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INTRODUCTION

Sections of the introduction are adapted from a published review article: Wolf, E. M., Fingleton, B., & Hasty, A. H. (2022). The therapeutic potential of TREM2 in cancer. Frontiers in Oncology, 12, 984193. https://doi.org/10.3389/fonc.2022.984193

[bookmark: _Toc191021769]1.1 Overview
[bookmark: _Toc183343624]Within this dissertation, I investigate the interplay between breast tumors and the surrounding adipose tissue within lean, obese, and weight loss contexts, specifically the immunological landscape between the two tissues. Background material will cover breast cancer risk associated with obesity and weight loss in humans, the role of lipid associated macrophages and Triggering Receptor expressed on Myeloid Cells 2 (TREM2) in adipose tissue and tumors, and immunotherapy use in breast cancer. 

[bookmark: _Toc183346137][bookmark: _Toc191021770]1.2 Global and U.S.-specific rates of breast cancer and obesity
According to the American Cancer Society’s (ACS) 2024 estimates, breast cancer is the most common new cancer diagnosis for women in the United States and it is the second leading cause of death from cancer for women in the country1. The ACS estimates that 310,720 women will be diagnosed with breast cancer in 2024 and projects 42,250 deaths from breast cancer in the same year1. According to the World Health Organization (WHO), in 2022, there were 2.3 million breast cancer diagnoses among women and 670,000 deaths due to breast cancer globally2. The two most significant risk factors for breast cancer are female sex and age above 40; however, other risk factors include smoking, alcohol use, family history of breast cancer, lack of parity until after the age of 35, and obesity3,4. 
According to WHO, since 1990, the rate of adult obesity (defined as a BMI  30 kg/m2) globally has more than doubled and adolescent obesity has increased fourfold5. In 2022, global rates of overweight reached 43%, while obesity affected 16% of the population5. However, data from the Centers for Disease Control and Prevention (CDC) indicates that rates of obesity in the 
United States are much higher than global rates. Data from 2023 shows that all 50 states had obesity rates higher than 20% with the highest rates of obesity in the Midwest (36.0%) and the South (34.7%) and the lowest rates in the West (29.1%) and the Northeast (28.6%)6. However, notable differences were documented by race and ethnicity and education. Non-Hispanic Asian adults had the lowest obesity rates, while Non-Hispanic Black adults had the highest (Fig. 1.1). Adults lacking a high school diploma or equivalent had a 36.5% obesity rate, whereas only 27.1% of college graduates were obese6.
Obesity is associated with increased risk of multiple diseases including diabetes, cardiovascular disease, high blood pressure, and stroke. Accordingly, obesity is associated with elevated rates of all-cause mortality across race and ethnicities7–10. In addition, current reports associate obesity with 13 different types of cancer, which include: meningioma, adenocarcinoma of the esophagus, multiple myeloma, kidney, endometrium, thyroid, postmenopausal breast, liver, gallbladder, upper stomach, pancreas, and colorectal11,12.





Materials within this figure were developed by the Centers for Diseases Control and Prevention (CDC). Use of this content does not imply endorsement by CDC, ATSDR, HHS, or the U.S. Government of any individual, company, product, or service.[bookmark: _Toc187016992][bookmark: _Toc190858714]Figure 1.1 Prevalence of obesity in the United States – 2023 data – both cumulative and split by race and ethnicity.



[bookmark: _Toc191021771]1.3 Obesity and risk of premenopausal and postmenopausal breast cancer
Because multiple subtypes of breast cancer express estrogen receptor and/or progesterone receptor, breast cancer is often classified as an endocrine cancer. The hormonal environments of premenopausal and postmenopausal women are markedly different from one another. Premenopausal women experience cyclical hormonal fluctuations of estrogen and progesterone based on the menstrual cycle. Contrastingly, postmenopausal women no longer produce eggs or hormones from their ovaries and thus experience a more stable, but lower hormonal environment. In white adipose tissue depots, the enzyme aromatase converts androgens into estrogens and this reaction is often upregulated in obesity. Therefore, when discussing obesity as a risk factor for breast cancer, the variables of the premenopausal and postmenopausal contexts as well as breast cancer subtypes must be considered.
	In premenopausal breast cancer, the literature overall suggests an inverse association between obesity and breast cancer risk. Data from 50,884 participants in the Sister Study cohort, a study in which all participants had a sister previously diagnosed with breast cancer, revealed that premenopausal women in the highest category of obesity (BMI  35) had a decreased risk of overall and ER+/PR+ invasive breast cancer (HR = 0.35; 95% CI, 0.17-0.74) compared to women with a BMI < 2513. In agreement with these findings, a meta-analysis of 89 epidemiological reports identified a reduced risk ratio for premenopausal breast cancer for women with a BMI  30 (RR = 0.83, 95% CI: 0.75-0.91)14, which was further confirmed in two different meta-analyses by Renehan et al.15 and Yang et al.16, each of which analyzed 34 studies. A multi-center study analyzed pooled individual-level data from 758,592 premenopausal women from 19 prospective cohorts, which suggested that this observed inverse association between BMI and premenopausal breast cancer incidence is dependent on both age and degree of BMI. Incremental increases in BMI between 18.5 kg/m2 and >35 kg/m2 resulted in a linear decrease in premenopausal breast cancer risk with the greatest effect in the 18-24 years of age category. Women in the 18-to-24-year age category exhibited a 23% reduced risk of breast cancer per 5 unit increase in BMI (HR = 0.77; 95% CI: 0.73-0.80) and the 45-to-54-year category exhibited a 12% reduced risk of breast cancer per 5 unit increase in BMI (HR = 0.88; 95% CI:0.86-0.91)17. Follow up on these data indicated that weight gain of  10-15 kg from the ages of 18-24 onwards was inversely associated with premenopausal breast cancer risk18. Interestingly, weight gain after the age of 35 did not reduce premenopausal breast cancer risk. However, this could be because there is a delay between when weight gain occurs and its impact on cancer risk. At this age, the effects may only become apparent after menopause, thus potentially influencing risk of postmenopausal breast cancer18. 
	In the case of postmenopausal breast cancer, there is an increased risk of ER+ breast cancer for obese women. The previously mentioned meta-analysis by Munsell et al. reported an increased risk of ER+/PR+ breast cancer in postmenopausal obese (BMI  30) women compared to normal weight women (BMI < 25) (RR = 1.39; CI: 1.14-1.70). When further stratified by race, obese white and black women had an increased risk ratio of ER+/PR+ breast cancer (white women: RR = 1.26; CI: 0.91-1.76; black women: RR = 1.38; CI: 1.00-1.91); however, there was a null association for obese Hispanic women (RR = 1.02; CI: 0.64-1.63)14. Interestingly, this study also identified increased risk of ER+/PR+ breast cancer with use of estrogen-progestin hormones (ever-use: RR = 1.40; CI: 1.08-1.82; current-use: RR = 1.92; CI: 1.60-2.30)14. Follow up on the Women’s Health Initiative clinical trial by Neuhouser et al. further corroborated the positive association between obesity and ER+ breast cancer. Overweight (BMI 25 to <30), obese grade I (BMI 30 to <35) and obese grade II and III (BMI  35) postmenopausal women had increased hazard ratios for ER+/PR+ breast cancer with the highest risk observed in the grade II and III obesity (overweight: HR = 1.21; CI: 1.07-1.37; obese grade I: HR = 1.52; CI: 1.33-1.74; obese grade II and III: HR = 1.86; CI:1.60-2.17)19. In addition to increased hazard ratio, obesity was associated with advanced disease, including tumor size and stage, which was also dependent on degree of BMI19. 
	Although associations exist between BMI and breast cancer risk and severity, it is important to note that BMI is a simple calculation based solely on an individual’s height and weight. Therefore, BMI may not be the best tool for drawing conclusions about an individual’s health, as it is not able to provide insight into key factors such as adipose distribution. Other methods that have been probed include waist circumference and waist-to-hip ratio, which aim to quantify central adiposity. In the Sister Study cohort, BMI, waist circumference, and waist-to-hip ratio all exhibited increased hazard ratios for ER+/PR+ postmenopausal breast cancer13. Secondary analysis of the Women’s Health Initiative clinical trial by Iyengar et al. investigated the association between body fat and breast cancer risk in normal weight women (BMI 18.5 to 24.9). Within this normal weight cohort, women in the highest quartile for whole-body fat mass (kg) and fat mass of trunk (kg) exhibited increased hazard ratios for postmenopausal ER+ breast cancer (whole-body fat mass >25.1: HR: 2.21; CI: 1.23-3.67; fat mass of trunk >11.4: HR: 1.98; CI: 1.18-3.31)20. Elevated trunk mass within normal weight women was also associated with elevated blood levels of insulin, triglycerides, leptin, C-reactive protein, and interleukin (IL)- 620. This suggests that BMI does not tell the whole story as increased central adiposity, and its resulting inflammation, significantly contribute to breast cancer risk. Therefore, it is essential to explore the changes that occur within adipose tissue in the context of obesity and how these may influence breast cancer development.
In addition to increased risk of breast cancer, obesity is associated with poorer breast cancer survival outcomes with an overarching 35 to 40% increased risk of breast cancer recurrence and death compared to normal weight women21. More specifically, a meta-analysis by Protani et al., which analyzed 43 studies with women enrolled from 1963 to 2005, found worse overall survival (OS) and breast cancer specific survival (BCSS) for obese compared to non-obese women (OS: HR = 1.33; CI: 1.21-1.47; BCSS: HR = 1.33; CI: 1.23-1.44), which was maintained with adjustment for age, stage, and regardless of menopausal status22. Similarly, a more recent and extensive meta-analysis by Chan et al., which included 82 studies, also reported worse outcomes for obese women with breast cancer compared with normal weight women (total mortality: RR = 1.41; CI:1.29-1.53; Breast cancer mortality: RR = 1.35; CI: 1.24-1.47). However, this meta-analysis also reported a larger effect in women with pre-menopausal breast cancer (RR = 1.75; CI: 1.26-2.41) than women with postmenopausal breast cancer (RR = 1.34; CI: 1.18-1.53)23. As mentioned previously, obese breast cancer patients often present with larger, higher-grade tumors and increased lymph node metastases, which could play a key role in the observed worsened outcomes. However, in addition, obese patients also experience increased major and minor surgical complications24, challenges with chemotherapy dosing, and decreased efficacy of adjuvant endocrine therapy25,26. Considering all these factors, the lower survival rates for obese women with breast cancer may result from a combination of biological elements and complications with treatment.

[bookmark: _Toc191021772]1.4 Intentional weight loss and risk of breast cancer
	According to a report from the CDC covering 2013-2016, nearly half (49.1%) of Americans had actively tried to lose weight in the previous year. The rates were consistently higher among women, with the highest percentage being 60.2% for those aged 40-59.   To combat obesity, many individuals utilize dietary or surgical methods to achieve weight loss27. A retrospective matched cohort study by Doumouras et al. assessed the residual risk of breast cancer in women that underwent bariatric surgery by following a cohort of women who underwent bariatric surgery (baseline BMI  35 with comorbid conditions or BMI  40) and a matched cohort of women without a history of bariatric surgery28. This study reported a reduced risk of breast cancer among the postsurgical patients compared to the nonsurgical patients with a BMI  25; however, this study was limited by a 5-year follow up period28. A nonrandomized intervention trial with a median follow-up of 23.9 years, the Swedish Obese Subjects study, aimed to assess the long-term effects of bariatric surgery. Follow-up on this study excluding breast cancer events in the first 3 years also found that bariatric surgery was associated with decreased risk of breast cancer (HR = 0.67; CI: 0.47-0.95)29. Interestingly, this reduction of breast cancer risk was even stronger in women that had undergone bariatric surgery with baseline levels of insulin above the median compared to those with insulin levels below the median (HR = 0.48; CI: 0.31-0.74)29. While these studies on bariatric surgeries examine significant weight loss, the implications of moderate weight loss remain important. 
Encouragingly, follow up from the Women’s Health Initiative found that postmenopausal women with  5% weight loss had a lower risk of invasive breast cancer (HR = 0.88; CI: 0.78-0.98) compared to women with stable weight30. This finding is corroborated by the Pooling Project of Prospective Studies of Diet and Cancer, which reported a linear relationship between magnitude of sustained weight loss and breast cancer risk (>2-4.5 kg lost: HR = 0.82; CI: 0.70-0.96; >4.5-<9 lost: HR = 0.75; CI: 0.63-0.90;  9 kg lost: HR = 0.68; CI: 0.50-0.93)31. These data indicate that both substantial and moderate weight loss can help mitigate various obesity-related factors that elevate the risk of breast cancer; however, the precise mechanisms underlying these effects are not yet fully understood.
 
[bookmark: _Toc191021773]1.5 Remodeling of Adipose Tissue in Obesity and Weight Loss
When the body experiences positive energy balance, the excess nutrients are stored primarily in the adipose tissue as triglycerides. Consistent exposure to positive energy balance requires an expansion of the adipose tissue adipocytes either through adipocyte hypertrophy, the increase in cell size that results in excess triglyceride accumulation in existing adipocytes, or adipocyte hyperplasia, which is the increase in number of adipocytes through “adipogenesis” by proliferation and differentiation of precursor cells in the adipose tissue (preadipocytes)32. Expansion of adipose tissue in obesity is accompanied by overproduction of extracellular matrix, reduction of angiogenic remodeling, dynamic changes to the immune cell compartment, and an overarching shift to a pro-inflammatory environment.
	The immune composition of lean adipose tissue is marked by an anti-inflammatory environment. Therefore, the predominant immune cells in lean white adipose tissue include type II innate lymphoid cells (ILC2), invariant natural killer T cells, B cells, eosinophils, T regulatory cells (Treg), Th2 cells, and M2 polarized macrophages33,34. Secretion of IL-4 and IL-13 by ILC2s, eosinophils, and Th2 cells promote differentiation of tissue resident macrophages (TRMs) to an M2 macrophage polarization. Molecules such as adiponectin and -3 polyunsaturated fatty acids from the adipocytes help sustain this non-inflammatory environment33. However, in the context of obesity, the composition and phenotypes of immune cell populations undergo significant changes, which is highlighted in Figure 1.2. 
	Adipose tissue expansion through adipocyte hypertrophy and hyperplasia contributes to hypoxia and adipocyte stress, ultimately resulting in adipocyte cell death. This cascade triggers the release of pro-inflammatory signals, such as monocyte chemoattractant protein-1 (MCP-1), that recruit macrophages to the adipose tissue, which polarize to an “M1” phenotype, contributing to a 
Figure 1.2 Changes in the immune landscape of adipose tissue through obesity, weight loss, and weight regain. 
From Michael W. Schleh et al., Metaflammation in obesity and its therapeutic targeting. Sci. Transl. Med. 15, eadf9382 (2023). DOI:10.1126/scitranslmed.adf9382. Reprinted with permission from AAAS.


cycle of inflammation. Other immune cells recruited to the obese adipose tissue include neutrophils, NK cells, dendritic cells and CD8+ T cells33,35,36. Accumulation of F4/80+ macrophages in perigonadal, perirenal, mesenteric, and subcutaneous adipose tissue of mice is directly proportional to adiposity37. Similar analysis of Cluster of differentiation (CD)68+ macrophages in human subcutaneous adipose tissue demonstrates a positive correlation between both BMI and adipocyte size and macrophage recruitment37. These macrophages aggregate around the necrotic adipocytes, forming crown-like structures, to phagocytose the residual lipid droplet38,39. A predominant and novel macrophage subtype that accumulate in these crown-like structures, lipid associated macrophages (LAMs), are characterized by high expression of triggering receptor expressed on myeloid cells 2 (TREM2)40. 
	One possible strategy for mitigating obesity-related immune dysfunction is weight loss, which could potentially improve the inflammatory and metabolic profiles associated with obesity. However, although weight loss via caloric restriction improves glucose tolerance, it does not fully restore immune function within adipose tissue. Previous work from the Hasty lab has demonstrated that when obese mice, fed a high-fat diet (HFD), are switched to low-fat diet (LFD) and achieve body weight comparable to lean controls, the immunophenotype of the adipose tissue does not fully reprogram. Instead, it remains in a state of heightened inflammation, resembling the inflammatory profile observed in obesity. Notably, using Cellular Indexing of Transcriptomes and Epitopes by Sequencing (CITEseq), a method that integrates proteomic and transcriptomic data to cluster cell populations alongside gene expression profiles, Drs. Cottam and Caslin, previous members of the Hasty lab, found that certain immune cell populations in male epididymal adipose tissue, such as TREM2-expressing LAMs, were absent in lean adipose tissue, emerged in the obese state, and remained elevated even after weight loss41. Work from Carey Lumeng’s lab has also shown that despite fat mass normalization in weight loss mice, adipose tissue macrophages (ATMs) remained elevated for up to six months, along with persistent adipose tissue fibrosis. ATMs in these mice showed a proinflammatory profile, and ATM proliferation was the primary mechanism for their retention in the adipose tissue42. This suggests that weight loss alone does not reverse the phenotypic changes in adipose tissue that are linked to obesity-induced inflammation. 
In addition to the persistence of LAMs, our group showed a significant presence of clonally expanded, exhausted CD8+ T cells in the adipose tissue of both obese and weight loss mice. CITE-seq demonstrated that these exhausted CD8+ T cells, marked by increased expression of inhibitory receptors such as programmed cell death protein 1 (PD-1) and T cell immunoglobulin and ITIM domain (TIGIT), remained elevated in the weight loss state41. This finding suggests that the adipose tissue of weight loss animals harbors a reservoir of exhausted effector memory CD8+ T cells, which may contribute to ongoing immune dysfunction. 
A similar weight loss immunophenotype is also observed in human subjects. In human subjects, 5% weight loss improves adipose tissue, liver, and skeletal muscle insulin sensitivity. However, 5% weight loss did not reduce systemic or subcutaneous adipose tissue markers of inflammation. Circulatory inflammatory markers interleukin-6 (IL-6), MCP-1, C-reactive protein, and white blood cell count were not reduced with 5% weight loss43. Furthermore, subcutaneous adipose tissue gene expression of pro-inflammatory cytokines such as IL-6 and TNF were either maintained or increased with 5% weight loss. However, progressive weight loss to 11-16% began to reduce the inflammatory gene expression in subcutaneous adipose tissue43. Another study examined gene expression in subcutaneous adipose tissue from weight loss patients who had undergone bariatric surgery. The results showed that the global gene expression in subcutaneous adipose tissue of formerly obese patients closely resembled that of obese patients with a BMI of 40 or greater, as revealed by hierarchical clustering, despite the differences in BMI44.  
Together, these data underscore the complexity of adipose tissue immune reprogramming following weight loss and highlight the persistence of inflammatory and immunosuppressive features, even in the absence of obesity. These findings may have significant implications for understanding how weight loss impacts immune surveillance, particularly in the context of cancer development. 


[bookmark: _Toc191021774]1.6 Triggering Receptor Expressed on Myeloid Cells 2 (TREM2)
TREM2 is a transmembrane receptor of the immunoglobulin superfamily that binds an array of ligands including bacteria and polyanionic molecules45, DNA46, lipoproteins47, phospholipids,48 and sulfoglicolipids such as Sulfavant A49. TREM2 itself does not contain intrinsic signaling capabilities; therefore, it associates with the adaptor proteins DNAX activation protein (DAP) 12 and DAP10; which, upon TREM2-ligand interaction are phosphorylated and propagate signals within the cell as depicted in Figure 1.350. TREM2-ligand interaction and subsequent ITAM phosphorylation of DAP12, which is the primary adaptor protein for TREM2, results in activation of Syk, which leads to the phosphorylation of ERK1/2, PLCg1, and Cbl51,52. In contrast, activation of DAP10 results in recruitment of PI3K and activation of Grb2, leading to Akt and ERK signaling respectively53. While the strength and direction of TREM2 downstream signaling is differentially modulated upon interaction with various ligands, many aspects of TREM2 interaction and the downstream signals propagated remain to be fully understood51. In addition to signaling through TREM2-ligand interaction and propagation of signals through DAP12 and DAP10, cleavage of TREM2 by a disintegrin and metalloproteinase (ADAM) proteases results in soluble TREM2 (sTREM2), which can act as a signaling molecule. ADAM 10 and 17 cleave human TREM2 at the H157-S158 peptide bond to release the ectodomain of TREM254. Treatment with sTREM2 in in vitro studies has resulted in ERK and MAPK14 activation in bone marrow derived macrophages55 and NF-kB activation in microglia; however, the receptors for sTREM2 remain unidentified56.
[bookmark: _Toc190858716]Figure 1.3 Diagram of the TREM2 Signaling Pathway

This diagram is adapted from Deczkowska, A., Weiner, A., & Amit, I. (2020). The Physiology, Pathology, and Potential Therapeutic Applications of the TREM2 Signaling Pathway. Cell, 181(6), 1207–1217. https://doi.org/10.1016/j.cell.2020.05.003 


Generally, TREM2 is appreciated for its expression on the surface of cells in the monocyte-macrophage lineage, such as microglia and osteoclasts, with implications for neurodegenerative diseases57–60 and bone disorders61,62. However, more recently, TREM2 has been identified on certain epithelial-derived cancer cells and its expression influences their behavior. This Introduction focuses on the role of TREM2 in cancer, including patient survival data and TREM2 expression in human tumor samples, as well as a discussion of the potentially oncogenic or tumor suppressive roles of TREM2 when expressed by the epithelial tumor cells. In addition, this Introduction provides information on the immunosuppressive environment created by tumor infiltrating immune cells expressing TREM2. 
[bookmark: _Toc191021775]1.6.1 TREM2 discovery and early implications to human health
TREM2 was first discovered in human monocyte-derived dendritic cells (DCs), where its expression promoted DC survival and upregulation of C-C chemokine receptor type 7 (CCR7), major histocompatibility complex class II (MHC II), CD86, and CD4052. However, TREM2 was first implicated in human health and disease when variants of TREM2 and its adaptor protein DAP12 were identified in families with Nasu-Hakola Disease, which is also known as polycystic lipomembranous osteodysplasia with sclerosing leukoencephalopathy. Patients with Nasu-Hakola Disease are homozygous for loss-of-function mutations in either DAP12 or TREM2, and the disease is characterized by presenile dementia and bone cysts63–65. With the realization of the importance of TREM2 in neuronal health, investigators have also shown that TREM2 plays a protective function against development of Alzheimer’s Disease. Microglia in the brain express TREM2 and mutations of TREM2 impact its ability to bind ligands, diminish microglial activation, and accelerate progression of Alzheimer’s Disease66. Up to this point, the majority of work on TREM2 has been conducted in the context of Nasu-Hakola Disease and Alzheimer’s Disease and the role of TREM2 in these settings has recently been reviewed elsewhere67,68. 
[bookmark: _Toc191021776]1.6.2 TREM2 expression in human tumors and correlations with human survival data
[bookmark: _Toc191021777]1.6.2.1 TREM2 in human tumor samples
Multiple studies have analyzed TREM2 mRNA expression and protein expression in human tumor tissue compared to normal tissue as summarized in Table 1.1. However, the data from different groups are sometimes contradictory even within the same cancers, such as hepatocellular carcinoma (HCC) and gastric cancer. In both of these cases, studies have analyzed TREM2 expression and reported opposite findings despite using similar methods. This highlights
	Cancer Type
	  mRNA Expression
	  Protein Expression
	    Reference

	 Hepatocellular Carcinoma
	  Decreased (qRT-PCR)
	     Decreased (WB, IHC)
	    Tang et al.71 

	
	  Increased (TCGA)
	  Increased (IHC)
	    Esparza-Baquer et al.69 

	
	  Increased (TCGA)
	  Increased (IHC)
	    Cheng et al.72 

	
	  Increased (scRNAseq)
	  Increased (IHC)
	    Zhou et al.70

	Gastric cancer
	  Increased (qRT-PCR)
	  Increased (IHC)
	    Zhang et al.73 

	
	  not assessed
	  Decreased (IHC)
	    Tang et al.71 

	
	  Increased (TCGA)
	NA
	    Cheng et al.72

	Pancreatic cancer
	not assessed
	  Increased (IHC)
	    Tang et al.71 

	Glioma
	  Increased (qRT-PCR, TCGA)
	  Increased (IHC)
	    Wang et al.74 

	Glioblastoma multiforme
	Increased (TCGA)
	NA
	    Cheng et al.72

	Renal cell carcinoma
	Increased (qRT-PCR)
	  Increased (WB)
	    Zhang et al.75 

	Kidney renal clear cell carcinoma
	Increased (TCGA)
	NA
	    Cheng et al.72 

	Kidney renal papillary cell carcinoma
	Increased (TCGA)
	NA
	    Cheng et al.72 

	Kidney chromophobe
	Increased (TCGA)
	NA
	    Cheng et al.72 

	Colon cancer
	NA
	  Decreased (IHC)
	    Kim et al.76 

	
	Increased (TCGA)
	  Increased (IHC)
	    Cheng et al.72 

	Head and neck squamous cell carcinoma
	Increased (TCGA)
	  Increased (IHC)
	    Cheng et al.72 

	Uterine corpus endometrial carcinoma
	Increased (TCGA)
	NA
	    Cheng et al.72 

	Cholangiocarcinoma
	Increased (TCGA)
	NA
	    Cheng et al.72 

	Prostate adenocarcinoma
	Increased (TCGA)
	NA
	    Cheng et al.72 

	Bladder urothelial carcinoma
	Increased (TCGA)
	NA
	    Cheng et al.72 

	Breast cancer
	Increased (TCGA)
	  Increased (IHC)
	    Cheng et al.72 

	
	Increased (TCGA)
	NA
	    Ramos et al.77 

	Cervical squamous cell carcinoma  and endocervical adenocarcinoma
	Increased (TCGA)
	  Increased (IHC)
	    Cheng et al.72 

	Thyroid carcinoma
	Increased (TCGA)
	NA
	    Cheng et al.72 

	Esophageal carcinoma
	Increased (TCGA)
	NA
	    Cheng et al.72 

	Lung squamous cell carcinoma
	Decreased (TCGA)
	  Decreased (IHC)
	    Cheng et al.72 

	Non-small cell lung cancer
	Decreased (TCGA)
	  Decreased (IHC)
	    Cheng et al.72 

	
	NA
	  Increased (FC)
	    Zhang et al.78 


[bookmark: _Toc190426101]Table 1.1. TREM2 expression in human tumors.
Increased or decreased expression of TREM2 in comparison to normal tissue is indicated for each cancer type at the mRNA and protein expression levels. The method of detection is also noted. Abbreviations: qRT-PCR – quantitative real time polymerase chain reaction, TCGA – The Cancer Genome Atlas (transcript level), WB – western blot, IHC – immunohistochemistry, scRNAseq – single cell RNA sequencing, FC – flow cytometry, NA – not assessed. Table adapted from Wolf, E. M., Fingleton, B., & Hasty, A. H. (2022). The therapeutic potential of TREM2 in cancer. Frontiers in oncology, 12, 984193. https://doi.org/10.3389/fonc.2022.984193



the heterogeneity of human tumors as well as the need for further investigation and understanding of the role of TREM2 in cancer. 
 An important first step to understanding the role of TREM2 in cancer was to determine which cell type expresses TREM2 in the tumor microenvironment (TME). TREM2 expression is increased in HCC samples compared to surrounding normal tissue, and IHC staining revealed the TREM2-expressing cells morphologically resembled macrophages69. Analysis of single cell sequencing from human HCC livers confirmed this morphological observation as the data demonstrated prominent TREM2 expression in the macrophages69. These findings have been corroborated by more recent analysis of single cell RNA sequencing that confirmed specific expression of TREM2 in macrophages in HCC70.
Similarly, Molgora et al. observed increased TREM2 staining in macrophages, as determined by cell morphology, in 75% of carcinomas from various primary sites compared to normal tissue79. IHC of primary carcinomas and melanomas demonstrated co-expression of TREM2 with macrophage markers CD163, CD68, V-maf musculoaponeurotic fibrosarcoma oncogene homolog b (MAF-B), colony-stimulating factor 1 receptor (CSF1R), and microphthalmia-associated transcription factor (MITF); however, the study did not specify the types of cancer analyzed79. 
Interestingly, analysis of liver, lung, and lymph node metastases originating from ovarian serous and breast carcinoma and colorectal and lung adenocarcinoma by IHC demonstrate specific TREM2+ staining within the metastatic nodules and not in the surrounding normal tissue79. Spatial analysis of TREM2 expression by IHC within tumors shows TREM2+ macrophages are primarily localized in the tumor nest in hepatocellular, lung, and pancreatic carcinomas. In other cancers, TREM2+ macrophages were found within both the tumor nest and tumor stroma77. Although these studies indicate TREM2 is expressed on tumor associated macrophages (TAMs), the conclusions of these studies do not exclude that other cell types in the tumor might also express TREM2. 
[bookmark: _Toc191021778]Human survival data
In a systematic pan-cancer analysis of TREM2 across 33 cancer types, Cheng et al. identified positive and negative associations of TREM2 expression with prognosis in different cancers using data extracted from the TCGA. Kaplan Meier analysis indicated high TREM2 expression was associated with better overall survival in cervical squamous cell carcinoma, endocervical adenocarcinoma, lymphoid neoplasm diffuse large B-cell lymphoma, lung adenocarcinoma, thyroid carcinoma, and skin cutaneous melanoma72. In contrast, the study found that high TREM2 expression was associated with worse overall survival in lower grade glioma, liver hepatocellular carcinoma, and kidney renal clear cell carcinoma72. The seeming discrepancy between TREM2 benefitting or worsening patient prognosis in different types of cancer may at first seem puzzling; however, the investigators dove deeper to better understand TREM2 in each cancer type. Gene expression data and protein-level data from IHC demonstrate differences in TREM2 expression between cancer types with the highest expression in glioblastoma multiforme and the lowest in acute myeloid leukemia. IHC implementation to compare TREM2 expression between normal and tumor tissue showed increased TREM2 expression in the tumor tissue compared to normal tissue in many cancers. However, in other cancers, such as lung squamous cell carcinoma, TREM2 staining was moderate in the normal tissue and weak in the tumor tissue. These deviations in expression of TREM2 indicate that TREM2 may serve distinct roles and may exhibit differing levels of influence in distinct types of cancer. By probing associations between TREM2 and tumor mutation burden, immune scores, tumor stage, DNA methylation, and infiltration of immune cells the investigators highlight the heterogeneity among tumor types. TREM2 may interact differently with each of these factors, thus summing to differing prognoses in patients. 
While this pan-cancer analysis is a great resource, there are also previous smaller studies that individually confirm or contradict these findings. In agreement with this study, Wang et al. previously demonstrated an association between high TREM2 and worse overall survival in glioma74. This same association has also been shown in gastric cancer73, colorectal cancer (CRC)79, triple negative breast cancer79 and luminal breast cancer77, suggesting TREM2 contributes to oncogenic activity in these cancer types. However, in disagreement with the systematic pan-cancer analysis, a previously published study by Tang et al. demonstrated increased TREM2 expression correlates with better overall survival in HCC71, indicating TREM2 may contribute to tumor suppressing activity in HCC. The discrepancy between the two studies may be explained by use of data from two distinct cohorts of patients. The pan-cancer analysis utilized the TCGA while Tang et al. evaluated a cohort of 250 patients with HCC whose surgically resected samples and survival data were obtained and analyzed by the investigators. Furthermore, Tang et al. collected primary tumor, matched non-tumor liver tissue and venous metastasis from the subjects, which indicates all tumor specimens had metastasized, thus skewing the data set. Another more recent study demonstrated high levels of TREM2+ TAMs predicted worse overall survival in both lung adenocarcinoma and lung squamous cell carcinoma, which is also in disagreement with the pan-cancer analysis. This may be accounted for by the specific attention of some groups to macrophage expression of TREM2 rather than overall expression of TREM2. 
As discussed in the sections below, the in vitro and in vivo data from mouse studies do not always align with the human survival data, which is the case specifically in the models of CRC76, which may be due to the inability of the mouse model to fully recapitulate the human disease. However, this discrepancy could also be related to the method of TREM2 expression analysis in these Kaplan Meier plots. The data used to generate these plots originate from bulk RNA sequencing. Tumors are comprised of a heterogeneous milieu of cells and TREM2 can be expressed by the cancer cells or by other immune cell populations such as TAMs. Therefore, the Kaplan Meier plots may be useful as a starting point to evaluate overarching trends, but not as useful for the purpose of delineating the specific role of TREM2 within the epithelial tumor cells versus the immune cells in the TME. As we learn more about the roles of TREM2 expressed by differing cell types, the utilization of scRNAseq may be critical to advancing our knowledge and understanding of TREM2 in cancer.
[bookmark: _Toc191021779]1.6.3 TREM2 in cancer progression
Due to the heterogeneous cellular composition of tumors, the contribution of different proteins on the various cell types complicates therapeutic strategies. When considering TREM2 as a potential therapeutic target, it is critical to understand its functions and properties in different contexts and to consider the cell-type expressing TREM2. The emerging body of literature on the subject of TREM2 expression by the epithelial tumor cells is seemingly contradictory, with some studies suggesting TREM2 contributes to tumor suppressive activity and other studies suggesting it supports oncogenic activity. However, the literature consistently reports that TREM2 expression by immune cells creates an immunosuppressive environment that allows the cancer cells to thrive. In subsequent sections, we summarize what is known about the immunosuppressive and oncogenic roles of TREM2 and suggest areas for future investigation. 
[bookmark: _Toc191021780]1.6.4 TREM2 contributes to either tumor suppressing or oncogenic activity in different types of cancer
[bookmark: _Toc191021781]1.6.4.1 The case for TREM2 contributing to oncogenic activity
Data on TREM2 expression in epithelial tumor cells is still limited, but two studies, one in renal cell carcinoma (RCC) and one in glioma have been conducted that point to an oncogenic role of TREM2. The RCC study utilized the ACHN and Caki-2 RCC cell lines75 and the glioma study used the U87 and U373 glioma cell lines74. In both studies, silencing of TREM2 resulted in decreased cell proliferation and increased apoptosis in vitro and decreased tumor volume in vivo with subcutaneous cell injection models74,75. Additionally, in the RCC model, silencing of TREM2 in vitro resulted in a decrease of Bcl2, a regulator of apoptosis, an increase in the apoptosis genes Bax and Casp3, and a decrease in the proliferation marker Proliferating cell nuclear antigen (PCNA), measured at both the gene and protein expression levels75. In the glioma study, silencing of TREM2 led to a decrease in cell adhesion as well as decreases in the migratory and invasive capacities of both cell lines74. This work suggests epithelial TREM2 contributes to oncogenic activity in the context of RCC and glioma. 
[bookmark: _Toc191021782]1.6.4.2 The case for TREM2 contributing to tumor suppressing activity
In vitro and in vivo studies suggest that TREM2 may contribute to tumor suppressing activity in CRC and HCC. Using HT29 CRC cells, Kim and colleagues demonstrated that antibody-mediated TREM2 neutralization resulted in increased cell proliferation, induction of the S phase of the cell cycle, increased cell migration, and increased invasive capacity. Conversely, TREM2-overexpressing MC38 CRC cells resulted in decreased tumor volume following subcutaneous injection in mice76. Together these data suggest that epithelial TREM2 may support tumor suppressing activity in CRC. Similarly, in a mouse model of HCC, knockdown of TREM2 resulted in increased cell viability, increased migratory and invasive capacities, as well as decreased epithelial markers with an increase in mesenchymal markers71. Subcutaneous injection of cells with TREM2 knockdown resulted in increased tumor volume suggesting TREM2 may also contribute to tumor suppressing activity in HCC. To further support this conclusion, the same study found that overexpression of TREM2 resulted in opposing results from the knockdown conditions71. Another study of HCC utilized carcinogen-induced models of HCC in TREM2 deficient mice to probe the function of TREM2 in HCC. The investigators found that mice globally-deficient for TREM2, thus not expressing TREM2 on the epithelial tumor cells or any other cell type within the TME, developed an increased number of tumors of all sizes following carcinogen (DEN: diethylnitrosamine) administration and also developed an increased number of – as well as larger tumors – in fibrosis associated HCC models69. While these data overall support TREM2 contributing to tumor suppressing activity in HCC and CRC, mechanistic conclusions are clouded by the global deletion of TREM2. All studies are summarized in Table 1.2.







	
	Cancer Type
	Cancer Model
	Phenotype
	Reference

	Tumor Suppressive Activity
	HCC
	s.c. TREM2 KD
	Increase tumor size
	Tang et al.71 

	
	
	s.c. TREM2 OE
	Decrease tumor size
	

	
	
	i.v. (tail vein) TREM2 OE
	Suppress lung metastasis
	

	
	HCC
	DEN-induced carcinogenesis, Trem2-/- mice
	Increase tumor number
	Esparza-Baquer et al.69 

	
	
	DEN/CCl4-induced carcinogenesis, Trem2-/- mice
	Increase tumor number
	

	
	
	TAA-Induced carcinogenesis, Trem2-/- mice
	Increase tumor volume
	

	
	CRC
	s.c. TREM2 OE
	Decrease tumor volume
	Kim et al.76 

	Oncogenic activity
	Glioma
	s.c. TREM2 KD
	Decrease tumor volume
	Wang et al.74 

	
	RCC
	s.c. TREM2 KD
	Decrease tumor volume
	Zhang et al.75 


[bookmark: _Toc190426102]Table 1.2. Summary of mouse studies.
Summary of mouse studies with supporting evidence for TREM2 contributing to tumor suppressing or oncogenic activity in different types of cancer. HCC – hepatocellular carcinoma. CRC – colorectal cancer. RCC – renal cell carcinoma. s.c. – subcutaneous injection of cancer cells. i.v. – intravenous. KD – knockdown. OE – overexpression. DEN – diethylnitrosamine. CCl4 – carbon tetrachloride. TAA – thioacetamide. Table adapted from Wolf, E. M., Fingleton, B., & Hasty, A. H. (2022). The therapeutic potential of TREM2 in cancer. Frontiers in oncology, 12, 984193. https://doi.org/10.3389/fonc.2022.984193

[bookmark: _Toc191021783]1.6.5 Cancer-associated fibroblast TREM2 expression may modulate paracrine signaling and tumorigenicity
Perugorria et al. previously showed that TREM2 can be expressed in activated hepatic stellate cells (HSCs) in the context of liver injury, which modulates toll like receptor- mediated inflammation80. Therefore, following the observation that TREM2 deficient mice developed an increased number of tumors in carcinogen-induced models of HCC, the investigators interrogated how TREM2 expressed by HSCs would impact tumorigenicity. The researchers evaluated tumorigenicity utilizing a hanging droplet liver cancer spheroid growth assay. Consistent with findings from the TREM2 deficient carcinogen-induced models of HCC, conditioned media from TREM2-overexpressing HSCs suppressed spheroid growth69. Further analysis revealed that TREM2 overexpression in HSCs attenuated expression of multiple canonical Wnt ligands, which may have contributed to spheroid growth suppression. Although these data are limited to HCC, they open up the prospect that activated cancer-associated fibroblasts in other cancer types may express TREM2, and in doing so may modulate paracrine signaling to the surrounding cells. However, it is of note that these studies were only conducted in vitro and thus, future studies should include further analysis of cancer associated fibroblasts in both HCC and other types of cancer both in vitro and in vivo. 

[bookmark: _Toc191021784]1.7 The breast tumor microenvironment
The breast tumor microenvironment is a highly complex and dynamic ecosystem, made up of a wide range of immune and stromal cells that work together in various ways to either promote or inhibit tumor growth. These include different populations of myeloid cells, lymphocytes, dendritic cells, and cancer associated fibroblasts (CAFs) – each contributing to the overall behavior of the tumor in unique ways81.
	Among the immune cells, tumor-infiltrating lymphocytes (TILs) are particularly abundant in aggressive subtypes like TNBC and human epidermal growth factor receptor 2 (HER2)-overexpressing tumors82. Within these lymphocyte populations, most of the T cells are CD8+ and CD4+ effector memory cells83, while regulatory T cell (Tregs) and natural killer (NK) cells are less prevalent, typically comprising 1% or less of the immune infiltrate83–85. Interestingly, the presence of TILs is closely tied to prognosis, with higher levels of TILs generally associated with better outcomes in TNBC and HER2-positive tumors86, while elevated TILs in luminal subtypes are often linked to worse prognosis87,88. The spatial arrangement of TILs within the TME also plays a role, with a more favorable prognosis when the tumor is “compartmentalized”, meaning that the immune cells are spatially separated from the tumor cells85. 
	In the myeloid compartment, TAMs represent a significant portion of the immune landscape, making up about 25% of immune cells in untreated TNBC85. These macrophages arise from both tissue-resident macrophages and infiltrating circulating monocytes, and they exist on a functional spectrum – ranging from M1-like, pro-inflammatory cells to M2-like, immunosuppressive cells89,90. High levels of TAMs are generally associated with worse prognosis90. In particular, a LAM-like subset of TAMs, can constitute 30-40% of the myeloid cells in breast cancer and are associated with poor survival outcomes91. In contrast, tissue-resident macrophages expressing markers such as folate receptor 2 (FOLR2), CD206, and LYVE-1 are often linked to better prognosis, especially in treatment-naïve luminal breast cancer patients77. Dendritic cells, although less abundant than TAMs, also play an important role in the TME. Increased levels of CD103+ DCs have been associated with improved survival in breast cancer92. CAFs, while non-immune, are an integral component of the tumor stroma, contributing to processes such as matrix remodeling, angiogenesis, and promoting cancer cell migration, invasion, and proliferation93. 
	Taken together, the complex interactions between these immune and stromal cell populations shape the TME, influencing tumor progression, therapeutic response, and overall patient outcomes. 


[bookmark: _Toc191021785]1.8 TREM2 expression and functions within the immune cell populations of the TME
[bookmark: _Toc191021786]1.8.1 Expression of TREM2 by myeloid cells in the TME creates an immunosuppressive environment
CD8+ cytotoxic T lymphocytes are key immune cells for controlling tumor growth by killing cancer cells that express major histocompatibility complex class I (MHC I) molecules. However, immunosuppressive crosstalk between cancer cells and other cell types within the TME, such as CAFs, Tregs, and M2-polarized macrophages, can suppress the effector functions of CD8+ T cells94. Given that analysis of human tumor samples from various primary carcinomas including those of skin, liver, lung, breast, bladder, colon, stomach, pancreas, and kidney contain TREM2+ macrophages in 75% of samples79, there is reason to consider that TREM2 expression contributes to the immunosuppressive phenotype. In settings of infection, TREM2 enhances phagocytosis and reduces pro-inflammatory cytokine secretion by macrophages, thus serving an immunoregulatory role51. Current knowledge suggests that TREM2 expression on cells of the monocyte-macrophage lineage may also serve an immunoregulatory role in cancer, creating an immunosuppressive environment. Work by Drake and colleagues uncovered a tumor-specific C1Q+TREM2+APOE+ macrophage population in clear cell renal carcinoma associated with post-surgical disease recurrence for patients95. This suggests that TREM2 expression in tumor-specific macrophages is associated with a pro-tumorigenic environment. 
TREM2 has primarily been shown to be expressed on the surface of cells in the monocyte-macrophage lineage, including microglia96, osteoclasts97, and other macrophages such Kupffer cells98 and LAMs in adipose tissue40. Studies have used scRNAseq to understand how TREM2 deficiency impacts the myeloid compartment in the TME as well as tumor progression. One study identified two populations of tumor-infiltrating myeloid suppressive cells that express TREM2 in a subcutaneous MCA-205 fibrosarcoma model: a TAM population and a myeloid regulatory cell population99. A second study employed a subcutaneous MCA/1956 model in Trem2+/+ and Trem2-/- mice to understand how TREM2 deficiency impacts the myeloid compartment. The initial analysis of all CD45+ cells demonstrated that Trem2 was expressed on all macrophage clusters albeit at varying levels, but no TREM2 was detected in DCs or lymphoid cells. Further re-clustering of macrophages identified specific macrophage clusters with high expression of Trem2 in the Trem2+/+ mice. The presence of these specific macrophage clusters was significantly diminished in the Trem2-/- mice suggesting that TREM2 may be responsible for sustaining these populations of macrophages79. This demonstrates that TREM2 deficiency impacts the restructuring of the myeloid cell compartment within a tumor. 
Following these observations, tumor growth was evaluated in Trem2-/- and Trem2+/+ mice utilizing a subcutaneous injection model with either MCA-20599 or MCA/195679 sarcoma cell lines. Tumor growth attenuation was observed in the Trem2-/- mice compared to the Trem2+/+ mice with both cell lines79,99. Likewise, Molgora et al. observed tumor growth attenuation in an MC38 CRC subcutaneous model and a premenopausal orthotopic mammary model in Trem2-/- mice79. The TREM2 expression profile on the cancer cells injected in these studies was not reported. Both studies attribute the reduction in tumor growth to the lack of TREM2 expression on the immune cells and thus a reduced ability of the immune cells to create an immunosuppressive environment. It is important to note, given the differential effects by tumor type above, that both of these papers utilized sarcoma models in their scRNAseq studies, which are mesenchymal rather than epithelial derived tumors. scRNAseq was not performed for the MC38 CRC subcutaneous model or the orthotopic mammary model. 
More recent studies utilizing scRNAseq have begun to elucidate and characterize TREM2-expressing macrophages in epithelial tumors. TREM2+ macrophages identified in the lungs of a mouse mammary tumor model demonstrated a gene expression profile akin to LAMs with positive enrichment for pathways associated with cholesterol and lipid metabolism100. Interestingly, these LAMs are increased in the lungs of mammary tumor-bearing mice compared to non-tumor bearing mice and are enriched for pro-tumorigenic pathways related to negative regulation of T-cell responses, epithelial- mesenchymal transition, and endothelial cell proliferation100. An increased presence of these LAMs in the lungs at a premetastatic time point suggests an immunosuppressive preparation of the metastatic niche. In complement to this study, a TREM2-expressing macrophage subpopulation in HCC patient tissues were reported to resemble hepatic LAMs with upregulation of immunosuppressive pathways such as Treg recruitment and angiogenesis stimulation70. TREM2+ TAMs in non-small cell lung cancer (NSCLC) patient tissues were also enriched for fatty acid metabolism and pro-tumorigenic pathways78. 
While there is much to learn about the role of TREM2 in cancer, some key studies indicate that TREM2 is involved in suppressing the function of CD8+ T cells as well as inhibiting their proliferation, which would argue for myeloid-targeted inhibition of TREM2 at least in some cancers. 
[bookmark: _Toc191021787]1.8.2 Impairment of CD8+ T cells by TREM2+ myeloid cells and recruitment of T regulatory cells may provide a mechanistic link for immunosuppression
Although T cells don’t express TREM2, it is possible they can be impacted by TREM2 expression on other cell types within the TME. TCGA data demonstrate a positive correlation between Trem2 expression and a T cell exhaustion signature in human breast cancer, lung adenocarcinoma, ovarian cancer, and pancreatic adenocarcinoma101. Similar observations have been made in preclinical models. Increased TREM2+ TAMs were associated with increased PD-1+TOX+CD8+ T cells in a subcutaneous CT26 colorectal cancer model101. In alignment with these findings, subcutaneous MCA/1956 tumors in mice deficient for TREM2 displayed an increase in CD8+ T cells as a percent of all tumor infiltrating T cells compared to wild-type mice. These CD8+ T cells were deemed activated based on PD-1 expression and tumor growth was restrained in the TREM2 deficient mice. Administration of an anti-CD8 monoclonal antibody (mAb) in both Trem2+/+ and Trem2-/- mice accelerated tumor growth compared to the controls79. In another study utilizing subcutaneous injection of MCA-205 fibrosarcoma cells in Trem2-/- mice, the investigators not only observed a reduction in tumor growth, but also an expansion of the natural killer and cytotoxic T cell population accompanied by a decrease in dysfunctional CD8+ T cells99. Therefore, these data suggest that tumor growth attenuation in the TREM2 deficient conditions is mechanistically linked to the activation of CD8+ T cells. Additionally, the data suggest that the presence of TREM2+ cells in the tumor stroma contributes to the suppression of these cytotoxic T lymphocytes and their ability to control tumor growth. The work in this dissertation will examine the relationship between presence of TREM2 and shifts in T cell populations and their clonality both in the tumor and adjacent adipose tissue depot.
In addition to the impaired effector functions of cytotoxic T lymphocytes, the proliferation of these cells may be diminished by the expression of TREM2 on cells in the TME. Bone marrow derived DCs were induced to express TREM2 by culturing with conditioned media from 3LL lung cancer cells. Yao et al. found that T cells co-cultured with Trem2+ DCs exhibited lower levels of proliferation compared to T cells co-cultured with Trem2 deficient DCs or a combination of TREM2+ DCs with anti-TREM2 mAb102. In another study, N9 macrophages either positive or deficient for TREM2 were co-cultured with CD8+ T cells. The results demonstrate that co-culture of the CD8+ T cells with Trem2+/+ N9 cells suppresses T cell proliferation in a manner at least comparable to treatment with Transforming growth factor beta (TGF-)99. 
These observations have also been corroborated in human tumor tissue. Assessment of fresh NSCLC patient samples by flow cytometry revealed that tumors with high TREM2+ TAM infiltration exhibited a decrease in CD8+ T cells expressing CD107a, perforin 1, and Tumor Necrosis Factor Alpha (TNF) suggesting a decrease in effector function78. This is corroborated in ex vivo studies where co-culture of CD8+ T cells with TREM2+ TAMs also resulted in decreased T cell proliferation and reduction of CD107a, perforin 1, and TNF production78. In addition to reduction of CD8+ T cell proliferation and effector function, two independent studies in NSCLC and HCC suggest immunosuppressive TREM2+ TAMs are also involved in recruiting Tregs. Implementation of CellPhoneDB, which infers cell-cell communication networks from scRNAseq data, to HCC patient samples revealed interaction of TREM2+ LAM-like cells with Tregs via the CCL20/CXCL9/CXCL10/CXCL12-CXCR3 axis, suggesting recruitment of Tregs by the TREM2+ LAM-like cells by means of migration-related chemokines70. Assessment of cell-cell interactions in NSCLC patient sample scRNAseq data identified an interaction between IL1 and IL1R from TREM2+ TAMs and FOXP3+ Tregs, respectively78. Further, NSCLC samples with high TREM2+ TAMs exhibited an increase in TGF--expressing FOXP3+ Tregs by flow cytometry78, and TREM2+CD163+ macrophages were found to colocalize with FOXP3+ Tregs within HCC tumors70. These data suggest decreased effector functions of CD8+ T cells may be due in part to the infiltration and function of Tregs. The interplay between stromal cells in the TME is complex, and while it is unlikely that TREM2 impacts the tumor via a single mechanism, these data indicate that key mechanisms are through suppression of cytotoxic T lymphocytes and recruitment of regulatory T cells. 


[bookmark: _Toc191021788]1.9 Breast Cancer and Immune Checkpoint Therapy
The recent discovery of tumor-infiltrating lymphocytes in TNBC has brought to light the immunogenic potential of TNBC in recent years103. Pembrolizumab, an PD-1 therapeutic has been approved by the FDA for treatment of TNBC within defined parameters104. Work from Makowski’s group demonstrated that PD-L1 impairs tumor progression in a pre-menopausal breast cancer model in mice that have lost weight through bariatric surgery, but not in obese mice105. However, the response of postmenopausal breast cancer to PD-1 in the settings of obesity or weight loss remains uncertain. 
[bookmark: _Toc191021789]1.9.1 TREM2 expression may confer resistance to immune checkpoint therapy
As noted, TREM2 expression by myeloid cells can impact T cell activation and proliferation; thus, it is not surprising that TREM2 may be able to serve as a biomarker for tumor burden and high TREM2 expression may confer resistance to immune checkpoint therapy (ICT). Yao et al. found an increase of TREM2 positive monocytes in the peripheral blood of lung cancer patients and in both the peripheral blood and lungs of tumor-bearing mice102. Furthermore, TREM2 expression on macrophages in lung cancer patient samples increased with both pathological staging of disease as well as degree of lymph node metastasis102. Lung cancer patients that responded to chemotherapy with a reduction of tumor burden displayed a decrease in TREM2 positive monocytes in the peripheral blood. Additionally, lung cancer patients that underwent surgical tumor resection, and thus had a reduced tumor burden, also displayed a decrease in TREM2 positive monocytes in the peripheral blood102. 
NSCLC patients with high TREM2+ TAM infiltration had a lower objective response rate to ICT compared to patients with low numbers of TREM2+ TAMs and were more likely to experience tumor progression following PD-1 blockade78. Analysis of scRNAseq data from melanoma patients divided into subgroups of responders and non-responders to ICT revealed a significant enrichment of macrophages with high expression of TREM2 in non-responders, implying that macrophage cell populations with high expression of TREM2 may precipitate ICT resistance106. Overall, these studies demonstrate an upregulation of TREM2 on TAMs with increasing disease severity and in patients non-responsive to ICT. 
[bookmark: _Toc191021790]1.9.2 TREM2 modulation enhances anti-PD-1 therapy
Molgora et al. probed whether neutralization of TREM2 in combination with ICT improves tumor response to treatment79. The investigators first established that treatment with PD-1 in TREM2 deficient mice led to further tumor control and regression in sarcoma and CRC models. Furthermore, subsequent treatment of wild-type mice with combined TREM2 and PD-1 mAb led to complete reduction of tumor burden in all mice tested. A similar study by Binnewies et al. using the subcutaneous CT26 (PD-1-resistant) model also demonstrated synergy between TREM2 and PD-1 in reducing tumor burden. Additionally, this study showed that this combination enhanced T cell effector functions, as evidenced by analysis of intratumoral cytokine levels101. These studies demonstrate that deficiency of TREM2 or treatment with TREM2 mAb augments the efficacy of PD-1 ICT. 
A Phase I clinical trial (ClinicalTrials.gov identifier: NCT04691375) for a TREM2 mAb administered either as a single agent or in combination with pembrolizumab (PD-1) commenced in October of 2020. The subjects in this clinical trial have locally advanced and/or metastatic solid tumors that are refractory or relapsed to standard of care treatment. This specific TREM2 mAb, PY314, is a depleting antibody designed to deplete tumor associated macrophages expressing TREM2. This study was completed in September of 2023; however, the ClinicalTrials.gov website indicates the study was terminated by the sponsor business without an explanation for the termination.

[bookmark: _Toc191021791]1.10 Summary of Introduction
When considering novel therapeutic targets, it is important to consider how different cell types may respond to therapy and thus impact the patient’s overall response and outcome. As covered in this Introduction and summarized in Figure 1.4, TREM2 is expressed by multiple cell types within the TME. TREM2 may have tumor cell intrinsic functions in addition to its role in stromal cells and fibroblasts that could be tumor suppressive or oncogenic depending on the type of cancer. Therefore, moving forward it is imperative that we better understand the mechanisms by which TREM2 contributes to tumor suppressive or oncogenic activity in the cancer types discussed in this Introduction. However, as covered in this Introduction, we must also consider the impact that weight history, including obesity and weight loss, and the consequent local and systemic inflammation may also have on tumor progression and the role of TREM2.
Unsurprisingly, discrepancies are found between in vitro studies, mouse models, and human data. As future studies are conducted, use of in vitro methods and cell lines should be accompanied with complementary in vivo and human data to ensure the rigor of the data. Additionally, we need to understand the tumor cell intrinsic role of TREM2 in more types of solid cancers such as breast cancer. This understanding is key since anti-TREM2 mAb treatment is already undergoing clinical testing for a variety of solid tumor types. Overall, the data indicate that high expression of TREM2 on cells of the monocyte-macrophage lineage creates an immunosuppressive environment in which T cells are less activated and their proliferation is suppressed. Therefore, this pro-tumoral role of TREM2 is the current prevailing opinion in the literature. Thus, inhibition or blockade of TREM2 may be an effective therapeutic strategy. However, depending on the role in tumor cells, blockade of TREM2 may still be clinically unfavorable. With these varying results, it is of the utmost importance to continue to uncover the role of TREM2 in cancer.


[bookmark: _Toc190858717]Figure 1.4 TREM2 in heterogeneous tumors.
Tumors are composed of a heterogeneous makeup of cells including the tumor cells, tumor associated macrophages, T cells, and tumor associated fibroblasts. Studies have shown that TREM2 can be expressed by both epithelial tumor cells and infiltrating immune cells such as macrophages. When expressed by the epithelial tumor cells, studies indicate that TREM2 supports oncogenic activity in renal cell carcinoma and glioma but contributes to tumor suppressing activity in renal cell carcinoma. Thus, contributing to oncogenic or tumor suppressing activity, TREM2 can enhance or inhibit tumor cell proliferation and tumor cell migration and invasion. When expressed by infiltrating immune cells such as macrophages, the literature indicates that TREM2 expressing immune cells contribute to creating an immunosuppressive environment by inhibiting T cell activation and proliferation. Consequently, tumor cell proliferation is then enhanced. When TREM2 is knocked out on the tumor infiltrating immune cells, increased T cell activation and proliferation is observed accompanied by a decrease in tumor growth. Figure adapted from Wolf, E. M., Fingleton, B., & Hasty, A. H. (2022). The therapeutic potential of TREM2 in cancer. Frontiers in oncology, 12, 984193. https://doi.org/10.3389/fonc.2022.984193
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METHODS

[bookmark: _Toc191021793]2.1 Wild-type mouse studies
Female C57BL/6J mice (JAX; cat. #000664) were used for all wild-type studies. Mice were ovariectomized by Jackson Laboratories at 6 weeks of age and sent to Vanderbilt University. At 8-9 weeks of age, mice were placed on HFD (Research Diets; cat. #D12492) or LFD (Research Diets; cat. #D12450B) to generate lean, obese, and weight loss mice. Lean mice were maintained on the LFD for the entirety of the study. Obese mice were fed LFD for 12 weeks, then switched to HFD for the remaining 11-12 weeks. Contrastingly, the weight loss group was fed HFD for 12 weeks then switched to LFD for the remaining 11-12 weeks. Mice were maintained on 12-hour light-dark cycles. The mouse housing facilities were maintained at 20-25C and 30-70% humidity. All animal studies were performed only after approval from Vanderbilt’s Animal Care and Use Committee.

[bookmark: _Toc191021794]2.2 Trem2+/+ and Trem2-/- studies
Wild-type C57BL/6J (JAX; cat. #000664; RRID: IMSR_JAX:000664) and Trem2 knockout C57BL/6J (JAX; cat. #027197; RRID: IMSR_JAX:027197) mice were purchased from Jackson Laboratories, and colonies were maintained and bred at Vanderbilt University. Mice were first interbred to generate Trem2 heterozygous mice. Trem2+/+ and Trem2-/- littermate mice resulting from the heterozygous breedings were used in the chow-fed breast cancer study. Subsequently, the Trem2+/+ and Trem2-/- mice resulting from heterozygous breedings were bred independently to generate the quantity of mice necessary for the Trem2+/+ and Trem2-/- diet breast cancer studies. At 6 weeks of age, mice were ovariectomized by the Vanderbilt Mouse Metabolic Phenotyping Center (VMMPC). At 8 weeks of age, mice were placed on either HFD or LFD to generate lean, obese, and weight loss groups as described above. 

[bookmark: _Toc191021795]2.3 Tumor cell implantation
After 20 weeks on diet, mice underwent orthotopic injection of E0771 cells (3  105 cells resuspended in PBS (Gibco; cat. #10010-023)) into the fourth left mammary fat pad. Tumors grew for 3-4 weeks as indicated for each study in the Results and Figure Legends. Once palpable, tumors were measured every 1-2 days using electronic calipers to determine tumor volume (V=(L*W*W)/2). The first diet study conducted in wild-type mice were injected with E0771 cells (ATCC; cat. #CRL-3461). All other mice analyzed in this study were injected with E0771 cells that ectopically expressed GFP and PD-L1 (E0771PD-L1). The latter cells were generated through a process in which the coding region of murine cd274 was synthesized, codon optimized (Geneart, ThermoFisher) and subcloned into lentiviral vector (pCDH). E0771 cells were infected with the pCDH-PD-L1 expression vector and grown in puromycin to select for cells that stably expressed PD-L1. Mice were sacrificed at day 28 or earlier if volume reached 2000 mm3 or ulceration occurred.  

[bookmark: _Toc191021796]2.4 Body composition and glucose tolerance test
Body composition was determined using nuclear magnetic resonance (Bruker Minispec) in the VMMPC. Mice were fasted for 5 h, fasted blood glucose was recorded, and mice were injected intraperitoneally with a glucose bolus (2.0 g dextrose per kg fat free mass)107. Blood glucose was measured via tail bleed at 15, 30, 45, 60, 90, 120, and 150 min post-glucose injection with a hand-held glucometer (Bayer Contour Next EZ Meter). Glucose tolerance was analyzed by two-way ANOVA and integrated area under the curve calculated by the trapezoidal rule. 

[bookmark: _Toc191021797]2.5 Adipose tissue stromal vascular fraction isolation
Mice were sacrificed with isoflurane overdose followed by cervical dislocation and perfusion with 50 mL PBS via the left ventricle. Perigonadal ovarian adipose tissue (oAT) and subcutaneous tumor-adjacent mammary adipose tissue (mATTum-adj) and contralateral mammary adipose tissue (mATContra) were dissected from the mouse. For the mATTum-adj and mATContra, the lymph node was removed from the adipose tissue sample. Adipose was minced with scissors in 1 mL of PBS 1% FBS (Gibco; cat. #16140-071) and washed with an additional 2 mL PBS 1% FBS into a 50 mL conical tube. Adipose was digested in 6 mL of 2 mg/mL type IV collagenase (Worthington Biochemical; cat. #LS004189) in PBS 1% FBS for 30 (oAT) or 45 min (mAT) in an orbital incubator at 37C and 200 rpm. Following incubation, samples were supplemented with 10 mL of PBS 1% FBS, vortexed, and passed through a 70 m filter into another 50 mL conical tube using a 10 mL Pasteur pipette and pipette controller. Samples were centrifuged at 400xg for 5 min at 4C (scRNAseq – all spins were 7 minutes) and resulting floating adipocytes and supernatant were dumped off. To lyse red blood cells, 3 mL of ACK lysis buffer (KD Medical; cat. #RGF-3015) was added to the resulting pellets and pellets were vortexed. Samples were diluted with 15 mL PBS 1% FBS either when the sample became clear or once 3 minutes had passed (whichever occurred first – ACK buffer can damage cells if left too long, but remaining red blood cells can also harm samples). Samples were centrifuged at 400xg for 5 min at 4C and resulting supernatant was dumped off. Resulting pellet was resuspended in 400l PBS 1% FBS with 1:200 Fc blocking antibody (Fisher Scientific; cat. #553142) and allowed to incubate on ice for a minimum of 10 min. Samples were pushed through a 35 m blue cap filter into a flow tube. At this stage, the yielded stromal vascular fraction could be centrifuged and utilized for various downstream applications including RNA isolation, magnetic sorting, and scRNAseq.

[bookmark: _Toc191021798]2.6 Single cell dissociation of tumor
Mice were sacrificed with isoflurane overdose followed by cervical dislocation and perfusion with 50 mL PBS via the left ventricle. Tumors were excised from the mouse and minced with scissors in 2 mL complete RPMI (cRPMI: 10% FBS 1% Pen/Strep RPMI (Gibco; cat. #22400-089)) and washed with an additional 3 mL cRPMI into a C tube (Miltenyi Biotec; cat. #130-093-237). Once all tumors were excised and minced, samples were centrifuged at 300xg for 5 min at 4C and supernatant was aspirated. Next, to digest the tumors, 5 mL cRPMI containing 435 U/mL DNase I (Sigma Aldrich; cat. # D5025) and 218 U/mL Collagenase I (Sigma-Aldrich; cat. #C2674) were added to the samples. Tumors were run for one round on the GentleMACS Dissociator Tumor.01 setting (after spin – ensure all tumor chunks are in the bottom of the tube, not in the lid) and subsequently incubated in an orbital incubator for 30 min at 37C and 200 rpm. Digested tumors were supplemented with 10 mL cRPMI, vortexed, and passed through a 100 m filter using a Pasteur pipette and pipette controller. Samples were centrifuged at 300xg for 5 min at 4C. To lyse red blood cells, 3 mL ACK lysis buffer was added, and samples were diluted with 15 mL cRPMI when cleared. Samples were centrifuged at 300xg for 5 min at 4C, supernatant was aspirated, and the resulting pellet was resuspended in 2 mL cRPMI containing 1:200 Fc blocking antibody and allowed to incubate on ice for a minimum of 10 min. Samples were pushed through a 35 m blue cap filter into a flow tube. At this stage, the resulting single cell dissociation of the tumor could be utilized for various downstream applications including RNA isolation, magnetic sorting, and scRNAseq.

[bookmark: _Toc191021799]2.7 Magnetic sorting of the adipose tissue
Magnetic sorting of the adipose tissue stromal vascular fraction was performed using the Miltenyi OctoMACS Separator with MS columns (Miltenyi Biotec; cat. #130-042-201). CD11b microbeads (Miltenyi Biotec; cat. #130-093-634), CD4/CD8 microbeads (Miltenyi Biotec; cat. #130-116-480), CD8 (TIL) microbeads (Miltenyi Biotec; cat. #130-116-478), and CD45 (TIL) microbeads (Miltenyi Biotec; cat. #130-110-618) were used according to the manufacturer’s instructions. In brief, whole adipose tissue stromal vascular fraction was isolated using fractionation as described above. Cells were centrifuged at 400xg for 5 min at 4C and supernatant was aspirated. Cells were resuspended in 90l buffer (PBS 1% FBS), 10l of microbeads were added, and samples were mixed using gentle pipetting. Samples were incubated for 15 minutes in the dark at 4C. For CD11b and CD4/CD8 microbeads: cells were washed by adding 1 mL buffer to samples and centrifuging at 400xg for 5 min at 4C. Supernatant was aspirated, and samples were resuspended in 500l of buffer. For CD8 and CD45 microbeads, no wash step was required: the total volume was brought to 500l by adding 400l buffer to the sample and proceeding to magnetic sorting. For all microbeads, MS columns were placed into OctoMACS separator and columns were prepped by rinsing with 500l buffer. The 500l of cell suspension was applied directly to the column and unlabeled cells in the flow through were collected for the “negative fraction”. Columns were washed with the appropriate amount of buffer (CD8 and CD4/CD8 microbeads: 2x500l washes; CD45 and CD11b microbeads: 3x500ul washes). To obtain the “positive fraction”, the column was removed from the OctoMACS separator, 1 mL buffer was added to the column, and the “positive fraction” of cells was flushed into a new flow tube by pushing firmly with the provided plunger. Both the positive and negative fractions were centrifuged at 400xg for 5 min at 4C and supernatant was aspirated. At this stage, cells could be lysed in buffer RLT (Qiagen; cat. #79216) with 1% -mercaptoethanol and stored at -80C until used for RNA isolation.
 
[bookmark: _Toc191021800]2.8 Magnetic sorting of the tumor
Magnetic sorting of the tumor was performed using the Miltenyi QuadroMACS Separator with LS columns (Miltenyi Biotec; cat. #130-042-401). CD11b microbeads (Miltenyi Biotec; cat. #130-093-634), CD4/CD8 microbeads (Miltenyi Biotec; cat. #130-116-480), CD8 (TIL) microbeads (Miltenyi Biotec; cat. #130-116-478), and CD45 (TIL) microbeads (Miltenyi Biotec; cat. #130-110-618) were used according to the manufacturer’s instructions. In brief, single cell dissociations of the tumors were processed as described above, resuspended in 2 mL cRPMI, and counted using the Countess III. 3107 cells were placed in a new flow tube for magnetic sorting, centrifuged at 300xg for 5 min at 4C, and supernatant was aspirated. Cells were resuspended in 270l buffer (PBS 1% FBS), 30l of microbeads were added, and samples were mixed using gentle pipetting. Samples were incubated for 15 minutes in the dark at 4C. For CD11b and CD4/CD8 microbeads: cells were washed by adding 2 mL buffer to samples and centrifuging at 300xg for 5 min at 4C. Supernatant was aspirated, and samples were resuspended in 500l of buffer. For CD8 and CD45 microbeads, no wash step was required: the total volume was brought to 500l by adding 200l buffer to the sample and proceeding to magnetic sorting. For all microbeads, LS columns were placed into the QuadroMACS separator and columns were prepped by rinsing with 3 mL buffer. The 500l of cell suspension was applied directly to the column and unlabeled cells in the flow through were collected for the “negative fraction”. Columns were washed with the appropriate amount of buffer (CD8, CD4/CD8, and CD45 microbeads: 2x1 mL washes; CD11b microbeads: 3x3 mL washes). To obtain the “positive fraction”, the column was removed from the QuadroMACS separator, the appropriate amount of buffer was added to the column (CD8, CD4/CD8, and CD45 microbeads: 3 mL; CD11b microbeads: 5 mL), and the “positive fraction” of cells was flushed into a new flow tube by pushing firmly with the provided plunger. Both the positive and negative fractions were centrifuged at 300xg for 5 min at 4C and supernatant was aspirated. At this stage, cells could be lysed in buffer RLT (Qiagen; cat. #79216) with 1% -mercaptoethanol and stored at -80C until used for RNA isolation. 

[bookmark: _Toc191021801]2.9 sTREM2 quantification
The protocol for sTREM2 detection in the plasma of mice was adapted from Zhong et al108. Blood was collected from the mouse at the time of sacrifice via cardiac puncture and centrifuged for 10 min at 2000xg at 4C. The resulting plasma was aspirated using a pipette and stored at -80C for downstream use. A 96-well ELISA plate was coated overnight with 100l TREM2 capture antibody (R&D Systems; cat. #MAB17291; RRID: AB_2208679) diluted 1:1000 in ELISA plate coating buffer (R&D Systems; cat. #DY006). The following day, the plate was washed 3 times (wash buffer: PBS with 0.05% Tween), blocked with PBS 1% BSA for 4 h (secured to orbital incubator at 22C), and washed another 3 times. Recombinant mouse TREM2 protein (R&D Systems; cat. #1729-T2) was reconstituted according to the manufacturer specifications and diluted in assay diluent (0.2% BSA in PBS) to a range of 0-10 ng/mL for the standard curve by performing serial dilutions. Plasma samples were diluted 1:5 in assay diluent. 100l of TREM2 standards and plasma samples were plated per well in duplicate and incubated overnight at 4C (keep dark). The next day, the plate was washed 5 times, and 100l/well of biotinylated TREM2 antibody (R&D systems; cat. #BAF1729; RRID: AB_356109), diluted 1:3000 in assay diluent, was added and incubated for 2 h at 22C. The plate was washed 3 times, and 100l/well of streptavidin HRP (R&D Systems; cat. # DY998), diluted 1:200 in 1% BSA in PBS, was added and incubated for 20 min at 22C (keep dark). The plate was washed 3 times, and 100l/well of substrate solution (1:1 reagent A & B) (R&D Systems; cat. # DY999) was added and incubated for 20 min at 22C (keep dark). 50l of stop solution (R&D Systems; cat. # DY994) was added to each well and the plate was tapped gently to mix. Finally, sTREM2 was detected at 450 nm on a plate reader. 

[bookmark: _Toc191021802]2.10 IgG and PD-1 administration
Once the average tumor volume of a cohort reached 50-100 mm3, intraperitoneal (i.p.) injection with 200 g/mouse with PD-1 mAb (clone 29F.1A12; BioXCell; cat. #BE0273; RRID: AB_2687796) or IgG2A isotype control (clone 2A3; BioXCell; cat. #BE0089; RRID: AB_1107769) was initiated. Mice were injected every 2 d for a total of 8 d (total of 4 injections).

[bookmark: _Toc191021803]2.11 Incucyte proliferation assay
The Incucyte proliferation assay is a real-time cell proliferation assay that allows researchers to monitor cell proliferation without frequent sampling or destructive endpoint assays by imaging cells over time. On Day 0, plate 100l of E0771 cells, in the morning, into two flat bottom, tissue culture treated 96-well plates (Corning; REF# 3596) at 500 cells/well. This cell count was optimized to not reach confluency until day 3 and should be optimized for each cell line and based on how long the assay will be measured. The cells are plated into two different plates because one plate will be for the Incucyte proliferation assay and the other will be for measuring cell viability by conducting the MTT assay. Plate 3 technical replicates per condition. Day 1: After 24 hours, aspirate the media and wash cells with 5% FBS, 1% P/S DMEM (Gibco; REF# 11995-065). Add 100l of media to the cells containing either treatment or controls. For the adipose conditioned media (ACM) experiments, the media contained 50% ACM, 5% FBS, 1% P/S in DMEM. 10%, 5%, and 1% FBS controls were used in these experiments. One of the 96-well plates was placed into the Incucyte for 72 h and the 96-well plate designated for the MTT assay was placed in the lab incubator. The Incucyte was programmed to take images of the cells every 3 hours over the 72 hour period. On Day 3, at the end of the 72 h period, the data can be processed from the Incucyte proliferation assay and the MTT assay can be conducted. 

[bookmark: _Toc191021804]2.12 MTT Assay
The MTT assay was conducted by using the Molecular Probes Vybrant MTT Cell Proliferation Assay Kit V-13154. For this assay, use the second 96-well plate that was plated at the same time as the plate for the Incucyte proliferation assay. To recap, 500 E0771 cells were plate per well in 100ul 5% FBS, 1% P/S DMEM (Gibco; REF# 11995-065) and the plate was placed in the incubator for 72 h (or the same amount of time that the Incucyte proliferation is set to run). Start by preparing a 12 mM MTT stock solution by combining 1 mL of sterile PBS with one 5 mg vial of MTT (provided – component A) and sonicating until dissolved. Next, add 100l of 0.01 M HCl to one tube containing 1 gram of SDS (provided – component B). Mix the solution by inversion until the SDS dissolves. Phenol red can affect the results of this assay. Therefore, aspirate the media from the cells, wash, and replace with 100l DMEM media free of phenol red. Next, add 10l of the 12 mM MTT stock solution to each well. Be sure to include 3 technical replicates of wells with only media (no E0771 cells) as a control. Incubate for 4h at 37C. Add 100l of the SDS-HCl solution to each well and mix thoroughly by pipetting. Incubate again for 4h at 37C. After incubation, mix each sample again by pipetting and read the plate at an absorbance of 570nm. 

[bookmark: _Toc191021805]2.13 Incucyte migration assay
The Incucyte migration assay is a wound healing/scratch assay that utilizes the Incucyte imaging system to take images of the cells over a set period of time. Advantages of this method include the ability to leave the cells in the incubator undisrupted for the entirety of the study – no need to take them out for imaging – and an increased number of time points that can be evaluated. On Day 0, plate 100ul of E0771 cells, in the morning, into an Incucyte Imagelock 96-well plate (Sartorius; cat. #BA-04856) at 14,000 cells/well. This cell number was optimized to reach 90% confluency after 24 h without too much cell bunching (cell bunching can cause cells to lift off the plate more easily). This should be optimized for each cell type. Plate 3 technical replicates per condition. Day 1: Next, while keeping the media in the wells, make a scratch using the wound make 96-tool. Wash cells twice using 5% FBS, 1% P/S DMEM (Gibco; REF# 11995-065). For washing, aspirate 4 wells at a time and add warmed media back into the well to avoid the cells lifting. After washing, add 100l of media to the cells containing either treatment or controls. For the adipose conditioned media (ACM) experiments, the media contained 50% ACM, 5% FBS, 1% P/S in DMEM. 10%, 5%, and 1% FBS controls were used in these experiments. Place the Imagelock 96-well plate into the Incucyte machine. The Incucyte was programmed to take images of the cells every 3 hours over the 72 hour period.

[bookmark: _Toc191021806]2.14 Ovarian adipose tissue T cell stimulation assay
The oAT was first processed by fractionation to obtain the SVF as outlined above. Plate oAT SVF in a 96-well flat-bottom plate at 750,000 cells per well. Plate SVF in duplicate with one well for stimulation and one well for unstimulated control. Spin plate down at 2000 rpm for 5 minutes and resuspend cells in 100l cRPMI (10% FBS 1% Pen/Strep RPMI (Gibco; cat. #22400-089)). To prepare the stimulation MasterMix cocktail, first make a 1:100 dilution of phorbol myristate acetate (PMA) by diluting 2l PMA in 200l cRPMI. Next make the Stimulation and Unstimulated control 2X MasterMixes. For 1mL of media, the 2X Stimulation MasterMix contained: 1 mL cRPMI, 10l diluted PMA, 1.5l Ionomycin, and 2l GolgiPlug (BD Biosciences; cat. # 555029). For 1mL of media, the 2X Unstimulated control MasterMix contained: 1mL cRPMI and 2l GolgiPlug. After cells are resuspended in 100l cRPMI, add 100l of 2X MasterMix (either stimulation or unstimulated control) on top of the resuspended cells. Place the plate in the incubator for 4 h at 37C. 
	After incubation, transfer cells from the flat-bottom plate to a V-bottom plate for running flow cytometry (note: the cells really like to stick along the outer circle in the flat-bottom plate – be patient on this step and make sure to transfer all cells). Spin down the plate at 2000 rpm for 5 min at 4C. Wash plate in 200l 2% PBS FBS. Spin down the plate at 2000 rpm for 5 min at 4C. Resuspend in 50l 2% PBS FBS with 1:200 Fc blocking antibody (Fisher Scientific; cat. #553142) and allow to sit for 10 minutes. Add 50l of 2X Staining Master Mix for surface antibodies only, which can be found in Table 2.1. (Note: be sure at the beginning to add extra cells to the plate for controls: unstained, viability, fluorescence minus one controls (FMOs), compensation). Stain for 15 minutes at room temperature. Next, add 100l 2% PBS FBS for washing and spin down at 2000 rpm for 5 min at 4C. Add another 200l 2% PBS FBS and spin down at 2000 rpm for 5 min at 4C. Next, add 50l of fixative (BD Biosciences; cat. #555028) to the wells and allow to sit for a minimum of 20 minutes (can go for longer if needed) at 4C in the dark. Spin down at 2000 rpm for 5 min at 4C, wash with 200l 2% PBS FBS, and spin down at 2000 rpm for 5 min at 4C. Next, dilute the permeabilization buffer (BD Biosciences; cat. #555028) 1:10 in molecular biology grade water and make the MasterMix for the intracellular stains in the diluted perm buffer. Add 100l of intracellular stain to each well and allow to stain overnight at 4C in the dark. In the morning, wash the plate with 200l 2% PBS FBS and run flow cytometry.

	Channel
	Antigen
	Fluorophore
	Dilution Factor (final)
	Intracellular?
	Clone
	Vendor
	Catalog Number

	V1
	TNF
	V450
	1:150
	YES
	MP6-XT22
	BD
	560655

	V2
	empty
	BV510
	
	
	
	
	

	B1
	CD3
	FITC
	1:200
	
	17A2
	BioLegend
	100204

	B2
	CD8a
	PE
	1:600
	
	53-6.7
	BioLegend
	100708

	B3
	empty
	PerCP-Cy5.5
	
	
	
	
	

	B4
	CD44
	PE-Cy7
	1:800
	
	IM7
	BioLegend
	103030

	R1
	IFNγ
	APC
	1:250
	YES
	XMG1.2
	BioLegend
	505810

	R2
	Viability Dye
	Red 780
	1:4000
	
	Ghost Dye
	Cell Signaling
	18452S


[bookmark: _Toc190426103]
Table 2.1. oAT T cell stimulation assay flow cytometry panel. 
Antibodies used in T cell stimulation flow cytometry panel including channel, antigen, fluorophore, final dilution factor, whether or not it is an intracellular stain, clone, vendor, and catalog number. 

[bookmark: _Toc191021807]2.15 Single cell RNA sequencing
The CD45+ fraction of the mATTum-adj and the tumor were isolated for scRNAseq. For the mATTum-adj, the stromal vascular fraction of the mATTum-adj was isolated as described above and stained with DAPI and CD45 (clone 30-F11; Biolegend; cat. #103137). The live CD45+ cells were isolated by gating on the DAPI- CD45+ fraction on the 4-laser FACSAria III, Bioprotect IV Baker Hood Enclosure in the Flow Cytometry Core. Cells were counted on the Countess III and diluted to 1200 cells/l. For the tumor, tumors were dissociated to a single cell suspension as described above and counted with the Countess III. Subsequently, 3107 cells were stained with CD45 microbeads (Miltenyi Biotec; catalogue #130-110-618) and passed first through a LS column on the QuadroMACS as described above in “magnetic sorting of the tumor” methods section. Next, the positive fraction obtained from the LS column, was immediately placed onto a prepped MS column on the OctoMACS. The columns were washed 3 times with 500l buffer and the “positive fraction” of cells was flushed into a new flow tube by pushing firmly with the provided plunger. The resulting CD45+ fraction was centrifuged at 300xg for 5 min at 4C and supernatant was aspirated. The CD45+ fraction was resuspended in 2 mL buffer, stained with DAPI, and sorted for live cells on the 4-laser FACSAria III, Bioprotect IV Baker Hood Enclosure in the Flow Cytometry Core. Resulting live CD45+ cells were counted with the Countess III and diluted to 1200 cells/l. The Chromium Next GEM Single Cell 5’ HT v2 kit from 10X Genomics was implemented for both the mATTum-adj and tumor samples and run on the Illumina NovaSeq 6000 at the VUMC VANTAGE core facility. 
[bookmark: _Toc191021808]2.15.1 Single cell RNA sequencing data processing
Reads from newly generated single cell RNAseq data were processed using Cellranger v.7.2.0 (10X Genomics). For initial quality control of droplets, dropkick v1.2.7109 was first performed. Then, dropkick score, mitochondrial RNA content, total number of UMI counts, and feature counts informed thresholding for each individual sample. All cells with > 10% mitochondrial content were filtered. Doublet detection was performed using scDblFinder110 and cells identified as doublets were filtered prior to downstream analysis. Count matrices were then loaded into Scanpy v1.9.1111 and independent samples were concatenated into one anndata object for tumor specimens and one for adipose specimens. Counts were normalized and log1p transformed. Feature selection for downstream dimensional reduction was performed using the scanpy.pp.highly_variable_genes function with “n_top_genes=5000, flavor=’seurat_v3’”, and a batch_key corresponding to the sample collection batch. For single cell immune receptor sequencing, contig annotations from CellRanger v.7.2.0 were filtered for productive TCRs and imported into anndata objects as metadata.
[bookmark: _Toc191021809]2.15.2 Dimensional reduction and data integration
Linear dimensional reduction was performed using principal component analysis with the scanpy.tl.pca function with “svd_solver=’arpack’, n_comps=50” based on highly variable genes detected by the scanpy.pp.highly_variable_genes function. 50 principal components were used for data integration. Concatenated data was integrated with Harmony112. For Harmony, the SCANPY implementation was called with the scanpy.pp.harmony_integrate function using the sample collection batch and time (morning or afternoon) as categorical covariates. Linear dimensional reduction was performed using Uniform Manifold Approximation and Projection (UMAP) with the scanpy.tl.umap function using “spread=1, min_dist=0.5”. 
[bookmark: _Toc191021810]2.15.3 Unsupervised clustering and cell annotation
For the tumor specimens, unsupervised clustering was performed using the Leiden algorithm implemented in the scanpy.tl.leiden function with “resolution=1”. The scanpy.tl.rank_genes_groups function was used to detect cluster-specific enriched genes. A consensus between cluster-specific gene markers and established celltype-specific markers were used to broadly annotate cells. Then, further subclustering of specific populations with various resolution settings was performed to identify higher resolution subclusters. For tumor myeloid cells, the pan-cancer myeloid atlas50 was referenced for subpopulation markers where possible. For tumor T cells, ProjectTILs v.3.0113 was used with the mouse TIL atlas to predict and annotate subpopulations. For adipose tissue specimens, reference mapping to our previously published murine adipose tissue atlas41 was performed using scvi-tools v.1.1.2114. 
For downstream analyses requiring Seurat objects, scDIOR115 was used for object conversion and analyses were performed in R v4.2.2 using Seurat v5.1116. 
[bookmark: _Toc191021811]2.15.4 Differential expression analysis
Differential expression was performed using the Wilcoxon rank sum test in Seurat v5.1 with the FindMarkers function using the fast implementation by Presto117. Significance was determined by a log fold-change threshold > 0.25 and an adjusted p value of < 0.05. 

[bookmark: _Toc191021812]2.16 RNA isolation, cDNA synthesis, and RT-PCR
Tissues or cells were homogenized and lysed in buffer RLT (Qiagen; cat. #79216) with 1% -mercaptoethanol. RNA was isolated using the RNeasy Micro Kit (Qiagen; cat. #74004) according to the manufacturer’s instructions. cDNA was synthesized using iScript Reverse Transcription Supermix (Bio-Rad; cat, #1708840). Gene expression was determined using Taqman gene expression assays with FAM-MGB-conjugated primers. All primers were obtained from ThermoFisher Scientific: Trem2 (cat. #Mm04209422_m1), Plin2 (cat. #Mm00475794_m1), Cd36 (cat. #Mm00432403_m1), Cd9 (cat. #Mm00514275_g1), Nos2 (cat. #Mm00440485_m1), Arg1 (cat. #Mm00475988_m1), Itgam (cat. #Mm00434455_m1), Pdcd1 (cat. #Mm01285676_m1), Tox (cat. # Mm00455231_m1), Tigit (cat. #Mm03807522_m1), and Lag3 (cat. #Mm00493071_m1). Experiments were run on the CFX96 Real-Time PCR Detection System (Bio-Rad) as follows: an initial 95C for 10 min, followed by 40 rounds of 95C for 10 sec and 55C for 45 sec with detection at the end of each round. All gene expression was normalized to Gapdh and calculated with the -CT method.
[bookmark: _Toc191021813]2.17 Statistical Analysis
Statistical analyses were performed with Prism 10 (GraphPad Software). Data are expressed as mean  SEM. Student’s t test was used to compare two groups. One-way ANOVA was used to compare more than two groups when only one variable was present. Two-way ANOVA was used to compare more than two group when more 2 variables were present. Specific post-hoc tests utilized are indicated within each figure legend. Pearson correlation was used to assess simple linear regression analysis. 

[bookmark: _Toc191021814]2.18 Data availability
Both the raw and processed scRNAseq and VDJ sequencing data in this study have been submitted to the NCBI Gene Expression Omnibus (GEO) and are publicly available. The GEO Accession Number is GSE278003.

[bookmark: _Toc191021815]2.19 Staining and analysis of breast tumor samples
Immunofluorescent assays for TREM2+ CD68+ cytokeratin (CK) were developed and optimized at Vanderbilt University Medical Center using tyramine signal amplification (TSA) for increased antigen sensitivity. Briefly, 4μm formalin-fixed paraffin-embedded tissue sections were cut, deparaffinized and antigen retrieval performed with citrate buffer pH 6 (Agilent; cat. #S2369). Endogenous peroxidases were inhibited with 3% hydrogen peroxidase (Fisher Scientific; cat. #BP2633) and proteins block solution (Agilent; cat. #K3468) were applied. Sections were then incubated with the first primary antibody (CD68 M0814 Agilent at 1:3200) overnight at 4°C, followed by incubation with an HRP-conjugated secondary antibody and tyramide signal amplification reagent (Invitrogen Tyramide Superboost Kit; catalog #B40912) applied according to manufacturer's recommendations. After washing, antigen retrieval, and protein blockade, incubation steps were repeated for the second and third primary antibodies (TREM2 91068 Cell Signaling at 1:800 and panCK CM011 Biocare at 1:6400) as described. Counterstaining with DAPI was performed for nuclei identification. Human tonsil tissue and breast cancer were used as a positive and negative control tissues for assay optimization and on every run. 
Whole-slide images were digitally acquired using an AxioScan Z1 slide scanner (Carl Zeiss) at 20x. Automated quantitative scoring was performed by a pathologist blinded to sample characteristics using QuPath software118. Cell segmentation was performed with StarDist extension119. Object classifiers were trained on annotated training regions from control tissue and tumor samples to define cell phenotypes. Tumor cells and macrophages were defined by panCK and CD68 expression respectively as well as subcellular characteristics. Out-of-focus areas, tissue folds, necrosis and normal tissue were excluded from the analysis. TREM2+ macrophages were quantified on the tumor, peri-tumor and distant-tumor areas. Tumor area was delimited by a pathologist around tumor margins, including intervening stroma. The peri-tumor area was defined by expanding up to 500μm from the tumor margin. The remainder of the section was considered distant area. Each tissue sample was visually assessed for correct performance of the quantification algorithm. 

[bookmark: _Toc191021816]2.20 Patient selection and data collection from medical records for early-stage breast cancer samples. 
The Vanderbilt University Medical Center (VUMC) electronic health record was queried to identify patients who underwent definitive surgery for early-stage breast cancer (partial or simple, complete, or modified radical mastectomy). Potential patient samples were reviewed by a pathologist to identify samples with adequate tissue for further analyses remaining in the surgical block. Patient charts for those with adequate histologic samples were reviewed to capture the following clinical data: 1) Age at the time of surgery. 2) Sex. 3) Menopausal status. 4) Height and weight at the time of surgery or within the preceding two months. 5) Presence of components of metabolic syndrome based on the NCEP ATP3 2005 criteria with the following modifications: a. Hypertension, recorded as a diagnosis in the patient’s medical record, or antihypertensive medication. b. Hyperglycemia, recorded as a diagnosis of diabetes or pre-diabetes in the patient’s medical record, or medications prescribed for glycemic control. c. Hyperlipidemia, of any subtype, recorded as a diagnosis or use of lipid-lowering medications. d. BMI > 30 as a surrogate for waist circumference ≥ 88 cm in women. 6) Presence of other obesity-related comorbidities: a. Steatohepatitis b. Obstructive sleep apnea c. Cardiovascular disease, including diagnoses of acute myocardial infarction, cerebrovascular accident, need for percutaneous coronary intervention, or coronary artery bypass grafting, or other significant atherosclerotic vascular disease at diagnosis. 7) Pathologic variables from the biopsy and surgical specimens: a. Tumor size b. Tumor grade c. Lymph node involvement (number of lymph nodes) d. ER/PR and HER2 status e. Ki67 f. Mammaprint or Oncotype DX scores if available. Metabolic syndrome was scored as the number of components present for each patient, ranging from 0-4 (BMI > 30, hyperlipidemia, hyperglycemia, hypertension). Pathologic prognostic stage was recorded according to the AJCC 8th edition for Breast Cancer Staging. 





[bookmark: _Toc191021817]Chapter 3


Comparison of lean, obese, and weight loss models reveals TREM2 deficiency attenuates breast cancer growth uniquely in lean mice and alters clonal T cell populations
Adapted from Pierro, Elysa W et al. “Comparison of Lean, Obese, and Weight Loss Models Reveals TREM2 Deficiency Attenuates Breast Cancer Growth Uniquely in Lean Mice and Alters Clonal T Cell Populations.” Cancer research, 10.1158/0008-5472.CAN-24-3511. 22 Jan. 2025, doi:10.1158/0008-5472.CAN-24-3511


[bookmark: _Toc191021818]3.1 Abstract
Obesity is an established risk factor for breast cancer development and worsened prognosis; however, the mechanisms for this association  and the potential benefits of weight loss  have not been fully explored. The adipose environment surrounding breast tumors, which is inflamed in obesity, has been implicated in tumor progression. An emerging therapeutic target for cancer is TREM2, a transmembrane receptor of the immunoglobulin superfamily that is expressed on macrophages in adipose tissue and tumors. We utilized genetic loss of function (Trem2+/+ and Trem2-/-) models and dietary (lean, obese, and weight loss) intervention approaches to examine impacts on postmenopausal breast cancer. Remarkably, Trem2 deficiency constrained tumor growth in lean, but not obese or weight loss mice. Single-cell RNA sequencing, in conjunction with VDJ sequencing of tumor and tumor-adjacent mammary adipose tissue (mATTum-adj) immune cells, revealed that tumors of lean Trem2-/- mice exhibited a shift in clonal CD8+ T cells from an exhausted to an effector memory state, accompanied with increased clonality of CD4+ Th1 cells, that was not observed in any other diet-genotype group. Notably, identical T cell clonotypes were identified in the tumor and mATTum-adj of the same mouse. Finally, an immune checkpoint study demonstrated that PD-1 therapy restricted tumor growth in lean and weight loss, but not obese mice. We conclude that weight history is relevant when considering potential efficacy of TREM2 inhibition in postmenopausal breast cancer. This work reveals immunological interactions between tumors and surrounding adipose tissue, highlighting significant differences under obese and weight loss conditions.

[bookmark: _Toc191021819]3.2 Introduction
Obesity is a growing epidemic worldwide120, associated with increased risk for 13 cancer types, including postmenopausal breast cancer121. In the United States, obesity (BMI  30 kg/m2) rose from 30.5% in 2000 to 42.4% in 2018, with severe obesity (BMI  40 kg/m2) increasing from 4.7% to 9.2% 120. Obesity is associated with advanced stage at diagnosis122, higher metastasis rates123, and worse clinical outcomes for breast cancer patients regardless of menopausal status23,124. Preclinical models of postmenopausal breast cancer suggest spontaneous physical activity in obesity can reduce inflammation, modulate the tumor immune landscape, and thereby slow tumor growth125. However, these effects may be limited to short-term high fat diet exposure, as prolonged exposure to high fat diet creates a tolerogenic tumor microenvironment that promotes tumor growth 126. The mechanisms linking obesity to worsened breast cancer risk and prognosis are not fully understood, but key factors include increased estrogen, insulin resistance and hyperinsulinemia, adipokine secretion, and heightened inflammation127.
Obesity-associated inflammation includes recruitment of macrophages as well as CD8+ T cells into abdominal white adipose tissue depots 35,41. A novel subset of macrophages termed “lipid associated macrophages” (LAMs), with high expression of triggering receptor expressed on myeloid cells 2 (TREM2), have been described predominantly in the visceral adipose tissue of obese mice107 and humans with obesity40. TREM2-expressing LAMs were identified in omental adipose tissue from individuals with obesity, with their proportion strongly correlating with BMI40. TREM2 is a transmembrane receptor of the immunoglobulin superfamily that binds multiple ligands51. Recent discoveries placing TREM2 in a central role of immune signaling, has nominated it as a therapeutic target in Alzheimer’s disease, obesity-related metabolic disease, and cancer128. 
TREM2 is expressed on tumor-associated macrophages (TAMs) in carcinomas from various primary sites, including skin, liver, lung, breast, bladder, and colon79. Human breast cancer patient samples indicate that TREM2+ macrophages in tumors derive from circulating monocytes and localize within or near the tumor nest77. Preclinical models suggest TREM2 expression contributes to an immunosuppressive tumor microenvironment129. Tumor growth is attenuated in Trem2-deficient mice and post-treatment with anti-TREM2 antibody in models of sarcoma, colorectal, breast, and ovarian cancer79,99,101. However, no work in the postmenopausal breast cancer setting, or in the context of obesity and weight loss has been performed in Trem2-deficient mice. 
By implanting lean, obese, and weight loss Trem2+/+ and Trem2-/- mice with murine mammary cancer cells, we discovered that lean, but not obese or weight loss Trem2-/- mice were resistant to tumor growth. Analysis by single-cell RNA sequencing (scRNAseq) revealed that tumors from lean Trem2-/- mice exhibited an increase of highly clonal CD8+ and CD4+ Th1 cells. Detailed analysis of clonotypes by VDJ sequencing revealed identical clonotypes in the tumor and tumor-adjacent mammary adipose tissue (mATTum-adj) in individual mice. Finally, an immune checkpoint inhibitor study demonstrated that PD-1 restricted tumor growth in the lean and weight loss animals, but obese animals were unresponsive. We conclude that efficacy of TREM2 modulation and PD-1 treatment varies under different weight history conditions. Furthermore, weight history in combination with TREM2 modulation impacts the presence and expansion of clonal CD8+ T effector memory (CD8+ TEM) and CD4+ Th1 cells, including matched clones between the tumor and mATTum-adj.
[bookmark: _Toc191021820]3.3 Results
[bookmark: _Toc191021821]3.3.1 Models of lean, obese, and weight loss postmenopausal breast cancer
To develop obese and weight loss models of postmenopausal breast cancer, the C57BL/6J mouse strain was selected for its propensity to obesity and established use in metabolic research. At six weeks of age, mice were ovariectomized and recovered on chow diet for two weeks. Subsequently, lean mice were maintained on LFD for 23-24 weeks, obese mice were fed LFD for 12 weeks then switched to HFD for the remainder of the study, and weight loss mice were fed HFD for 12 weeks followed by LFD for the remaining weeks (Fig. 3.1A). Food intake was recorded weekly (Fig. 3.2A & B). Obesity and weight loss were evident by changes in body and oAT mass (Fig. 3.1B & C), and successful ovariectomy was confirmed by uterine atrophy at endpoint (Fig. 3.1D). Glucose tolerance tests were performed after 11 weeks (before any diet switch) and 19 weeks on diet. After 11 weeks on HFD, the weight loss group had established obesity and exhibited worsened glucose tolerance compared to mice on LFD (Fig. 3.2C). At the 19-week time point, the obese group exhibited worsened glucose tolerance, while the weight loss mice glucose clearance matched lean controls (Fig. 3.1E). After 20 weeks, E0771 cells were injected, and tumors were monitored for 3 weeks. This dietary paradigm conferred an important strength: the lean, obese, and weight loss mice were the same age at the time of tumor cell injection, enabling injections from the same batch of cells to minimize experimental variation. This allowed concurrent monitoring of tumors within each experimental group. Obese mice exhibited a significant increase in tumor volume and tumor mass, while the weight loss mice showed no significant difference from the lean group (Fig. 3.1FH). 
[bookmark: _Toc187016993][bookmark: _Toc190858718]Figure 3.1 Weight loss rescues tumor growth in postmenopausal breast cancer model.
A) Schematic of mouse model of postmenopausal breast cancer in obesity and weight loss including timing of ovariectomy, 10% low fat diet (LFD) and 60% high fat diet (HFD) feeding, intraperitoneal glucose tolerance tests (ipGTT) and orthotopic tumor injections. B) Body weight (g) measured weekly with dashed lines to indicate time of diet switch and E0771 cell injection. For diet groups, green = lean, blue = obese, pink = weight loss. C) Ovarian adipose tissue (oAT) mass at endpoint. D) Uterine atrophy expressed as percent of normal uterine mass. E) Blood glucose (mg/dL) measured over time during 19-week time point ipGTT and corresponding integrated area under the curve (iAUC). F) Tumor volume measured over time. G) End point tumor mass. H) Images of tumors from lean, obese, and weight loss mice. One-way ANOVA with Tukey’s multiple comparisons test was used to compare groups for oAT mass, uterine mass, iAUC from ipGTT, and tumor mass. Repeated measures two-way ANOVA was used for statistical analysis of blood glucose over time in ipGTT and mixed-effects model was used for tumor volume analysis. All data plotted as mean  SEM for 12 mice per group. *p<0.05, ***p<0.001, ****p<0.0001. Figure 1A was created with Biorender.com. 

Figure 3.2 Food intake and pre-diet switch glucose tolerance in lean, obese, and weight loss mice.
Following ovariectomy, mice were placed on 10% low fat diet (LFD) and 60% high fat diet (HFD) as shown in Figure 1A. A) Mouse daily food intake represented as kcal/mouse/day calculated as an average over the week with dashed line indicating diet switch. B) Mouse cumulative food intake (kcal), with dashed line indicating diet switch. C) Blood glucose (mg/dL) measured over time during 11-week time point ipGTT and corresponding iAUC. For diet groups, green = lean, blue = obese, pink = weight loss. Repeated measures two-way ANOVA was used for statistical analysis of blood glucose over time in ipGTT. One-way ANOVA with Tukey’s multiple comparisons test was used to compare groups for iAUC. All data plotted as mean  SEM for 12 mice per group. *p<0.05, **p<0.01.


[bookmark: _Toc191021822]3.3.2 LAM markers were upregulated and positively correlated with tumor mass in tumor-adjacent mammary adipose tissue
TREM2-expressing LAMs in the adipose tissue are associated with obesity40 and the immunosuppressive nature of TREM2-expressing macrophages in tumors has been reported79,99. Therefore, expression of LAM genes, as identified in previous literature40,130, was quantified in tumors of the lean, obese and weight loss mice. CD11b+ cells were magnetically sorted from tumors (Fig. 3.3A; Fig. 3.4A). Expression of LAM genes in the tumor-derived CD11b+ cells was not different among dietary groups (Fig. 3.3B). Next, LAM genes were quantified in mATTum-adj and mATContra (Fig. 3.3C). Only Trem2 expression was increased in the obese mATContra compared to the lean mATContra. However, Trem2 and Plin2 were increased in obese mATTum-adj compared to both the lean mATTum-adj and weight loss mATTum-adj. Cd36 was increased in obese mATTum-adj compared to the lean mATTum-adj. Furthermore, within the obese and weight loss groups, Trem2, Plin2 and Cd36 were upregulated in the mATTum-adj relative to the mATContra (Fig. 3.3 DF). To determine whether there is a relationship between tumor growth and LAM gene expression, correlation analyses between mAT LAM genes and tumor size were performed. There was no correlation between Trem2, Plin2, or Cd36 expression and tumor mass in the mATContra (Fig. 3.3 G & H; Fig. 3.4B); however, Trem2 and Plin2 gene expression positively correlated with tumor mass in the mATTum-adj (Fig. 3.3 G & H; Fig. 3.4C). 











Figure 3.3 Lipid associated macrophage marker genes are increased in obese tumor-adjacent mammary adipose tissue (mATTum-adj) and positively correlate with tumor mass.
A) Schematic for magnetically sorting CD11b+ cells from E0771 tumors using Miltenyi Octomacs. B) Trem2, Cd36, and Cd9 relative gene expression by RT-PCR in tumor CD11b+ fraction. C) Anatomical schematic of subcutaneous mATTum-adj and contralateral mammary adipose tissue (mATContra). D - F) Trem2, Plin2, Cd36 relative gene expression by RT-PCR from whole tissue lysates of mATContra and mATTum-adj. G-H) Correlation analysis of Trem2 and Plin2 gene expression vs. tumor mass in mATContra and mATTum-adj with linear regression fit for lean, obese, and weight loss analyzed together. Figures D-F, solid bar = mATContra, hashed bar = mATTum-adj. One-way ANOVA tests were used to compare tumor LAM marker gene expression among groups. Two-way ANOVA with Tukey’s multiple comparison tests were used to compare groups for all mAT gene expression. Simple linear regression analysis was applied to correlation plots and the p value and coefficient of determination (r2) is displayed on each graph. All data plotted as mean  SEM for 8-12 mice per group. *denotes diet effect, †denotes tissue effect (mATContra vs. mATTum-adj), **p<0.01, ***p<0.001, ****p<0.0001; †p<0.05, †††p<0.001, ††††p<0.0001. Figures 2A & C were created with Biorender.com.


A) Itgam (CD11b) relative gene expression by RT-PCR in CD11b- and CD11b+ tumor fractions. B) Tumor mass vs. Cd36 relative gene expression in contralateral and tumor-adjacent mammary adipose tissue (mAT) with linear regression fit. C) Tumor mass vs. Trem2 relative gene expression in contralateral and tumor-adjacent mAT separated by diet group and adipose tissue depot with linear regression fit. Two-way ANOVA with Tukey’s multiple comparison tests were used to compare groups for Itgam gene expression. Simple linear regression analysis was applied to correlation plot. All data plotted as mean  SEM for 10-12 mice per group. ****p<0.0001. Statistical values for correlation analysis indicated on graphs. Supplemental Figures C was created with Biorender.com.[bookmark: _Toc187016996][bookmark: _Toc190858721]Figure 3.4 Mammary adipose tissue lipid associated macrophage marker gene expression and correlation with tumor mass.


[bookmark: _Toc191021823]3.3.3 Trem2 deficiency decreased tumor growth in postmenopausal breast cancer model
TREM2 deficiency or treatment with anti-TREM2 monoclonal antibody decreases tumor growth in various cancer models79,99,101. To determine if TREM2 ablation attenuates tumor growth in postmenopausal breast cancer, Trem2+/+ and Trem2-/- female C57BL/6J mice were ovariectomized and maintained on a chow diet (Fig. 3.5A). As expected, plasma sTREM2 was absent in Trem2-/- animals (Fig. 3.5B). No differences in body weight (Fig. 3.6A), glucose tolerance (Fig. 3.5C), or endpoint oAT and mAT mass (Fig. 3.6 B & C) were observed between genotypes. Twenty-five weeks post-ovariectomy, E0771PD-L1 cells were injected, and tumors were monitored for 4 weeks. All Trem2-/- mice developed palpable tumors, while only one Trem2+/+ mouse did not. Both tumor volume and tumor mass were significantly reduced in the Trem2-/- mice compared to Trem2+/+ controls (Fig. 3.5 D & E; individual tumor growth curves – Fig. 3.6 D & E; tumor images – Fig. 3.6 F). Cd36 gene expression was significantly reduced in oAT of Trem2-/- mice, with a slight reduction of Plin2 and Cd9 (Fig. 3.5F). Both M1-like and M2-like macrophage markers, Nos2 and Arg1, respectively, were decreased in oAT (Fig. 3.5F). The Trem2-/- mATTum-adj exhibited a shift in size from small (25-49m diameter) adipocytes toward large (70-99m diameter) adipocytes (Fig. 3.5GI). Previous reports in male epididymal adipose tissue indicated profound adipocyte hypertrophy in Trem2-deficient mice40,107; however, this data shows Trem2 deficiency also leads to a dysregulated adipose environment in the female subcutaneous adipose tissue depot, which is the first time this has been reported. 













Figure 3.5 Trem2 ablation attenuates tumor growth, decreases lipid associated macrophages, and increases adipocyte hypertrophy in a chow-fed postmenopausal breast cancer model.
A) Schematic of study design for chow-fed postmenopausal breast cancer model in Trem2+/+ and Trem2-/- mice. B) sTREM2 (ng/mL) in plasma from female Trem2+/+ and Trem2-/- mice measured by ELISA. C) Blood glucose (mg/dL) measured during 14-week time point intra-peritoneal glucose tolerance test (ipGTT) and corresponding integrated area under the curve (iAUC). D) Tumor volume (mm3) over time measured every 1-2 days. E) Tumor mass (g) at study endpoint. F) Relative gene expression by RT-PCR of LAM and macrophage markers from oAT whole tissue lysates. G) Adipocyte sizing frequency in tumor-adjacent mammary adipose tissue (mATTum-adj). Diameter: small = 25-49m, medium = 50-69m, large = 70-99m, very large = 100-150m, extremely large = >150m. H-I) Representative image of Trem2+/+ and Trem2-/- mATTum-adj stained with hematoxylin and eosin. Scale bar represents 100m. Two-way ANOVA with uncorrected Fisher’s LSD test was used to compare blood glucose over time in the ipGTT. Two-way ANOVA with Sidak’s multiple comparison test was used to compare tumor volumes over time between genotypes. Unpaired two-tailed t-tests were used to compare groups for sTREM2 ELISA, iAUC, tumor mass, LAM gene expression, and each binning diameter size in adipocyte sizing analysis. All data plotted as mean  SEM for 10-13 mice per group. *denotes genotype effect (Trem2+/+ vs. Trem2-/-) *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Figure 4A was created with Biorender.com.

Figure 3.6 Individual tumor volumes over time and oAT and mAT mass at study endpoint.
A) Body weights (g) measured weekly with dashed lines to indicate E0771PD-L1 cell injection. B) Ovarian adipose tissue mass (g) at study endpoint. C) Mammary adipose tissue mass (g) at study endpoint. D) Tumor volumes (mm3) over time for Trem2+/+ mice. E) Tumor volumes (mm3) over time for Trem2-/- mice. F) Images of tumors from Trem2+/+ and Trem2-/- mice. Unpaired two-tailed t tests were used to compare genotypes for ovarian and mammary adipose tissue mass. All data plotted as mean  SEM for n=10-13 per group. No data indicated as statistically significant. 

[bookmark: _Toc191021824]3.3.4 Trem2 ablation attenuated tumor growth in lean, but not obese or weight loss animals
To assess the impact of TREM2 ablation on tumor growth in the setting of obesity and weight loss, female ovariectomized Trem2+/+ and Trem2-/- mice were placed on LFD and HFD to generate lean, obese, and weight loss groups and injected with E0771PD-L1 after 20 weeks on diet. There were no differences in body weight trajectories between genotypes within each diet group (Fig. 3.7A). Plasma levels of sTREM2 were increased in the obese Trem2+/+ animals relative to both lean and weight loss Trem2+/+ mice, and the Trem2-/- animals demonstrated absence of sTREM2 (Fig. 3.7B). Tumor growth in the lean Trem2-/- animals was attenuated relative to lean Trem2+/+ controls as demonstrated by tumor mass at endpoint and volume over time (Fig. 3.7 C & D). However, Trem2 deficiency did not reduce tumor growth in obese or weight loss mice (Fig. 3.7 C, E & F). 










Figure 3.7 Lean, but not obese or weight loss, Trem2-/- mice exhibit decreased tumor growth.
A) Body weight (g) measured weekly with dashed lines to indicate time of diet switch and E0771PD-L1 cell injection. For diet groups and genotypes, light green = lean Trem2+/+, dark green = lean Trem2-/-, light blue = obese Trem2+/+, dark blue = obese Trem2-/-, light pink = weight loss Trem2+/+, and maroon = weight loss Trem2-/-. B) sTREM2 (ng/mL) in plasma from Trem2+/+ and Trem2-/- mice measured by ELISA. C) Tumor mass (g) at study endpoint. D-F) Tumor volume (mm3) over time for lean, obese, and weight loss Trem2+/+ and Trem2-/- mice, respectively. G) Diagram of tumor and tumor-adjacent mammary adipose tissue CD45+ cell sorting and processing for single cell RNA Sequencing. Mixed effects analysis with uncorrected Fisher’s LSD test was used compare tumor volumes over time between genotypes in the lean group (one missing value in lean Trem2+/+ group at day 28). Two-way ANOVA with Sidak’s multiple comparison test was used to compare tumor volumes over time between genotypes in obese and weight loss groups. Two-way ANOVA with uncorrected Fisher’s LSD test was used to compare tumor mass between genotypes in lean, obese, and weight loss groups. *denotes genotype effect (Trem2+/+ vs. Trem2-/-), †denotes diet effect, *p<0.05, **p<0.01, ****p<0.0001 for genotype differences (Trem2+/+ vs. Trem2-/-) and ††††p<0.0001 for diet differences.  All data plotted as mean  SEM for n=4-23 per group. Figure G was created with Biorender.com. 
[bookmark: _Toc191021825]3.3.5 Single cell RNA sequencing revealed increased expression of antigen presentation genes in tumor-associated macrophages in lean Trem2-/- mice
To explore the immunological landscape of the tumor and the mATTum-adj, we conducted scRNAseq on CD45+ immune cells (Fig. 3.7G). UMAP analysis identified 21 clusters in the tumor and 33 clusters in the mATTum-adj (Fig. 3.8 A & B), with the top 3 DEGs for each cluster shown in Figure 3.8 C and D. Because Trem2 is expressed on myeloid cells, myeloid populations from both tissues were subsetted and reclustered (Fig. 3.9 A & B), and the frequencies of each cell population within each tissue were calculated (Fig. 3.9 C & D). Some shifts in the myeloid populations were observed, particularly in the lean Trem2-/- tumors, where there was a decrease in the Mono_Cd16 cluster and increases in the cDC3_Fscn1 and Macro_Isg15 clusters, compared to the lean Trem2+/+ tumors (Fig. 3.9 C). Our RT-PCR data showed whole tumor Trem2 expression is not impacted by obesity or weight loss (Fig 3.3B). In our scRNAseq data set, Trem2, which is predominantly expressed in the Macro_C1qc subcluster, a more pro-inflammatory macrophage population involved in antigen presentation, shows no variation between diet groups in the tumor (Fig. 3.9E). However, in mATTum-adj, obesity increased Trem2 expression in the macrophages, as has been shown to occur in other adipose tissue depots40,41 (Fig. 3.9F). The top 5 DEGs between the lean Trem2+/+ and lean Trem2-/- were determined within the tumor Macro_C1qc population and subsequently assessed in all experimental groups (Fig. 3.9G). Four out of the top 5 DEGs, H2-Eb1, H2-Ab1, H2-Aa, and Cd74, were relatively increased in the lean Trem2-/- Macro_C1qc (tumor) and LAM (mATTum-adj) populations compared to the lean Trem2+/+ group (Fig. 3.9H). These genes are integral to antigen presentation, which directed our focus to T cell populations.
[bookmark: _Toc187017000][bookmark: _Toc190858725]Figure 3.8 Immune cell populations in tumors and tumor-adjacent mammary adipose tissue (mAT) analyzed by single-cell RNA sequencing.
A-B) Unbiased clustering of 201,912 single cells in the tumor (A) and 98,532 single cells in the tumor-adjacent mAT (B) colored by high-resolution cell type identities via Uniform Manifold Approximation and Projection (UMAP). C-D) Dot plot of the top 3 differentially expressed genes (DEGs) for all high resolution clusters in the tumor (C) and tumor-adjacent mAT (D) with dot size representing the proportion of cells expressing the gene and color indicating the log fold change. 



Figure 3.9 Myeloid populations in tumors and tumor-adjacent mammary adipose tissues (mATTum-adj) analyzed by single-cell RNA sequencing.
A-B) Uniform Manifold Approximation and Projection (UMAP) of tumor (A) and mATTum-adj (B) myeloid cell subclusters from merged conditions labeled broadly by cell type category and colored by high-resolution cell type identities. C-D) Myeloid cell subcluster proportions expressed as frequency (%) split by diet-genotype groups for tumor (C) and mATTum-adj (D). E-F) Trem2 expression in lean, obese, and weight loss Trem2+/+ mice in the myeloid populations of the tumor (E) and mATTum-adj (F). G) Dot plot of the top 5 differentially expressed genes (DEGs) between lean Trem2+/+ and lean Trem2-/- tumor Macro_C1qc subclusters. Genes include H2-Eb1, H2-Ab1, H2-Aa, Cd74, and Trem2. Log fold change is shown for all 6 diet-genotype groups. H) Dot plot of H2-Eb1, H2-Ab1, H2-Aa, Cd74, and Trem2 log fold change in the mATTum-adj LAM subcluster shown in all 6 diet-genotype groups. 


[bookmark: _Toc191021826]3.3.6 Clonal T cell populations shifted from an exhausted to effector state in tumors from lean but not obese or weight loss Trem2-/- mice
Initial analysis of the tumor T cell populations included cell proportions (cells/g tumor) and frequency (Fig. 3.10 A & B), as well as subclustering of the tumor T cell populations (Fig. 3.10 C). In lean mice, Trem2-/- tumors showed increased CD8+ TEM and CD4+ Th1 cells calculated as percentage and number of cells/g tumor compared to Trem2+/+ controls. In obese mice, these two T cell populations increased in Trem2-/- compared to Trem2+/+; however, both genotypes exhibited markedly reduced cells/g tumor compared to the lean controls. In the weight loss group, CD8+ TEM and CD4+ Th1 cells were reduced with Trem2-/-compared to their diet-matched controls (Fig. 3.10 A & B). Because T cell clonal expansion is integral for targeting tumor cells, tumor T cell clonality (number of cells sharing a clonotype) was visualized by projection of clonal cell counts onto the re-clustered tumor T cell UMAP split by diet and genotype (Fig. 3.10 DI). Highly clonal populations of exhausted CD8+ T cells (TEX) were found in lean Trem2+/+ tumors (Fig. 3.10D), while tumors from lean Trem2-/- mice contained highly clonal CD8+ TEM and CD4+ Th1 populations (Fig. 3.10E). In obese animals, overall clonal populations were fewer; however, both genotypes contained some clonal CD8+ TEX and CD8+ TEM (Fig. 3.10 F & G). In weight loss animals, Trem2+/+ tumors harbored robust clonal CD8+ TEX populations, while Trem2-/- tumors demonstrated marked decrease of overall clonality (Fig. 3.10 H & I). Strikingly, the rich abundance of highly clonal CD4+ Th1 cells in lean Trem2-/- tumors was absent from the other diet-genotype groups, suggesting that these cells may play a key role in restraining tumor growth in the lean Trem2-/- mice. Binning of T cell clones into singlets and low, moderate, or high clonality bins reinforced this increase of CD4+ Th1 cells in the lean Trem2-/- tumors (Fig. 3.10J). In the lean and obese groups, binning also highlighted the expansion of highly clonal CD8+ TEM in the Trem2-/- mice compared to their diet-matched Trem2+/+ controls; however, this robust expansion was not observed in the weight loss animals. Given the substantial differences in tumor T cell clonality between diet and genotype groups, and considering the impact of the adipose tissue microenvironment, we next investigated the clonotypes within both tumor and mATTum-adj.






















 





Figure 3.10 Visualization and binning of Tumor T cell clones reveals expansion of highly clonal CD4+ Th1 cells in lean Trem2-/- tumors.
A) Stacked bar graph of tumor T cell subclusters indicating cells per gram of tumor across all 6 diet-genotype groups. B) Tumor T cell subcluster proportions expressed as frequency (%) across all 6 diet-genotype groups. C) Uniform Manifold Approximation and Projection (UMAP) of tumor T cell subclusters from merged conditions colored by high-resolution cell type identities. D-I) Tumor T cell clones with a clonal population of two or more visualized by mapping clonal cell counts, indicated by color, onto the tumor T cell UMAP. The data is split as labeled by diet and genotype. J) Stacked bar graph showing the distribution of tumor T cell subclusters, binned as single cells or clonal low, clonal moderate, or clonal high (low = x ≤ 12 (median); moderate = 13 ≤ x ≤ 79 (3rd quartile cutoff); high = x >79) shown for all 6 diet-genotype groups. 


[bookmark: _Toc191021827]3.3.7 Identification of identical clonotypes in tumor and mATTum-adj
Clonally expanded T cells can reside in both tumors and adipose tissue, but whether there are any shared clones that traffic between the two is unknown. By sequencing the beta chain of the T cell receptor (TCR), we determined clonotypes based on the complementarity determining region 3 (CDR3). T cell clones were categorized into three groups: tumor-only clones, which were identified exclusively in the tumor; adipose-only clones, which were found solely in the mATTum-adj; and dual-tissue clones, which were identified by the presence of the same TCR in both the tumor and the mATTum-adj (Fig. 3.11A). To visualize the T cell subclusters represented in each category, heat maps of adipose-only clones and dual-tissue clones identified in the adipose tissue were projected onto the mATTum-adj T cell UMAP shown in Figure 7B (Fig. 3.11 C & D). Similarly, tumor-only clones and dual-tissue clones found in the tumor (Fig. 3.11 E & F) were projected onto the tumor T cell UMAP shown in Figure 6C. Single tissue clones were distributed across all identified T cell populations within each diet-genotype group (Fig. 3.11 BD). Lean Trem2+/+ tumors primarily contained CD8+ TEM dual-tissue clones, whereas lean Trem2-/- tumors exhibited dual-tissue clones distributed across CD8+ TEX, CD8+ TEM, and CD4+ Th1 populations (Fig. 3.11E). Both obese genotype groups harbored primarily CD8+ TEM dual-tissue clones in the tumor (Fig. 3.11E). However, the weight loss animals exhibit a flipped phenotype from the lean animals wherein the Trem2+/+ tumors show a spread of dual-tissue clones across CD8+ TEX, CD8+ TEM, and CD4+ Th1 populations and the Trem2-/- tumors primarily contain CD8+ TEM clones (Fig. 3.11E). Heat maps of mATTum-adj dual-tissue clones show that lean and obese Trem2-/- mATTum-adj exhibit more dual tissue clones compared to their Trem2+/+ diet-matched controls; however, both weight loss groups show a diminishment of dual-tissue clones within the mATTum-adj (Fig. 3.11F).
Subsequently, we quantified the number of adipose-only clonotypes and dual-tissue clonotypes within mATTum-adj. This analysis revealed that in nearly every group, at least 40% of the clonotypes identified in the mATTum-adj were also found in the tumor (Figure 3.11G). This analysis also showed an increase in dual-tissue clonotypes in the lean and obese Trem2-/- mATTum-adj compared to the diet-matched Trem2+/+ controls, along with a striking reduction in the number of clonotypes in both weight loss groups. Quantification of clonotypes in the tumor highlighted that a significantly smaller proportion of the clonotypes were also detected in the mATTum-adj (Fig. 3.11H). Thereafter, we quantified the cell counts for the clonotypes within each tissue and further categorized the data using coarse T cell clustering in the mATTum-adj and fine T cell clustering in the tumor. In the mATTum-adj, the dual-tissue CD8+ T cells were increased in the lean Trem2-/- samples compared to the lean Trem2+/+ controls and further increased in the obese Trem2-/- animals. In contrast, the number of CD8+ T cells in weight loss Trem2-/- mATTum-adj decreased compared to the weight loss Trem2+/+ mAT (Fig. 3.11 I). Concurrently, in the tumor, the cell counts of dual-tissue CD8+ TEM, CD8+ TEX, and CD4+ Th1 cells demonstrated a striking increase in the lean and obese Trem2-/- tumors compared to the diet-matched Trem2+/+ tumors with greatest number of dual-tissue T cells in the lean Trem2-/- tumors (Fig. 3.11 J). Similar to the mATTum-adj, the weight loss tumors exhibited a reduction of dual-tissue T cells in the Trem2-/- animals (Fig. 3.11J). The adipose-only clone cell counts are predominantly composed of NKT and Treg clones, indicating NKT and Treg populations were mainly restricted to the mATTum-adj. In contrast, CD8+ T cells appear more likely to be identified as a dual-tissue clone between the mATTum-adj and the tumor (Fig. 3.11K). Contrastingly, each diet-genotype group possessed all T cell populations in the tumor-only clone cell counts analysis (Fig. 3.11L). 







A) Schematic illustrating tumor-only, adipose-only, and dual-tissue clones. B) Uniform Manifold Approximation and Projection (UMAP) of mATTum-adj T cell subclusters from merged conditions colored by high-resolution cell type identities. C) Heat map of tumor-only clones projected onto tumor T cell UMAP. D) Heat map of adipose-only clones projected on mATTum-adj T cell UMAP. E) Heat map of dual-tissue clones identified in the tumor projected on tumor T cell UMAP. F) Heat map of dual-tissue clones identified in the mATTum-adj projected on mATTum-adj T cell UMAP. G) Stacked bar graph showing the number of clonotypes identified in the mATTum-adj, sorted by dual-tissue and adipose-only clones. The percentage of dual-tissue clones for each diet-genotype group is displayed at the top of each bar. H) Stacked bar graph showing the number of clonotypes identified in the tumor, sorted by dual-tissue and tumor-only clones. The percentage of dual-tissue clones for each diet-genotype group is displayed at the top of each bar. I) Cell counts of dual-tissue T cell clones identified in the mATTum-adj. Cell count data is colored in stacked bar graph by course T cell subclusters. J) Cell counts of dual-tissue T cell clones identified in the tumor. Cell count data is colored in stacked bar graph by high-resolution T cell subclusters. K) Cell counts of adipose-only clones identified in the mATTum-adj. Cell count data is colored in stacked bar graph by course T cell subclusters. L) Cell counts of tumor-only clones identified in the mATTum-adj. Cell count data is colored in stacked bar graph by high-resolution T cell subclusters. Figure 7A was created with Biorender.com.[bookmark: _Toc187017003][bookmark: _Toc190858728]Figure 3.11 Identification of dual-tissue clones in tumor and tumor-adjacent mammary adipose tissue (mATTum-adj).


[bookmark: _Toc191021828]3.3.8 Obese mice are resistant to PD-1 treatment and do not exhibit an increase in activated T cells
Clinical studies in melanoma and NSCLC suggested obesity may induce a “paradoxical effect” with immune checkpoint inhibitors, where patients with obesity respond more favorably than lean patients131,132; however, this has not been well studied in postmenopausal breast cancer or in the context of weight loss. Tumors from Trem2+/+ lean and weight loss mice had a higher number of all T cell populations per gram tumor and a greater abundance of highly clonal CD8+ TEX cells compared to tumors from obese mice (Fig. 3.10A & J). To investigate how obesity and weight loss affect PD-1 treatment in a postmenopausal breast cancer model, ovariectomized lean, obese, and weight loss groups were generated, with food intake and body weight recorded (Fig. 3.13 AC). Mice were injected with E0771PD-L1 cells at 20 weeks on diet and treated with IgG or PD-1 antibody during the final 8d of tumor monitoring (Fig. 3.12A). Lean and weight loss mice responded to the PD-1 treatment as evidenced by decreased tumor mass and volume (Fig. 3.12B, C, E; individual tumor growth curves - Fig. 3.13D). Obese IgG and PD-1 treated groups exhibited no statistical differences in tumor mass/volume at any time point (Fig. 3.12 B & D; Fig. 3.13D). To better understand the interactions between the tumor and surrounding mAT, CD11b+ cells and T cells were isolated from the mATTum-adj by fractionation and sequential magnetic sorting (Fig. 3.12F; Fig. 3.13 E & F). Gene expression of T cell activation markers Pdcd1, Tigit, Tox, and Lag3 were increased in the lean PD-1 mATTum-adj T cells compared to the lean IgG (Fig. 3.12G). Within the obese group, there were no differences in T cell activation marker expression between antibody treatment groups; however, Pdcd1, Tox, and Lag3 expression were reduced in the obese PD-1 group compared to the lean PD-1 treated animals (Fig. 3.12G). Tumor whole tissue lysates revealed increased Cd8a, Pdcd1, Lag3, as well as Trem2 in the weight loss PD-1 treatment group with no differences found in the obese group (Fig. 3.12H). Additionally, expression of LAM genes Trem2, Plin2, and Cd36 in the isolated CD11b+ cells reproduced an increase of LAMs in obese mATTum-adj and mATContra that was not impacted by PD-1 treatment (Fig. 3.13 G & H). 












[bookmark: _Toc187017004][bookmark: _Toc190858729]
Figure 3.12 Obese mice do not respond to PD-1 therapy and do not exhibit an increase of T cell activation markers in tumor-adjacent mammary adipose tissue (mATTum-adj) or tumor.
A) Schematic of study design for lean, obese, and weight loss breast cancer model treated with IgG and PD-1. During the last two weeks of tumor monitoring, mice were injected with either PD-1 or IgG isotype control. B) Tumor mass (g) at study endpoint. C-E) Tumor volume (mm3) over time for lean, obese, and weight loss IgG and PD-1 treated mice with dashed line to indicate start of antibody treatment.  F) Schematic of isolating the stromal vascular fraction from the mATTum-adj and subsequently isolating a pooled sample of CD4+ and CD8+ T cells using the magnetic Miltenyi Octomacs microbead sorting system. G) T cell activation markers, Pdcd1, Tigit, Tox, and Lag3 relative gene expression by RT-PCR from magnetically sorted CD4+ and CD8+ T cells from the mATTum-adj. H) Cd8a, Pdcd1, Lag3, and Trem2 gene expression by RT-PCR from whole tumor lysates. Due to the response to PD-1 treatment in the lean mice, only two tumors from the lean PD-1 group could be analyzed by RT-PCR. For diet groups, solid colors: green = lean IgG, blue = obese IgG, pink = weight loss IgG; open circles: dark green = lean PD-1, dark blue = obese PD-1, maroon = weight loss PD-1. Two-way ANOVA with uncorrected Fisher’s LSD test was used to compare groups for tumor mass. Mixed effects analysis was used for statistical analysis of tumor volumes over time. Two-way ANOVA with Sidak’s multiple comparison test was used to compare groups in the T cell activation marker gene expression analysis. All data plotted as mean  SEM for 2-6 mice per group. *denotes antibody effect (IgG vs. PD-1), †denotes diet effect, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; †p<0.05, ††p<0.01. Figures 2A, F, & H were created with Biorender.com.
















Figure 3.13 IgG and PD-1 treatment in lean, obese, and weight loss mice.
A) Body weights (g) for all groups measured weekly with dashed lines to indicate diet switch and E0771 cell injection. B) Mouse daily food intake represented as kcal/mouse/day calculated as an average over the week with dashed line indicating diet switch. C) Mouse cumulative food intake (kcal) over the entire time on diet with dashed line indicating diet switch. D) Tumor volume (mm3) over time for all individual tumors with dashed line to indicate start of IgG or PD-1 treatment. Data separated by diet and treatment group. E) Cd8a relative gene expression by RT-PCR in CD4+/CD8+ and CD4-/CD8- tumor-adjacent mAT fractions. F) Itgam (CD11b) relative gene expression by RT-PCR in CD11b+ and CD11b- contralateral mAT fractions. G) Relative gene expression by RT-PCR of LAM genes Trem2, Plin2, and Cd36 from the tumor-adjacent mAT CD11b+ fraction. H) Relative gene expression by RT-PCR of LAM genes Trem2, Plin2, and Cd36 from the contralateral mAT CD11b+ fraction. For diet groups, solid colors: green = lean IgG, blue = obese IgG, pink = weight loss IgG; open circles: dark green = lean PD-1, dark blue = obese PD-1, maroon = weight loss PD-1. Two-way ANOVA with uncorrected Fisher’s LSD test was performed to compare groups for all LAM gene expression. All data plotted as mean  SEM of 2-6 mice per group. *denotes antibody effect (IgG vs. PD-1), †denotes diet effect, **p<0.01; †p<0.05, ††p<0.01, ††††p<0.0001.  

[bookmark: _Toc191021829]3.4 Discussion
In this study, we developed lean, obese, and weight loss models of postmenopausal breast cancer to evaluate the effects of Trem2 deficiency and immune checkpoint therapy, resulting in three main insights: 1) Trem2 deficiency attenuated tumor growth in lean, but not obese or weight loss mice. 2) Identical T cell clonotypes were detected in the tumor and mATTum-adj of the same animal. 3) PD-1 treatment restricted tumor growth of PD-L1-expressing tumor cells in lean and weight loss mice, but obese mice demonstrated resistance. Overall, our study contributes to a deeper understanding of how weight history impacts the immunological landscape of postmenopausal breast cancer and the potential for TREM2 targeting, with implications for personalized medicine. 
Our study, along with previous research79,99,101, confirms that Trem2 deficiency inhibits tumor growth in chow-fed mice. ScRNAseq of tumor immune cells in Trem2-deficient mice revealed increased CD8+ T cells in sarcoma79,99 and increased CD8+ T cells and NKT cells in TNBC 133 models. Similarly, we observed increased CD4+ Th1 and CD8+ TEM cells in tumors from lean Trem2-/- mice. Our study also assessed T cell clonality. In lean Trem2+/+ tumors, the predominant clonal populations are exhausted CD8+ T cells; however, in lean Trem2-/- tumors, these populations shift toward an effector memory state and CD4+ Th1 cells are increased. This shift does not occur in obesity or weight loss, where the clonal cells predominantly remain exhausted. The change in T cell populations may be linked to upregulated antigen presentation genes in the lean Trem2-/- Macro_C1qc subcluster, which could enhance T cell activation and clonal expansion. Greater numbers of TEM cells suggest a potent anti-tumor immune response occurred that was supported by the high frequency of CD4+ Th1 cells driving a pro-inflammatory response, which could contribute to the tumor attenuation phenotype found in lean, but not obese or weight loss, mice. 
Tumor-infiltrating lymphocytes (TILs) in breast cancer vary by subtype, with higher levels in TNBC and HER2-positive tumors compared to estrogen receptor-positive, HER2-negative tumors. TILs, particularly in TNBC, are linked to better prognosis82, and increased stromal TILs correlate with improved neoadjuvant chemotherapy sensitivity across all subtypes87. In HER2-overexpressing cancers, CD4+ Th1 infiltration improved relapse-free survival following neoadjuvant trastuzumab-taxane therapy134. These findings align with our observation that selective CD8+ TEM and CD4+ Th1 expansion in lean Trem2-/- mice may contribute to reduced tumor growth, reflecting key features of human breast cancer biology. 
By utilizing scRNAseq and VDJ sequencing in both the tumor and mATTum-adj, we could perform side-by-side analysis of T cell clonotypes in these two tissues from the same animal. Intriguingly, we found numerous incidents of identical T cell clonotypes, or “dual-tissue clones”, within the tumor and mATTum-adj of the same mouse. Notably, in the mATTum-adj, 40% or more of the T cell clonotypes were dual-tissue clones in nearly all conditions, even reaching 74% in the lean Trem2-/- tissue. The number of dual tissue clones nearly doubles in lean Trem2-/- compared with lean Trem2+/+ mice, suggesting that absence of Trem2 on myeloid cells has consequences for clonal expansion of T cells, which was also seen in obese, but not weight loss mice. The tumor contains an overwhelming number of T cells compared to the mATTum-adj; however, up to 4.1% of tumor clonotypes were identified as dual-tissue, identifying thousands of dual-tissue clonal cells. Interestingly, tumor dual-tissue clones were reduced in the obese tumors and nearly ablated in weight loss, suggesting some perturbation resulting in loss of such clones could have occurred in obesity that was not recovered with weight loss. Overall, these data suggest potential trafficking of T cells between tumors and nearby adipose tissue, which could indicate that adipose tissue may act as a reservoir of T cells for the tumor. The absence of tumor attenuation in weight loss Trem2-/- mice, coupled with the near ablation of dual-tissue clones in the tumor and mATTum-adj, suggests that the potential trafficking of dual-tissue clones is a crucial component of anti-tumor immunity associated with blocking Trem2. T cell clonality in tumor-associated adipose tissue may also have relevance for other cancers where obesity serves as a prognostic indicator. This finding could have implications for developing treatments to invigorate adipose tissue T cells against tumors. 
Despite the known association between obesity and cancer risk, research shows that in some cancers, obesity improves response to immune checkpoint inhibitors, a phenomenon termed the “obesity paradox”. Retrospective studies in NSCLC132, melanoma131, and renal cell carcinoma135 found improved survival for patients with obesity treated with PD-1 or PD-L1 therapy. A meta-analysis including 16 cancer types demonstrated improved survival for breast cancer patients with obesity, though it included only 8 such patients and did not consider menopausal status, highlighting the need for further research136. Pietenpol’s lab demonstrated TNBC patients with obesity trended towards increased benefit from combination carboplatin and atezolizumab (PD-L1), compared to normal and overweight patients137. To our knowledge, no retrospective human studies have investigated the interplay between weight loss and immune checkpoint inhibitors in breast cancer. In our study, postmenopausal obese mice do not respond to PD-1, contradicting the obesity paradox. However, the Makowski lab showed that pre-menopausal obese mice responded to PD-1138. Differences between these studies are menopausal status, tumor cell PD-L1 expression, and the use of irradiated diets in the Makowski study, which could contribute to differing responses. Interestingly, Makowski’s research in a bariatric surgery model demonstrates that pre-menopausal obese mice (sham surgery) do not respond to PD-L1, whereas lean (sham surgery) and weight loss (HFD vertical sleeve gastrectomy) mice show a positive response to PD-L1 therapy105. In human studies, the level of PD-L1 expression on the tumor cells as well as the menopausal status may be important contributors to whether the obesity paradox prevails. 
The effectiveness of PD-1 blockade is thought to hinge upon the ability to reinvigorate progenitor CD8+ TEX cells, which can recover effector functions, unlike terminally exhausted CD8+ T cells139. Some studies have suggested that excess adiposity in obesity increases PD-1+ CD8+ T cells, which has been implicated in the obesity paradox140. In our scRNAseq analysis, we found that Trem2+/+ obese tumors had fewer CD8+ T cells per gram tumor and fewer highly clonal CD8+ T cells compared to lean and weight loss conditions. This scarcity of T cells in obese tumors could explain the poor response to  PD-1. Additionally, CD8+ TEX cells in obese tumors may be terminally exhausted, whereas those in lean and weight loss tumors may not be, thus allowing PD-1 efficacy. Further research, including retrospective studies in breast cancer patients, is needed to understand how weight history influences response to immune checkpoints. 
Recently, weight loss drugs, especially GLP-1 receptor agonists, have surged in popularity due to their efficacy and transformative impact on weight management, highlighting the importance of addressing weight loss in our studies. Considering that our study indicates tumors respond differently under weight loss conditions compared to a lean state, it is crucial for clinicians to consider patients’ weight history when considering treatment options – especially when immunotherapies will be employed. Future studies must continue to investigate both weight loss and weight regain in the context of both weight loss-associated medications and caloric restriction.	 Two key strengths of our scRNAseq and VDJ sequencing experiments are the sample size of 3-4 per diet-genotype group and the processing of samples on separate lanes, ensuring independent and robust biological replication. A limitation of our study is that while identification of identical T cell clonotypes in the tumor and mATTum-Adj suggests trafficking of T cells between the two tissues, we cannot show the movement of the T cells. Accordingly, while we hypothesize that adipose tissue could act as a reservoir of tumor-infiltrating T cells, we cannot confirm directionality of potential trafficking. Further work designed to analyze trafficking or assess chemokines and their receptors with more depth would enhance understanding of these T cell populations. Finally, since scRNAseq and VDJ sequencing only analyze a subset of the immune cells from each tissue, our interpretation of the data is limited to drawing inferences from the cells captured. Future studies should explore immune checkpoint therapy in lean, obese, and weight loss conditions with Trem2-deficiency or antibody treatment. 
We found it especially interesting that, in contrast to the lean Trem2-/- group, the weight loss Trem2-/- mice did not show reduced tumor growth, with their phenotype more closely resembling the obese group. We hypothesize macrophages may become primed in the obese state, as we have demonstrated by in adipose tissue macrophages, a phenomenon known as “trained innate immunity” 141. This potential priming during obesity could contribute to the observed phenotype in the weight loss group and represents an intriguing area for future research. 
The E0771 cell line, derived from a spontaneous murine mammary cancer, is widely used despite ongoing debates regarding its subtype classification142. It offers advantages such as syngeneity with C57BL/6J mice, a high tumor take rate, and close modeling of human breast cancer. Importantly, it enables study in an immunocompetent model142. Because Trem2-deficient mouse models are only available on the C57BL/6J background, a widely used strain for obesity studies, the E0771 cell line was well-suited for our investigation. The use of a single tumor cell line is acknowledged as a limitation. However, given the depth of exploration into immune interactions within the tumor microenvironment and surrounding adipose tissue, the findings offer valuable insights into the role of TREM2 in immune responses and tumor progression under different weight-history conditions. 
Another aspect to note in our data is that, unlike the parental E0771 cell line, the obese wild-type mice did not exhibit accelerated tumor growth with the E0771PD-L1 cell line. Moreover, tumor growth was dampened overall in mice receiving the E0771PD-L1 cell line compared to the parental E0771 line. Two key factors distinguish the E0771PD-L1 cell line from the parental E0771 line: the overexpression of PD-L1 and expression of GFP. The immunogenicity of GFP-expressing tumor cells in immunocompetent mice143,144 may explain the lack of accelerated tumor growth in obese Trem2+/+ mice with the E0771PD-L1 cell line. 
	By examining obesity and weight loss across various contexts, including Trem2 deficiency and immune checkpoint therapy, and assessing both the tumor and surrounding adipose tissue in all studies, we have gained significant insights into how weight history affects both adipose tissue and the tumor microenvironment. Our data suggest a potential crosstalk between these tissues, possibly involving T cell trafficking. These findings indicate that weight history is a critical factor for clinicians to consider in patient care, as its effects may vary depending on the specific clinical scenario.


[bookmark: _Toc191021830]Chapter 4


Associations between TREM2+ macrophage cell density and tumor prognostic factors in ER+ breast cancer patient samples

[bookmark: _Toc191021831]4.1 Introduction
Breast cancer is clinically classified according to the expression of estrogen receptor, progesterone receptor, and overexpression of HER2. This classification divides breast cancer into three broad subtypes: Luminal (ER+/PR+/–), HER2-positive (HER2+, ER+/–, PR+/–), and TNBC (ER–, PR–, HER2–), which are associated with prognosis and guide treatment decisions. The preclinical studies in this dissertation utilized a model of TNBC, the least common but most aggressive and immunogenic breast cancer subtype. Although the Luminal subtype is considered less immunogenic, the role of immune cells in this subtype and their potential impact on prognosis and clinical outcomes is still not fully understood. Given that Luminal breast cancer represents a larger proportion of breast cancer cases, understanding its immune landscape and identifying potential biomarkers could offer avenues for therapeutic advancement. 
High proportions of TREM2-expressing macrophages have been associated with lower survival probabilities in a TNBC cohort79, a mixed cohort comprised of 73% ER+ tumors91,145, and a mixed ER+ and ER– cohort that analyzed the tumor stroma by laser capture microdissection146. However, these previous reports largely provided a broad overview, focusing on the correlation between TREM2 expression levels or the proportion of TREM2-expressing macrophages and survival probability. In this study, we aimed to examine various tumor characteristics, prognostic factors, and metabolic syndrome criteria, and explore how these factors are associated with TREM2-expressing macrophages in three defined regions of the tumor. 

[bookmark: _Toc191021832]4.2 Results
[bookmark: _Toc191021833]4.2.1 Staining and quantification of TREM2 and CD68 in breast cancer patient samples. 
The primary aims of this study were to explore the distribution of TREM2-expressing macrophages in breast cancer, with a specific focus on their correlation with the aggressiveness of the tumor and metabolic syndrome (MetS). To address these aims, we included patients with early-stage breast cancer of any subtype who had undergone definitive breast cancer surgery at Vanderbilt University Medical Center in the past 6 months. A total of 95 patient samples were stained for DAPI, CD68, and TREM2. Four of these samples were excluded due to insufficient tumor tissue for analysis. One sample originated from a male patient and was therefore excluded to maintain a homogeneous study population and eliminate potential confounding variables in the study. Of the remaining 90 samples, only 4 samples were ER-. Therefore, to ensure adequate sample size for statistical analysis, we decided to focus solely on the ER+ samples. Table 4.1 includes a breakdown of patient data for the remaining 86 samples including clinical factors, age, and other pathological subgroups relevant to the study.
	All tumor sections were analyzed by a pathologist and divided into three areas: the tumor area (TA), which is the inner tumor nest, the peri-tumor stroma (PTS) defined as a distance of 500μm from the tumor limit, and the distant-tumor stroma (DTS) defined from the peri-tumor stroma limit to the end of the surgical resection (the size of distant-tumor stroma varies depending on the size of the resection). The quantification data of TREM2+CD68+ cells/mm2 across all samples demonstrates that the TREM2+CD68+ cells were most concentrated in the TA compared to both the PTS and DTS (Fig. 4.1 A). However, our analysis focuses on comparing between subgroups within each of these distinct areas of the tumor. Panels B – J in Figure 4.1 show representative images from an individual patient of DAPI, CD68, and TREM2 staining in the TA, PTS, and DTS.

[bookmark: _Toc190426104]Table 4.1. Patient demographics and clinical characteristics.
Distribution of patients used in this study based on various clinical and demographic factors. These include menopausal status, hormone receptor status, histological subtype, genomic test risk, proliferative capacity, path prognostic stage, body mass index, number of metabolic syndrome criteria, and co-morbidities. The number of patients in each subgroup is listed and additional data for average age, BMI, and tumor size within each subgroup is shown. Data is displayed as mean ± standard deviation (SD) with the range included in parenthetical format. 
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[bookmark: _Toc190858731]Figure 4.1 Staining for TREM2 macrophages in ER+ breast cancer samples.
A) Quantification of TREM2+CD68+ cells/mm2 in all 86 patient samples in the tumor area, peri-tumor stroma, and distant-tumor stroma. B-J) Representative images from a singular patient of the tumor area (B-D), peri-tumor stroma (E-G), and distant-tumor stroma (H-J). DAPI and CD68 staining are shown in panels B, E & H. DAPI and TREM2 staining are shown in panels C, F, & I. Staining for DAPI, CD68, and TREM2 are shown in panels D, G, & J. One-way ANOVA with Tukey’s multiple comparisons test was used to compare TREM2+CD68+ cells/mm2 across regions of the tumor. ****p < 0.0001.


[bookmark: _Toc191021834]4.2.2 TREM2-expressing macrophages are reduced in the tumor area and peri-tumor stroma of lobular histological subtype. 
Because the study included patients aged from 33 to 88, encompassing both pre- and post-menopausal women, and because menopausal status can influence tumor characteristics and growth, as well as incidence of obesity, we first compared TREM2+CD68+ cells/mm2 in the TA, PTS, and DTS between pre- and post-menopausal women. No differences were observed between pre- and post-menopausal women in the TA or PTS (Fig. 4.2 A - B); however, TREM2+CD68+ cells/mm2 were significantly decreased in the DTS of tumors from post-menopausal patients compared to tumors from pre-menopausal patients (Fig. 4.2 C). 
Next, we asked whether hormone receptor status impacts presence of TREM2-expressing macrophages by comparing ER+PR+ tumors to ER+PR- tumors. No differences were observed in the TA or DTS (Fig. 4.2 D & F); however, TREM2+CD68+ cells/mm2 decreased in the PTS of ER+PR- tumors. Finally, assessment of histological subtype revealed that TREM2+CD68+ cells/mm2 were decreased in the TA and PTS of lobular subtype tumors compared to ductal subtype tumors with no differences observed in the DTS. 


[bookmark: _Toc190858732]Figure 4.2 Assessment of TREM2-expressing macrophages across menopausal status, hormone receptor status, and histological subtype.
A-C) Menopausal status: TREM2+CD68+ cells/mm2 in pre-menopausal vs. post-menopausal women in tumor area (A), peri-tumor stroma (B), and distant-tumor stroma (C). D-F) Hormone receptor dependence: TREM2+CD68+ cells/mm2 in ER+PR+ vs. ER+PR- breast cancers in tumor area (D), peri-tumor stroma (E), and distant-tumor stroma (F). G-I) Histological subtype: TREM2+CD68+ cells/mm2 in ductal vs. lobular breast cancers in tumor area (G), peri-tumor stroma (H), and distant-tumor stroma (I). Statistical analysis was performed using the Student’s t test when variances were equal between groups (panels B, C, I) and Welch’s test when variances were unequal (panels A, D-H). All data plotted as mean  SEM. *p<0.05, **p<0.01. 
[bookmark: _Toc191021835]4.2.3 Assessment of TREM2-expressing macrophages and association with tumor prognostic factors.
We then proceeded to analyze the TREM2-expressing macrophages in relation to multiple prognostic characteristics of the tumors. Of the 86 tumors examined, 48 patients had received either Oncotype or MammaPrint testing to assess risk of recurrence. The patients that received either method of genetic testing were then split into low risk or high risk of recurrence. No differences in TREM2+CD68+ cells/mm2 in the TA, PTS, or DTS were observed between low risk and high risk of recurrence tumors (Fig. 4.3 A – C). Similarly, no differences were observed for TREM2+CD68+ cells/mm2 in any of the assessed areas of the tumor for Ki67 low compared to Ki67 high tumors (Fig. 4.3 D – F). Correlation analysis was conducted to examine the association between TREM2+CD68+ cells/mm2 and tumor size (mm). Although the analysis indicated a significant finding in the PTS and DTS (p < 0.05), the actual correlation was minimal (r2 < 0.1) and thus no meaningful conclusions can be made (Fig. 4.3 G – I). Finally, pathologic stage was assessed. Low pathologic prognostic stage IA tumors were compared to the higher pathologic prognostic stages IIA, IIB, and IIIA combined. No differences were observed in the TA or DTS (Fig. 4.3 J & L); however, TREM2+CD68+ cells/mm2 were decreased in the PTS of the high pathologic prognostic stage tumors (Fig. 4.3 K). 



[bookmark: _Toc190858733]Figure 4.3 TREM2-expressing macrophages show no differences across genomic risk assessment, tumor proliferative capacity, or tumor size. 
A-C) Genomic risk assessment: TREM2+CD68+ cells/mm2 in tumors with low vs. high risk of recurrence in tumor area (A), peri-tumor stroma (B), and distant-tumor stroma (C). D-F) Proliferative capacity: TREM2+CD68+ cells/mm2 in Ki67 low vs. Ki67 high tumors in tumor area (D), peri-tumor stroma (E), and distant-tumor stroma (F). G-I) Correlation analysis of TREM2+CD68+ cells/mm2 vs. tumor size (mm) in the tumor area (G), peri-tumor stroma (H), and distant-tumor stroma (I). J-L) Pathologic stage: TREM2+CD68+ cells/mm2 in PPS IA vs. PPS IIA, IIB, and IIIA tumors in the tumor area (J), peri-tumor stroma (K), and distant-tumor stroma (L). Statistical analysis was performed using the Student’s t test when variances were equal between groups (panels B-F, L) and Welch’s test when variances were unequal (panels A, J, K). Simple linear regression analysis was applied to correlation plots and the p value and coefficient of determination (r2) is displayed on each graph. All data plotted as mean  SEM. *p<0.05.  

[bookmark: _Toc191021836]4.2.4 TREM2-expressing macrophages do not correlate with BMI or metabolic syndrome criteria. 
Next, we investigated the relationship between BMI, metabolic syndrome, and TREM2-expressing macrophages within the TME. TREM2-expressing LAMs have previously been identified in omental adipose tissue, where the number of TREM2+ LAMs has been positively correlated with increasing BMI. Building on this, we sought to determine whether density of TREM2+CD68+ cells was associated with BMI or metabolic syndrome in any regions of the tumor. 
Correlation analysis between TREM2+CD68+ cells/mm2 and BMI revealed no significant relationship in the TA, PTS, or DTS (Fig. 4.4 A - C). For the assessment of metabolic syndrome, we considered four key criteria: BMI > 30, hyperlipidemia, hyperglycemia, and hypertension, as outlined in the Methods section for this study. Patients were grouped according to the number of metabolic syndrome criteria they exhibited, and TREM2+CD68+ cells/mm2 was compared across these groups. However, no significant differences in TREM2+CD68+ cell density were observed across any metabolic syndrome criterion group in the TA, PTS, or DTS (Fig. 4.4 D – F).
To further investigate any relationship between TREM2+CD68+ cell density and specific components of metabolic syndrome, we next focused on examining each criterion individually. Specifically, we analyzed patients based on the presence or absence of hyperlipidemia, hyperglycemia, or hypertension, and assessed the corresponding TREM2+CD68+ cells/mm2 for each condition in the TA, PTS, and DTS. However, no significant differences were found for any of the criteria across the tumor regions (Fig. 4.5 A – I). 


[bookmark: _Toc190858734]Figure 4.4 Evaluation of association between tumor TREM2-expressing macrophages and metabolic syndrome criteria.
A-C) Correlation analysis of TREM2+CD68+ cells/mm2 vs. BMI in the tumor area (A), peri-tumor stroma (B), and distant-tumor stroma (C). Metabolic syndrome criteria: TREM2+CD68+ cells/mm2 in patients with 0, 1, 2, 3 or 4 metabolic syndrome criteria in tumor area (D), peri-tumor stroma (E), and distant-tumor stroma (F). Simple linear regression analysis was applied to correlation plots and the p value and coefficient of determination (r2) is displayed on each graph. One-way ANOVA with Dunnett’s multiple comparison test was used to compare TREM2+CD68+ cells/mm2 in patients with 0 metabolic syndrome criteria to patients with 1, 2, 3, or 4 metabolic syndrome criteria. 


[bookmark: _Toc190858735]



Figure 4.5 Hyperlipidemia, hyperglycemia, or hypertension as individual comorbidities do not modulate TREM2-expressing macrophages in the tumor area, peri-tumor stroma, or distant-tumor stroma. 
A-C) Hyperlipidemia: TREM2+CD68+ cells/mm2 in the tumors of hyperlipidemic and non-hyperlipidemic patients in the tumor area (A), peri-tumor stroma (B), and distant-tumor stroma (C). D-F) Hyperglycemia: TREM2+CD68+ cells/mm2 in the tumors of hyperglycemic and non-hyperglycemic patients in the tumor area (D), peri-tumor stroma (E), and distant-tumor stroma (F). G-I) Hypertension: TREM2+CD68+ cells/mm2 in the tumors of hypertensive and non-hypertensive patients in the tumor area (G), peri-tumor stroma (H), and distant-tumor stroma (I). Statistical analysis was performed using Student’s t test for all comparisons. All data plotted as mean  SEM.

[bookmark: _Toc191021837]4.3 Discussion
In this study, we assessed associations between TREM2+CD68+ cell density in three distinct regions of the tumor and multiple tumor characteristics, prognostic factors, and metabolic syndrome criteria. Although a few analyses, primarily with tumor characteristics, showed statistical significance, the data mostly demonstrated no associations between TREM2-expressing macrophages and tumor prognostic factors or metabolic syndrome criteria in early-stage ER+ breast cancer. 
	In the initial analysis of patient and tumor characteristics, TREM2+CD68+ cells/mm2 were significantly decreased in the DTS of tumors from postmenopausal women compared to tumors from premenopausal women. While this was an interesting finding, the TA and PTS are more critical areas for assessment with regards to potential impact on tumorigenesis. Therefore, given that no differences were observed in either the TA or PTS, we decided to combine pre- and post-menopausal patient samples for subsequent analyses. Other differences were observed including a decrease of TREM2+CD68+ cells/mm2 in the PTS of ER+PR- tumors and in both the TA and PTS of lobular subtype tumors. These findings suggest that hormonal status or cell type of origin may influence the infiltration or differentiation of TREM2-expressing macrophages. However, due to the limited representation ER+PR- and lobular subtype tumors in our patient cohort, these observed differences may be due to sample size limitations. 
	Ultimately, a tumor biomarker does not hold clinical relevance if it does not correlate with established prognostic indicators of the disease. The data presented here reveal a striking lack of statistical significance between TREM2-expressing macrophages and genomic risk, proliferative capacity, tumor size, pathologic stage, or metabolic syndrome criteria. These findings were unanticipated, considering previously reported associations between TREM2 and survival probability in patient cohorts with high proportions of ER+ patients. Consequently, our results indicate that TREM2 does not serve as a reliable biomarker for ER+ breast cancer. A deeper discussion of how this data fits in with our preclinical models in Chapter 3 can be found in Chapter 5 of this dissertation. 



[bookmark: _Toc191021838]Chapter 5


General Discussion, Conclusions, and Future Directions

[bookmark: _Toc191021839]5.1 Conclusions and discussion 
In our studies, we investigated the role of TREM2 and the efficacy of  PD-1 therapy within postmenopausal breast cancer in the context of obesity and weight loss using murine models. From these preclinical models, we gained three main insights: 1) Trem2 deficiency attenuated tumor growth in lean, but not obese or weight loss mice. 2) Identical T cell clonotypes were detected in the tumor and mATTum-adj of the same animal. 3) PD-1 treatment restricted tumor growth of PD-L1-expressing tumor cells in lean and weight loss mice, but obese mice demonstrated resistance. Additionally, in ER+ breast cancer patient samples, we assessed associations between TREM2+CD68+ cell density in three distinct regions of the tumor and multiple tumor characteristics, prognostic factors, and metabolic syndrome criteria. However, the data mostly demonstrated no associations between TREM2-expressing macrophages and tumor prognostic factors or metabolic syndrome criteria in early-stage ER+ breast cancer. In this discussion, the implications of these findings will be considered in light of existing literature, and I will also address limitations of the studies and propose directions for future research.  
[bookmark: _Toc191021840]5.1.1 Trained innate immunity
In our studies examining tumor growth in lean, obese, and weight loss Trem2+/+ and Trem2-/- mice, we hypothesized the obese group would exhibit a phenotype different from the lean group. Consequently, the absence of differences in tumor growth between the obese Trem2+/+ and Trem2-/- mice was not entirely unexpected. However, one of the most intriguing findings in these studies was that tumor growth data from the weight loss group more closely resembled that of the obese group, rather than the lean group, despite the fact that the lean and weight loss mice were weight-matched prior to the E0771PD-L1 injections. In Chapter 3, I discussed at length the observed differences in T cell populations between diet and genotype groups, and I hypothesized that a priming of macrophages in obesity may precede the changes in T cell populations; I will expand upon that here. 
	This phenomenon known as “trained innate immunity” has been demonstrated in adipose tissue macrophages in weight loss mice by a prior member of the Hasty lab141. Caslin et al. showed that the inflammatory genes Il1b and Tnf, glycolytic genes Pkm and Ldha, and the activation marker Cd83 had increased differential gene expression in epididymal adipose tissue of weight loss mice compared to lean mice. Additionally, common pathways of the significantly different genes between weight loss and lean groups were related to chromatin organization, signal transduction, and cell communication, which are characteristics of innate immune memory141.   
	While these studies were conducted in male epididymal adipose tissue, they serve as a proof of principle that changes to adipose tissue macrophages in obesity can be carried over into weight loss. In Figure 3.9, Panel G, the tumor Macro_C1qc macrophage subcluster exhibits increased gene expression of antigen presentation genes H2-Eb1, H2-Ab1, H2-Aa, and Cd74 specifically in the lean Trem2-/- group. However, these genes are not increased in the obese or weight loss Trem2-/- mice. This suggests that trained innate immunity may extend outside of adipose tissue macrophages to circulating monocytes that infiltrate tumors and differentiate into macrophages. Interestingly, these same genes were increased in the LAMs of the mATTum-adj in both the lean and obese Trem2-/- mice, but not the weight loss mice. Overall, these data suggest that epigenetic changes may occur as priming events in obesity, which could persist into weight loss, thus influencing tumor growth. This finding underscores the notion that, although weight loss may confer certain benefits, the lean and weight loss states are not identical. 
[bookmark: _Toc191021841]5.1.2 TREM2-expressing macrophages – LAMs in adipose tissue versus tumor
Within this dissertation, I identify TREM2-expressing macrophages in both the adipose tissue and the tumor. Given the plasticity of macrophages, it is intriguing to consider what similarities or differences may exist between the TREM2-expressing LAMs in the adipose tissue and the Macro_C1qc tumor macrophages or other TREM2 populations identified in the literature. In 2017, Lev Becker’s group identified the metabolically activated (Mme) phenotype in the adipose tissue macrophages (ATMs) that was induced by HFD feeding130. Three genes involved in lipid metabolism in these Mmes were Plin2, Abca1, and Cd36. As the field continued to explore these macrophage phenotypes induced by HFD feeding and the term “lipid associated macrophages” was coined, the Immunometabolism field recognized and accepted that LAMs and Mmes were identifying the same population. In 2019, Jaitin et al. utilized scRNAseq to characterize TREM2-expressing LAMs in obese adipose tissue and identified their protective functions to counteract inflammation, adipocyte hypertrophy and metabolic disease. In the initial portion of the study in Chapter 3, we were primarily assessing the LAMs in the adipose tissue by qPCR, therefore we chose adipose tissue LAM markers for these experiments including Plin2, Cd36, and Trem2, which were referenced throughout the work by Jaitin et al. 
However, as we moved into the scRNAseq work, we recognized that the immune cell clusters in the adipose tissue and tumor would have distinct markers from one another. Therefore, as shown in Figure 3.8, the clustering for the mATTum-adj was completed using the mouse adipose atlas from Caslin et al.141 for machine-learning based reference mapping. Clustering for the tumor was completed using the Leiden algorithm and for tumor myeloid cells, the pan-cancer myeloid atlas50 was referenced for subpopulation markers where possible. By using two different clustering approaches, we were able to account for tissue differences, while still identifying the Trem2-expressing myeloid cells. 
In 2022, Ramos et al. investigated the distinctions between FOLR2+ macrophages and TREM2+ macrophages using both human breast cancer tissues and mouse models. In contrast to FOLR2+ macrophages that reside primarily in a perivascular niche in the tumor stroma, TREM2-expressing macrophages reside both inside the tumor nests and at the invasive margin near the tumor nest77. Genes upregulated in these TREM2+ macrophages include Trem2, Spp1, Cadm1, C3, and Fn1. To probe the similarities between the TREM2+ macrophages identified in primary tumors and metastatic lymph nodes from patients by Ramos et al. and our TREM2-expressing Macro_C1qc subcluster, Figure 5.1 shows the expression of these genes on our tumor myeloid UMAP from Chapter 3 of this Dissertation.
From this data, we can see that multiple of these markers overlap with the Trem2-expressing macrophages in the Macro_C1qc subcluster, but some markers are more prominent in other macrophage and monocyte populations. Therefore, not surprisingly, the macrophage subclustering from our work has both similarities and differences from the populations identified in the work from Ramos et al. However, given that this data compares a preclinical model to human TREM2+ TAMs, it holds promise for pursuing translational research with TREM2 as a therapeutic target in breast cancer. 
 
Figure 5.1 Gene expression in tumor myeloid populations – comparison to TREM2-expressing macrophages identified in the literature.
TREM2-expressing macrophage upregulated genes identified by Ramos et al. in tumor myeloid populations from Chapter 3: A) Trem2 B) Spp1 C) Cadm1 D) C3 E) Fn1 F) Tumor myeloid populations with subcluster legend.


[bookmark: _Toc191021842]5.2 Selection of E0771 and C57BL/6J mice for our studies 
The findings of these studies contribute valuable insights into the role of TREM2 and its influence on T cell populations in breast cancer. These studies are based on experimental designs using the E0771 cell line and the C57BL/6J mouse strain, which is the most obesogenic and widely accepted strain in the obesity field.  The following section will consider the strengths and limitations associated with the cell lines used, aiming to highlight the advantages of the selected model, while identifying the potential weaknesses of the study and therefore suggest areas of improvement for future research. The section will conclude with a note on the robust nature of the studies despite the identified limitations. 
[bookmark: _Toc191021843]5.2.1 Rationale for use of E0771 cell line and limitation of singular cell line
The E0771 mammary tumor cell line was chosen for the studies in this dissertation because it offers multiple advantages that support the objectives of the enclosed studies. As emphasized in a 2020 review by Le Naour et al., a major benefit of this cell line is its syngeneity with the C57BL/6J mouse strain142. At this time, Trem2 deficient mouse models have only been generated on the C57BL/6J background. This review also emphasized that the E0771 cell line has a high tumor take rate (close to 100%), especially with orthotopic injection, which increases the relevance and reproducibility of our results. Additionally, the E0771 cell line has also been shown to closely model human breast cancer. 
The use of a single tumor cell line for evaluation in this dissertation is acknowledged as a limitation as it may not capture the full diversity of breast tumor biology. The primary focus of this dissertation was to investigate how Trem2 deficiency impacts immune responses and tumor growth in postmenopausal breast cancer, specifically in the context of lean, obese, and weight loss conditions. This requires a breast cancer model that can efficiently gain weight on HFD and a mouse model deficient for Trem2. As noted above, at this time, Trem2 deficient mouse models have only been generated on the C57BL/6J background. The C57BL/6J strain is the most obesogenic and is widely accepted in the obesity field. As such, it was the ideal choice for conducting studies on obesity and weight loss.
In our work, we were particularly interested in studying the immune landscape of both the tumor and mATTum-Adj, particularly the T cells. The E0771 cell line offers a neoplastic model with a comprehensive microenvironment that supports intercellular communication, and it has been utilized to investigate the role T lymphocytes in tumor development142. Therefore, these characteristics of the cell line made it well-suited for our studies. While there are some uncertainties regarding the expression of markers such as ER or ERbB2, the authors of the review conclude that “despite some uncertainties, all these data lead us to consider the EO771 cell line as a very relevant candidate for providing an experimental mammary tumor model very close to human breast cancer”142. Overall, the strengths and relevance of the E0771 cell line make it a valuable model for our investigation into tumor dynamics in the context of the Trem2 knockout mouse. 
Given the depth with which the complex immune interactions within the tumor microenvironment and surrounding adipose tissue were explored, the findings from this single cell line provide meaningful insights into the impact of Trem2 on the immune landscape and tumor progression under varying weight-history conditions, which has not yet been explored. While additional cell lines could provide further insights, our focused approach lays the groundwork for future studies. 
Two other models of breast cancer that could be considered in future studies are the 4T1 cell line, which is syngeneic with the Balb/c strain, or the MMTV-PyMT transgenic model of metastatic cancer. To use the 4T1 cell line, the Trem2-/- mice would need to be backcrossed onto the Balb/c strain. The challenge with using the Balb/c strain is its resistance to weight gain when fed a HFD147. Therefore, it is not feasible to study the same degree of obesity and weight loss in the Balb/c strain as observed in the C57BL/6J, which may impact the interpretation of the results. The MMTV-PyMT transgenic model may serve as a good model for studying metastasis in Trem2+/+ and Trem2-/- mice in the lean setting; however, with a mean latency of 92 days, obesity and weight loss could not effectively be studied in this model. 
[bookmark: _Toc191021844]5.2.1.1 Use of two E0771 cell line between experiments. Variance in phenotypes and speculation. 
Within this dissertation, two different E0771 cell lines were used. The initial experiments in lean, obese, and weight loss C57BL/6J wild-type mice were performed with E0771 cells purchased from CH3 Biosystems. However, once it became clear that we would be conducting immune checkpoint therapy studies and given that E0771 cells are resistant to PD-1, we switched to an E0771 cell line that overexpresses PD-L1 (E0771PD-L1), thereby making it sensitive to PD-1 therapy. These cells were a kind gift from the lab of Jennifer Pietenpol and were used in the remaining experiments included in the manuscript in Chapter 3 to ensure consistency across the majority of the experiments. 
	When looking at the tumor growth across all experiments retrospectively, we noticed that the E0771PD-L1 exhibited much less robust tumor growth compared to the E0771 cell line. Among our experiments, the two E0771 cell lines had not been used in the same cohort of mice at the same time. Therefore, to test whether the difference in tumor growth was inherent to the cell lines or due to environmental factors at the time of the studies, we tested the two cell lines head-to-head. This experiment showed an attenuated tumor growth in the E0771PD-L1 cell line compared to the parental E0771 cell line as demonstrated by reduced tumor volume over time and reduced tumor mass at end point (Fig. 5.2 A-C). 


[bookmark: _Toc187017007][bookmark: _Toc190858737]






Figure 5.2 E0771PD-L1 cell line exhibits slowed tumor growth compared to parent E0771 cell line.
A) Tumor volume (mm3) over time for E0771 and E0771PD-L1 cell lines in non-ovariectomized Trem2+/- mice. B) Individual tumor growth curves for E0771 and E0771PD-L1 cell lines. C) Tumor mass (g) at end point. Mixed-effects analysis was used to compare tumor volumes over time between cell lines. Main effect p value indicated within the graph. Unpaired two-tailed t-test was used to compare tumor mass at end-point. *p<0.05. All data plotted as mean  SEM for 4-5 mice per group


There are many different factors that can impact the growth of tumors in mice, including, but not limited to: environmental conditions – slight changes in temperature and humidity throughout the seasons can affect metabolism and tumor growth, microbiome changes, handling techniques – variability in animal handling by staff can change the stress levels in mice, and confluency of cells at time of collection prior to injection. Given that our dietary paradigm alone spans 24 weeks, the studies presented in the manuscript in Chapter 3 were conducted over multiple years and across different seasons. Consequently, various environmental factors may have subtly changed during this time period. 
[bookmark: _Toc191021845]5.2.1.2 GFP expression may explain attenuated tumor growth in E0771PD-L1 cell line
The two key differences that distinguish the E0771PD-L1 cell line from the parental E0771 line are the overexpression of PD-L1 and expression of GFP. Because GFP is not naturally present in mammalian cells, the immune system of C57BL/6J mice likely identify it as a foreign antigen and initiate an immune response against GFP-expressing cells. 
Several studies have explored the impact of GFP-transfected tumor cells on metastasis in immunocompetent and immunocompromised mice, highlighting the role of immune responses in regulating tumor growth and metastatic potential. A study by Steinbauer et al. published in 2002 titled “GFP-transfected tumor cells are useful in examining early metastasis in vivo, but immune reaction precludes long-term tumor development studies in immunocompetent mice” intraportally delivered CT-26 colon adenocarcinoma cells stably transfected with GFP to the liver of Balb/c mice143. They observed a marked reduction of metastatic growth in the GFP transfected cells compared to wild-type CT-26 cells. In contrast, the GFP transfected CT-26 cells demonstrated enhanced metastatic growth in SCID mice, suggesting that the limited growth observed in Balb/c mice was likely a result of an immune response to GFP143. Similarly, Grzelek and colleagues orthotopically injected 4T1 cells with high GFP expression into the mammary fat pad of Balb/c mice144. Tumors began to be rejected 11 days after cell injection and formation of lung metastases was infrequent. The ImmunoSpot assay confirmed a strong CD8+ T cell response specific to GFP in these mice. Lowering of GFP expression in the 4T1 cells improved the growth of the primary tumor, but did not increase the frequency of metastases144. These data suggest that both high and low levels of GFP expression in tumor cells within immunocompetent mice trigger an immune response that restricts tumor growth.  
Thus, the established understanding of the immunogenicity of GFP-expressing tumor cells in immunocompetent mice suggests that the reduced tumor growth of the E0771PD-L1 cell line observed in our studies is a result of GFP expression. Additionally, when the E0771PD-L1 cells were injected into lean, obese, and weight loss wild-type mice – the obese mice no longer exhibited accelerated tumor growth compared to the lean and weight loss mice. In one aspect, this served as an advantage because obesity-accelerated tumor growth was not a confounding factor when examining tumor growth in the Trem2-/- mice. However, a definitive reason for this phenotype is not yet clear but one possible explanation could be the expression of GFP in the E0771PD-L1 cell line.
[bookmark: _Toc191021846]5.2.2 A note on the rigor of the studies included in this dissertation
Although we only used one cell line and differences in the robustness of tumor growth were observed between experiments, a significant strength of our experimental design – underscoring the rigor of our work – is the inclusion of all relevant diet and genotype controls within each study. Each of our studies required a high n, which meant that each large study contained multiple cohorts of mice. However, we carefully ensured that each cohort of a study included all experimental groups and received tumor cell injections on the same day with the same batch of cells. Across cohorts, cells were thawed, grown, and counted in an identical manner prior to injections. This approach enhanced the rigor of our study by promoting consistency and comparability across experimental conditions. 

[bookmark: _Toc191021847]5.3 Additional Supportive Data
While these studies have provided valuable insights into the immune landscape of postmenopausal breast cancer in obesity and weight loss, specifically in the context of TREM2 deficiency and the interplay between the tumor and adjacent adipose tissue, several unanswered questions remain. Further investigation is needed to better understand the mechanisms linking Trem2 deficiency and alterations in T cell populations, the directionality of dual-tissue clone trafficking, and the implications of these findings of human patients. The following section will first present preliminary data that serve as foundations for future work and followed by a discussion of future directions based on the studies presented in Chapter 3. 
[bookmark: _Toc191021848]5.3.1 Impact of adipose conditioned media from Trem2+/+ and Trem2-/- mice on tumor cell proliferation and migration
The tumor growth data presented in the manuscript demonstrated that Trem2 deficiency attenuated tumor growth in lean mice but had no effect in obese mice. Proliferation and migration are two key biological processes in tumor progression. As discussed in detail in the Introduction, lean and obese mice exhibit vastly different adipose tissue phenotypes. To better understand how secreted factors from adipose tissue might influence proliferation and migration of tumor cells, we chose to investigate this question using an in vitro system. Given the complexity and heterogeneity of cell types in in vivo tumor models, an in vitro approach allowed us to focus more directly on the specific interactions between adipose-derived factors and tumor cells. 
First, male C57BL/6J Trem2+/+ and Trem2-/- mice were maintained on LFD or HFD for 14 weeks to generate lean and obese groups (Fig. 5.3A). After 14 weeks, the epididymal adipose tissue (eAT) was collected and used to generate adipose conditioned media (ACM) for use in treatment of tumor cells for in vitro Incucyte proliferation and wound healing migration assays (Fig. 5.3B). Body weight as well as cumulative and daily food intake were recorded weekly (Fig. 5.3 C-D). Proliferation was assessed using the Incucyte system, which was programmed to image the cells every 3 hours for a total of 72 hours and data is reported as area confluence normalized to time t=0 hrs. FBS-supplemented media were used as controls: 1% FBS served as the negative control, 10% FBS as the positive control, and 5% FBS was used to match the FBS concentration in the ACM-supplemented samples. As expected, the 1% FBS control grew more slowly than the 5% and 10% FBS control samples; however, there was no difference in proliferation between the 5% and 10% FBS controls. Surprisingly, treatment with ACM dampened E0771 cell proliferation in all 




Figure 5.3 Treatment with adipose conditioned media dampens tumor cell proliferation and has no impact on tumor cell migration.
A) Schematic of mouse model – male C57BL/6J Trem2+/+ and Trem2-/- mice maintained on 10% LFD and 60% HFD for 14 weeks to generate lean and obese mice for adipose tissue collection. B) Schematic of Adipose Conditioned Media generation for use in proliferation and migration assays. C) Body weight (g) measured weekly. D) Cumulative food intake (kcal) measured weekly. E) Daily food intake (kcal/mouse/day) reported weekly. F) Incucyte proliferation assay reported as Area Confluence (%) for FBS controls and adipose conditioned media samples. G) Incucyte proliferation assay for samples treated with adipose conditioned media. H) MTT assay for samples treated with 5% FBS control and adipose conditioned media. I) Incucyte wound healing migration assay reported as relative wound density for samples treated with FBS controls J) Incucyte wound healing migration assay reported as relative wound density for samples treated with adipose conditioned media. Mixed-effects analysis with multiple comparisons test was used to compare groups for proliferation and migration assays. All data plotted as mean  SEM for 7-20 mice per group for the body weight and food intake and 4 technical replicates for proliferation and migration assays. *denotes genotype effect, †denotes diet effect, # denotes FBS % effect. *p<0.05, †p<0.05, ††p<0.01, #p<0.05. Figures 1A & B were created with Biorender.com. 


conditions compared to all FBS controls. When looking more closely at the ACM treated samples, the lean and obese Trem2+/+ ACM treated samples proliferated more rapidly than the lean and obese Trem2-/- ACM treated samples. While there was no difference in proliferation between the lean and obese Trem2+/+ ACM treated samples, the lean Trem2-/- ACM treated samples demonstrated dampened proliferation compared to the obese Trem2-/- ACM treated samples (Figure 5.3 G). This is interesting because this facet of the data aligns with the attenuated in vivo tumor growth specifically in the lean Trem2-/- mice; however, the decreased proliferation in the obese Trem2-/- compared to the Trem2+/+ was not observed in the in vivo tumor growth. No differences in cell viability were observed in the MTT assay, which indicates that the dampened proliferation in the ACM treated samples was not due to cytotoxicity. The Incucyte wound healing assay was used to assess cell migration and the same FBS controls and ACM treatments were implemented. No differences were observed between the controls and the ACM treatments or between any of the diet and genotype groups (Fig. 5.3 I-J). Therefore, unlike the proliferation assay, the ACM treatments did not inherently reduce migration, but no effects were observed from diet or genotype manipulation.
Taken together, this data suggests that factors secreted from the adipose tissue influence the proliferative, but not migratory capacities of the E0771 tumor cells. It also suggests that lack of Trem2 in the adipose alters the secretory profile of the tissue, which can dampen cell proliferation since this is seen in both the lean and obese Trem2-/- groups. This provides evidence that the secretome of the adipose tissue is one facet of the story, but that other immunosuppressive factors or cellular interactions within the obese tumor microenvironment overcome this dampening of cellular proliferation in the in vivo setting. 
A major limitation of this pilot study is that they were performed with ACM from male mice. Therefore, these studies should be repeated with ACM from lean, obese, and weight loss postmenopausal female mice and the ACM should be analyzed using mass spectrometry to gain insights into key differences into the secreted proteomes between diet and genotype groups. 
[bookmark: _Toc191021849]5.3.2 Stimulation of T cells in ovarian adipose tissue of lean, obese, and weight loss Trem2+/+ and Trem2-/- mice
The clonality data from our manuscript included in Chapter 3 of this dissertation showing shared T cells clones between the tumor and mATTum-adj implicates the involvement of mATTum-adj T cells in the dynamics of the tumor. Therefore, we gained an interest in investigating the differences in adipose tissue T cell stimulation potential between the different diets and genotypes. However, from a feasibility perspective, the mammary fat pads are quite small and do not harbor a lot of T cells. Therefore, we chose to perform the preliminary experiments on whole stromal vascular fraction (SVF) from the oAT.
	PMA/Ionomycin stimulation was performed on whole SVF from oAT of lean, obese, and weight loss Trem2+/+ and Trem2-/- tumor-bearing mice. Comparison of the percentage of CD8a+ cells that are either IFNγ+ or TNF+ between unstimulated and stimulated samples within each diet-genotype group demonstrates that all PMA/I stimulations were successful (Fig. 5.4 A-B); however, no differences between diet-genotype groups were observed when using percentage as the metric. Alternatively, when examining the total number of CD8a+IFNγ+ or CD8a+TNF+ cells in both the unstimulated and stimulated groups, it is evident that the obese and weight loss Trem2-/- groups exhibited greater delta in the number of activated cells compared to the other diet-genotype groups (Fig. 5.4 C-D). 
	To more specifically assess the differences in maximal activation potential between the lean, obese, and weight loss Trem2+/+ and Trem2-/- groups, only the stimulated samples from all diet-genotype groups were plotted (Figure 5.4 E - G). The weight loss Trem2-/- oAT exhibited significantly increased CD8a+IFNγ+ cells and CD8a+TNF+ cells compared to the weight loss Trem2+/+ oAT as well as the lean Trem2-/- oAT samples (Fig. 5.4 E - F). The obese Trem2-/- oAT followed a similar trend but was not significantly increased. This is intriguing because it suggests that the T cells found in obese and weight loss adipose tissue of Trem2-deficient mice may possess a greater propensity to activation. However, as shown in Figure 5.4 G, the total number of CD8a+ T cells follows the same trends as the activation data, which means that this data may instead be driven by the number of T cells present in the adipose tissue depot rather than a propensity toward activation. 




[bookmark: _Toc190858739]Figure 5.4 T cell stimulation in oAT whole SVF.
Lean, obese, and weight loss Trem2+/+ and Trem2-/- oAT T cell stimulation data. A) IFNγ+ cells as % of CD8a+ cells for stimulated (PMA/I) and unstimulated samples. B) TNF+ cells as % of CD8a+ cells for stimulated and unstimulated samples. C) Total CD8a+ IFNγ+ cells in oAT for stimulated and unstimulated samples. D) Total CD8a+ TNF+ cells in oAT for stimulated and unstimulated samples. E) Total CD8a+ IFNγ+ cells in stimulated oAT samples. F) Total CD8a+ TNF+ cells in stimulated oAT samples. G) Total CD8a+ cells in stimulated oAT samples. Two-way ANOVA with Sidak’s multiple comparison test was used for all panels. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. All data plotted as mean  SEM.

By performing these experiments in the oAT, we not only piloted the feasibility of stimulating the adipose tissue SVF, but also gained more systemic insights into T cell activation given that the oAT is a visceral fat pad. The next steps in this project would be to perform the T cell stimulation experiments in both the SVF from the mATTum-adj and the tumor T cells. Interestingly, this data indicates that the weight loss Trem2-/- samples harbored more CD8a+ T cells than any of the other diet-genotype groups, which starkly contrasts the paucity of clonal T cells in the weight loss tumor and mATTum-adj samples in Chapter 3. Future studies should investigate the differences in T cell populations between the visceral and subcutaneous adipose depots and how both may influence tumor progression either systemically or through proximity to the tumor. 

[bookmark: _Toc191021850]5.4 Future Directions
[bookmark: _Toc191021851]5.4.1 Proposal of T cell depletion studies to further probe mechanism of tumor attenuation in Trem2-deficient model
In Chapter 3, although we knocked out a protein on myeloid cells, the largest differences we observed were shifts in the CD4+ and CD8+ T cells populations. Similar research conducted by Marco Colonna’s group investigating Trem2-deficiency in sarcoma models reported an increase in CD8+ PD-1+ T cells in the Trem2-/- group, alongside a trend toward a reduction of CD4+ T cells. Consequently, when depletion studies targeting CD8+ or CD4+ T cells were performed, it was unsurprising that only CD8+ T cell depletion resulted in increased tumor growth. 
	However, Marco Colonna’s group employed a different Trem2-/- mouse model than the one used in our studies. While, in theory, two different models of Trem2-/- should not differ in their mechanisms for tumor reduction; in practice, different models can often show considerable variability in their behavior. Our scRNAseq data revealed an increase in both CD8+ TEM and CD4+ Th1 cells in the lean Trem2-/- mice. Importantly, clonal expansion of CD4+ Th1 cells was observed exclusively in the lean Trem2-/- mice, which also represented the only group showing a reduction in tumor growth in the absence of Trem2. Therefore, future studies should focus on both CD8 and CD4 depletion studies to gain a deeper understanding of the mechanisms at play within our model and the significance of the clonally expanded CD4+ Th1 cells. I hypothesize that in our model, depletion of CD8+ or CD4+ T cells would both lead to increased tumor growth. 
[bookmark: _Toc191021852]5.4.2 Investigating T cells and dual tissue clones in patient samples
It is well established that higher presence of T cells in TNBC and HER2+ breast cancers is a strong positive prognostic indicator for patients. Specifically, in the adjuvant chemotherapy setting, for every 10% increment of increased stromal or intratumoral TILs, risk of recurrence or death is reduced by 15% and 17%, respectively82,148. In the neoadjuvant chemotherapy setting, increased TILs are associated with pathological complete response to treatment in all breast cancer subtypes, but only associated with increased overall survival in TNBC87. In our studies, we demonstrated that the smaller tumors in the lean Trem2-/- mice harbored increased T cells per gram tissue, with specific increases in CD4+ Th1 and CD8+ TEM cells. However, we further probed the T cell populations in both the tumor and mATTum-adj using VDJ sequencing and uncovered shared dual-tissue clones between the two tissues. Interestingly, increased tumor dual-tissue clones significantly correlated with decreased tumor mass (Fig. 5.5 A) and the mATTum-adj dual-tissue clones trended in the same direction with a p-value of 0.09 (Fig. 5.5 B). This data is particularly striking considering that the tumor dual-tissue clones comprise only 1.2-4.1% of T cell clones identified in the tumor. In addition, increased unpaired T cell clones in the tumor were correlated with decreased tumor mass (Fig. 5.5 C) whereas no associations were found in the mATTum-adj for the unpaired clones (Fig. 5.5 D). This suggests that this population of shared dual-tissue T cell clones contributes to the curbing of tumor growth. This data further suggests that either the adipose tissue is acting as a reservoir of T cells for the tumor or that these anti-tumor T cells are leaving the tumor and going into the adipose tissue. To follow up on this data, I first propose that a tracking experiment be conducted to understand the directionality and existence of the trafficking of T cells between the two tissues utilizing CD45.1 and CD45.2 C57BL/6J mice. 
	

[bookmark: _Toc190858740]

Figure 5.5 Increased Dual Tissue clones correlate with smaller tumor mass.
A) Correlation analysis of sum of tumor dual-tissue clones vs. tumor mass (g) B) Correlation analysis of sum of mATTum-adj dual-tissue clones vs. tumor mass (g) Simple linear regression analysis was applied to correlation plots and the p value and coefficient of determination (r2) is displayed on each graph.



To test this, we would first need to probe both the ability of T cells to move from the adipose tissue to the tumor, and secondly the ability of T cells from the tumor to traffic to the adipose. To first test whether T cells can move from the adipose to the tumor, the subcutaneous fourth mammary fat pad from a CD45.1 mouse would be transplanted into the subcutaneous space of a CD45.2 mouse. Mammary cancer cells would then be injected directly into the transplanted fat pad. After tumor harvest and dissociation to a single cell suspension, flow cytometry for CD45.1 and CD45.2 T cells would indicate if the T cells from the transplanted fat pad had migrated into the tumor. Secondly, to test if T cells from the tumor can move into the surrounding fat pad, mammary cancer cells would first be injected into the fourth mammary fat pad of a CD45.1 C57BL/6J mouse and allowed to grow to 500-1000 mm3. The tumor would then be resected and implanted into the mammary fat pad of a CD45.2 mouse and continue to grow until the endpoint. Flow cytometry of the mammary fat pad in the recipient CD45.2 mouse would reveal whether the CD45.1 T cells from the tumor migrated into the fat pad. 
Secondly, I propose that we investigate the presence of dual-tissue clones in breast cancer patients by performing VDJ sequencing on isolated T cells from tumor and adipose biopsies. If identified within the patient populations, one could look for correlations with clinical factors such as tumor grade and stage, breast cancer subtypes, menopausal status, and metabolic syndrome, and further insights could be gained by investigating the specificity of the TCRs. These studies would lead to a better understanding of direct interplay between the adipose tissue and breast tumors in the human patients.
[bookmark: _Toc191021853]5.4.3 Clinical trials of humanized anti-TREM2 mAb lack efficacy
The ultimate goal of basic science research is to uncover fundamental principles that can be translated into clinical applications and positively impact patients by improving health outcomes. Immunotherapy has emerged as a widely used treatment for various cancers; however, a major challenge remains in that many patients become resistant to checkpoint inhibitors (CPIs), thus hindering sustained therapeutic success. Immunosuppressive cells within the TME, including TREM2-expressing TAMs, may negate the efficacy of CPIs over time. Marco Colonna’s group had previously demonstrated synergistic activity between PD-1 and TREM279; however, Venkataraman Sriram’s group aimed to test this in a CPI-resistant setting using an Fc effector enhanced TREM2 mAb combined with PD-1 treatment101. TREM2 or PD-1 monotherapy demonstrated no efficacy against the PD-1 resistant CT26 subcutaneous tumor model; however, combination therapy with TREM2 and PD-1 significantly inhibited tumor growth. Based on the favorable results of this study, a humanized TREM2 was developed and tested in a clinical trial (ClinicalTrials.gov: NCT04691375). 
	This clinical trial was a Phase 1a/1b study of PY314 (TREM2) mAb in patients with locally advanced refractory tumors or metastatic solid tumors including hormone receptor (HR)+ HER2- and TNBC, CRC, RCC, NSCLC, and gynecologic cancers. This included tumors refractory to CPIs149. PY314 is a depleting humanized mAb with specificity to TREM2. The Phase 1a trial to characterize the safety and tolerability concluded that PY314 was well tolerated with an excellent safety profile both as a single agent and in combination with pembrolizumab149. To date, the only available published data from the Phase 1b trial investigates PY314 in combination with pembrolizumab in CPI-refractory RCC. Seventeen patients with clear cell RCC were enrolled with a median age of 67, 82% male, and 100% with prior CPI. Of these patients, one had a partial response (5.9%), four had stable disease (23.5%), and the remaining 12 patients had progressive disease (70.6%). Therefore, although the combination of pembrolizumab and PY314 was found to be safe, it was not efficacious in this patient population150. The clinical trial has been terminated, and Pionyr Therapeutics, the company responsible for developing the antibody, has since been closed. 
	Despite showing great promise as a therapeutic target in preclinical studies, the TREM2 antibody did not demonstrate the same efficacy in CPI-refractory patients. Given that these patients have failed previous treatments and present with aggressive tumors, it would be valuable to investigate if the combination therapy of TREM2 and CPI would be efficacious in patients that that were not already CPI-resistant. Additionally, it would be intriguing to examine the remaining data from the Phase 1b trial in other solid tumors. However, considering the trial was terminated, the other solid tumor types also likely lacked efficacy. This data is not reported on the Clinical Trials government website151.
	To date, pre-clinical studies investigating either TREM2 deficiency or the use of an TREM2 antibody have all been performed in chow-fed lean mice. However, the human patient population does not reflect a fully lean cohort, as it is overwhelmingly composed of individuals who are obese, experience weight loss, or undergo weight cycling. Our study is the first to suggest that TREM2 deficiency lacks efficacy in obese and weight loss populations, showing benefit only in a lean state. Based on these findings, I hypothesize that metabolic and weight-related factors may significantly influence the response to TREM2-targeted therapies. Individual patient data has not been released; however, a major contributing factor to the failure of the clinical trial may be that patients with obesity, or those who experienced weight loss, failed to respond to TREM2 therapy, as observed in our mouse model. 
[bookmark: _Toc191021854]5.4.4 Density of TREM2-expressing macrophages lack correlation with clinical prognostic factors or metabolic syndrome criteria in early-stage ER+ breast cancer
In Chapter 4, we analyzed the associations between TREM2+CD68+ cell density in three distinct regions of the tumor with multiple tumor characteristics, prognostic factors, and metabolic syndrome criteria. However, the data mostly demonstrated no associations between TREM2-expressing macrophages and tumor prognostic factors or metabolic syndrome criteria in early-stage ER+ breast cancer. TNBC were underrepresented and therefore excluded from analysis in this study, which evaluated patients who had surgical resection as their initial treatment for breast cancer. The current paradigm for most HER2+ and TNBC breast cancers is neoadjuvant treatment with chemotherapy-containing regimens prior to surgery. Thus, from HER2+ and TNBC patients, we would need to look at initial biopsies, which would provide significantly less tissue for analysis. 
	Previous work from Ramos et al. identified increased TREM2 expression by IHC in the tumor compared to stroma in human primary carcinomas including HCC, lung, pancreatic carcinomas, and melanoma77. This finding agrees with our data that shows higher density of TREM2+CD68+ cells in the TA compared to the PTS or DTS (Fig. 4.1 A). Wu et al. performed scRNAseq on 26 pre-treatment primary breast tumors comprised of 11 ER+, 5 HER2+, and 10 TNBC tumors91. Subclustering of myeloid cells identified two LAM populations that both expressed TREM2, which were labelled as LAM1: FABP5 and LAM2: APOE. Survival analysis using the METABRIC cohort, which is comprised of 73% ER+ tumors, demonstrated that the LAM1: FABP5 signature correlated with worse overall survival (p=0.0048) while there was no association between the LAM2: APOE signature and survival (p=0.7872) (analysis of top 30% and bottom 30%, n = 180 per group). This data suggests that a further delineation may exist among TREM2-expressing macrophages, potentially indicating the presence of distinct subsets with varying tumor-suppressive roles. While our study provides a broad analysis of TREM2+ macrophages with the strength of looking at three distinct regions of the tumor, it is possible that finer distinctions between TREM2+ macrophage subsets may have been overlooked. However, it is important to consider the cohort used for survival analysis in their study only consisted of 73% ER+ tumors and the initial scRNAseq data set used to identify the LAM populations contained 42% ER+ tumors and 38% TNBC. Thus, it is plausible that TREM2-expressing macrophages are more impactful in TNBC, a subtype in which immune responses are known to play a critical role, and their study design allowed this difference to be distinguished. Future studies focused specifically on TNBC could help uncover the potential for TREM2+ macrophage subsets as key players in tumor suppression in this aggressive breast cancer subtype. 
In addition to prognostic factors, we also assessed associations between TREM2+CD68+ cell density and metabolic syndrome criteria. However, no statistically significant associations were found with BMI, number of metabolic syndrome criteria, or the presence or absence of hyperlipidemia, hyperglycemia, or hypertension. It is important to note that multiple of the metabolic syndrome criteria were determined by either diagnosis in the medical chart or prescription of medications to control the hyperlipidemia, hyperglycemia, or hypertension. Therefore, some of these patients may have these co-morbidities under control, but have been flagged by our retrospective methods, which could influence the interpretation of the data. 
Despite the seemingly negative results, this was an important study to undertake and reveals that TREM2 may be a more important target in other settings outside of early-stage ER+ breast cancer such as TNBC or other cancers. 
[bookmark: _Toc191021855]5.4.5 Relevance of GLP-1 agonists for weight loss
Recently, weight loss drugs, especially glucagon-like peptide-1 (GLP-1) receptor agonists, have surged in popularity due to their efficacy and transformative impact on weight management, highlighting the importance of addressing weight loss in our studies. Considering that our study indicates tumors respond differently under weight loss conditions compared to a lean state, it is crucial for clinicians to consider patients’ weight history when considering treatment options – especially when immunotherapies will be employed. Furthermore, many patients are prescribed GLP-1 receptor agonists, and after losing weight, discontinue use of the medication and subsequently regain the weight. Given the rise in weight loss-associated medications, and our limited knowledge on the implications of these therapeutics on tumor growth, future studies must continue to investigate both weight loss and weight regain in the context of both weight loss-associated medications and caloric restriction. 

[bookmark: _Toc191021856]5.5 Summary
The studies presented within this dissertation encompass examination of TREM2 via genetic modulation in pre-clinical models and analysis by immunofluorescent staining of surgical resections in human breast cancer patient populations. Through these studies, we have gained insights into how lean, obese, and weight loss settings respond differently to TREM2 ablation – influencing myeloid antigen presentation and clonal T cell populations – ultimately resulting in tumor growth differences between the lean, obese, and weight loss mice. By examining the immune populations in both the adipose tissue and the tumor, we learned that identical T cell clones exist between the two tissues, which opens doors for future explorations into potential trafficking of these cells between the tumor and adipose tissue. While our preclinical studies were performed in a TNBC model, our explorations into patient data were set in ER+ tumors, where the data overwhelmingly indicated a lack of correlation between prognostic factors or metabolic syndrome criteria and TREM2+CD68+ cell density. Although the results of this study were negative, understanding where correlations do not exist is equally critical, as it helps refine future research directions. Overall, these studies strengthen the evidence for a connection between TREM2 deficiency and enhanced T cell function. However, they underscore that this relationship may be weight-history dependent and restricted to the lean state, which is an important consideration for clinical applications. 
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