M. Studentôs t-test, P= *<0.05. 
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Figure 3.6 CRISPR screen of foamy macrophage oxLDL uptake and scavenger receptors 
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 a) Time course analysis of DiI-oxLDL uptake in WT BV2 cells differentiated in media with 20 

Õg/mL of soluble cholesterol overnight prior to addition of DiI-oxLDL (n=5 biological 

replicates/group). Data are mean Ñ S.E.M.  

b) CRISPR guide enrichment by rank-order was plotted against P-value for DiI-oxLDL-low 

compared against DiI-oxLDL-high to identify top enriched guides. Trem2 in red. P-values calculated 

using the negative-binomial model from MAGeCK package and adjusted using Benjamini-Hochberg 

procedure.  

c) Two sided P-value vs count and p value vs false discovery rate (FDR) for DiI-oxLDL-low 

compared against DiI-oxLDL-high to identify top enriched guides. p-values and FDR calculated 

using the negative-binomial model from MAGeCK package and adjusted using Benjamini-Hochberg 

procedure.   

d) Top 15 ñimportance indexò genes associated with foamy cell commitment by Trade-seq 

analysis (Fig. 1), were compared for gene rank and enrichment in CRISPR screen. Trem2 highlighted 

in gray. P-values calculated using the negative-binomial model from MAGeCK package and adjusted 

using Benjamini-Hochberg procedure. 

e) CD36 expression (left) and percent CD36 high (right) of foamy peritoneal macrophages 

cultured with soluble cholesterol overnight from WT (blue) and Trem2-/- mice (red). Gated on 

F4/80+ CD11b+ live cells (n=5 biological replicates/group). Data are mean Ñ S.E.M. Studentôs t-test, 

P=**<0.01.  

f) SR-AI expression (left), MFI (middle) and percent SR-AI positive (right) of foamy peritoneal 

macrophages cultured with soluble cholesterol overnight from WT (blue) and Trem2-/- mice (red). 
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Gated on F4/80+ CD11b+ live cells (n=5 biological replicates/group). Data are mean Ñ S.E.M. 

Studentôs t-test 
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Figure 3.7 Trem2 staining of human atherosclerotic plaques  
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a) Cranial artery plaques were stained either for CD68 and Trem2 to identify co-expressing 

foamy macrophages within human plaques (top) or with CD68 and isotype control with secondary 

antibody (bottom). Representative image from 3 independent samples. 

b) Carotid artery endarterectomy samples from three patients stained for isotype control or 

Trem2 using DAB (3,3ǋ-Diaminobenzidine) immunohistochemical staining. Representative images 

from 6 independent samples. 
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Figure 3.8 Trem2-deficient macrophages are outcompeted by WT macrophages to form foamy 

cells in atherosclerotic plaque.  

a) Schematic for mixed bone marrow chimera experiment. Ldlr-/- mice were lethally irradiated 

and rescued by donor bone marrow from (50%) LysMcre R26tdTomato (WT) and (50%) Trem2-/- mice. 

Recipient mice were rested for 8 weeks, then fed a HFD for additional 8 weeks to induce 

atherosclerosis.  

b) Flow cytometry gating of blood immune cells (CD45+) after 8 weeks HFD feeding, showing 

ratio of monocytes derived from WT (tdTomato+) and Trem2-/- progenitors. 
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c) Confocal micrograph of whole mount aorta showing tdTomato labeling (red) and CD45 

(white) staining to define cellular contributions to foamy macrophages. Representative image from 

two independent experiments. 

d) Quantification of tdTomato+ cells in blood compared to foamy macrophages from whole 

mount aorta images. (n=3 mice per group) Data are mean Ñ S.E.M. Studentôs t-test, P=*<0.05. 

e) Foamy FACS was performed on CD64+ CD11b+ macrophages isolated from mixed bone 

marrow chimera aorta. Macrophages were separated into tdTomato+ and tdTomato- populations and 

then assessed for foamy representation by SSC and bodipy (neutral lipid) staining.  

f) Flow cytometric overlap between tdTomato+ (red) and Trem2-/- (blue) derived macrophages 

from digested atherosclerotic aorta.  

g) Quantification derived from flow cytometric foamy FACS comparing relative contribution to 

foamy macrophages (n=4 mice per group). Data are mean Ñ S.E.M. Studentôs t-test, P=**<0.01. 
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Figure 3.9 Conditional deletion of Trem2 on macrophages attenuates atherosclerotic plaque 

progression.  

a) CX3CR1creER Trem2flox/flox Ldlr-/- (Trem2ȹMʌ) or littermate control mice (which included Cre-

negative animals CX3CR1+/+ Trem2fl/fl Ldlr-/- and Cre-positive animals CX3CR1creER/+ Trem2fl/+ Ldlr-/-

) were fed a tamoxifen-enriched HFD (TAM-HFD) for 8- (B-E) or 16-weeks (F-I).  

b) After 8 weeks of TAM-HFD aorta were analyzed by en face analysis for percentage oil red O 

(ORO) staining on the arch (n=17 mice/group for Cntl and n=12 for Trem2ȹMʌ). Data are mean Ñ 

S.E.M. Studentôs t-test, P=**<0.01. 

c) Aortic sinus plaque area measured after ORO staining in 8 week TAM-HFD samples (n=17 

mice per group for Cntl and n=12 for Trem2ȹMʌ). Data are mean Ñ S.E.M. Studentôs t-test, 

P=**<0.01. 
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d) Serum cholesterol levels from 8 week TAM-HFD fed mice (n=11 mice/group for Cntl and 

n=8 for Trem2ȹMʌ). Data are mean Ñ S.E.M. 

e) Weight data from 8 week TAM-HFD fed mice (n=9 mice/group). Data are mean Ñ S.E.M. 

f) En face ORO staining of aorta following 16 weeks TAM-HFD feeding (n=12 mice/group). 

Data are mean Ñ S.E.M. Studentôs t-test, P=****<0.0001. 

g) Aortic sinus plaque area after 16 week TAM-HFD feeding (n=11 mice/group for Cntl and 

n=12 for Trem2ȹMʌ). Data are mean Ñ S.E.M.  Studentôs t-test, P=***<0.001. 

h) Serum Cholesterol after 16 week TAM-HFD feeding (n=10 mice/group). Data are mean Ñ 

S.E.M. 

i) Weight of mice after 16 weeks TAM-HFD feeding (n=10 mice/group for Cntl and n=7 for 

Trem2ȹMʌ). Data are mean Ñ S.E.M. 
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Figure 3.10 Trem2 deletion and immune profiling in atherosclerotic mice  

a) Trem2 expression and quantification from atherosclerotic aortae (n=2 mice/group for Cntl 

and n=3 for Trem2ȹMʌ). Briefly, Cntl or Trem2ȹMʌ mice were fed TAM-HFD for 16 weeks then 

aorta were harvested, digested and flow cytometry was run. Histogram was gated on live, CD45+ 

CD11b+ CD64+ cells. 

b) Flow cytometric gating strategy for identifying major blood immune cell populations. 
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c) Blood immune cell profiling by flow cytometry in indicated mice after 16 weeks TAM-HFD 

feeding (n=12 mice/group for Cntl and n=6 for Trem2ȹMʌ). Data are mean Ñ S.E.M. Studentôs t-

test. 

d) Classical monocyte bead uptake in the blood was measured by flow cytometry 24 hours after 

i.v. bead injection in indicated strains after 16 weeks TAM-HFD feeding (n=7 mice/group for Cntl 

and n=5 for Trem2ȹMʌ). Data are mean Ñ S.E.M. Studentôs t-test. 
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Figure 3.11 Conditional deletion of Trem2 has no effect on monocyte recruitment or systemic 

inflammation.  

a) Serum from 8 week TAM-HFD fed mice were assessed for cytokine levels by multiplex 

assay (n=10 mice/group). Data are mean Ñ S.E.M. 

b) Serum from 16 week TAM-HFD fed mice were assessed for cytokine levels by multiplex 

assay.(n=9 mice/group). Data are mean Ñ S.E.M. 

c) Blood immune cells were assessed after 16 weeks TAM-HFD by flow cytometry (n=12 

mice/group for Cntl and n=6 for Trem2ȹMʌ). Data are mean Ñ S.E.M. 
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d) Monocyte recruitment was assessed by bead labeling and recruitment experiment, images 

from representative histologic and immunofluorescence image with lipid content (red) and beads 

(green). Representative image from two independent experiments. 

e) Quantification of plaque-associated beads that were counted per section for 8 or 16 week 

TAM-HFD experiments from experiments in Fig. 4 (n=7 mice/group for Cntl and n=5 for 

Trem2ȹMʌ). Data are mean Ñ S.E.M. Studentôs t-test. 
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Figure 3.12 Plaque phenotypes of control or Trem2-deficent mice 

a) Aortic arch and sinus plaque quantification from 8-week TAM-HFD fed mice split by sex 

(n=11 mice/group Cntl male, n=5 Trem2ȹMʌ male, n=6 Cntl female, n=6 Trem2ȹMʌ female). Data are 

mean Ñ S.E.M. Two-tailed ANOVA, P=*<0.05. 

b) Aortic arch and sinus plaque quantification from 16-week TAM-HFD fed mice split by sex 

(n=4 mice/group Cntl male, n=6 Trem2ȹMʌ male, n=8 Cntl female, n=5 Trem2ȹMʌ female). Data are 

mean Ñ S.E.M. Two-tailed ANOVA, P=*<0.05, **<0.01.  
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c) Representative imaging of smooth muscle cells, by SMA staining. 

d) Quantification of SMA staining percentage of plaque at 8 (left) and 16 weeks (right) of TAM-

HFD (n=4 mice/group). Data are mean Ñ S.E.M. Studentôs t-test.  

e) Necrotic core quantification from 16 week TAM-HFD fed Cntl or Trem2ȹMʌ (n=11 

mice/group for control and n=9 for Trem2ȹMʌ). Data are mean Ñ S.E.M. Studentôs t-test.  

f) Representative imaging of iNOS+ macrophages (magenta) from Ctrl 16 week TAM-HFD 

mouse plaque. 

g) Quantification of the number of iNOS+ macrophages (CD68) from Ctrl and Trem2ȹMʌ 

plaques after 16 week TAM- HFD (n=5 mice/group). Data are mean Ñ S.E.M. Studentôs t-test. 

h) Representative Bodipy staining (green) from Ctrl 16 week TAM-HFD mouse plaque.  

i) Quantification of the mean pixel intensity of Bodipy from Ctrl and Trem2ȹMʌ plaques after 

16 week TAM-HFD (n=5 mice/group). Mean pixel intensity was determined via imageJ by outlining 

the plaque and calculating mean fluorescence intensity. Data are mean Ñ S.E.M. Studentôs t-test. 
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Figure 3.13 Trem2 regulates foamy macrophage survival and proliferation in atherosclerotic 

lesions.  
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a) Confocal micrograph showing CD68 staining (green) and DAPI (blue) for macrophage area 

in control (Cntl) or Trem2-deficent mice after 16 weeks TAM-HFD feeding. Representative image 

from two independent experiments. 

b) Quantification of CD68+ macrophage area per section in 8- or 16-week TAM-HFD samples 

(n=5 mice/group). Data are mean Ñ S.E.M. Studentôs t-test, P=*<0.05, **<0.01. 

c) Quantification of the percentage of plaque that is macrophages (CD68+) in 8- or 16-week 

TAM-HFD samples (n=5 mice/group). Data are mean Ñ S.E.M. Studentôs t-test.  

d) Confocal micrograph showing Ki67 staining (magenta) and CD68 staining (green) for 

proliferation in control (Cntl) or Trem2-deficient mice after 16-weeks TAM-HFD feeding. 

Representative image from two independent experiments. 

e) Quantification of Ki67+ macrophages (CD68+) per section in 8- or 16-week TAM-HFD 

samples (n=5 mice/group for 8 week TAM-HFD, n=7 mice/group for Cntl 16 week TAM-HFD and 

n=6 mice/group for 16 week TAM-HFD Trem2ȹMʌ). Data are mean Ñ S.E.M. Studentôs t-test, 

P=*<0.05, **<0.01. 

f) Confocal micrograph of TUNEL staining (magenta) and CD68 staining (green) for detection 

of dying cells within atherosclerotic lesions after 16-weeks TAM-HFD feeding. Representative image 

from two independent experiments. 

g) Quantification of TUNEL+ macrophages (CD68+) per section in 8- or 16-week TAM-HFD 

samples (n=6 mice/group for Cntl 8 week TAM-HFD, n=7 mice/group for Trem2ȹMʌ 8 week TAM-

HFD, n=7 mice/group for Cntl 16 week TAM-HFD, n=7 mice/group for Trem2ȹMʌ 16 week TAM-

HFD). Data are mean Ñ S.E.M. Studentôs t-test, P=*<0.05, **<0.01. 
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Figure 3.14 Deletion of Trem2 in established atherosclerotic lesions leads to enhanced foamy 

macrophage death and reduced atherosclerotic plaque size.  

a) Schematic for intervention study where mice were fed HFD for 8 weeks, then switched to 

TAM/HFD for an additional 8 weeks before sacrifice. 

b) En face aorta analysis of plaque area after 16 weeks diet-switch intervention study. 

Representative image from two independent experiments. 

c) Quantification of plaque area in aorta and aortic sinus (n=8 mice/group for Cntl and n=9 for 

Trem2ȹMʌ). Data are mean Ñ S.E.M. Studentôs t-test, P=**<0.01.  

d) Blood immune population analysis after 16-week diet switch intervention model (n=5 

mice/group). Data are mean Ñ S.E.M. 
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e) Total serum cholesterol levels after 16-week diet switch model (n=4 mice/group for Cntl and 

n=5 for Trem2ȹMʌ). Data are mean Ñ S.E.M. 

f) Quantification of plaque macrophage proliferation analysis by Ki67+ macrophages (CD68+) 

(n=5 mice/group). Data are mean Ñ S.E.M. Studentôs t-test, P=*<0.05. 

g) Quantification of TUNEL+ macrophages (CD68+) in plaques after 16-week diet switch 

model (n=5 mice/group). Data are mean Ñ S.E.M. Studentôs t-test, P=*<0.05. 
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Figure 3.15 Trem2 deficient foamy macrophages are susceptible to cell death and enhanced ER-

stress response through dysfunctional LXR signaling 

a) WT and Trem2-/- BV2s assessed for Trem2 expression by flow cytometry. 
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b) WT or (c) Trem2-/- BV2 macrophages DEGs from Bulk RNA-seq determined by Wald test 

with DESeq2. 

d)  GSEA plot of Cholesterol Biosynthesis pathways. 

e)  Pathway analysis of RNA-seq data comparing WT and Trem2-/- nonfoamy BV2 cells. 

f)  Pathway analysis of RNA-seq data comparing WT and Trem2-/- foamy BV2 cells. (e-f) Significant 

pathways determined using Weighted-Kolmogorov-Smirnov (WKS) test.  

g)  WT or Trem2-/- cell supernatant assessed for cytotoxicity by LDH assay after 16 hours (n=6 

biological replicates per group). Foamy- 20 Õg/mL cholesterol, Foamyhi- 80 Õg/mL cholesterol. Data 

are mean Ñ S.E.M. Two-tailed ANOVA, P=***<0.001. 

h)  DiI-oxLDL uptake for WT or Trem2-/- nonfoamy and foamy BV2 macrophages (n=6 for 

nonfoamy WT and Trem2-/- and n=4 foamy WT and Trem2-/- biological replicates). Data are mean Ñ 

S.E.M. Studentôs t-test, P=***<0.001.  

 i)  WT or Trem2-/- nonfoamy and foamy BV2 macrophages efferocytosis. Efferocytotic cells were 

determined by the % of BV2s that were positive for CTV labeled splenocytes (n=5 biological 

replicates/group). Data are mean Ñ S.E.M. Studentôs t-test, P=**<0.01, ****<0.0001. 

 j)  WT or Trem2-/- nonfoamy and foamy BV2 macrophage sXBP1 expression. Tunicamycin was 

used as a positive control (n=6 biological replicates/group). Data are mean Ñ S.E.M. Two-tailed 

ANOVA, P=**<0.01. 

 k) WT or Trem2-/- foamy BV2 macrophages (80 Õg/mL cholesterol) plus 10 Õm PBA. Cell 

supernatant was assessed for cytotoxicity by LDH assay after 16 hours (n=6 biological 

replicates/group). Data are mean Ñ S.E.M. Two-tailed ANOVA, P=****<0.0001. 



фо 
 

 l) GSEA plot of Cholesterol efflux pathways from RNA-seq. 

m) GSEA plot of NR1H2 and NR1H3 gene target pathways from RNA-seq. 

n)  WT or Trem2-/- foamy BV2 macrophages (80 Õg/mL cholesterol) +/- T0901317 percent 

cytotoxicity (n=5 biological replicates/group). Data are mean Ñ S.E.M. Two-tailed ANOVA, 

P=****<0.0001. 

o) WT or Trem2-/- foamy BV2 macrophages (80 Õg/mL cholesterol) +/- 10 Õm T0901317, assessed 

for sXBP1 levels by flow cytometry. Tunicamycin was used as a positive control (n=5 biological 

replicates/group). Data are mean Ñ S.E.M. Two-tailed ANOVA, P=****<0.0001. 
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Figure 3.16 Bulk RNA-seq and cytokine production analysis of BV2 cells 
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a) Heat map of nonfoamy macrophages comparing top enriched WT and Trem2-/- genes. 

b) Heat map of foamy macrophages comparing top enriched WT and Trem2-/- genes. 

c) Normalized enrichment scores for top pathways associated with WT BV2 compared to 

Trem2-/- BV2 in media alone (nonfoamy) or following foamy differentiation. Significant pathways 

were determined using Weighted-Kolmogorov-Smirnov (WKS) test 

d) Heat map of nonfoamy and foamy macrophages comparing matrix metalloprotease genes 

from WT and Trem2-/- BV2.  

e) Cytokine supernatant analysis from cultured WT or Trem2-/- cells cultured with either media 

alone or media with 20 mg/ml soluble cholesterol overnight (n=3 biological replicates/group). Data 

are mean ÑS.E.M. 
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Figure 3.17 Trem2-/- peritoneal macrophages recapitulate BV2 phenotypes  

a) WT or Trem2-/- peritoneal macrophages were differentiated in media control, media with 20 

Õg/mL or 80 Õg/mL soluble cholesterol to induce foamy macrophage formation. Cell supernatant was 

assessed for cytotoxicity by LDH assay after 16 hours (n=5 biological replicates/group). Data are 

mean Ñ S.E.M. Two-tailed ANOVA, P=*<0.05.  

b) WT or Trem2-/- peritoneal macrophages were differentiated in media control or media with 20 

Õg/mL soluble cholesterol, then cultured with irradiated, cell trace violet (CTV) labeled splenocytes 

for 2 hours. Percentage of efferocytotic cells were determined by the % of peritoneal macrophages 

that were positive for CTV labeled splenocytes (n=5 biological replicates/group). Data are mean Ñ 

S.E.M. Two-tailed ANOVA, P=***<0.001, ****<0.0001. 

c) WT or Trem2-/- peritoneal macrophages were differentiated in media control or media with 20 

Õg/mL soluble cholesterol, then assessed for activation of ER stress response by sXBP1 levels by 

flow cytometry. Tunicamycin was used as a positive control (n=5 biological replicates/group). Data 

are mean Ñ S.E.M. Two-tailed ANOVA, P=***<0.001. 
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CHAPTER 4: Trem2 Agonist Reprograms Foamy Macrophages to Promote 

Atherosclerotic Plaque Stability 

4.1 Introduction 

Atherosclerosis is a chronic inflammatory disease of the arteries that is a major cause of 

cardiovascular disease. Atherosclerotic plaque progression is driven by the deposition of pathogenic 

low-density lipoprotein (LDL) within the intima that is internalized by plaque macrophages, forming 

lipid-engorged foamy cells(30). Foamy macrophages are a hallmark of atherosclerotic plaques and 

are one of the most abundant cell types present within early lesions. Importantly, the accumulation of 

excess LDL within foamy macrophages is cytotoxic(43,90,204), driving apoptosis and ultimately 

formation of necrotic cores. Necrotic cores typically consist of masses of dead cells along with 

extracellular lipid, which is a result of excess macrophage apoptosis(91,205) and impaired dead cell 

clearance (efferocytosis)(44,206). Advanced atherosclerotic plaques are characterized by having large 

necrotic cores(92,207) and this, along with impaired fibrous cap development(208), contributes to 

unstable lesions that are prone to rupture and cause myocardial infarction and stroke(3,4).  

Recent efforts targeting macrophages to improve features of plaque stability are underway. 

Studies in preclinical models and humans have definitively shown that increasing macrophage 

efferocytosis(45,98,99) and promoting cell survival, particularly through driving Liver X Receptor 

(LXR) mediated cholesterol efflux to HDL(46,47,69), leads to decreased necrotic core formation and 

improved features of plaque stability. Furthermore, rewiring macrophage phenotypes toward an 

alternatively activated state to promote anti-inflammatory cytokine production and extracellular 

matrix remodeling has been effective in driving plaque regression(48).  
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Interestingly, scRNA-seq has revealed that foamy macrophages within atherosclerotic 

plaques express Trem2(35). Trem2 is a surface lipid receptor primarily expressed on tissue 

macrophages and microglia and has been proposed to activate Syk, PI3K, AKT, and mTOR pathways 

to drive cell survival, proliferation, efferocytosis and anti-inflammatory function(113,119,120). 

Trem2 has been extensively studied in Alzheimerôs disease models due to its role in promoting 

microglia survival(120), and Trem2 agonist antibodies are efficacious in slowing disease 

progression(166). However, recent works interrogating the role of Trem2 in murine atherosclerosis 

models have suggested context dependent results. Macrophage-specific deletion of Trem2 during 

early plaque development slowed plaque progression due to impaired foamy macrophage 

proliferation and survival through decreased LXR-mediated cholesterol efflux (Chapter 3). However, 

in advanced plaques, whole-body Trem2 deletion led to increased necrotic core formation due to 

impaired efferocytosis and excess cell death(203). Overall, these data suggest that while inhibiting 

Trem2 during early lesion development may slow disease progression, driving Trem2 signaling in 

advanced disease could impair necrotic core formation and plaque inflammation to promote stability.  

Here, using a therapeutically relevant Trem2 agonist (AL002a, a murine surrogate antibody 

for Trem2)(166), we interrogated the effects of promoting Trem2 signaling in a model of 

atherosclerosis. We find that treatment with AL002a promoted plaque macrophage expansion, 

proliferation, and survival while simultaneously decreasing necrotic core formation and improving 

fibrous cap development. Using scRNA-seq transcript analysis of atherosclerotic aortae and in vitro 

studies, we determined that Trem2 agonism dramatically rewired foamy macrophage metabolism, 

promoted foamy cell collagen production, and drove cholesterol efflux to improve features of plaque 

stability. 

4.2 Results 
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4.2.1 Trem2 agonist AL002a expands plaque macrophages and improves features of stability. 

Recent reports indicate that Trem2 deficiency impairs foamy macrophage survival through 

impaired cholesterol efflux (Chapter 3) and exacerbates necrotic core formation(203). Thus, we 

hypothesized that promoting Trem2 signaling in atherosclerosis could drive macrophage survival, 

decrease plaque necrotic core formation, and promote stable plaque phenotypes. To test this 

hypothesis, we treated atherogenic Ldlr-/- mice with a mouse surrogate Trem2 agonist antibody 

AL002a(166,209). In a therapeutic model for treating established atherosclerosis, mice were fed a 

HFD for 8 weeks, then treated with either isotype control or AL002a for an additional 8 weeks while 

continuing HFD feeding (Figure 4.1a). After 16 weeks of total HFD, mice were sacrificed and 

assessed for atherosclerosis progression via Oil Red O (ORO) staining of whole mount aortae and 

aortic root cross sections. Aortic root analysis revealed that treatment with AL002a led to an 

expansion of plaque size regardless of distance through the root (Figure 4.1b,c). Furthermore, whole 

mount aorta ORO staining confirmed that AL002a treatment increased the total atherosclerotic 

plaque burden (Figure 4.1d,e). Importantly, AL002a treatment of HFD-fed mice did not alter body 

weight, serum cholesterol levels, blood glucose, serum cytokines or blood immune cell proportions 

compared to isotype control treated animals (Figure 4.2). 

Given that Trem2 deletion leads to decreased macrophage cellularity within atherosclerotic 

plaques through impaired macrophage survival and proliferation (Chapter 3), we next assessed 

plaque macrophage content. CD68 staining of aortic root cross sections of HFD-fed mice revealed 

that AL002a treatment expanded macrophage area within plaques compared to isotype control 

treatment (Figure 4.1f). To determine mechanisms driving the expansion of macrophages within 

plaques of AL002a-treated mice, macrophage proliferation and survival was examined by confocal 

microscopy. Ki67 immunostaining of aortic root cross sections of HFD-fed mice found that AL002a 



млм 
 

treatment led to an increase in the number of proliferating macrophages (Ki67+ CD68+) within 

plaques (Figure 4.1g). TUNEL staining was performed to identify apoptotic cells and found that 

AL002a treated mice had a dramatic reduction in the number of dying plaque macrophages 

(TUNEL+ CD68+) (Figure 4.1h), suggesting that Trem2 agonism promotes macrophage expansion 

within plaques by driving their proliferation and persistence within lesions.  

Next, we sought to examine features of plaque stability by measuring necrotic core and 

fibrous cap formation in atherosclerotic mice treated with isotype control or AL002a. Analysis of 

necrotic core within aortic root plaques revealed that AL002a treatment led to a ~25% decrease in 

necrotic core area compared to isotype controls (Figure 4.1i). This is consistent with AL002aôs ability 

to promote macrophage survival. Smooth muscle fibrous cap formation was also quantified as a 

readout of plaque stability by staining aortic root cross sections for smooth muscle actin (SMA). 

SMA cap area was expanded following Trem2-agonist treatment (Figure 4.1j). Consistent with this, 

collagen deposition within lesions was also measured using picrosirius red, where plaques from 

AL002a treated mice had an increase in collagen content compared to isotype control treated mice 

(Figure 4.1k). Overall, these data suggest that AL002a treatment expands plaque macrophage 

survival and improves fundamental features of plaque stability including decreased necrotic core 

formation and increased fibrosis. 

4.2.2 AL002a reprograms foamy macrophages in atherosclerotic plaques. 

To determine how AL002a alters the transcriptome of plaque macrophages, we performed 

scRNAseq on single cell preparations of whole aortas from Ldlr-/- mice fed HFD for 16 weeks and 

treated with isotype control or AL002a for 8 weeks (Figure 4.3a). Raw data were integrated, 

normalized, and clustered using Seurat and cell types were identified using SingleR(210). These data 

revealed a diversity of both immune and non-immune cells residing within atherosclerotic aorta, 
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including smooth muscle cells (SMCs), fibroblasts, myeloid, and lymphoid cells (Figure 4.3b). 

Importantly, we found that Trem2 expression was largely limited to our myeloid cell cluster, with 

minor expression in SMC cells (Figure 4.4a).  Differential gene analysis of cluster-defining genes 

shows that both SMC clusters express high levels of established SMC-restricted genes including 

Acta2 and Myl9 (Figure 4.4b). Furthermore, the myeloid cell cluster highly expressed genes 

associated with macrophage phenotype (Lyz2, Apoe) implying that this cluster primarily consists of 

macrophages (Figure 4.4b). Next, we compared the proportion of each cell population between 

isotype and AL002a treated mice and found that AL002a treatment increased the proportion of 

myeloid cells compared to isotype controls (Figure 4.3c), consistent with Trem2 agonism driving 

macrophage expansion.  

To compare changes of macrophage subpopulations, myeloid cells from isotype and AL002a 

treated aortas were subclustered and we identified 8 distinct populations (Figure 4.3d,e). Similar to 

prior meta-analyses of scRNAseq studies in atherosclerosis(35), we identified a foamy macrophage 

population (Cluster 0) that expressed genes associated with lipid loading (Lgals3, Fabp5, Trem2), an 

inflammatory macrophage population (Cluster 1) that expressed proinflammatory genes (Il1b, Cd83, 

Cxcl2) and a monocyte population (Cluster 2) that expressed canonical monocyte genes (Ly6c2, 

Plac8) (Figure 4.3d). Interestingly, cluster 3 co-expressed genes associated smooth muscle cells 

(Acta2, Myl9) and foamy cells (Lgals3, Fabp5), which is consistent with a SMC-derived foamy cell 

phenotype(41) (Figure 4.3d, Figure 4.4c). Importantly, this cluster did not show signs of containing 

doublets, as they had similar levels of mtRNA and total RNA as other myeloid clusters (Figure 4.4d). 

Cluster 4 was enriched for genes associated with adventitia resident macrophages (Mrc1, Cd163), 

while cluster 6 expressed genes of mixed origins suggesting a transitioning macrophage population 

(Figure 4.3d). Furthermore, cluster 8 largely consisted of proliferating macrophages due to their high 
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expression of cell cycle and division genes (Top2a, Mki67). Cluster 5 expressed high levels of MHC 

class II genes (H2-Aa, H2-Ab1) and Cd209a delineating this population as dendritic cells. Comparing 

proportions of these populations between isotype control and AL002a treated mice revealed 

relatively minor differences between treatments, but with AL002a treatment leading to an expansion 

of foamy macrophages (Figure 4.3f). Furthermore, AL002a treatment led to an increase in the 

proportion of Ccr2-expressing macrophages (Figure 4.4e), suggesting that monocyte-derived 

macrophages may be expanding, consistent with enlarged plaque size.   

Next, we sought to examine gene expression differences driven by AL002a treatment 

between macrophage subpopulations. We hypothesized that Trem2-expressing cells would be the 

most affected by AL002a treatment and found that foamy macrophages expressed the highest level of 

Trem2 (Figure 4.4a). Surprisingly, we also found that SMC-derived foamy cells expressed 

considerable levels of Trem2 (Figure 4.4c), albeit lower than monocyte-derived foamy cells, 

suggesting that they could also be reprogrammed by AL002a. Differential gene analysis of foamy 

macrophages (Cluster 0) from isotype- and AL002a-treated mice revealed dramatic alterations in 

genes associated with lysosomal function and cell metabolism, with AL002a-treated foamy 

macrophages showing increased expression of lysosomal (Bloc1s1, Prcp) and oxidative 

phosphorylation genes (Atp5c1, Atp5e, Uqcrh) (Figure 4.3g). Furthermore, foamy macrophages from 

AL002a-treated plaques expressed higher levels of genes involved in collagen production (Col1a1, 

Col2a1) compared to isotype control-treated mice (Figure 4.3g). Pathway analysis of differentially 

expressed genes from foamy macrophages revealed that AL002a treatment led to enhanced 

expression of oxidative phosphorylation genes and a downregulation in gene pathways involved in 

inflammation and apoptosis (Figure 4.3h), suggesting that Trem2 agonism rewires foamy 

macrophage metabolism, promotes cell survival, and dampens inflammation. We also assessed 
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differentially expressed genes between SMC-derived foamy cells (Cluster 3) and found that AL002a 

treatment again led to increased expression of genes involved in collagen production (Col1a1, 

Col4a1) (Figure 4.3i). Importantly, key genes associated with collagen production, including Eif5a, 

were also significantly upregulated in this cluster. This was also reflected by an enrichment in 

pathways involved in ECM organization and collagen production following AL002a treatment 

(Figure 4.3j).  

Next, to determine if Trem2 agonism is driving a transcriptional profile associated with 

human atherosclerotic plaque stability, we took the top 200-differentially expressed genes from 

AL002a treated macrophages and performed gene set enrichment analysis comparing gene 

expression signatures from publicly available human symptomatic and asymptomatic carotid artery 

plaques(36). Genes upregulated by Trem2-agonism showed significant enrichment with a gene 

signature of asymptomatic plaques (Figure 4.3k). Overall, this analysis supports that Trem2 agonism 

can rewire monocyte- and SMC- derived foamy macrophage function in lesions to promote features 

of plaque stability including cell survival, modulation of inflammation, and improved ECM 

production.  

To elucidate gene changes in other cell subsets with Trem2 agonism, we also assessed 

differentially expressed genes in non-myeloid clusters between plaques from isotype and AL002a 

treated mice (Figure 4.5). Since these cell types do not express Trem2, it is expected that effects 

observed in these cell types are a downstream consequence of reprograming foamy macrophages 

within the local environment. Interestingly, SMC and fibroblast clusters undergo dramatic 

reprogramming following Trem2 agonism (Figure 4.5). Pathway analysis of these populations found 

several alterations, most notably decreased fibroblast proliferation and increased smooth muscle 

collagen production and cell division (Figure 4.6a-d), supporting the notion that driving Trem2 
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signaling in Trem2-expressing cells can reshape other artery cell subsets. To predict what secreted 

factors from Trem2+ cells could be responsible for reshaping stromal subsets, ligand-receptor 

interaction analysis was performed using NicheNet(211). Using Trem2+ macrophages as the donor 

and SMC subsets as the acceptor, several interactions were predicted (Figure 4.6e). Interestingly, 

TGFɓ signaling was highly enriched in both SMC clusters, which is a known driver of SMC collagen 

production and ECM reorganization(212). Furthermore, TGFɓ expression was increased in 

macrophages from AL002a treated aortae (Figure 4.6f), suggesting that Trem2 agonism may drive 

TGFɓ production to reshape smooth muscle cell function.  

Next, in vitro assays using bone marrow derived macrophages (BMDMs) were employed to 

examine how Trem2 agonism modifies macrophage function following treatment with isotype 

control or AL002a antibodies. BMDMs were differentiated with M-CSF then treated overnight in 

media alone or 20 Õg/mL soluble cholesterol to generate nonfoamy or foamy macrophages, 

respectively, and treated with 2nM Trem2 agonist AL002a or isotype control antibody. First, 

BMDMs treated with or without AL002a were assessed for their ability to uptake oxLDL by treating 

cells with fluorescently labeled DiI-oxLDL for 4 hours. AL002a treatment led to an increased ability 

of macrophages to take up oxLDL in both the foamy (Figure 4.7a) and non-foamy state (Figure 4.8a), 

supporting the observed expansion of foamy macrophages in vivo. Next, given the proposed role of 

Trem2 in promoting myeloid cell survival under chronic phagocytic challenge by driving cholesterol 

efflux(161), we assessed cytotoxicity and cholesterol efflux capacity in vitro. Pretreatment of 

BMDMs with AL002a was sufficient to increase cell viability in foamy (Figure 4.7a) and nonfoamy 

cells (Figure 4.8b).  

To assess cholesterol efflux, BMDMs were cultured with 20 Õg/mL soluble cholesterol 

overnight to induce foamy macrophage formation, followed by loading with a fluorescently labeled 
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soluble cholesterol and either isotype or AL002a. Treated cells were then cultured with the 

cholesterol acceptor ApoA-1 and fluorescence was measured in lysed cells and supernatant to 

calculate percent cholesterol efflux. As a positive control, BMDMs treated with the Liver X Receptor 

(LXR) agonist T0901317 were also assessed for efflux capacity. Treatment with either an LXR 

agonist or AL002a lead to increased cholesterol efflux over isotype treated cells (Figure 4.7c). This 

was also confirmed using APOB depleted FBS acceptor (Figure 4.8c) and loss of total cellular lipid 

content as measured by neutral-lipid stain BODIPY (Figure 4.8d). The observed enhanced efflux 

following Trem2 agonism was further supported by scRNA-seq data showing that AL002a increased 

expression of the efflux genes Abcg1 and Abca1 in macrophages (Figure 4.8e). To test whether 

Trem2 agonism promotes macrophage OXPHOS as seen in vivo, a mitochondrial stress test was 

performed in nonfoamy and foamy BMDMs pretreated with isotype or AL002a antibody (Figure 

4.7d). Interestingly, while nonfoamy macrophages had only minimal differences in oxygen 

consumption rates (OCR) (Figure 4.8f-g), foamy macrophages treated with AL002a showed an 

increase in basal OCR and ATP linked OCR (Figure 4.7e), with minimal changes in maximal 

respiration and spare respiratory capacity (Figure 4.8h), confirming elevated OXPHOS in foamy 

macrophages following Trem2 agonism.   

Trem2 primarily signals through the adaptor protein DAP12. In response to Trem2 ligation 

and DAP12 immunoreceptor tyrosine-based activation motif (ITAM) phosphorylation, the tyrosine 

kinase SYK is recruited and phosphorylated which can activate several downstream signaling 

pathways including PI3K, AKT, and mTOR. To test if AL002a signaling activity on foamy 

macrophage function was dependent on Syk activation, we first assessed Syk phosphorylation via 

phosphoflow in nonfoamy BMDMs stimulated with AL002 and found robust activation of pSYK 

(Figure 4.8i). Next, a validated Syk inhibitor BAY 61-3606 (SYKi) was used to test the necessity of 
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downstream Syk signaling for Trem2 agonist function. As seen previously, AL002a treatment led to 

an increase in DiI uptake in both foamy (Figure 4.7f) and nonfoamy (Figure 4.8j) BMDMs. 

However, the addition of SYKi lead to impaired DiI-oxLDL uptake following AL002a treatment 

(Figure 4.7f, Figure 4.8j). Furthermore, the addition of SYKi inhibited AL002a treatment 

enhancement of macrophage survival in both foamy and nonfoamy BMDMs (Figure 4.7g, Figure 

4.8k). Finally, to assess functional macrophage proliferation, a BrdU incorporation assay was 

performed on BMDMs from control or AL002a treatment groups. This showed that inhibition of Syk 

impaired the ability of AL002a to promote macrophage proliferation (Figure 4.7h, Figure 4.8l). In 

conclusion, these in vitro studies complement and support in vivo studies to conclude that Trem2 

agonism with AL002a activates SYK to promote key features of foamy macrophage function, 

including macrophage oxLDL uptake, survival, and proliferation. 

4.3 Discussion 

Here, we tested the role of Trem2 agonism on established atherosclerotic lesions. Treatment 

of atherosclerotic mice with Trem2 agonist rewired foamy macrophages within atherosclerotic 

plaques which led to increased lesion size through promotion of macrophage survival and 

proliferation. However, Trem2 agonist also promoted fundamental features of plaque stability, 

including increased smooth muscle cap formation, increased collagen deposition, and reduced 

necrotic core formation. By examining transcriptomic profiles using scRNA-seq, we found that 

AL002a treatment redirected foamy macrophage metabolism toward oxidative phosphorylation and 

promoted collagen production. Finally, in vitro studies of foamy and nonfoamy BMDMs revealed 

that driving enhanced Trem2 signaling can promote uptake of oxLDL, cell survival, proliferation, 

and cholesterol efflux. 
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We previously demonstrated that conditional deletion of Trem2 on plaque macrophages led to 

decreased lesion size, primarily through decreased macrophage proliferation and survival (Chapter 

3). In line with this, we now demonstrate that Trem2 agonist treatment expands plaque macrophages 

by promoting macrophage proliferation and persistence within plaques, which we hypothesize is the 

primary factor leading to plaque expansion. This conclusion is further supported by a recent report 

investigating germline Trem2 deletion in advanced atherosclerotic plaques that found while Trem2 

deletion had no effect on plaque size, Trem2 deficient mice had larger necrotic cores(203). It has 

been proposed that the effect of macrophage cell death on plaque outcomes depends on the stage of 

plaque development(213,214). Thus, we hypothesize that while promoting foamy macrophage cell 

death by inhibiting Trem2 during early atheroma development may slow progression, agonizing 

Trem2 in advanced lesions may be more important to promote plaque stability. Importantly, AL002a 

has been shown to be highly specific for Trem2 and fails to promote downstream signaling in Trem2 

deficient cells(167). However, it is possible that AL002a is also acting on other Trem2 expressing 

cells in our model such as adipose macrophages or microglia. While it is unlikely that these effects 

would lead to the changes we see in vivo given that body weight, cholesterol, serum cytokines and 

blood immune cells were similar (Figure 4.2), it is an important consideration for future studies using 

AL002a.  

Mechanistically, Trem2 agonism reprograms foamy macrophage metabolism toward 

oxidative phosphorylation (OXPHOS), promotes collagen production and decreases inflammatory 

responses. Interestingly, both foamy macrophages and smooth muscle cells within atherosclerotic 

plaques have reduced capacity for OXPHOS leading to enhanced cell death, exacerbated necrotic 

core formation, and decreased fibrous cap size(215). Similarly, adipose macrophages lacking the 

OXPHOS pathway undergo excessive ER stress upon lipid challenge due to impaired cholesterol 
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efflux, and subsequent cell death(216). Moreover, it is well understood that alternatively activated 

macrophages that promote wound healing switch their metabolism from glycolysis toward oxidative 

phosphorylation(217). Thus, we propose that the pro-wound healing response and improved foamy 

macrophage viability observed with Trem2 agonism may be mediated by shifting metabolism toward 

OXPHOS. Future studies will need to address this possibility. Furthermore, exactly what molecular 

mechanisms are driving OXPHOS downstream of Trem2 remain unclear. It has been suggested that 

the mTOR pathway is induced downstream of Trem2 signaling(120), which enhances mitochondrial 

function; however, the link between this pathway and OXPHOS is yet to be established. 

Trem2 has been proposed to be a therapeutic target in several diseases, including cancer and 

Alzheimerôs disease. Trem2 is an attractive target primarily because of its immunomodulatory 

function under diseased states but non-vital role in acute inflammation such as infection. While we 

found that AL002a treatment led to expanded plaque size in our murine model, we hypothesize that 

promoting macrophage survival, decreasing necrotic core formation, and improving ECM production 

is likely overall beneficial for advanced human atherosclerosis. Importantly, while macrophages are 

the primary cell subset within murine plaques and early human lesions, in advanced human 

atheromaôs macrophage content is dramatically less and cellular constituents of plaques are more 

heterogeneous(36). Thus, while increasing macrophage cellularity by driving proliferation and 

survival with Trem2-agonist may lead to plaque expansion in mice, it is likely that this effect in less 

macrophage dense human plaques would not significantly exacerbate disease burden. However, 

expanding pro-wound healing macrophages downstream of Trem2-agonism to drive collagen 

production and efferocytosis of dying cells, may indeed be sufficient to provide clinically relevant 

remodeling to prevent or reduce risk for major cardiovascular events. Overall, this study advances 

our understanding of how Trem2 signaling vitally regulates foamy macrophage function within 
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atherosclerotic plaques and emphasizes the potential utility of a Trem2 targeting antibody for 

therapeutic treatment of established atherosclerotic disease. 
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4.4 Figures 

Figure 4.1 Trem2 agonist AL002a expands plaque macrophages but improves features of 

stability 
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a)  Scheme of experimental approach. Ldlr-/- mice were fed a high fat diet (HFD) for 8 weeks 

then treated with either isotype control or Trem2 agonist (AL002a) weekly for an additional 8 weeks 

of HFD at 40 mg/kg. 

b)  Representative images of aortic root cross sections stained with oil red o (ORO) and 

hematoxylin from isotype and AL002a treated mice after 16 weeks HFD. 

c)  Aortic root area measurement by distance through root after ORO and hematoxylin staining 

from isotype and AL002a treated mice (n=7-10/group). Data are mean Ñ S.E.M. 

d)  Representative en face whole aorta stained with ORO from isotype and AL002a treated mice 

after 16 weeks HFD. 

e)  Arch, thoracic, and abdominal aorta analyzed by en face analysis for percentage oil red O 

(ORO) staining after 16 weeks HFD (n=7-10/group). Data are mean Ñ S.E.M.  

f)  Representative images and quantification of CD68+ macrophage area of aortic root cross 

sections after 16 weeks HFD from isotype and AL002a treated mice (n=5/group). CD68 in green, 

DAPI in blue. Data are mean Ñ S.E.M. 

g)   Representative images and quantification of Ki67+ macrophages in aortic root cross section 

plaques after 16 weeks HFD from isotype and AL002a treated mice (n=5-6/group). Ki67 in green, 

DAPI in blue, CD68 in red. Data are mean Ñ S.E.M. 

h)  Representative images and quantification of TUNEL+ macrophages in aortic root cross 

section plaques after 16 weeks HFD (n=7/group). TUNEL in green, DAPI in blue, CD68 in red. Data 

are mean Ñ S.E.M. 
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i)  Necrotic core quantification and images in aortic root cross section plaques after 16 weeks 

HFD (n=7-10/group). Necrotic cores were identified using acellular areas from hematoxylin and 

ORO-stained sections. Data are mean Ñ S.E.M. 

j)  Smooth muscle fibrous cap area quantification and images from aortic cross sections after 16 

weeks HFD (n=6/group) and stained for smooth muscle actin (SMA). SMA in pink, DAPI in blue. 

Data are mean Ñ S.E.M. 

k)  Picrosirius red polarized light images and percentage quantification for collagen content from 

aortic cross sections after 16 weeks HFD (n=6/group). Plaque area outlined and picrosirius red in red. 

Data are mean Ñ S.E.M. 
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Figure 4.2 Trem2 agonism does not alter proportions of blood immune cells, body weight, or 

serum cholesterol levels 

a)  Flow cytometric gating strategy for identifying major blood immune cell populations. 



ммр 
 

b)  Blood immune cell profiling by flow cytometry in indicated mice after 16 weeks HFD 

(n=7/group). Data are mean Ñ S.E.M. 

c)  Normalized weights over time for isotype and AL002a treated mice (n=7-10/group). Data are 

mean Ñ S.E.M. 

d) Serum cholesterol levels from 16 week HFD fed mice (n=7/group). Data are mean Ñ S.E.M. 

e)  Blood glucose levels from 16 week HFD fed mice (n=7/group). Data are mean Ñ S.E.M. 

f)  Serum cytokine levels from 16 week HFD fed mice (n=7/group). Data are mean Ñ S.E.M. 
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Figure 4.3 AL002a reprograms foamy macrophages in atherosclerotic plaques 

a)  Scheme of experimental approach. Ldlr-/- mice were fed a high fat diet (HFD) for 8 weeks 

then treated with either isotype control or Trem2 agonist (AL002a) weekly for an additional 8 weeks 

of HFD. Mice were sacrificed at 8 weeks and aortae were harvested, digested and cells processed for 

scRNA-seq (n=7/group). 

b)  UMAP clustering of total cells from atherosclerotic aortae from both isotype and AL002a 

treated mice (~30,000 cells). Cell clusters were named using SingleR. 
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c)  Proportion of each cluster from B split by treatment group.  

d)  Heatmap showing normalized cluster-specific gene expression from clustering of myeloid 

population in B. 

e)  UMAP clustering of only myeloid cells from aortae from both isotype and AL002a treated 

mice showing 8 unique myeloid subpopulations. 

f)   Proportion of each myeloid cluster from E split by treatment group. 

g)  Volcano plot showing differentially expressed genes between foamy macrophage cluster 

(cluster 0) of isotype and AL002a treated mice. Genes to the right (red dots) are upregulated in 

AL002a treated foamy macrophages, genes to the left (blue dots) are upregulated in isotype control 

treated foamy macrophages. 

h)  REACTOME pathway analysis of differentially expressed foamy macrophage genes from G. 

Pathways to the right (red dots) are enriched in AL002a treated foamy macrophages, pathways to the 

left (blue dots) are enriched in isotype control treated foamy macrophages. 

i)  Volcano plot showing differentially expressed genes between smooth muscle foamy cell 

cluster (cluster 3) of isotype and AL002a treated mice. Genes to the right (red dots) are upregulated 

in AL002a treated smooth muscle foamy cells, genes to the left (blue dots) are upregulated in isotype 

control treated smooth muscle foamy cells. 

j)  REACTOME pathway analysis of differentially expressed smooth muscle foamy cell genes 

from I. Pathways to the right (red dots) enriched in AL002a treated smooth muscle foamy cells, 

pathways to the left (blue dots) are enriched in isotype control treated smooth muscle foamy cells. 
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k)  Gene set enrichment analysis of top 200 differentially expressed genes from AL002a treated 

macrophages, comparing against DEGs from human macrophages isolated from asymptomatic or 

symptomatic plaques (Fernandez, DM., et. al., Nat Med 2019).  
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Figure 4.4 Gene expression from scRNAseq of atherosclerotic aortae.  
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a)  Trem2 expression from isotype and AL002a treated atherosclerotic aortae.  

b)  Differential gene analysis for each cell cluster from Figure 2B. 

c)  UMAP clustering and gene expression of cluster defining genes from myeloid clustering in 

Figure 2E. 

d)  Percent mitochondrial genes and number of unique genes detected in each cell for each 

myeloid cluster. 

e)  Proportion of CCR2+ macrophages from isotype or AL002a treated aortae 
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Figure 4.5: Trem2 agonism reshapes major cell subsets transcriptomes in atherosclerosis 


