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Abstract 

 

The liver is a heterogeneous organ comprising a diverse array of cells including parenchymal 

hepatocytes, and non-parenchymal cells (NPCs) including endothelial cells, hepatic stellate cells, 

cholangiocytes, and various immune cells. These different cell types function in concert to 

regulate hepatic metabolism and maintain tissue homeostasis. Non-alcoholic fatty liver disease 

(NAFLD) is a major hepatic comorbidity of metabolic syndrome that is characterized by 

pathogenic fat accumulation. Chronic NAFLD may progress to non-alcoholic steatohepatitis 

(NASH), an inflammatory condition that is associated with liver injury, immune cell infiltration, 

and liver fibrosis, and increases the risk for end-stage liver diseases such as cirrhosis and 

hepatocellular carcinoma. Despite the prominent roles of NPCs in NASH pathogenesis, the 

molecular nature of intercellular crosstalk among different liver cell types and their 

reprogramming in disease remains poorly understood.  

 

Single-cell RNA sequencing (scRNA-seq) is a powerful technique for unraveling cellular 

heterogeneity in complex tissue through profiling transcriptomes of individual cells. In my thesis 

research, I performed scRNA-seq on NPCs isolated from healthy and diet-induced NASH mouse 

livers to dissect the paracrine signaling network and to uncover the immune cell landscape in 

NASH. We found that each cell type exhibited enriched expression of a unique subset of secreted 

ligands and membrane receptors, in a restricted pattern conserved from mouse to human. We 

confirmed expression for this paracrine network through quantitative proteomics and found 

macrophages and stellate cells to be major hubs of ligands and receptors which were upregulated 

in NASH. The hepatic stellate cells (HSCs) provide a source of stellakines which are predicted to 

act on endothelial and immune cells. Functionally, we showed that HSCs express a class of G-

protein coupled receptors that regulate cellular contractility in response to vasoactive ligands. 

 

ScRNA-seq revealed a highly disease-specific population of NASH-associated macrophages 

(NAMs) marked by abundant expression of marker genes including Trem2 and Gpnmb. NAMs 



  

 xi 

were found at higher levels in both human and mouse NASH and decreased upon dietary and 

therapeutic interventions for NASH. Their transcriptional profile indicates a propensity for 

phagocytosis, antigen presentation, and extracellular matrix remodeling, illustrating a potentially 

important role for NAMs in NASH progression. Tracing hematopoietic cells through bone 

marrow transplantation, we demonstrated that NAMs originate from the bone marrow and not 

tissue-resident progenitors. We developed a Trem2 Cre knockin mouse strain to track the 

emergence of NAMs during NASH progression. Our mouse liver injury and fibrosis assays were 

unaffected by Trem2 knockout in NASH, indicating Trem2 itself may be unimportant in NASH, 

but the role of the NAMs they mark are not yet precluded from pathophysiology. Finally, we 

discovered that NASH is linked to liver CD8+ T cell exhaustion, which is characterized by high 

levels of PD1 and LAG3 expression and diminished IFNγ, IL2, and TNFα secretion upon T cell 

stimulation. NASH-associated T cell exhaustion is attenuated by the adipose hormone 

Neuregulin 4 (NRG4), which protects mice from diet-induced NASH and hepatocellular 

carcinoma. Taken together, my thesis work has revealed the transcriptomic nature of liver cell 

heterogeneity, the global landscape of cell-cell signaling in the liver, and NASH-associated NPC 

reprogramming at a single-cell resolution. 
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Chapter 1  
Introduction 

 

Through evolution, unicellular organisms have developed into more complex multicellular 

beings, conferring numerous advantages. The specialization of a progenitor into distinct cell 

types allows for division of roles and therefore, more advanced functions such as whole-body 

metabolism. In higher-order beings such as mammals, the different cell types of each tissue 

cooperatively regulate energy homeostasis and growth. The tissues responsible for maintaining 

homeostasis in the face of a changing environment are heterogeneous in cellular composition. 

These organs in mammals include the liver, adipose tissue, and pancreas. The heterogeneity of 

cell types within these tissue allows them to accomplish this difficult task. The liver alone 

comprises a parenchymal population of hepatocytes, as well as the non-parenchymal populations 

of hepatic stellate cells, endothelial cells, epithelial cells, and Kupffer and other immune cells. 

These subsets each have distinct roles but also function together in a tightly-regulated paracrine 

network.  

 

A critical aspect of the cell types in metabolic tissue is the specific reprogramming they undergo 

in diseases such as metabolic syndrome and non-alcoholic steatohepatitis (NASH). Research on 

the pathophysiology of these conditions has provided some insight into their whole-body effects, 

such as insulin resistance and lipid accumulation. However, it has become clear that metabolic 

diseases are multi-factorial and involve contributions from each of the different cell types within 

the tissue. Growing bodies of research have implied secreted ligand-receptor interactions are key 

to regulating whole-body metabolism, and that perturbations in these communications lead to 

disease. This paradigm necessitates a better understanding of each cell-type’s function as well as 

the crosstalk network between them. Our present understanding of the development of these 

diverse niches, and the paracrine network between them, remains basic. 
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Single-cell genomics is a recently developing technology that has demonstrated great potential in 

dissecting the underlying cellular heterogeneity in these tissues. As cell-sorting, fluidics, and 

droplet-based techniques become more sophisticated, we are able to analyze these niches at a 

single-cell resolution with unprecedented depth. This combined with developing informatics 

approaches has powerful advantages over traditional whole-tissue studies. The first major benefit 

to this is from a functional perspective. At its most basic level, single-cell RNA sequencing 

(scRNA-seq) provides a transcriptome of each cell, indicating its identity and implying its 

biological function. scRNA-seq can also be utilized to map the developmental trajectory of cells 

and determine the nature of multipotent progenitors. In the context of disease, scRNA-seq 

unravels the cellular transitions that occur, providing novel insights into the mechanisms of 

pathogenesis. Most importantly, scRNA-seq now allows us to determine the true sources of 

secreted ligands and their membrane receptors within tissue. With this we may map out the 

intercellular crosstalk networks that govern physiology and disease. Studying cellular 

heterogeneity at a single-cell level thus begets a deeper understanding of whole-body 

physiology. 

 

Cellular heterogeneity as an intrinsic property of metabolic tissues 

The liver is a hub for metabolism, responsible for duties which range from storing nutrients and 

converting them into usable forms for other tissue, maintenance of circulating plasma proteins, to 

xenobiotic processing and waste handling. Many of these tasks are classically thought to be 

carried out by the major cell population of the liver, the hepatocyte. In addition to hepatocytes, 

the non-parenchymal cell (NPC) population of the liver includes endothelial cells lining the 

vasculature, the bile-duct lining epithelial cells, the hepatic stellate cells, and various immune 

cell populations including B cells and plasma cells, T cells, monocytes, and its own resident 

macrophage population, Kupffer cells (Friedman, 2008; Krenkel and Tacke, 2017; Poisson et al., 

2017; Robinson et al., 2016; Tabibian et al., 2013). Even more in-depth is the broad spectrum of 

physiological differences within each cell type. The liver is divided into units known as lobules, 

each with hepatocytes positioned in linear arrangements between the central vein and portal 

region consisting of the bile ducts, hepatic arteries, and portal vein (Hoehme et al., 2010; 

Teutsch, 2005). In the theory of ‘zonation’, it was thought that liver cells are graded in function 

between the central and portal regions to facilitate the flux of nutrients and metabolites between 
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them (Gebhardt and Matz-Soja, 2014; Jungermann and Katz, 1982; Jungermann and Kietzmann, 

1996; Schleicher et al., 2015). Previous studies had utilized primarily histochemistry to infer the 

zonation of hepatocytes by proxy (Andersen et al., 1984; Feldmann et al., 1992; Jungermann et 

al., 1982). Some attempts had been made to discriminately isolate peri-portal and peri-central 

hepatocytes from each other and perform RNA-sequencing (Braeuning et al., 2006; Quistorff and 

Grunnet, 1987), and other researchers had utilized laser-capture microscopy to distinguish the 

two major hepatocyte groups (Saito et al., 2013). These methods can certainly provide a whole-

transcriptome bulk view of zonation. However, to truly map the anticipated spectrum of function 

from the central to portal regions required a higher resolution than a mechanical separation of the 

lobules.  

 

Utilizing fluorescence in-situ hybridization on liver, Halpern et al. localized a set of 6 highly-

expressed ‘landmark’ genes that could consistently be used to infer zonation of hepatocytes. 

After dividing hepatic lobules into 9 concentric zones based on landmark gene profile, they 

correlated scRNA-seq expression of hepatocytes with these 6 genes to finally spatially map 

genes at a single-cell resolution on the liver zonation profile (Halpern et al., 2017). This 

redefining study determined that 50% of hepatic genes are zonated, much more than previously 

thought (Braeuning et al., 2006). Confirming the heterogeneity within hepatocytes, Halpern et al. 

found zonation in numerous pathways including oxidative phosphorylation, glucose and lipid 

metabolism, secretion of proteins, xenobiotic metabolism, glutathione processing, and bile acid 

synthesis. Interestingly, with this higher resolution, Halpern et al. were able to examine mid-

lobule hepatocytes and found a sequential expression of bile-acid synthesis enzymes down the 

zonation profile. Several other liver-centric pathways were attributed to these mid-lobule regions 

including iron regulation and production of Igfbp2, a key regulator of the insulin growth factors. 

Indeed, with the power of scRNA-seq we now have a clearer picture of the division of labor 

within the hepatocytes and even more importantly, the spatial map of how these tasks are 

committed. The specialization of the mid-lobule populations implied there is still much more to 

learn regarding this age-old concept of zonation. 

 

Because the liver receives all of the circulation of the digestive system, an important regulator of 

liver function are the endothelial cells. By acting as a barrier to pathogens and metabolites from 
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reaching hepatocytes, it seemed likely that these cells likely also exhibited zonation (Rafii et al., 

2016; Strauss et al., 2017). Expanding on their previous study, Halpern paired endothelial cells 

with hepatocytes by performing a mild cell isolation. This results in duplexed endothelial 

hepatocyte pairs marked by CD31, which they then sequenced. Matching it with their previously 

uncovered hepatocyte zonation profile, they could then infer new landmark genes and construct a 

map of endothelial cell zonation in the liver at a single-cell level (Halpern et al., 2018). Just as in 

hepatocytes, they found endothelial cells to stratify along the portal to central axis for many 

pathways such as Wnt signaling. In finding that 35% of genes are zonated in the liver endothelial 

cells, Halpern et al. determine that there is likely also specialization of this population of cells. In 

addition to demonstrating the difference in function along the lobules’ zonation profiles, they 

utilized the transcriptomes of the hepatocytes and endothelial cells to identify novel markers to 

‘map’ this gradient. This zonation of endothelial cells was later confirmed by Xiong et al. in their 

single-cell profile of mouse livers in non-alcoholic steatohepatitis (Xiong et al., 2019). In this 

case, scRNA-seq was used to spatially map distinct cell populations and infer their role in organ 

function. Further cell populations in the liver have shown to be quite heterogeneous in their 

contributions to physiology such as the hepatic stellate cells, which will be discussed in a later 

section. 

 

The pancreas is classically divided into the exocrine portion, which secretes enzymes critical in 

digestion of food, and the islet populations. The two major islet subpopulations are the beta and 

alpha cells which respectively produce insulin and glucagon, two of the most important anabolic 

and catabolic factors in the body. Major work has gone into understanding the development and 

dysregulation of these populations due to their central role in metabolism and specifically, 

diabetes. As the broad array of endocrine cells within the pancreas are interspersed into small 

islets, it is difficult to mark and trace their development. scRNA-seq studies have begun to 

uncover novel markers to distinguish between alpha and beta cells, as well as the other endocrine 

populations of the pancreas (Muraro et al., 2016; van Gurp et al., 2019). These endocrine cells 

are known to arise from a single common progenitor. Despite this, the large diversity of cells 

concentrated into the small islets have complicated lineage-tracing studies, resulting in an 

incomplete understanding of islet cell development. Single-cell technology has allowed 

investigators to pinpoint the transcriptional state of each progenitor as it differentiates through 
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time points, resulting in a more complete map of islet development (Byrnes et al., 2018; 

Scavuzzo et al., 2018; van Gurp et al., 2019). These studies have uncovered key transcriptional 

regulators in beta cell development, and also identified novel markers for future characterization 

of intermediate states in their development. 

 

These initial studies have demonstrated a great potential for single-cell technologies in 

unraveling the heterogeneity of complex metabolic tissues, and mapping their developmental 

processes. Not only have they discovered novel cell populations and matched them with 

function, these studies have identified markers for key subsets of cells, augmenting future studies 

on specific cell populations. By combining scRNA-seq data from the various tissues discussed, 

we may eventually develop a whole-body atlas of metabolism. Such a comprehensive map could 

provide researchers an understanding of the molecular basis for whole-body changes in 

physiology. 

 

Re-evaluating adipose tissue heterogeneity and development 

Another crucial tissue in regulating peripheral metabolism is the adipose. It is now well known 

that adipose tissue is a highly diverse and active tissue with much more function than simple 

energy storage. The diverse niche of adipose tissues include adipocytes, and stromal-vascular 

fraction populations including fibroblasts, endothelial cells, smooth-muscle cells, adipocyte 

progenitors, and immune cells. The major cell type in adipose tissue, the adipocyte, already 

exists in subtypes including white, brown, and beige, with differing function and localization 

(Chechi et al., 2013; Harms and Seale, 2013). Two major categories of white adipose depots are 

the vascular and subcutaneous types (Gesta et al., 2007; Rosen and MacDougald, 2006). The 

white adipose comprises the majority of fat pads in humans, distinguishing themselves based on 

varying capacities for adipogenesis and metabolism. Additionally, these subtypes of white 

adipose display differing levels of susceptibility to inflammation and fibrosis, which links 

obesity to insulin resistance (Khan et al., 2009; Montague et al., 1998; Sun et al., 2013; Weisberg 

et al., 2003). These different adipocyte types result from multiple lineage pathways in their 

progenitor populations. As a result, a great deal of research has gone into understanding what 

drives these different modes of adipogenesis, an important topic to be discussed in a later 

section.  
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Regardless of development, the final function of these adipocytes plays a central role in 

regulating peripheral metabolism. In addition to its lipogenesis and storage capacity, adipose 

tissue is a substantial source of endocrine adipokine factors that regulate energy homeostasis and 

inflammation (Chen et al., 2017; Guo et al., 2017; Wang et al., 2015a; Wang et al., 2014). 

Furthermore, subsets of beige and brown adipocytes have well-established roles in 

thermogenesis (Chechi et al., 2013; Cohen et al., 2014). Though lipid storage, adipokine 

production, and thermogenesis have long been attributed to broad adipocyte categories such as 

white, brown, or beige, only indirect evidence has hinted that distinct subtypes of each were 

specialized for these roles (Lee et al., 2019; Lee et al., 2013a; Min et al., 2019). Lee et al. had 

previously demonstrated that a particular population of adipocyte and progenitors marked by 

expression of Tbx15 displayed high glycolytic capacity and enriched in subcutaneous depots, 

demonstrating heterogeneity of metabolism just within white adipocytes (Lee et al., 2017). 

Similarly in beige and brown fat, a similar dichotomy appeared to arise with respect to glycolysis 

regulation, wherein a beige progenitor population with myogenic markers such as Myod1 were 

found to give rise to glycolytic beige fat (Chen et al., 2019). Bertholet et al. demonstrated that 

certain beige adipocytes generate heat in the absence of UCP1-dependent uncoupling through 

patch clamp studies on proton leakage (Bertholet et al., 2017). These findings all hint at a 

functional heterogeneity among each adipocyte type, which scRNA-seq has begun to clarify. 

 

A recent study by Rajbhandari et al. attempted to identify the adipocyte population that responds 

to Il10 (Rajbhandari et al., 2018) through thermogenesis by utilizing single-nuclei adipocyte 

sequencing (SNAP) to determine the heterogeneity in subcutaneous fat (Rajbhandari et al., 

2019). They found 14 distinct populations of adipocytes, with diverse transcriptomic profiles 

landing on spectra of fatty acid metabolism, insulin signaling, hypoxia, angiogenesis, hormone 

response, and thermogenesis potentials. By performing SNAP-seq on mice facing cold stress and 

adrenergic challenge, Rajbhandari et al. identified a ‘type-9’ cluster of adipocytes highly 

responsive to both conditions as well as to Il10. Interestingly, this population was enriched for 

thermogenesis genes compared to other adipocytes, confirming their hypothesis that a specific 

subset of differentiated adipocytes responds to Il10 to induce thermogenesis, but also for the first 

time revealing their single-cell profiles. This division of labor for thermogenesis also exists in 
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brown fat, which was previously thought to be a homogenous population. To address the 

aforementioned idea that brown adipocytes may vary in UCP1 content and function, Song et al. 

performed scRNA-seq on adult brown fat (Song et al., 2020). Indeed, brown adipocytes funneled 

into two major populations, one with high thermogenic capacity (BA-H) and one with low (BA-

L), with distinct expression profiles of UCP1, ADIPOQ, and CIDEA. Song et al. found BA-L to 

be extremely low in lipolysis, oxidative phosphorylation, and glycolysis, indicating they are 

metabolically inactive and low in classic thermogenesis compared to BA-H. Interestingly, BA-L 

had higher fatty acid uptake and futile-cycle thermogenesis through creatine metabolism, 

affirming prior evidence that certain adipocytes generate heat in the absence of UCP-1 (Bertholet 

et al., 2017). Isolating these novel cell subsets, Song et al. confirmed that BA-H have higher 

oxygen consumption rate than BA-L. These functionally important subsets of brown adipocytes 

are able to interconvert, as Song et al. show through LacZ tracing of gene markers. The BA-L 

appear to switch to BA-H in cold stress situations, and this process is reduced with age, 

potentially explaining the decline of brown thermogenesis in adults. These landmark scRNA-seq 

studies have demonstrated its potential to dissect the heterogeneity of fully-differentiated 

adipocytes. In confirming the specialization of function of these cells, we now better understand 

that their purpose reaches far beyond lipid storage and thermogenesis, and even these classic 

roles are divided among subsets. 

 

White adipose tissue maintains a high level of plasticity, capable of drastically expanding in 

states of metabolic excess. This prevents ectopic lipid storage which may be detrimental to organ 

function (Lee et al., 2019; Shao et al., 2018; Sun et al., 2013). It is understood that hypertrophy 

of adipocytes, or growth in cell size, is maladaptive and contributes to metabolic disease. 

Conversely hyperplasia of adipocytes, or differentiation of more adipocyte progenitors, is the 

physiological mechanism for this expansion (Carobbio et al., 2017). The transcriptional 

pathways mediating these decisions are poorly understood primarily due to the diversity of 

adipocyte progenitors in the stromal population (Berry and Rodeheffer, 2013; Hepler et al., 2017; 

Ross et al., 2000; Sebo and Rodeheffer, 2019). Further complicating this diversity is the amount 

of fates that these progenitors can assume. Finally, the differentiation of these progenitors is a 

dynamic process with multiple intermediate transcriptional states (Gupta et al., 2012; Lee et al., 

2012; Tang et al., 2008; Vishvanath et al., 2016).  
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ScRNA-seq allows for precise determination of these transcriptional states and identification of 

key intermediates in the differentiation of adipocytes. To focus on early developing adipocyte 

stages, Merrick et al. performed scRNA-seq on subcutaneous fat of p12 mice, identifying a 

highly proliferative progenitor population marked by DPP4 (Merrick et al., 2019). This multi-

lineage DPP4 population demonstrated a high proliferative capacity and ability to differentiate 

into the ICAM1 and CD142 progenitors. These ICAM1 and CD142 intermediates were more 

committed to adipogenesis than the DPP4 progenitors, at last establishing a lineage hierarchy for 

adipocyte development. Indeed, the committed ICAM1 and CD142 progenitors had lower 

proliferative capacity, and were less suppressed to differentiate by TGFβ, than the DPP4 cells. 

Tracing studies confirmed DPP4 cells can progress into ICAM1 and CD142 progenitors, and 

interestingly, that the DPP4 mesenchymal progenitor pool is depleted in obesity, indicating they 

are an important precursor population involved in disease. Other single-cell studies concurrently 

demonstrated evidence for the progenitor pools in this hierarchy. Burl et al. isolated Lin- 

populations from mice treated with and without CL to stimulate proliferation and differentiation 

of the supposed progenitor populations. ScRNA-seq of these populations revealed two major 

progenitor populations, ASC1 and ASC2, in which ASC2 highly resembled the DPP4 population 

(Burl et al., 2018). Likewise, the ASC1 population which correlated the ICAM1 cells had higher 

adipogenesis potential. By determining the transcriptional signature of these progenitors, we now 

also can utilize marker genes to localize these progenitors in the tissue. Interestingly, these novel 

progenitor populations were found to be exhausted in obesity, indicating their depletion portends 

metabolic pathology. Future studies utilizing scRNA-seq may continue to refine our 

understanding of the adipogenesis pathway, eventually yielding interventions that direct healthier 

adipocyte hyperplasia in metabolic disease. 

 

Reprogramming of immune cells in metabolic disease 

An undeniable aspect of metabolic disease is the contributions from immune cells. Each 

metabolic tissue comprises a repertoire of resident immune cells including B cells, T cells, 

antigen-presenting dendritic cells, and the homeostatic resident macrophages (Krenkel and 

Tacke, 2017; Robinson et al., 2016). This immune landscape is drastically altered in metabolic 

disease, in which tissue inflammation is a classic pathogenic hallmark. Inflammatory 
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macrophages and T cells infiltrate adipose and liver to reconcile the excessive lipid accumulation 

in tissue, which leads to tissue inflammation and classic type 2 diabetes (Diehl and Day, 2017; 

Samuel and Shulman, 2018; Weisberg et al., 2003; Xu et al., 2003). In obesity, the resident 

adipose tissue macrophages (ATMs) accumulate around the pathogenic lipid droplets to contain 

them in the classic crown-like structures (Cho et al., 2014; Lumeng et al., 2007; Morris et al., 

2013). Similarly, pathologic lipid accumulation in steatotic liver induces infiltration and 

localization of inflammatory macrophages (Krenkel et al., 2019a; Ritz et al., 2018), likely 

attempting to scavenge and clear the lipid droplets (Remmerie and Scott, 2018).  

 

Given the similarities between liver and adipose tissue in NASH and obesity, respectively, it is 

somewhat unsurprising that the immune milieu undergoes similar transformations between them. 

ScRNA-seq studies in the NASH and cirrhotic liver has revealed a novel NASH-associated 

macrophage population (NAM). By performing scRNA-seq on the non-parenchymal fraction of 

NASH mouse livers, Xiong et al. identified a population marked by expression of the TREM2 

gene, which resembles the liver-resident Kupffer cells and only arises in disease (Xiong et al., 

2019). These NAMs’ transcriptional profiles include marker genes such as GPNMB and CD9 

which are highly specific among macrophages in the liver. The profile of NAMs speaks to a high 

capacity for lipid scavenging, extracellular matrix remodeling, and antigen presentation, 

indicating they likely play a homeostatic role in disease resolution. Xiong et al. found that 

beyond their functional implications, the differentiation of NAMs strongly correlated with the 

severity of disease, implying the population may be a useful marker for disease. These findings 

were subsequently corroborated in a single-cell study on human cirrhotic livers, which classified 

the subset as ‘Scar Associated Macrophages (SAMac)’ (Ramachandran et al., 2019). Initial 

studies have suggested that some of the key markers on this population such as TREM2 may 

play a protective role in chemical-induced liver injury (Perugorria et al., 2018). Although this 

promising finding implies a homeostatic role for NAMs, the exact function of the cell population 

remains unknown.  

 

Interestingly, an analogous subset of TREM2-high ATMs was found in adipose tissue during 

obesity (Jaitin et al., 2019). ScRNA-seq profiling showed TREM2 deficient ATMs lost their 

unique transcriptional signature and were unable to congregate and form crown-like structures 
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following high-fat diet challenge, supporting the notion that these NAMs likely play a key role in 

scavenging of aberrant lipid accumulation. Furthermore, it draws a connection between TREM2 

ablation and function of NAMs, as it would seem that this and other studies have found that 

knockout of TREM2 reduces the ability for macrophages to even differentiate into NAMs 

(Keren-Shaul et al., 2017). Future studies are called for to elucidate the role this cell population 

plays in pathogenesis. Moreover, it would seem that these disease macrophages appear even 

outside of metabolic disease. Studies in various non-metabolic tissue have identified 

transcriptionally identical macrophage populations to NAMs in other inflammatory conditions of 

lung (Sharif et al., 2014; Wu et al., 2015) and most notably, the brain (Keren-Shaul et al., 2017). 

Similar to studies in ATMs, the brain-resident microglial cells are reliant on the TREM2 

expression to gain the entire ‘Disease-Associated Macrophage (DAM)’ profile (Keren-Shaul et 

al., 2017). Similar to in adipose tissue, multiple groups have found that this loss of DAM 

signature and ablation of TREM2 expression is detrimental to the ability to effectively clear 

amyloid plaques in Alzheimer’s disease (Wang et al., 2015b; Zhou et al., 2020). 

 

These numerous studies in independent resident macrophage populations throughout the body 

suggest a central lineage pathway that macrophages undergo in tissue inflammatory conditions. 

These TREM2-hi macrophage populations seem to appear in any inflammatory condition. Given 

this global potential, it is likely that these disease-associated macrophages derive from the 

hematopoietic monocyte population rather than the final resident macrophage populations which 

they resemble. Clarification as to the exact origins of these universal cells will be needed. More 

importantly, the ubiquity of these TREM2-high cells indicates they are critical for physiological 

response to disease. Their importance in clearance of amyloid plaques and maintenance of lipid 

droplet size in adipose implies they play a crucial role in clearance of aberrant material, likely 

lipid droplets in the NASH liver. These suggest it will be crucial to dissect their exact role in 

NASH and obesity for developing future therapeutics. 

 

Another key facet of the inflammatory response in metabolic disease is their eventual 

progression to cancer. Chronic inflammation and repeated cell turnover results in mutations and 

oncogenesis, as in the case of NASH-associated hepatocellular carcinoma (HCC) (Anstee et al., 

2019; Kutlu et al., 2018). HCC is a heterogeneous malignancy, with few notable unifying 
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mutations in the cells of origin, which are accepted to be the hepatocytes (Cancer Genome Atlas 

Research Network. Electronic address and Cancer Genome Atlas Research, 2017; Chen et al., 

2018). ScRNA-seq on human HCC has confirmed this (Zheng et al., 2018). This heterogeneity 

implies that the primary ‘hit’ that contributes to the NASH-HCC axis is not the hepatocyte itself, 

but the injurious immune cells in NASH. An early study profiled T-cells at a single-cell level to 

determine their contributions to the HCC patient (Zheng et al., 2017), identifying enriched 

subsets of Treg and exhausted CD8+ T cells. Zheng et al. demonstrated the potential for 

checkpoint therapy in T cells in alleviating NASH and HCC, an already active field of study. A 

more expansive study of immune cells in HCC later identified important antigen-presenting cell 

populations in the tumor microenvironment, including dendritic cells (Zhang et al., 2019). 

Interestingly, they found a subset of tumor-associated macrophages highly reminiscent of NAMs 

by transcriptomic signature, which were strongly associated with poor HCC prognosis, further 

supporting the importance of NAMs in disease progression. ScRNA-seq has been used to shed 

light on the complex inflammatory landscape that contributes to chronic disease progression.  

 

Shaping of tissue metabolism by non-parenchymal cells   

To this point, we have shown how single-cell transcriptomics can map the function and 

development of different cell types in metabolic tissue. The depth of modern sequencing has 

allowed these studies to include the less common non-parenchymal cell populations, leading to a 

complete picture of the cellular niches that comprise the tissue. Prior research has highly 

indicated that these non-parenchymal populations may potentially play significant roles in 

regulating the paracrine landscape and tissue metabolism. ScRNA-seq has shed light on the 

influence that these rarer cells have in their microenvironments. In adipose tissue, it had been 

theorized that stromal vascular populations interacted with critical immune-modulating 

populations such as Treg and innate lymphoid cells (Feuerer et al., 2009; Molofsky et al., 2013; 

Molofsky et al., 2015; Xu et al., 2003). It was previously known that Il33 acted on Treg 

populations in fat to inhibit inflammation (Molofsky et al., 2015; Vasanthakumar et al., 2015), 

however, the source of Il33 remained elusive. Spallanzani et al. utilized scRNA-seq to 

characterize a distinct subset of mesenchymal stromal cells responsible for production of Il33, a 

critical cytokine regulator of Treg cells, in visceral adipose tissue (Spallanzani et al., 2019). They 

distinguished these stromal cells to be of the mesothelial, and as having low adipogenesis 
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capacity compared to their non-mesothelial counterparts. Intriguingly, the crosstalk between 

these stromal cells and Treg is highly regulated with aging and metabolic disease. They have 

therefore demonstrated how non-parenchymal populations shape the metabolic profile of these 

tissues. The lymphocyte population itself is quite important for shaping adipose metabolism. The 

previously mentioned study on SNAP-seq of cold-stressed adipocytes utilized scRNA-seq 

connect Il10 with adipose metabolism. Sequencing demonstrated B and T cells to be the major 

local source for Il10 (Rajbhandari et al., 2019), thus lending to a direct paracrine interaction in 

which immune cells regulate the thermogenesis function of adipocytes. 

 

In the context of liver, one vastly-underappreciated group of cells prior to scRNA-seq was the 

hepatic stellate cells. Studies on these cells have been confounded by the difficulty in isolation of 

this relatively sparse population (Mederacke et al., 2015). Originally discovered as vitamin A 

repositories (Wake, 1971), they are now known to be the major contributors of fibrosis in the 

liver (Friedman, 2008; Friedman et al., 1985; Mederacke et al., 2013). Single-cell studies have 

now uncovered that this population is, like hepatocytes and endothelial cells, quite 

heterogeneous. Utilizing carbon tetrachloride to stimulate stellate cells through liver injury, 

Krenkel et al. performed scRNA-seq on non-parenchymal cells gating out endothelial and 

immune cells. They found collagen-enriched stellate cells to be distinct from the myofibroblast 

population of the liver, and indicated novel markers for these stellate cells such as FCNA 

(Krenkel et al., 2019b). Importantly, in a parallel study Dobie et al. demonstrated a zonation of 

stellate cells and division of labor. Performing scRNA-seq on PDGFRβ positive cells, which 

enriches for myofibroblasts and stellate cells, they were able to subdivide the stellate cell 

population into two groups wherein comprising markers that localized to either the central or 

portal regions of the liver (Dobie et al., 2019). Mapping these two populations into their 

respective zones, Dobie et al. determined that the centri-lobular stellate cells are the ones 

producing extracellular matrix in response to chemical-induced injury. These findings 

demonstrate a spatial heterogeneity within even the hepatic stellate cell population, and that this 

zonation denotes function in response to injury. 

 

Beyond just the collagen production, scRNA-seq in healthy and NASH livers has uncovered a 

remarkable amount of interaction the HSCs likely have on liver metabolism (Dobie et al., 2019; 



  

 13 

Ramachandran et al., 2019; Xiong et al., 2019). In their study on liver non-parenchymal cells, 

Xiong et al. uncovered an incredibly diverse pool of stellate-cell specific endocrine factors. 

These ‘stellakines’ include paracrine factors that strongly associate with receptors on endothelial 

cells and macrophages (Xiong et al., 2019). In particular, a large portion of these stellakines were 

inflammatory cytokines known to stimulate and attract immune cells, such as CCL2 and CCL11 

(Deshmane et al., 2009; Garcia-Zepeda et al., 1996). A proportion of these stellakines interact 

directly with Kupffer cells. It is likely that these HSC-macrophage links contribute to 

inflammation and NAM development, as the expression of these ligand-receptor pairs correlates 

with disease progression. Other major functions of stellakines appear to be regulation of vascular 

tone and extracellular matrix remodeling, all of these pathways which were found to be regulated 

in NASH. Most intriguing was the discovery Xiong et al. made that activation of this HSC 

secretome is induced by endocrine cues such as Il11 and notably, TGFβ. These findings open an 

entirely new field of investigation that expands on the classic dogma that TGFβ induction simply 

stimulates fibrogenesis by stellate cells. Rather, stellate cell activation contributes to a 

remodeling of the entire paracrine landscape of the liver, including actions on endothelial and 

immune cells. This axis begins with immune cues to the stellate-cells, establishing them as a 

mediator of tissue inflammation. ScRNA-seq has therefore demonstrated completely new roles 

for these non-parenchymal cells in regulating metabolic tissue. 

 

Landscape of intercellular crosstalk in metabolic tissues 

The readout from scRNA-seq with the greatest potential is specification of receptors and ligands 

to their native cell-type. The centrality of the endocrine and paracrine system in regulating 

energy homeostasis indicates how important it is to map the network of ligand-receptor pairs 

within the body. Initial whole-tissue studies could only determine trends in total production of 

secreted factors by organs. With scRNA-seq, we are now able to quantitatively map expression 

of ligands and their receptors to each of their respective cell types, thus constructing a signaling 

network of metabolic tissue. Many groups have now begun to utilize this powerful method to 

draw previously unknown cell-cell interactions within metabolic tissue (Hepler et al., 2018; 

Lawlor et al., 2017; Ramachandran et al., 2019; Segerstolpe et al., 2016; Spallanzani et al., 2019; 

Xiong et al., 2019; Zhang et al., 2019). An understanding of the communication between cell-
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types leads to a clearer idea of how effects on one cell type may perturb an entire organ system 

and therefore, pathology. 

 

The communication between cell types has even uncovered disease pathways in the pancreas. 

Dysfunction of the islets heavily associates with type 1 and type 2 diabetes. Chronic type 2 

diabetes results in an insufficiency of beta cells with lower insulin production. The transition to 

this deleterious transcriptional state is poorly characterized at a molecular level, complicated by 

the heterogeneity of pancreatic islets. To these ends, scRNA-seq was used to profile the islet cell 

populations in type 2 diabetes, uncovering a potential role for the under-characterized endocrine 

cells such as delta and gamma cells (Lawlor et al., 2017; Segerstolpe et al., 2016). A body of 

receptors including leptin receptor Lepr were found to be enriched specifically in the 

somatostatin-producing delta cells, indicating that it is likely the delta cells that mediate many of 

the endocrine effects previously thought to act on the beta cells. Numerous other previously 

undiscovered ligand-receptor pairs were identified to be enriched in alpha, beta, or gamma cells. 

Some of these factors were differentially expressed between diabetic and non-diabetic states. 

Although validation was not assessed in these studies, they indicate that the less-common cells in 

the islet may contribute to crosstalk in the pancreas, and that there are many paracrine 

interactions that may regulate beta cell function. ScRNA-seq has determined that a better 

understanding of the network of communication between islet cells may clarify the role of the 

pancreas in diabetes and metabolic disease. 

 

A common theme of recent scRNA-seq studies has been the observation that rarer, more difficult 

to isolate cell populations are key players in the metabolic paracrine network. With the capacity 

to visualize the transcriptional repertoire of these smaller subsets, scRNA-seq has found that they 

contribute just as many receptors and ligands, if not more, than the major parenchymal cell types. 

In the liver, hepatic stellate cells (HSCs) were classically believed to be responsible for storage 

of retinoid compounds and production of fibrotic extracellular matrix material in injury. ScRNA-

seq of liver non-parenchymal cells unveiled a novel angle that HSCs actually contribute the 

greatest number of ligands to the liver secretome (Xiong et al., 2019). These ‘stellakines’ carry a 

great diversity in function ranging from immune cell modulation, mentioned above, to regulation 

of vascular tone. In their profiling of the liver stellate cells, Xiong et al. found enrichment of 
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vasoactive peptides and receptors EDNRA, AGTR1A, and VIPR. In vitro studies confirmed that 

stellate cells do indeed respond to the respective ligands for these receptors to regulate 

contraction and relaxation of the stellate cells. Many angiocrine factors of the liver were found to 

be expressed by the endothelial cells, suggesting a paracrine link between those and stellate cells 

(Ramachandran et al., 2019; Xiong et al., 2019). Furthermore, these groups concurrently 

demonstrated an enrichment for Notch and TGFβ family signals enriched within the endothelial 

and stellate populations, pathways important in angiocrine maintenance (Rafii et al., 2016). Both 

groups demonstrated a connection between these paracrine pathways and NASH pathology, 

indicating that this cross-talk is likely important for disease. It is apparent then that the HSC 

contribution to liver function goes far beyond extracellular matrix remodeling, future studies will 

determine how these pathways regulate pathogenesis of liver disease. 

 

These findings paint a picture that all cell types are much more multi-dimensional than 

previously thought. Beyond paracrine connections, factors secreted by cells may also contribute 

to a much more local niche. The 3D microenvironment of extracellular matrix material not only 

provides structure for the cells to sit in, but also directly bears on the function of cells within. A 

well-known aspect of metabolic disease is the accumulation of matrix components resulting in 

fibrosis, which is a pathological hallmark of liver injury. ScRNA-seq has shed light on key 

players in the remodeling of extracellular matrix networks. In the liver, scRNA-seq confirmed 

the central role of HSCs in producing matrix components that contribute to scarring (Dobie et al., 

2019; Ramachandran et al., 2019; Xiong et al., 2019). Interestingly, they also uncovered novel 

cell populations including disease-associated macrophages which functionally produce 

remodeling factors, such as matrix metalloproteases. This supports the notion that extracellular 

matrix state represents a constant flux of building versus remodeling, much like the classic 

setting of osteoblast production versus osteoclast reuptake in bone maintenance. Though the 

beneficence of this fibrotic remodeling is not well understood, it seems likely that the structure 

and rigidity of the microenvironment plays an important role in controlling cell localization and 

function. ScRNA-seq will help to clarify this complex new modality of ‘indirect’ communication 

between cells sharing a niche. 
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Concluding remarks 

Here I have highlighted how modern technologies have allowed us to focus our studies on 

metabolism. Single-cell transcriptomics opens up numerous fields of investigation, by 

elucidating the function of individual cell types, determining their developmental trajectory, and 

importantly, mapping the intercellular cross talk between them. As our understanding of the field 

evolves, we may utilize the findings from single-cell sequencing to enrich our hypothesis 

development. In this thesis work, I utilized single-cell RNA sequencing to map the cellular 

landscape in NASH liver, and then highlight key findings in the immune landscape which we 

found in NASH. This includes the discovery that hepatic stellate cells contribute to immune 

response signaling. Following chapters will begin to attempt to dissect the role these immune 

cells play in NASH pathology, including the expansion of a novel macrophage population in 

NASH, and the functional exhaustion of CD8 positive T cells (Figure 1), with a final 

supplemental chapter highlighting the importance of endocrine interactions in regulating 

metabolism. 

 

Figure 1.1 Schematic of key findings of thesis studies  

In single-cell RNA sequencing of dietary NASH mouse model liver, in assembly of ligand-receptor network in liver, 

hepatic stellate cell secretion of stellakines, functional exhaustion of CD8 cytotoxic T cells and role in cancer, and 

emergence of novel disease-associated macrophage population. 
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Abstract 

Cell-cell communication via ligand-receptor signaling is a fundamental feature of complex 

organs. In addition to hepatocytes, the mammalian liver harbors diverse non-parenchymal cells 

(NPC) that are important for homeostasis and diseases such as nonalcoholic steatohepatitis 

(NASH). Despite this, the global landscape of intercellular signaling in the liver has not been 

comprehensively elucidated. Here we perform single-cell RNA sequencing and secretome gene 

analysis on liver NPC isolated from healthy and diet-induced NASH mice. Our study revealed 

highly restricted ligand and receptor gene expression at the single-cell level and a network of 

paracrine and autocrine signaling. Single-cell transcriptomic analysis revealed heterogeneity of 

liver endothelial cells and disruptions of the vascular signaling network during NASH 

pathogenesis. We uncovered the emergence of NASH-associated macrophages (NAM), which 

are marked by high expression of Triggering Receptor Expressed on Myeloid Cells 2 (Trem2), as 

a feature of mouse and human NASH that is strongly linked to disease progression and highly 
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responsive to pharmacological and dietary interventions. Finally, hepatic stellate cells (HSC) 

serve as a hub of intrahepatic signaling via HSC-derived stellakines, their responsiveness to 

vasoactive hormones and an IL11-mediated autocrine regulatory loop. These results provide 

unprecedented insights into the landscape of intercellular crosstalk and reprogramming of 

mammalian liver cells in health and disease.   

 

Introduction 

The liver is the largest organ in the body that serves vital functions in nutrient and energy 

metabolism. Hepatocytes account for approximately 60% of the total cell population in human 

liver with non-parenchymal cells (NPC) constituting the rest, including liver sinusoidal 

endothelial cells (LSEC), the resident macrophage Kupffer cells (KC), hepatic stellate cells 

(HSC), cholangiocytes and diverse immune cell types (Friedman, 2008; Krenkel and Tacke, 

2017; Poisson et al., 2017; Robinson et al., 2016; Tabibian et al., 2013). Dysregulations of 

hepatic metabolism contribute to the pathogenesis of type 2 diabetes, dyslipidemia and 

nonalcoholic fatty liver disease (NAFLD). NAFLD is characterized by excess fat accumulation 

in the liver and is strongly associated with obesity and metabolic syndrome. It has been estimated 

that approximately 25-30% of the adult population in the U.S. develops NAFLD, which may 

progress into nonalcoholic steatohepatitis (NASH), a more severe form of NAFLD that is 

characterized by chronic liver injury, fibrosis and inflammation (Cohen et al., 2011; Diehl and 

Day, 2017; Samuel and Shulman, 2018). NASH is emerging as a major cause of end-stage liver 

diseases, such as cirrhosis and hepatocellular carcinoma, and as a leading indication for liver 

transplantation (Diehl and Day, 2017; Pais et al., 2016).  

 

Numerous ligand-receptor signaling modalities have been delineated among the cells in the liver 

that illustrate a critical role of intrahepatic crosstalk in tissue homeostasis and injury response 

(Friedman, 2008; Krenkel and Tacke, 2017). In addition, hepatokines are emerging as important 

regulators of nutrient metabolism and energy balance by acting on the central nervous system 

and other peripheral tissues (Meex and Watt, 2017; Wang et al., 2019). Despite these, the 

repertoire of secreted ligands and membrane receptors and the global landscape of intercellular 

signaling among liver cells have not been mapped at the single-cell resolution. Further, the 
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emergent nature of liver cell heterogeneity and reprogramming of intrahepatic paracrine 

crosstalk during NASH pathogenesis remain poorly understood.  

 

Single-cell RNA sequencing (scRNA-seq) has emerged as a powerful tool to deconstruct the 

transcriptomes of complex tissues at the single-cell level (Gawad et al., 2016; Tanay and Regev, 

2017). The advent of high-throughput single-cell profiling technologies provides a foundation for 

the Human Cell Atlas Project, an ambitious effort to define the molecular states of all human cell 

types in the body (Regev et al., 2017). Recent single-cell transcriptomic analysis of mouse 

tissues has revealed unprecedented molecular details on cellular heterogeneity (Han et al., 2018; 

Tabula Muris et al., 2018). In the liver, hepatocytes assume remarkably heterogeneous 

transcriptomic signatures that underlie zonation of diverse liver metabolic functions (Halpern et 

al., 2017). In this study, we performed single-cell RNA-seq and secretome analysis to dissect 

intercellular crosstalk in healthy and diet-induced NASH mouse livers. Our analyses revealed the 

landscape of intercellular crosstalk in mammalian liver and illustrated the complexity and 

richness of cell-cell signaling in liver physiology and disease. In addition, we uncovered the 

emergence of NASH-associated macrophages as a hallmark of mouse and human NASH that is 

strongly linked to disease progression and highly responsive to therapeutic interventions. 

 

Methods 

Mice 

All animal studies were performed following procedures approved by the Institutional Animal 

Care & Use Committee at the University of Michigan. Mice were housed in pathogen-free 

facilities under 12-h light-dark cycles with free access to food and water. For standard chow 

feeding, mice were fed Teklad 5001 Laboratory Diet. For AMLN diet-induced NASH, C57/Bl6 

mice were fed a diet containing 40% fat (of which 18% was trans-fat), 22% fructose, and 2% 

cholesterol (D09100301, Research Diets Inc.) for 20 weeks, as previously described (Clapper et 

al., 2013; Guo et al., 2017). In a separate diet-induced NASH model, C57/Bl6 mice were 

maintained on Choline-Deficient, Amino acid-defined HFD (45 kcal% fat) containing 0.1% 

methionine (CDAHFD, A06071309, Research Diets Inc.) for 6 weeks. In Elafibranor treated 

groups, C57/Bl6 mice were placed on CDAHFD and gavaged daily with 10mg Elafibranor/kg 

body weight in 1% CMC or vehicle for 24 days. 
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RNA extraction and analysis 

Total RNA was extracted from frozen livers or harvested cell using Trizol (Alkali Scientific, 

TRZ-100). Quantitative RT-PCR gene expression analysis was performed as previously 

described (Guo et al., 2017; Wang et al., 2014). Liver RNA sequencing was performed using 

Illumina HiSeq 4000 at the University of Michigan DNA Sequencing Core. 

 

Quantitative proteomic analysis 

TMT experiments were performed as previously described (Zhao et al., 2017). Briefly, proteins 

were extracted from three pairs of chow and AMLN livers, reduced with 2 mM DTT for 10 min 

and alkylated with 50 mM iodoacetamide for 30 min in dark. Proteins were digested by Lys-C 

(Wako, at a 1:100 enzyme/protein ratio) for 2 hrs at RT followed by overnight digestion with 

trypsin (Thermo Fisher Scientific, at 1:100 enzyme/protein ratio). Peptides were desalted with 

Oasis HLB cartridges (Waters), resuspended in 200 mM HEPES (pH 8.5) to a final concentration 

of 1 g/ L, and labeled with amine-based TMT six-plex reagents (Thermo Fisher Scientific). 

Three replicate samples were prepared for the control samples (TMT-126, -127 and -128), and 

the NASH samples (TMT-129, -130 and -131), respectively.    

Samples were desalted and fractioned by bRPLC (basic pH reversed phase HPLC) on a 

ZORBAX 300 Extend-C18 column (Narrow Bore RR 2.1mm x 100 mm, 3.5 μm particle size, 

300 Ǻ pore size). Seventeen fractions were collected, which were lyophilized, desalted and 

analyzed by LC-MS/MS on a Thermo Orbitrap Elite mass spectrometer using a top 15 HCD 

method. MS/MS spectra were searched against a composite database of the mouse UniProt 

protein database and its reversed complement using the Sequest (Rev28) algorithm. Search 

parameters allowed for a static modification of 57.02146 Da on cystine (Carbamidomethyl), a 

variable modification of 15.994915 Da on methionine (oxidation), and a static modification of 

TMT labels (229.16293 Da) on peptide N-terminus and lysine. For TMT quantification, a 0.03 

Th window was scanned around the theoretical m/z of each reporter ion (126:126.127725; 

127:127.124760; 128:128.134433; 129:129.131468; 130:130.141141; 131:131.138176). The 

maximum intensity of each reporter ion was extracted, which was converted to signal-to-noise 

(S/N) ratios.  
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Isolation and scRNA-seq analysis of liver NPC 

Liver NPC were isolated following a two-step protocol of pronase/collagenase digestion 

(Mederacke et al., 2015). Briefly, the liver was perfused in situ with calcium-free Hank’s 

Balanced Salt Solution (HBSS) containing 0.2mg/ml EDTA, followed by sequential perfusion 

with 0.4mg/ml pronase (Sigma, P5147) and 0.2% collagenase type II (Worthington, LS004196). 

The liver was minced and further digested with HBSS containing 0.2% collagenase type II, 0.4 

mg/ml pronase and 0.1mg/ml DNase I (Roche, R104159001) in 37 °C water bath with shaking 

for 20 min. Digestion was terminated with DMEM containing 10% serum. The resulting liver 

cell suspension was centrifuged at 50g for 3 min to remove hepatocytes and passed through 

30µm nylon cell strainer followed by treatment with 0.8% NH4Cl to lyse red blood cells. This 

NPC suspension was centrifuged, resuspended in HBSS, and subjected to density gradient 

centrifugation using 20% Optiprep (Axis Shield, 1114542) to remove dead cells. Cell viability 

was confirmed by trypan blue exclusion. The resulting NPC were subjected to scRNA-seq 

analysis using 10X Genomics Chromium Single-Cell 3′ according to the manufacturer’s 

instructions.   

 

Data analysis 

For total liver and LSEC RNA-seq, sequence reads were mapped to mouse genome mm10 using 

STAR. HTSeq was used to count the sequences that can be mapped to gene features. The raw 

read counts were normalized and processed for differential expression gene analysis using 

DESeq2. The significant expressed genes were determined by FDR less than 0.05. All RNA-seq 

data generated in this work have been deposited into the Gene Expression Omnibus (GEO) 

database (GSE119340, GSE129516). 

 

For scRNA-seq, a total of 39,575 single cell NPC isolated from three chow and three NASH 

mice were processed using 10X Genomics CHROMIUM Single Cell 3’ Solution. The libraries 

were sequenced using Illumina NextSeq High-Output, HiSeq 4000 and NovaSeq. We obtained a 

total of over 1.7 billion reads with an average of 43,122 reads per cell. Approximately 55.4% of 

the sequence reads can be confidently mapped to the mouse transcriptome. Seurat package 

(version 2.3.4) was used to analyze single cell RNA-seq data (Butler et al., 2018). After 

removing doublets and cells with low quality, 33,168 cells that expressed more than 500 genes 
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and 19,349 genes with transcripts detected in more than 3 cells were used for further analysis. 

Unique sequencing reads for each gene were normalized to total Unique Molecular Identifiers 

(UMIs) in each cell to obtain normalized UMI values.  The top 1,000 highly variable genes were 

used for canonical correlation analysis (CCA) implemented in Seurat. Unsupervised clustering 

was applied after aligning the top 25 dimensions resulted from the CCA using a resolution of 

0.07. The identity for each cluster was assigned based on the prior knowledge of marker genes. 

A higher resolution parameter was applied for sub-clustering of the endothelial and myeloid 

clusters. The t-SNE plots, violin plots, bar plots, circular plot, bubble plots, feature plots and 

heatmaps were generated by R and Java TreeView. Dot plot was generated using GraphPad.  

 

Mouse secretome and network visualization 

The mouse secretome database was compiled using gene lists obtained from Secreted Protein 

Database (SPD: http://spd.cbi.pku.edu.cn) (Chen et al., 2005) and IUPHAR database 

(http://www.iuphar-db.org/index.jsp), and manually curated to improve accuracy of gene 

annotation. Members of the solute carrier protein superfamily were not included in the current 

version. The secretome genes with normalized UMI values > 1.0 in any of the liver cell clusters 

were selected for construction of intrahepatic ligand-receptor signaling network. Ligand and 

receptor pairing dataset was obtained from Fantom5 (http://fantom.gsc.riken.jp), as recently 

described (Ramilowski et al., 2015). Network connectivity was visualized using Gephi graph 

tool (https://gephi.org).   

 

LSEC RNA sequencing 

LSEC were isolated from chow and AMLN mouse livers as previously described (Meyer et al., 

2016). A combination of negative depletion with CD11b magnetic beads followed by positive-

selection with CD146 magnetic beads was used to isolate LSEC from liver NPC suspension. 

Total RNA was isolated from purified LSEC for RNA sequencing (Beijing Genomics Institute, 

China). Twenty million reads were obtained using a paired-end 50bp module on BGISeq-500. 

 

Flow cytometry     

Flow cytometry analysis of sinusoidal endothelial cells was performed as we previously 

described (Ji et al., 2014; Ji et al., 2012). Briefly, hepatic NPC were collected as previously 
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described. The isolated cells were centrifuged at 1,000 rpm for 5 min. The cells were washed and 

re-suspended in cold staining buffer, followed by incubation with anti-CD16/CD32 antibody to 

block Fc receptors. For hepatic macrophages, liver samples were filtered through 100 um 

strainers in 1% BSA in PBS and centrifuged at 50x g for 3 minutes to remove hepatocytes. NPC 

were harvested as intermediate fraction following gradient centrifugation in 25% optiprep at 

1500x g for 20 minutes. After wash, 1 x 106 cells were incubated with 100 l of various 

antibodies diluted at optimal concentrations for 20 min at 4 °C. The fluorochrome-conjugated 

antibodies against CD45 (30-F1; Biolegend, 103130), CD146 (ME-9F1; Biolegend, 134711), 

CD36 (HM36; Biolegend, 102605), CD45 (I3/2.3; Biolegend, 147716), F4/80 (BM8; Biolegend, 

123114), CD11b (M1/80; Biolegend, 101226), CD9 (MZ3; Biolegend, 124805), GPNMB 

(CSTREVL; Thermo Fisher, 50-5708-82), and CXCL9 (MIG-2F5.5; Biolegend, 515603), 

avidin-PerCP(Biolegend, 103130) were used. LSEC were gated as CD45-CD146+ cells, liver 

macrophages were gated as CD45+F4/80hiCD11bint or CD45+F4/80intCD11bhi for KC or 

MDM, respectively. For intracellular staining, the cells were fixed and permeabilized by BD 

Cytofix/Cytoperm Fixation/Permeabilization Kit per manufacturer’s protocol. Samples were 

analyzed using BD LSR cell analyzer at the Vision Research Core Facility at the University of 

Michigan Medical School. Data were analyzed using the CellQuest software (BD Biosciences) 

and Flowjo (Flowjo.com). 

 

Primary HSC isolation and cell lines 

Mouse HSC were isolated from mouse livers by pronase/collagenase digestion followed by 

gradient centrifugation, as recently described (Mederacke et al., 2015). Briefly, NPC suspension 

was placed at the bottom of a four-layer OptiPrep gradient (1.034, 1.043, 1.058 and 1.085g/ml) 

and centrifuged at 1,500g for 30 min with the brake off. HSC were collected from the interface 

between two top layers (1.034 and 1.043g/ml) and cultured in DMEM containing 20% fetal 

bovine serum (FBS). Human HSC were purchased from ScienCell Research Laboratories and 

maintained in commercial HSC medium (ScienCell Research Laboratories, #5301). For 

immortalization of mouse HSC, isolated primary HSC were transduced with a recombinant 

retroviral vector expressing SV40 large T-antigen, followed by selection with G418. 

Immortalized HSC were maintained in DMEM containing 10% FBS. 
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Calcium imaging 

The HSC cultures used for intracellular calcium imaging were within five passages following 

isolation. For calcium imaging, cells were seeded on cover glasses 2 days before loading with 

calcium indicator FURA-2AM (Thermo Fisher, F1201) and imaged with an inverted fluorescent 

microscope. Images were acquired every other second to monitor the dynamic changes in 

intracellular calcium levels in response to 100 nM ET-1 or Ang II alone or in combination with 

100 nM PACAP. 

 

Macrophage polarization index (MPI)  

Macrophage polarization index was generated based on scRNA-seq profiles of polarized bone 

marrow-derived macrophages following LPS/cytokine stimulation (Li et al., 2019). Comparing 

M1 (LPS+IFNγ stimulation) and M2 (IL4+IL13 stimulation) profiles, gene with most significant 

changes were selected to calculate similarities of each cells to the whole population of M1 or M2 

states. A linear regression line of all scRNA-seq profiles was generated and terms as 

“polarization axis” (https://macspectrum.uconn.edu). The projection of each cell on this axis was 

indexed as macrophage polarization index (MPI): higher MPI suggesting more “M1-like” (more 

inflammatory) states with lower MPI suggesting more “M2-like” (less inflammatory) states. 

 

Immunofluorescence staining 

Liver tissues were fixed in situ with 4% paraformaldehyde, incubated with 30% sucrose in PBS 

overnight, and embedded in OCT. Frozen sections were permeabilized with 0.3% Triton X-100 

in PBS and then blocked in 5% BSA, followed by incubation in primary antibody solution 

overnight at 4 °C, and subsequently in secondary antibody solution at room temperature for one 

hour. Sections were mounted in VECTASHIELD Antifade Mounting Medium (Vector 

Laboratories, H-1000). Images were taken with Olympus fluorescence microscope.  

 

Western Blot Analysis 

Total liver protein extracts and cell lysates were prepared using a lysis buffer containing 50 mM 

Tris-HCl (pH = 7.5), 137 mM NaCl, 1 mM EDTA, 1% Triton X-100, 10% glycerol, 10 mM 

NaF, 10 mM Na4P2O7, 1 mM Na3VO4, and protease inhibitor cocktail. The lysates were 
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separated by SDS-PAGE and transferred to a PVDF membrane, followed by immunoblotting 

with primary antibodies and secondary antibodies. 

 

Human NASH study 

The study population consisted of 144 Mexican mestizo subjects (male and female) who 

underwent bariatric surgery for morbid obesity. A total of 82.6% were female and the mean age 

of the participants was 38.6 ± 10.1 years. Detailed characteristics of the study have been reported 

elsewhere (Gutierrez-Vidal et al., 2015; Leon-Mimila et al., 2015; Vega-Badillo et al., 2016). 

Liver biopsies were collected in RNAlater (Sigma, St. Louis, MO) during surgery and processed 

for RNA sequencing analyses as describe previously (Hui et al., 2018). This study was 

performed according to the principles of the Declaration of Helsinki and was approved by the 

institutional review boards of the National Institute of Genomic Medicine (Mexico) and the 

Hospital Dr. General Ruben Leñero. All participants provided written informed consent prior to 

their inclusion. Correlations of normalized values of RNA sequencing data with transaminase 

levels, steatosis, ballooning, inflammation and NAS score were evaluated using partial 

correlations adjusting for batch, age, sex, BMI and T2D status. The differences between groups 

were evaluated using ANCOVA adjusting for batch, age, sex, BMI and T2D status. Because 

transaminase levels were not normally distributed, the values were log transformed before 

performing statistical analyses. 

 

Results   

RNA-seq and quantitative proteomic analyses of healthy and NASH mouse livers 

Previous studies have established a diet-induced mouse NASH model (Amylin diet, AMLN diet) 

that faithfully recapitulates key features of human NASH (Clapper et al., 2013; Guo et al., 2017; 

Xiong et al., 2019). To explore the pathogenic mechanisms underlying NASH progression, we 

performed RNA-sequencing (RNA-seq) analysis on the livers from mice fed standard chow or 

AMLN diet for 20 weeks. We detected 311 and 461 genes that exhibited more than 2-fold 

decrease or increase in mRNA expression, respectively (Figure 1A and Table S1). Many of these 

NASH-induced genes were also elevated in the livers from a cohort of human NASH patients, 

compared to non-NASH individuals (Figure 1B). In parallel, we performed quantitative 

proteomic analysis and compared mRNA and protein expression in chow and AMLN diet-
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induced NASH livers. We observed remarkable concordance between RNA-seq and proteomic 

data (Figure 1C and S1A). As such, most of the NASH-induced genes revealed by RNA-seq 

exhibited increased protein expression, whereas downregulated genes were associated with 

reduced protein expression. Gene ontology analysis on these two differentially regulated gene 

sets revealed that the expression of genes involved in lipid metabolism and oxidative reactions 

was suppressed following diet-induced NASH in mice (Figure 1A). In contrast, NASH-induced 

genes were highly enriched for the pathways responsible for extracellular matrix (ECM) 

remodeling (Col1a1, Mmp12), cell adhesion, phagocytosis, and immune response (Ccr2, H2-ab1, 

Lcn2), core biological functions of liver NPC. These observations underscore a potentially 

important role of liver NPC in driving NASH pathogenesis.  

 

Single-cell RNA sequencing analysis of liver NPC 

To elucidate liver cell heterogeneity and their dynamic changes during NASH pathogenesis, we 

performed single-cell RNA sequencing (scRNA-seq) on liver NPC isolated from mice fed chow 

or AMLN diet. We obtained a total of 33,168 single-cell transcriptomes (17,788 chow; 15,380 

NASH) from three pairs of mice. Compared to a recent hepatocyte scRNA-seq study illustrating 

metabolic zonation in the liver (Halpern et al., 2017), the coverage of the NPC population was 

vastly expanded in our dataset. T-distributed Stochastic Neighbor Embedding (t-SNE) 

visualization of the combined chow and NASH data revealed ten major clusters, which 

correspond to endothelial cells, macrophages, T cells, B cells, cholangiocytes, plasma B cells, 

dendritic cells (DC), HSC, hepatocytes, and a cluster representing dividing cells, based on 

marker gene expression (Figure 1D-F and Table S2). We examined the extent to which liver cell 

transcriptomes are conserved among species by integrating our dataset with a recent scRNA-seq 

study of human livers (MacParland et al., 2018). Correlation analysis indicated that major liver 

cell types displayed highly conserved transcriptomic signature and shared common sets of 

marker genes in mice and humans (Figure 1G and S1B). 

 

All ten clusters contained cells derived from both chow and NASH mouse livers (Figure 1H and 

S1C-D). We observed that NASH livers accounted for over 77% of the cells in the macrophage 

cluster whereas chow endothelial cells disproportionally contributed to the endothelial cluster. 

The construction of single-cell transcriptome maps for different liver cell types allows us to 
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assign likely cellular sources for the genes differentially expressed in NASH (Figure 1A). 

Remarkably, genes most specific to macrophage and HSC clusters were primarily NASH-

induced genes in the liver (Figure 1I). In contrast, most of the hepatocyte-enriched genes were 

downregulated in NASH livers. These observations strongly suggest that NASH pathogenesis is 

linked to cell type-specific reprogramming of the liver cell transcriptomes. 

 

Single-cell analysis of secretome and receptor gene expression in the liver 

Intercellular crosstalk via ligand and receptor signaling has been recognized to be a fundamental 

aspect of organ biology. Despite this, the repertoire of secreted ligands and membrane receptors 

and the global landscape of intercellular signaling among liver cells have not been mapped at the 

single-cell resolution. We next analyzed secretome gene expression in the liver cells to identify 

the cellular origins of ligands and receptors. We manually curated the mouse secretome gene list 

compiled from several available datasets (Wang et al., 2014). This list contained 1,272 and 755 

genes that are predicted to encode secreted proteins and membrane receptors, respectively (Table 

S3). Among these, 305 secreted factors and 147 receptors had readily detectable mRNA 

expression (normalized UMI>1.0) in our scRNA-seq dataset (Table S4). Clustering analysis of 

the liver secretome genes revealed remarkably cell type-specific patterns of receptor and ligand 

gene expression (Figure 2A). For example, Kdr and Tek, which encode receptor tyrosine kinases 

important for vascular development and maintenance, were enriched in the endothelial cluster, 

whereas Csf1r is abundantly expressed in the macrophage cluster. Ccl5 and Spp1 marked the T 

cell and cholangiocyte clusters, respectively. Col1a1 and Dcn were abundantly expressed in HSC 

while Cd79b marked the B cell cluster (Figure 2b). Comparative analysis of secretome gene 

expression in mouse and human single-cell datasets revealed a highly conserved pattern of 

distribution among different liver cell types across species (Figure 2C and S2A). These results 

demonstrate that, compared to whole liver transcriptome analysis, scRNA-seq provides 

unparalleled sensitivity and accuracy in mapping ligand and receptor gene expression to specific 

cell types in the liver.  

 

The notably restricted patterns of ligand and receptor expression illustrate potentially highly 

specific paracrine and autocrine connectivity in the mammalian liver. We next integrated our 

scRNA-seq data with a ligand-receptor interaction database (Ramilowski et al., 2015) to 
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construct an intercellular signaling map among the liver cells. We identified the HSC, 

endothelial and macrophage clusters as prominent hubs for paracrine and autocrine signaling 

(Figure 2D and S2B). A subset of ligands and receptors remained orphan and lacked their 

cognate partners in this network, reflecting their potential role in inter-tissue endocrine crosstalk. 

We next analyzed how NASH alters secretome gene expression in the liver. Not surprisingly, 

mRNA and protein expression for the secretome gene set were highly correlated (Figure 2E). 

Remarkably, many genes encoding HSC and macrophage-enriched secreted factors and 

membrane receptors exhibited increased expression at both mRNA and protein levels, whereas 

hepatocyte-enriched genes lacked this pattern of regulation. Together, this secretome gene 

analysis revealed a global landscape of ligand and receptor gene expression, connectivity and 

alterations in NASH at single-cell resolution. 

 

Vascular signaling and its dysregulation during NASH pathogenesis 

Endothelial cells represent the largest cluster within the NPC population, containing a total of 

10,447 cells. At higher t-SNE resolution, this cluster can be further divided into four subclusters, 

representing periportal (Endo-pp) and pericentral (Endo-pc) endothelial cells and two clusters of 

liver sinusoidal endothelial cells (LSEC-1 and LSEC-2) that line the surface of liver sinusoids 

(Figure 3A). Clustering analysis of these four endothelial subtypes revealed unique 

transcriptomic signatures (Figure 3B-C and Table S5). Based on single molecule fluorescence in 

situ hybridization results reported in a recent study on liver endothelial zonation (Halpern et al., 

2018), we identified a set of genes exhibiting Endo-pc enriched expression including Wnt9b, 

Rspo3, Cdh13 and Wnt2. Endo-pp expressed high levels of Ednrb, Jag1, Lrg1, Efnb1, Ltbp4 and 

Adgrg6, whereas LSEC-1 and LSEC-2 were marked by abundant expression of Fcgr2b and 

Gpr182, known LSEC markers (Poisson et al., 2017). While the LSEC transcriptomes appeared 

similar overall, a subset of genes exhibited enriched expression in a cluster-specific manner. 

These results support the notion of liver endothelial zonation and functional specialization in a 

manner resembling zonation of hepatocytes in the liver (Halpern et al., 2017).  

 

To explore how NASH alters liver endothelial function, we analyzed chow and NASH 

endothelial transcriptomes in the scRNA-seq dataset and performed RNA-seq on LSEC isolated 

from chow and AMLN diet-fed mouse livers. The scRNA-seq and total RNA-seq datasets 
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obtained for endothelial cells were remarkably consistent (Figure 3D). Compared to control, 

endothelial cells derived from NASH livers exhibited increased expression of genes involved in 

lipid metabolism, antigen presentation and chemokine release. In contrast, significant 

downregulation of genes involved in vascular development and homeostasis was observed in 

NASH liver. These NASH-induced alterations of gene expression appeared to occur in all four 

endothelial subclusters (Figure S3A-B). We further confirmed these findings using flow 

cytometry and observed that endothelial cell expression of Cxcl9 and BODIPY staining, a 

marker for cellular lipid accumulation, were strongly increased in LSEC isolated from NASH 

mouse livers (Figure 3E). This reprogramming of the endothelial transcriptome was linked to a 

profound disruption of the sinusoidal capillaries in the liver during diet-induced NASH (Figure 

3F). Immunofluorescence staining of LSEC using polyclonal FCGR2B antibodies indicated that 

NASH mice had apparently lower abundance and altered histological integrity of the liver 

sinusoids. 

 

As shown above, endothelial cells express a large number of membrane receptors and adhesion 

proteins and also secrete a number of angiocrine factors. Analysis of the endothelial secretome 

revealed that this cluster exhibited abundant expression of many membrane receptors for ligands 

important for vascular development and homeostasis, including Notch1, VEGF receptors (Kdr, 

Flt1, Flt4, Nrp1, Nrp2), TGF β receptors (Tgfbr2, Tgfbr3, Bmpr2, Eng), Ephrin B receptor 

(Ephb4), and receptor tyrosine kinase (Tek, Tie1) and phosphatase (Ptprb) signaling pathways 

(Figure 3G). To delineate the paracrine and/or autocrine signaling network that acts on liver 

endothelial cells, we analyzed scRNA-seq data to identify the cellular sources of the putative 

ligands for these receptors. Remarkably, several ligands within this paracrine network were 

found to originate from the HSC, endothelial and cholangiocyte clusters. Dll4, a ligand for 

Notch1, Bmp2 and Efnb2 were highly expressed by endothelial cells and therefore considered 

angiocrine factors (Rafii et al., 2016), whereas Gdf2, Gdf10 and Bmp5 secretion appears to be 

restricted to HSC. Vegfa expression was most abundantly expressed by cholangiocytes. 

Comparative analysis of mouse and human scRNA-seq datasets revealed that the cellular sources 

of these ligands were highly conserved in these two species (Figure S3C). 
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The endothelial cluster exhibited abundant expression of several GPCRs (Calcrl, Ramp2, 

Gpr182), adhesion GPCRs (Adgrf5, Adgrl4), and cytokine receptors (Il6st, Lifr) (Figure 3G). 

Calcrl and Ramp2 form a receptor complex for adrenomedullin, a peptide hormone that exerts 

pleiotropic effects on endothelial cells (Geven et al., 2018), suggesting that hepatic vascular 

system may be highly responsive to vasoactive endocrine hormones. Notably, mRNA expression 

of endothelial receptors and angiocrine factors, ligands secreted by endothelial cells, was 

significantly downregulated during diet-induced NASH (Figure 3H). To determine whether the 

disruptions of liver vascular function also occur during human NASH pathogenesis, we analyzed 

a published microarray dataset containing samples from 24 healthy, 20 NAFLD, and 19 NASH 

patients (GSE89632) (Arendt et al., 2015). Similar to mouse NASH, transcript abundance for 

CXCL9 and FABP4 was significantly increased in human NASH livers (Figure 3I). Compared to 

healthy control, the expression of BMP2, NRP1 and VEGFA was downregulated in the livers 

from NAFLD and NASH patients. These results illustrate profound disruptions of vascular and 

angiocrine signaling during NASH pathogenesis that is conserved in mice and humans.  

 

Emergence of NASH-associated macrophage and its molecular signature 

A prominent feature of the macrophage cluster is its marked expansion during diet-induced 

NASH (Figure 4A). This cluster can be further divided into two groups of cells representing 

Kupffer cells and monocyte-derived macrophages (MDM) based on their marker gene 

expression profile (Figure 4B). KCs were characterized by high expression of Adgre1 (encoding 

F4/80) and Clec4f, whereas MDM exhibited high expression of Itgam (Cd11b) and Ccr2, a 

chemokine receptor important for infiltration of circulating monocytes (Krenkel and Tacke, 

2017). In contrast, Csf1r expression was observed in both KC and MDM subclusters. We 

compared our scRNA-seq data with a public microarray dataset on sorted KCs and MDMs 

(GSE98782) (Krenkel et al., 2018). We observed a remarkable concordance of gene expression 

profile using these two methods (Figure S4A), illustrating high accuracy of transcriptomic 

analysis based on scRNA-seq data. Clustering analysis indicated that both KC and MDM 

transcriptomes were altered following diet-induced NASH (Figure S4B). To determine how 

NASH alters the functional properties of liver macrophage populations, we developed a method 

to quantitatively evaluate macrophage polarization based on their gene expression signatures at 

the single cell level (Li et al., 2019). Here, a higher macrophage polarization index (MPI) reflects 
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a more proinflammatory phenotype. This analysis indicated that KCs and MDMs from NASH 

livers exhibited a notable shift towards a proinflammatory phenotype (Figure 4C), consistent 

with induction of a proinflammatory environment during NASH pathogenesis. 

 

We next analyzed macrophage heterogeneity and observed two KC populations marked by low 

and high Trem2 mRNA expression (Trem2lo and Trem2hi, respectively). Trem2 is a scavenger 

receptor required for phagocytosis and clearance of apoptotic cells and has been implicated in 

several disease conditions, including Alzheimer’s disease and liver injury (Deczkowska et al., 

2018; Perugorria et al., 2018). Remarkably, while both chow and NASH livers harbored Trem2lo 

KC, over 93% of Trem2hi KC were derived from NASH livers, indicating that this is a unique 

population of macrophages associated with NASH pathogenesis (Figure 4D). As such, we 

termed this Trem2hi KC population “NASH-associated macrophages” (NAM). In addition to 

Trem2, NAM also exhibited abundant expression of Gpnmb and Cd9, all of which were induced 

during NASH (Figure 4E). Importantly, hepatic Trem2 and Gpnmb mRNA expression was 

strongly associated with liver injury and fibrosis in a cohort of mice with varying NASH severity 

(Xiong et al., 2019) (Figure 4F and S4C). To confirm the emergence of NAM during NASH 

pathogenesis, we performed flow cytometry using GPNMB and CD9 antibodies to detect this 

macrophage population (Figure 4G). Consistent with single-cell analysis, we observed a marked 

expansion of KC in NASH livers. While GPNMB+ CD9+ double positive KC were rarely 

detected in chow livers, they represented over 60% of KC obtained from NASH livers. 

 

To further investigate the dynamic changes of liver macrophages during NASH pathogenesis, we 

performed studies in mice fed chow or CDAHFD, a choline-deficient, L-amino acid defined 

HFD that contains 0.1% methionine. This diet was recently shown to induce robust NASH 

pathologies in mice within six weeks (Matsumoto et al., 2013). As expected, CDAHFD feeding 

markedly elevated plasma ALT and AST levels, induced fibrotic and inflammatory gene 

expression and expanded macrophage population in the liver (Figure S5A-C). In addition, 

hepatic Trem2 and Gpnmb mRNA expression was drastically increased in the livers from mice 

fed CDAHFD. Flow cytometry analysis indicated that while GPNMB+ NAM were essentially 

absent in chow livers, this population represented over 70% of KC in the liver following 

CDAHFD-induced NASH (Figure 4H). GPNMB is a transmembrane protein and has been 
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shown to undergo cleavage to release the extracellular domain into circulation (van der Lienden 

et al., 2018). We performed ELISA to measure the concentrations of GPNMB in plasma from 

healthy and NASH mice. Plasma GPNMB levels were significantly elevated in both AMLN diet 

and CDAHFD-induced NASH (Figure 4I), suggesting that it may provide a potential biomarker 

for NASH. 

 

The emergence of NASH-specific macrophages in the liver suggests that NAM may play an 

important role in the pathogenesis of disease. To examine the molecular properties of NAM, we 

binned chow and NASH KC (25 cells per bin) into respective Trem2-negative, Trem2-low, and 

Trem2-high subgroups (Figure 5A). We identified a cluster of genes exhibiting a high degree of 

correlation with Trem2 expression (Table S6). Gene ontology analysis indicated that Trem2-high 

macrophages had enriched expression for genes involved in endocytosis, lysosomal degradation, 

MHC class II antigen presentation and extracellular matrix remodeling. Macrophages express a 

large number of scavenger receptors including Trem2, which are responsible for the clearance of 

apoptotic cells and extracellular matrix during tissue injury. These results illustrate that liver 

resident macrophages undergo both marked expansion and functional reprogramming during 

NASH pathogenesis.   

 

Dynamic regulation of NAM in human NASH and during NASH resolution 

We next explored whether human NASH is associated with induction of NAM. Analysis of a 

microarray dataset indicated that TREM2 mRNA expression was increased in the livers from 

patients with hepatic steatosis and NASH (Figure 5B). We further examined the association 

between hepatic TREM2 gene expression and NASH parameters in an independent cohort of 144 

NASH patients (Hui et al., 2018; Vega-Badillo et al., 2016). We observed a remarkable 

association between TREM2 expression and plasma markers of liver injury (Figure 5C). In 

addition, hepatic TREM2 expression was strongly associated with the severity of steatosis, 

inflammation, hepatocyte ballooning, liver fibrosis and NAFLD activity score (NAS) (Figure 

5D). Hepatic GPNMB mRNA expression was also associated with these NASH pathologies 

(Figure S4D). These results indicate that the induction of NAM gene signature is a common 

feature of mouse and human NASH pathogenesis. Further, we have demonstrated the potential 

for using NAM markers as a diagnostic biomarker for NASH. 



  

 43 

 

Key aspects of NASH pathologies are largely reversible in response to pharmacological and/or 

dietary interventions (Romero-Gomez et al., 2017). We next examined whether NASH reversal 

is linked to reduction of Trem2hi KC and attenuation of NAM gene signature in the liver. In the 

first set of studies, we treated mice fed CDAHFD with Elafibranor, a dual agonist for PPAR α 

and PPARδ that has been shown to be effective in reversing NASH pathologies in mice (Staels et 

al., 2013). Compared to vehicle, Elafibranor treatment potently lowered plasma AST and ALT 

levels and markedly reduced the abundance of NAM in the liver, as revealed by GPNMB flow 

cytometry (Figure 5E-F). Hepatic gene expression analysis indicated that Elafibranor stimulated 

mRNA expression of genes involved in fatty acid β -oxidation (Acadm, Acox1) while 

attenuating expression of Trem2, Gpnmb, Tnf and Col1a1 (Figure 5G). Consistently, hepatic 

GPNMB protein expression and plasma GPNMB levels were also reduced following Elafibranor 

treatments in mice fed CDAHFD (Figure 5H-I). We previously demonstrated that dietary switch 

from AMLN diet to chow for eight weeks resulted in marked improvements of NASH 

pathologies in mice (Xiong et al., 2019). In this model, we also observed significantly reduced 

expression of Trem2, Gpnmb and Cd9 following dietary switch (Figure 5J). Compared to AMLN 

group, plasma GPNMB concentrations were also lower following the AMLN to chow dietary 

switch (Figure 5K). These results demonstrate that NAM and their associated gene signature are 

highly responsive to pharmacological and dietary interventions that reverse NASH pathologies. 

 

The hepatic stellate cell ligand-receptor signaling network 

We obtained single-cell transcriptome data for a total of 272 cells in the HSC cluster. The HSC 

secretome was prominent in its diversity, containing 27 and 99 genes encoding membrane 

proteins and secreted factors, respectively (Table S7). As expected, a large number of proteins 

secreted by HSC correspond to the structural proteins of ECM including collagens and 

proteoglycans and those involved in ECM remodeling (Figure 6A). Analysis of liver RNA-seq 

data indicated that, compared to healthy control, expression of many of these genes was strongly 

increased in NASH livers, reflecting activation of the fibrosis gene program. We next 

constructed a ligand-receptor signaling network on the secretome genes exhibiting enriched 

expression in HSC, a unique set of secreted factors that we termed “stellakines” for their stellate 

cell origin. This analysis revealed that HSC secrete 21 stellakines that are predicted to act 
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primarily on endothelial and immune cells based on their receptor expression (Figure 6B). As 

such, mRNA expression of the receptors for WNT4, NTN1, EFNB1, BMP5, GDF2, GDF10 and 

SEMA3C was largely restricted to endothelial cells, while the cellular targets for CCL2, CCL11, 

CXCL10, CXCL12, CXCL16, CTGF and GAS6 were primarily immune cells, such as 

macrophage, DC, T and B cells. Whole liver RNA-seq analysis indicated that the expression of 

many of these HSC-derived ligands was elevated in NASH and associated with liver injury 

(Figure 6C and S6A), suggesting that increased stellakine secretion and action are linked to diet-

induced NASH pathogenesis.   

 

The HSC-enriched receptors (27) can be divided into three broad categories based on their 

known biological functions: ECM biology and fibrosis, cytokine signaling and vasoactive 

receptors (Figure 6D). A number of HSC receptors have been implicated in liver fibrosis, 

including Pdgfrb, Fgfr2, Ddr2, Ryk and Lrp1. For example, Discoidin domain receptor 2 (Ddr2) 

serves as a non-integrin collagen receptor that regulates HSC activation, ECM deposition and 

liver fibrosis (Leitinger, 2014). Interestingly, mRNA expression of many of these HSC receptors 

was altered in NASH livers (Figure S6B). We observed restricted HSC expression of p75 

neurotrophin receptor (Ngfr), which promotes HSC apoptosis in response to Nerve growth factor 

(NGF) (Trim et al., 2000). Importantly, our scRNA-seq analysis revealed cholangiocytes and 

HSC as two major sources of NGF, supporting a dual paracrine and autocrine mechanism in 

mediating NGF-induced HSC cell death. Together, these results demonstrate that HSC are 

uniquely equipped to respond to diverse extracellular signals and serve as a hub for intrahepatic 

signaling by secreting stellakines. 

 

Vasoactive hormone signaling in HSC 

HSC are known to harbor contractile apparatus and undergo contraction and relaxation to 

modulate liver sinusoidal blood flow (Friedman, 2008; Reynaert et al., 2008). We uncovered a 

surprisingly diverse set of vasoactive hormone-responsive receptors on HSC. Compared to other 

cell types, HSC exhibited enriched mRNA expression for Endothelin receptor type a (Ednra), 

Ednrb, Angiotensin II receptor type 1a (Agtr1a) and Adrenergic receptor α 2b (Adra2b), which 

promote HSC constriction upon activation (Reynaert et al., 2008). mRNA transcripts for several 

GPCRs targeted by vasorelaxation peptide hormones were also abundantly expressed by HSC, 
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including Ramp1, Calcrl, Pth1r and Vipr1. Ramp1 and Calcrl together form a receptor for 

Calcitonin gene-related peptide, a vasodilator, while PTH1R and VIPR1 are receptors for 

parathyroid hormone (PTH)/parathyroid hormone-related protein (PTHRP) and vasoactive 

intestinal peptide (VIP)/pituitary adenylate cyclase-activating peptide (PACAP), respectively. 

Importantly, HSC-enriched expression for Ednrb, Adra2b, Vipr1, Pth1r and Ramp1 was 

observed in both mice and humans (Figure 6E), illustrating likely functional conservation of 

vasoactive hormone signaling in HSC.  

 

We confirmed VIPR1 protein expression in HSC using double immunofluorescence staining. As 

shown in Figure 6F, VIPR1-positive cells were also positive for Decorin (DCN), a collagen-

binding protein produced by Desmin-positive HSC (Meyer et al., 1992). To confirm that these 

vasoactive receptors are functional in contractile signaling, we performed treatments on cultured 

mouse and human HSC. Activation of endothelin receptors and Agtr1a with their respective 

ligands (Endothelin 1, ET-1 and Angiotensin II, Ang II) triggered a rapid and robust increase of 

intracellular calcium levels in cultured primary mouse HSC (Figure 7A). Importantly, ET-1 and 

Ang II also potently stimulated the calcium response in primary human HSC (Figure 7B). The 

ability of ET-1 and Ang II to raise intracellular calcium was greatly diminished in the presence 

of PACAP, a physiological ligand of VIPR1 that promotes smooth muscle relaxation and 

gastrointestinal motility (Makhlouf and Murthy, 1997). Immunoblotting analysis using 

antibodies recognizing phosphorylated protein kinase A (p-PKA) substrates showed that PACAP 

induced robust PKA signaling, likely as a result of increased cAMP production in response to 

GPCR activation (Figure 7C and S6C). qPCR analysis revealed that hepatic Vipr1 mRNA 

expression was significantly reduced by NASH and negatively correlated with Col1a1 gene 

expression (Figure S6D-E). These functional studies demonstrate that HSC contraction and 

relaxation are likely balanced by the opposing action of physiological hormones. Surprisingly, 

we did not detect significant expression of Vip, Pacap, Pth and Pthrp transcripts in our scRNA-

seq dataset, suggesting that their receptors likely respond to ligands of endocrine and/or 

neuroendocrine origins.     

 

Regulation of stellakine gene expression by autocrine IL11 signaling   
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Expression of several receptors for the IL-6 family of cytokines was notable in the HSC cluster, 

including Lifr, Il11ra1 and Il6st; the latter encodes gp130, a signaling receptor shared by this 

family of cytokines (Sims and Walsh, 2010). Our analysis indicated that Il11ra1 mRNA 

expression was most abundant in HSC (Figure S7A). Il11ra1 encodes a co-receptor for IL11 and 

mediates IL11 signaling through gp130. To determine whether IL11 signaling may be altered 

during NASH, we analyzed hepatic Il11 mRNA expression in two models of diet-induced 

NASH. Interestingly, both AMLN diet and CDAHFD feeding robustly induced Il11 expression 

in mouse liver, coinciding with NASH pathogenesis (Figure 7D). We surveyed the source of Il11 

expression and found that HSC displayed the highest mRNA expression among ten major liver 

cell types (Figure S7A). These results suggest that autocrine IL11 signaling may be augmented 

during NASH when HSC assume a more activated phenotype. In support of this, we found that 

TGF β strongly stimulated Il11 mRNA expression in immortalized mouse HSC (Figure 7E).  

 

IL11 has been previously implicated in cardiac fibrosis (Obana et al., 2010; Schafer et al., 2017); 

however, its pathophysiological role and mechanism of action remain to be fully ascertained. To 

explore how IL11 signaling regulates HSC biology, we treated cultured mouse HSC with 

vehicle, TGF β or IL11 and analyzed expression of genes involved in fibrosis. As expected, TGF 

β treatment potently induced mRNA expression of Col1a1, Acta2 and Ctgf, known targets of 

TGF β signaling and HSC activation (Figure 7F). While IL11 robustly induced mRNA 

expression of Socs3, a target of cytokine signaling mediated by STAT3 activation, it failed to 

increase fibrosis gene expression in HSC. Instead, IL11 treatment stimulated the expression of a 

subset of stellakines including Cxcl1, Wnt4 and Ccl11, all of which exhibit increased expression 

in the liver in two models of diet-induced NASH (Figure 7G and S7B). The expression of 

Cxcl10 and Ntn1 remained largely unaltered in HSC treated with IL11, suggesting that they are 

likely regulated by other upstream signals. We next explored the signaling pathways that mediate 

IL11 induction of stellakine gene expression. IL11 treatment resulted in a rapid and robust 

increase in ERK and STAT3 phosphorylation (Figure 7H). Remarkably, inhibition of STAT3 

activation by Stattic essentially abolished the induction of Cxcl1, Wnt4 and Ccl11 in response to 

IL11 (Figure 7I). In contrast, inhibition of ERK activation by U0126 failed to elicit similar 

effects. Together, these results illustrate a prominent role of autocrine IL11 signaling in HSC in 

the control of stellakine gene expression (Figure 7J). 
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Discussion 

The mammalian tissues harbor diverse cell types that exhibit distinct molecular signatures and 

functional properties. While intercellular crosstalk has been recognized as a fundamental feature 

of tissue biology, the precise nature of these signaling modalities remains obscure due to limited 

cellular resolution of bulk transcriptomic and proteomic analyses. Using scRNA-seq based 

secretome analysis, we mapped the transcriptional landscape of secreted ligands and membrane 

receptors in major liver cell populations and constructed a ligand-receptor network that governs 

extensive autocrine and paracrine crosstalk in the liver. A notable advantage of single-cell 

transcriptome analysis is the unprecedented accuracy in delineating the cellular sources of 

secreted ligands and their potential target cell types. Beyond intrahepatic crosstalk via secreted 

factors, we observed abundant expression of endocrine and neuroendocrine receptors on liver 

NPC, such as endothelial cells and HSC, suggesting that extrahepatic ligands may serve an 

important role in shaping the biology of diverse cell types in the liver. Together, this work 

reveals a global map of secretome gene expression in the liver at single-cell resolution and 

provides a blueprint for deconstructing the dynamic nature of intercellular crosstalk in 

homeostasis and disease. 

 

Comparative single-cell analysis of NPC from healthy and NASH livers revealed profound 

disruptions of the vascular and angiocrine signaling network. It is important to note that these 

disruptions of the cell-cell signaling network in the liver appear to be conserved 

pathophysiological features of NASH in both mice and humans. Unexpectedly, we observed a 

NASH-specific macrophage population that is marked by high levels of expression of Trem2. 

This unique hepatic macrophage population is analogous to the Trem2-positive microglial cells 

found in Alzheimer’s Disease (Keren-Shaul et al., 2017), a neurodegenerative disorder causally 

linked to aberrant function of tissue-resident macrophages. To date, Trem2 mutations have been 

linked to Alzheimer’s Disease, Nasu-Hakola disease, frontotemporal lobar degeneration, ALS 

and Parkinson’s disease (Lill et al., 2015), suggesting Trem2 has a critical role in resident 

macrophage function in disease. While the precise mechanism through which Trem2 regulates 

disease pathogenesis in the brain remains poorly understood, several in vivo studies have begun 

to elucidate the importance of the Trem2-positive macrophage population. Of note, Trem2 
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deficiency in mice results in failure of microglia to proliferate and cluster around αβ plaques in a 

mouse model for Alzheimer’s Disease (Wang et al., 2015). Overexpression of Trem2 in vitro has 

been found to increase microglial capacity for phagocytosis of apoptotic neurons and αβ plaques 

(Jiang et al., 2014). These findings strongly suggest a role for NAM in the clearance of apoptotic 

and lipid-laden hepatocytes in the NASH liver. In support of this, a recent study has shown that 

Trem2-deficient mice developed more severe immune-mediated liver injury (Perugorria et al., 

2018). As such, the emergence of Trem2-positive macrophages likely serves an adaptive and 

protective role during diet-induced NASH. 

 

A notable aspect of the HSC secretome is its dual role as a source of the ECM structural and 

remodeling proteins and diverse signaling ligands. The list of stellakines becomes even longer 

with a less stringent UMI cutoff, underscoring the prominent role of HSC as a signaling hub in 

the liver. Ligand receptor connectivity analysis of the stellakine signaling network highlights 

endothelial and immune cells as the primary cellular targets of stellakine action. These findings 

are consistent with the ability of HSC to engage immune cells and orchestrate tissue injury 

response and repair (Friedman, 2008). As expression of many stellakines is induced during 

NASH, it is likely that they may contribute to both adaptive and maladaptive HSC 

reprogramming in the context of chronic liver injury. The induction of stellakine expression is at 

least in part attributed to the IL11/IL11R α autocrine signaling loop driven by TGF β signaling in 

HSC. While the pathophysiological role of autocrine IL11 signaling remains unknown, our 

results strongly suggest that the dysregulations of stellakine secretion likely represent a key 

aspect of HSC biology during NASH pathogenesis.  

 

A rather unexpected finding from the single-cell membrane receptor mapping is the 

identification of several GPCRs that respond to vasoactive hormones. For example, angiotensin 

and endothelin receptors are known to respond to Angiotensin and Endothelin 1, respectively, to 

trigger calcium response and contraction of smooth muscle cells. Similarly, activation of the α 2 

adrenergic receptor promotes vasoconstriction. In contrast, several GPCRs responsive to 

vasorelaxing peptides including Pth1r, Vipr1, Ramp1, Ramp2 and Calcrl are also highly 

expressed on HSC. Importantly, our functional studies indicate that these vasoactive GPCRs are 

highly potent in triggering intracellular calcium responses, a prerequisite for cellular contractile 
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activities. These results strongly support the notion that HSC are capable of responding to 

diverse vasoactive hormones and likely play an important role in the control of intrahepatic 

vascular tone (Hellerbrand, 2013; Reynaert et al., 2008). Future work is needed to delineate the 

physiological role of vasoactive signaling in HSC in the control of hepatic blood flow and its 

potential contribution to the pathogenesis of portal hypertension. 

 

While this work delineates the landscape of liver cell secretome gene expression and NASH-

associated reprogramming, several key predictions require further functional validation. For 

example, it remains to be established whether hepatic vascular dysfunctions serve as a 

pathogenic factor that is causally linked to NASH progression. The emergence of TREM2-

positive NAM in both mouse and human NASH is particularly intriguing. Future work is needed 

to establish the mechanisms underlying the induction of this unique macrophage population in 

NASH and how NAM contributes to tissue homeostasis in healthy and disease states. Finally, 

whether HSC functions as a gatekeeper of hepatic metabolism via the regulation of its 

contractility remains an important unanswered question. Nevertheless, our work provides strong 

support for the concept that non-parenchymal cell types in metabolic tissues play a more 

pervasive role in metabolic control and disease progression.  
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Figures 

 

 
Figure 2.1 Single-cell RNA-seq analysis of NPC isolated from healthy and NASH mouse livers.  

(A) Volcano plot of hepatic gene expression in chow and AMLN diet-fed mice analyzed by RNA-seq of total liver 

mRNA. Genes upregulated or downregulated by more than 2-fold are shown in red and blue, respectively.  
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(B) Bar graph of relative expression comparing NASH (NAS > 5.0) and non-NASH (NAS < 3.0) human livers for 

the list of genes upregulated in mouse NASH. Red bars denote genes differentially regulated in human NASH (FDR 

< 0.1).  

(C) Correlation between RNA-seq and quantitative proteomic analyses. Shown is scatter plot of log-transformed 

fold change (FC) of mRNA (y-axis) and protein (x-axis) expression values comparing AMLN and chow livers. 

Genes upregulated or downregulated by more than 2-fold in RNA-seq are indicated in red and blue, respectively. 

(D) t-SNE visualization of liver cell clusters based on 33,168 single cell transcriptomes. Cell counts for endothelial 

cells (Endo), macrophages, T cells, B cells, DC, cholangiocytes (Chol), hepatocytes (Hep), dividing cells, plasma B 

cells and HSC are indicated in parentheses.  

(E) Violin plots showing representative marker gene expression for each cluster.  

(F) Heat map of cluster marker genes. 

(G) Correlation matrix between mouse and human liver cells. Normalized average UMI values for each cell type 

were used in the calculation of correlation coefficient values.  

(H) Percent contribution of chow (blue) and AMLN (orange) mouse liver cells from in each cluster. 

(I) Cell type distribution for upregulated (red) and downregulated (blue) genes in NASH mouse (A). Each gene was 

assigned a cluster based on the cell type with highest expression for that gene. 
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Figure 2.2 Liver cell secretome gene analysis.  

(A) Heat map representation of genes expression for membrane receptors (top) and secreted factors (bottom) among 

liver cell types. Genes with normalized UMI values > 1.0 in at least one cluster were included in the analyses.  

(B) Visualization of cell-type specific ligand and receptor gene expression.  

(C) Correlation of ligand and receptor gene expression between mouse and human liver cells.  

(D) Network visualization of ligand-receptor connectivity among different mouse liver cell types.  
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(E) Scatter plot of ligand and receptor gene expression based on RNA-seq and quantitative proteomic data. The 

genes with highest expression in HSC, macrophages and hepatocytes are indicated.   
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Figure 2.3 Disruption of the hepatic vascular signaling network in NASH. 

(A) t-SNE visualization and marker gene expression in four liver endothelial subtypes.  

(B) Clustering analysis and heat map of gene expression in four endothelial subtypes. Averaged expression values 

from non-endothelial clusters were used as negative background (Neg).  

(C) Circle plots illustrating subtype-specific gene expression. Normalized average UMI values for each subcluster 

were represented by dot size and color intensity.  
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(D) Scatter plot of endothelial gene expression revealed by scRNA-seq of liver NPC (y-axis) and RNA-seq analysis 

of LSEC (x-axis) isolated from chow and AMLN mouse livers.  

(E) Flow cytometry analysis of Cxcl9 and lipid accumulation (BODIPY) in gated LSEC from chow (red) and 

AMLN (blue) mouse livers.  

(F) Anti-FCGR2B immunofluorescence staining of frozen liver sections from chow and AMLN mice (scale 

bar=100m).  

(G) The liver vascular signaling network. Shown are heat map of ligands (left) and expression of membrane 

receptors in the endothelial cluster (right). Red lines indicate predicted ligand-receptor pairs.  

(H) Disruption of endothelial cell signaling network in NASH. Expression of angiocrine ligands and receptors in 

chow and AMLN mouse livers was analyzed by scRNA-seq (left) and liver RNA-seq (right).  

(I) Dot plot of microarray expression values in a cohort of healthy individuals and patients with steatosis or NASH. 

Data were analyzed using one-way ANOVA. *p<0.05, ** p<0.01, *** p<0.001 vs. healthy. 
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Figure 2.4 Emergence of NASH-associated macrophages in the liver.  

(A) Illustration of tissue-resident Kupffer cells (KC, blue) and monocyte-derived macrophages (MDM, red). Total 

cell counts from chow and AMLN mouse livers for each subcluster are shown on the right (n=3).  

(B) Violin plot of normalized UMI showing distribution of marker gene expression.  

(C) Histogram of macrophage polarization index of liver macrophages. Cell types and diets are colored as in (B).  
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(D) t-SNE plot illustrating subpopulations of KC marked by low (green) and high (blue) Trem2 mRNA expression. 

Percentage contributions of chow (filled) and AMLN (open) macrophages to each subpopulation and total cell 

counts are indicated. Feature plots of marker gene expression are shown at the bottom.  

(E) Whole liver qPCR analysis for NAM marker genes in mice fed chow or AMLN diet for 6 months (n=4).  

(F) Correlation of liver gene expression in a cohort of mice fed AMLN diet for three months.  

(G) Flow cytometry analysis of liver cells. Percentage of KC in CD45+ cells (top) and GPNMB+ CD9+ KC in mice 

fed chow or AMLN diet are shown (n=3).  

(H) Histogram of GPNMB flow cytometry analysis of KC subpopulation in mice fed chow (red) or CDAHFD (blue) 

for 4 weeks (n=3).  

(I) Plasma GPNMB levels measured by ELISA comparing chow with AMLN mice (n=10) or chow with CDAHFD 

mice (n=5). Data in (E), (G), and (I) represent mean ± SEM. *p<0.05, **p<0.01, ***p<0.001 vs. chow; two-tailed 

unpaired Student’s t-test. 
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Figure 2.5 Dynamic regulation of NAM in human NASH and during NASH resolution.  

(A) Heat map representation of macrophage gene expression. Cells were ordered by increasing Trem2 expression 

and binned per 25 cells for analysis. A cluster of genes positively correlated with Trem2 is shown.  

(B) Dot plot of microarray expression values for Trem2 in a cohort of healthy individuals and patients with steatosis 

or NASH. Data represent mean ± SE and were analyzed using one-way ANOVA. *p<0.05, ** p<0.01, *** p<0.001. 
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(C) Association between liver TREM2 mRNA expression and plasma AST and ALT levels in a cohort of 144 

NASH patients.  

(D) Association between liver TREM2 mRNA expression and NASH parameters in the human patient cohort.  

(E) Plasma ALT and AST concentrations in CDAHFD-fed mice gavaged daily with vehicle (Veh) or Elafibranor 

(Ela) for 24 days (n=10).  

(F) Flow cytometry analysis of GPNMB expression in KC isolated from treated mice (n=3).  

(G) qPCR analysis of liver gene expression.  

(H) Immunoblots of whole liver extracts in mice from (E) (top) and extracts from mice fed AMLN diet for six 

months (AMLN) or four months followed by chow for two months (AMLN-chow) (bottom).  

(I) Plasma GPNMB levels.  

(J) qPCR analysis of liver gene expression in mice fed AMLN diet for six months (AMLN) or four months followed 

by chow for two months (NASH-chow).  

(K) Plasma GPNMB levels in mice from J. Data in (E), (G) and (I-K) represent mean ± SEM. *p<0.05, **p<0.01, 

***p<0.001 vs. chow; two-tailed unpaired Student’s t-test. 
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Figure 2.6 Landscape of the HSC signaling network. 

(A) Heat map representation of HSC-enriched secretome genes using liver RNA-seq data from chow and AMLN 

mice. Genes encoding structural proteins of ECM and those involved in ECM remodeling are indicated.  

(B) The HSC secretome. Ligands exhibiting > 3-fold enriched expression in the HSC cluster are shown in orange 

with their known receptors indicated in blue. The ligand-receptor pairs are shown when receptor expression was 

observed in at least one cluster (normalized UMI>1.0) based on the scRNA-seq dataset.  
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(C) Regulation of stellakine gene expression in NASH. Average expression values from chow and AMLN liver 

RNA-seq dataset were used.  

(D) The HSC-enriched membrane receptors.  

(E) Circle plot of receptor gene expression in mouse and human liver cells. 

(F) Immunofluorescence staining of frozen liver sections using antibodies indicated at the top. Nuclei were stained 

using DAPI (blue). Arrows indicate co-localization of protein expression in HSC (scale bar=50m). 
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Figure 2.7 Functional analysis of vasoactive hormone signaling and the autocrine IL11 loop in HSC. 

(A) Averaged intracellular calcium traces of primary mouse HSC treated with 100 nM of ET-1 (n=14), ET-1 plus 

100 nM of PACAP (n=30), 100 nM of Ang II (n=25) or Ang II plus PACAP (n=41).  

(B) Averaged intracellular calcium traces of primary human HSC treated with 100 nM ET-1 (n=23), ET-1 plus 100 

nM of PACAP (n=16), 100 nM of Ang II (n=21) or Ang II plus PACAP (n=21). Arrows indicate initiation of 

treatments. Data represent mean ± SD. 
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(C) Immunoblots of mouse HSC lysates treated with vehicle (Veh), ET-1 or ET-1 plus PACAP for 10 min.   

(D) qPCR analysis of liver Il11 expression in mice fed chow (n=4) or AMLN diet (n=4) for six months. A separate 

cohort of mice was fed chow (n=5) or CDAHFD (n=5) for four weeks.  

(E) qPCR analysis of Il11 expression in immortalized mouse HSC treated with Veh or TGF (5 ng/ml) for 24 hrs.  

(F) qPCR analysis of gene expression in immortalized mouse HSC treated with Veh, IL11 (100 ng/ml) or TGF (5 

ng/ml) for 24 hrs.  

(G) qPCR analysis of gene expression in immortalized mouse HSC treated with Veh or IL11 (100 ng/ml) for 4 hrs.  

(H) Immunoblots of total lysates from immortalized mouse HSC treated for 10 min.  

(I) qPCR analysis of gene expression in immortalized mouse HSC treated with Veh or IL11 without or with U0126 

(20 nM) or Stattic (20 M).  

(J) Regulation of stellakine gene expression by autocrine IL11 signaling in HSC. 

 

 

 
Figure 2.8 Supplementary Figure S1. Single-cell analysis of liver NPC from healthy and NASH mice. 

(A) Relative mRNA and protein expression for a subset of genes in chow or AMLN livers. 

(B) Correlation matrix between mouse and human liver cells. Normalized UMI average of 10 marker genes for each 

cell type was used for calculation of correlation coefficients.    

(C) Mapping of sequenced single cells from three pairs of chow and AMLN mice to the master t-SNE plot. 

(D) Cell count for each cluster.  
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Figure 2.9 Supplementary Figure S2. Secretome gene analysis of liver cells. 

(A) Heat map of ligand and receptor gene expression in mouse (open triangle) and human (filled triangle) liver cells. 

The mouse and human expression matrices are scaled separately. Note that cell type-restricted expression patterns 

are highly conserved between mouse and human.  

(B) Consolidated network visualization of liver cell crosstalk. Colored lines indicate predicted ligand and receptor 

pairs among different cell types. 
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Figure 2.10 Supplementary Figure S3. Disruption of vascular signaling in the liver during NASH. 

(A) Normalized UMI values for the indicated genes in endothelial subclusters from chow and NASH mice.  

(B) Hierarchical clustering of differentially expressed genes in chow and AMLN endothelial subclusters. Genes with 

normalized UMI values > 1.0 in at least one subcluster and differential expression of more than 2-fold were shown.  

(C) Dot plot of ligand gene expression in mouse and human liver cells. Higher expression values are indicated by 

larger size and higher color saturation.   
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Figure 2.11 Supplementary Figure S4. Emergence of NASH-associated macrophage in the liver.  

(A) Correlation of log fold enrichment of genes in KC (blue) versus MDM (red) cluster for FACS sorted 

macrophage microarray (GSE98782) data compared with scRNA-seq data.   

(B) Heat map highlighting differentially expressed genes in chow and NASH KC and MDM populations. Cells 

within each cluster were binned (25 cells per bin) and averaged UMI values were used for clustering analysis.  

(C) Correlation between plasma ALT and hepatic Trem2 and Gpnmb mRNA expression in a cohort of mice fed 

AMLN diet for three months. 

(D) Association between liver GPNMB mRNA expression and NASH parameters in a cohort of NASH patients. 
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Figure 2.12 Supplementary Figure S5. Induction of NAM and its associated genes during CDAHFD-induced 

NASH. 

Mice were fed chow (filled, n=5) or CDAHFD (grey, n=5) for 4 weeks.  

(A) Plasma ALT and AST concentrations. 

(B) qPCR analysis of liver gene expression.  

(C) Flow cytometry analysis of liver macrophages in mice fed chow or CDAHFD diet (n=3). Data represent mean 

± SEM. ***p<0.001 vs. chow; two-tailed unpaired Student’s t-test. 
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Figure 2.13 Supplementary Figure S6. HSC secretome and receptor gene expression.  

(A) Correlation between plasma ALT levels and stellakine gene expression in a cohort of mice fed AMLN for three 

months. 

(B) Regulation of HSC receptor gene expression in NASH. Averaged RNA-seq expression values from chow and 

NASH livers were used.  

(C) Immunoblots of mouse HSC lysates treated with vehicle (Veh), Ang II or Ang II plus PACAP for 10 min.   

(D) qPCR analysis of Vipr1 gene expression in mice fed chow (n=4) or AMLN diet (n=4) for five months. 

(E) Correlation between Vipr1 and Col1a1 gene expression in a cohort of mice fed AMLN diet for three months. 
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Figure 2.14 Supplementary Figure S7. Regulation of stellakine gene expression by autocrine IL11 signaling in 

HSC.  

(A) Bar graphs showing relative expression of Il11ra1 and Il11 among different cell types in mouse liver. 

Normalized UMI values were shown. 

(B) qPCR analysis of stellakine gene expression in mice fed chow (n=4) or AMLN diet (n=4) for five months. A 

separate cohort of mice was fed chow (n=5) or CDAHFD diet (n=5) for four weeks. Data represent mean ± SEM. 

**p<0.01, ***p<0.001 vs. chow; two-tailed unpaired Student’s t-test. 
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Chapter 3  
NASH-Associated Macrophages in Disease Pathogenesis 

 

Introduction 

We seek to characterize the novel population of NASH-associated macrophages uncovered in 

our single-cell study (Xiong et al., 2019). From past results alone, it is clear that this population 

proliferates in disease and by its transcriptional signature, is implied to be a potentially important 

population interacting with disease pathogenesis. Major questions regarding the population are 

what the origin of the macrophages are, how they are regulated, and what their function is. 

NASH-Associated macrophages are hematopoietic in origin 

In our single-cell sequencing study, we noted that in their transcriptional state, the NAMs 

appeared to resemble the tissue-resident Kupffer cells more closely, as opposed to the infiltrating 

monocyte-derived macrophages. Classically, tissue-resident populations of macrophages, 

including Kupffer cells, develop from a self-proliferating progenitor population seeded at their 

respective tissue sites in the fetal stages (Gomez Perdiguero et al., 2015; Naito et al., 1997). In 

contrast, monocyte-derived macrophages differentiate after chemotactic processes from 

hematopoietic stem cell-derived monocytes in circulation (Italiani and Boraschi, 2014; Jakubzick 

et al., 2017). It has been previously shown that in the liver, these monocyte-derived macrophages 

are able to differentiate into a state which resembles the adult tissue-resident macrophages 

(Beattie et al., 2016; Scott et al., 2016; van de Laar et al., 2016). These ‘Kupffer-like’ cells are 

indistinguishable from resident-derived Kupffer cells. This developmental potential implies the 

possibility that NAMs may derive partially or entirely from the monocyte population as opposed 

to the resident progenitors.  

 

To address this question, we performed lineage tracing in bone-marrow transplanted mice. After 

irradiation, CD45.2-positive C57BL/6J were transplanted with CD45.1 hematopoietic stem-cells 

from B6.SJL donors. In this model, all hematopoietic-origin cells are represented by CD45.1 

whereas the liver resident population is represented by CD45.2 (Figure 1A). Any ‘Kupffer-like’ 



  

 78 

cells that derive from hematopoietic progenitors would originate from CD45.1 cells (Scott et al., 

2016). Following engraftment and 6 weeks of feeding CDA-HFD, we assessed the liver 

macrophage populations by flow cytometry. As expected, the monocyte population in the liver 

was entirely from CD45.1, indicating full engraftment and repopulation of the bone marrow with 

donor cells (Figure 1B-C). Interestingly, the majority of Kupffer cells were CD45.1 in NASH, 

indicating that the dramatic increase of Kupffer-like cells previously seen in NASH likely 

originates from hematopoietic sources. Strikingly, virtually all of the GPNMB+/CD9+ NAMs 

were CD45.1+ (Figure 1D-E), indicating that the disease-associated population derives entirely 

from infiltrating monocyte-derived macrophages (Figure 1F).  

 

The notion that NAMs originate from hematopoietic sources raises further questions as to the 

developmental hierarchy dictating NAMs. From these results, it is unclear when in the 

development do macrophages obtain the NAM signature including genes such as Trem2 and 

Gpnmb. Given that there exists a naïve population of monocyte-derived macrophages in the liver 

that do not have a NAM signature, it seems likely that the transcriptional profile is not acquired 

until after chemotaxis and infiltration. However, it remains unclear if the macrophages first 

differentiate into a Kupffer-like state, or gain the NAM signature first. Given evidence also that 

the NAM population appears in various other tissue sites with nearly identical transcriptional 

profiles, such as in the brain microglia and lung alveolar macrophages (Sharif et al., 2014; Wang 

et al., 2015; Wu et al., 2015; Zhou et al., 2020), it is likely that they would all follow a similar 

developmental trajectory to the liver NAMs.  

 

Hematopoietic Trem2-high cells are ubiquitous among tissue-resident macrophage 

populations 

To further study the localization, development, and function of NAMs, we have developed a 

knock-in Trem2-Cre mouse line (Trem2Cre) with Cre recombinase coded following endogenous 

Trem2 expression (Figure 2A). This model allows targeted studies on the population of Trem2-

high cells, with the caveat of Cre performing recombination if Trem2 is expressed at any point in 

a cell’s developmental trajectory. To ensure the specificity of the Cre expression, we crossed the 

Trem2Cre line with lox tdTomato mice to visualize Trem2 expressing cells. 

Immunofluorescence indicates presence of tdTomato-positive cells in the livers of double-
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transgenic mice, which are not present in tdTomato mice lacking Trem2Cre (Figure 2B). These 

Trem2 cells co-stained entirely with F4/80 in the liver, indicating specificity of the Cre for 

macrophages in the liver. Interestingly, we observed a redistribution of these Trem2 

macrophages following acute injury to the liver. Injection with carbon tetrachloride (CCl4) to 

damage peri-central hepatocytes (Pellicoro et al., 2012; Ramachandran et al., 2012) resulted in a 

clustering of Trem2 macrophages around sites of injury (Figure 2C). As single-cell sequencing 

implied, the NAM signature precludes these cells to a high capacity for antigen presentation. 

Consistently, these Trem2 macrophages were positive for H2ab1 on immunofluorescence 

(Figure 2D). These cells were negative for desmin, indicating they are independent of hepatic 

stellate cells. Furthermore, the distribution of Trem2 macrophages within the vicinity of desmin 

around sites of injury indicates they are in a similar micro-niche to active stellate cells, 

supporting the notion that they are homeostatic in function and communicate with them. 

Interestingly, when we examined F4/80 positive Kupffer-like cells on flow cytometry in these 

mice following CCl4-induced injury, we observed presence of tdTomato positive macrophages, 

but they only partially overlapped with the GPNMB-positive population of Kupffer cells (Figure 

2E). This indicates that in acute liver injury, there exist some Kupffer cells beginning to adapt 

the NAM transcriptional signature but do not express Trem2, and vice versa, some of the Trem2 

macrophages have not adapted the NAM signature. 

 

The ability for hematopoietic-derived macrophages to gain the Trem2 signature implies that 

macrophages in any tissue site can adopt this form. To verify the NAM signature in other 

macrophage populations, we surveyed multiple tissue sites in Trem2Cre mice crossed with flox 

tdTomato. Interestingly, every tissue site we surveyed including brain, heart, pancreas, kidney, 

quad, lung, brown adipose tissue, jejunum, and colon displayed a population of Trem2-

expressing cells (Figure 3A). Consistently, these cells all co-stained with F4/80, confirming that 

Trem2 expression is highly specific to the macrophage population. This population also appeared 

in the adipose tissue (Figure 3B), suggesting that they are found among the adipose tissue 

macrophage (ATM) population. We confirmed that RFP fluorescence was present within the 

F4/80 positive ATM population by flow cytometry (Figure 3C). It would seem that this 

population is ubiquitous throughout the body even at baseline status, indicating they play some 
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homeostatic role in the body, or that Trem2 expression occurs at a common point in the 

development of tissue-resident macrophage populations.  

The role of Trem2 in macrophage function 

Our transcriptomic studies were indicative of an important function for the NAMs, in that they 

enrich for expression of genes for phagocytosis and antigen presentation (Xiong et al., 2019). 

This correlation was consistent with previous studies on Trem2 in other tissue sites. The greatest 

share of research on this macrophage population has been in Trem2-positive microglia of the 

brain (Keren-Shaul et al., 2017; Wang et al., 2015; Zhou et al., 2020). The exact role of Trem2 

itself is suggested to be multi-faceted. Some research suggests Trem2, which lacks an 

intracellular domain, acts as a co-receptor with DAP12 to facilitate downstream signaling 

(Bouchon et al., 2001; Sessa et al., 2004; Shirotani et al., 2019). This signaling is leads to 

multiple functions such as increased proliferative capacity, phagocytosis, and antigen 

presentation (Forabosco et al., 2013; Hsieh et al., 2009; Kawabori et al., 2015; Leyns et al., 2017; 

Painter et al., 2015; Takahashi et al., 2005; Wang et al., 2015; Zheng et al., 2016; Zhong et al., 

2015). Trem2 appears to be a promiscuous receptor, with evidence that it binds to multiple types 

of anionic molecules (Daws et al., 2003; Kober and Brett, 2017; N'Diaye et al., 2009; Quan et 

al., 2008). Importantly, these documented anions include fatty acids and lipoproteins (Atagi et 

al., 2015; Hsieh et al., 2009; Poliani et al., 2015; Shirotani et al., 2019; Yeh et al., 2016), 

indicating that the Trem2-high NAMs potentially interact with the excess lipid accumulation 

present in NASH. These interactions and signaling cascades have not yet been linked to the in 

vivo effects of Trem2, but the gene itself was shown to play a major role in physiology.  

 

In the brain, Trem2 is critical for microglial clearance of amyloid plaques in murine Alzheimer’s 

disease models. In genetic mouse models for disease, it was found that microglia increase Trem2 

expression and adopt a NAM-like transcriptomic signature (Keren-Shaul et al., 2017; Wang et 

al., 2015). Consistently, Trem2 mutations in humans have been strongly associated with 

Alzheimer’s disease (Guerreiro et al., 2013; Jonsson et al., 2013). In a whole-body Trem2 

knockout mouse (Trem2 KO), murine models for Alzheimer’s induction results in increased 

plaque formation and reduced inflammation from the microglia (Wang et al., 2015; Zhou et al., 

2020). One possible mechanism proposed from these studies is that Trem2 seems to be critical 

for differentiation of the disease-associated macrophage (DAM) population, which highly 
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resembles our NAMs. In parallel single-cell sequencing studies, it was shown that Trem2 KO 

reduces the entire DAM transcriptomic signature, including expression of genes such as Gpnmb, 

Cd9 and Pf4 (Keren-Shaul et al., 2017; Zhou et al., 2020). It would seem that macrophages 

lacking Trem2 are unable to adopt the full identity of a DAM/NAM. This translating to inability 

to clear plaques indicates that it is the DAM population which is critical for clearance of debris 

and dead material. Interestingly, on the metabolic side, DAMs were identified among adipose 

tissue macrophage populations (Jaitin et al., 2019). The transcriptomic signature of ATMs, just 

like microglia, adapt a DAM profile in disease. These studies found similarly that in Trem2 KO 

there is a loss of the DAM profile as macrophages are unable to upregulate Gpnmb and other 

markers. Phenotypically, it appeared that under high-fat challenge, the adipose tissue in the mice 

grew larger lipid droplets and the ATMs were unable to form standard crown-like structures, 

characteristic of macrophage clearance of lipid droplets. This appeared to translate to overall 

worsened metabolic health through elevated serum cholesterol and insulin resistance. In addition 

to all this, Trem2 does appear to be active in the liver, as Trem2 KO affected the response to 

chemical-induced liver injury (Perugorria et al., 2018), wherein the chemical-induced fibrosis 

was increased. This led us to hypothesize that Trem2 may be potentially important for lipid 

clearance in the liver as well, and therefore play an important role in maintenance of liver health 

in the face of NASH. 

 

Effects of genetic Trem2 knockout in murine NASH model 

To assess the effect of Trem2 on NASH pathogenesis, we placed cohorts of wild type and Trem2 

KO mice on Amylin NASH diet for 6 months. Trem2 loss-of-function appeared to have no effect 

on liver injury, indicated by no significant difference in plasma ALT or AST (Figure 4A). Liver 

weight was unaffected (Figure 4B), indicating there was unlikely to be a difference in steatosis. 

Similarly, gonadal adipose pad weight was unaffected (Figure 4C). Liver qPCR showed no 

major differences in markers for inflammation or fibrosis with genes such as Tnf, Il1b, Col1a1, 

and Acta2 showing no significant difference (Figure 4D). Interestingly, we did not observe a 

change in transcription of Gpnmb or Ms4a7, key markers of the NAM transcriptional signature, 

indicating that the NAM signature is maintained even in the absence of Trem2 in liver. This 

implies the Trem2 gene is not important for the NAM signature in liver, as it is for DAMs in 

microglia or ATMs. The mice maintained the same body weights throughout dietary feeding 
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(Figure 4E) and steatosis was unaffected, as liver triglycerides showed no significant difference 

in the Trem2 KO mice (Figure 4F). On histology, we similarly observed no significant difference 

in lipid accumulation or fibrosis as seen on Sirius red stain (Figure 4G). Under Amylin-diet 

induced NASH, macrophages marked by F4/80 expression appear to localize around lipid 

droplets similar to crown-like structures in adipose tissue (Figure 4G). This localization was not 

hindered as we expected, in the absence of Trem2.  

 

Given the lack of observable differences Trem2 KO had on our Amylin diet NASH mouse model 

studies, we asked if Trem2 plays any role in diet-induced obesity or diabetes. We placed Trem2 

KO cohorts on a standard 60% high-fat diet for 4 months to observe these effects. In contrast to 

the previous publication (Jaitin et al., 2019), we found Trem2 KO had minor effects on our 

physiologic readouts in diet-induced obesity. Liver injury by plasma ALT and AST was not 

affected (Figure 5A), and of plasma metabolites such as fatty acids, triglycerides, ketone bodies, 

and cholesterol were not significantly changed by knockout of Trem2 (Figure 5B-E). In stark 

contrast to prior work, body weight gain on high-fat diet was not significantly different between 

wild type control and Trem2 KO mice on a high-fat diet (Figure 5F), and we did not observe a 

significant difference in insulin sensitivity, assessed by intraperitoneal glucose tolerance and 

insulin tolerance tests (Figure 5G-H).  

 

Trem2 regulation of crown-like structure formation in adipose tissue macrophages 

This apparent lack of effects of Trem2 KO in the context of our dietary mouse models for NASH 

and obesity raised the question of what effect the Trem2 gene itself has on NAM function. As 

observed previously, Trem2 regulates the localization of ATMs around lipid droplets to create 

crown-like structures (Jaitin et al., 2019). Interestingly, we also observed these findings on H&E 

staining in the gonadal fat pad of our high-fat diet-fed mice (Figure 6A). Consistently, Trem2 

KO mice were unable to form cellular structures around lipid droplets and they grew larger 

following high-fat diet challenge (Figure 6B). Also consistent with previous single-cell studies, 

we observed that the visceral adipose tissue had reduced expression of NAM signature genes 

including Gpnmb, Ms4a7, and Cd9 by qPCR (Figure 6C), indicating that ATMs were diminished 

in this transcriptional profile. This confirms that while Trem2 loss of function does not affect the 

development of NAMs in liver, it seems to be potentially important in the ATM population 
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during obesity. Correlated with this loss of NAM signature and adipocyte hypertrophy, we found 

overall increase in the metabolism of these adipocytes by qPCR. Genes involved in lipid 

droplets, lipid metabolism, and adipokines were significantly increased in these adipose tissue 

qPCR of Trem2 KO compared to wild type, suggesting that the adipose metabolic health was 

actually improved in light of this hypertrophy.  

 

There has also been a body of work suggesting that Trem2 may act in an endocrine fashion. The 

extracellular domain of Trem2 can be cleaved and released into circulation, but whether it has a 

receptor elsewhere or simply acts as a decoy receptor for itself is unclear (Wu et al., 2015; 

Wunderlich et al., 2013). A body of research utilizes soluble Trem2 factors as markers for 

disease progression as well (Deming et al., 2019; Ewers et al., 2019; Zhong et al., 2019). To test 

if soluble Trem2 has some affect in biology, we produced AAV under the CAG promoter to 

induce ubiquitous expression of soluble, secreted mouse Trem2. This extracellular domain of 

Trem2 contained the native signal peptide and was fused with the IgG heavy chain Fc domain to 

maintain circulating levels of the peptide with reduced clearance (Figure 7A). This method of 

peptide fusion was used in a previous work, highlighted in Chapter 5 (Zhang et al., 2018). The 

mice were injected with the virus along with Fc-only AAV controls and placed on Amylin diet or 

high-fat diet to assess the role of soluble Trem2 on disease progression. We verified that the 

peptide was secreted in circulation by detecting the correctly sized Fc-fusion proteins on western 

blot of plasma (Figure 7B). No significant difference was observed for plasma ALT, AST, liver 

inflammation genes on qPCR, or fibrosis and steatosis by histology, in our Amylin diet cohorts 

(data not shown). Interestingly, as we had seen an adipose tissue phenotype in the Trem2 KO 

mice, we expected a difference in this case for high-fat diet mice. However, we did not observe 

any concordant transcriptional changes on qPCR in the visceral adipose of the mice (Figure 7C). 

Concurrently, the adipose tissue appeared to be the same size in the mice (Figure 7D). Similarly, 

we did not observe a difference in lipid droplet size or accumulation of crown-like structures in 

the adipose (Figure 7E), indicating that soluble Trem2 has minor effects on the function of 

Trem2 itself, as the phenotype did not match that of the Trem2 KO.  
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Discussion 

Overall, these findings suggest that Trem2 is potentially important for some function of the 

NAM population, particularly in phagocytosis. We confirmed a prior study that in the absence of 

Trem2, ATMs are unable to form crown-like structures and maintain the size of growing lipid 

droplets. However, this did not translate to the whole-body metabolic difference the previous 

study had shown. It is quite possible that our phenotype did not match due to using different 

mouse lines for Trem2 KO (Kang et al., 2018; Wang et al., 2015). Although both lines are 

whole-body knockout, the method of knockout differs between the two mice. The group that 

identified a knockout utilized a frameshift in exons 3 and 4 that still results in some of the Trem2 

protein being produced, which may confer some accessory function of unknown nature. Our 

Trem2 KO model utilized CRISPR to induce an early stop codon at residue 17 within the signal 

peptide sequence. Regardless of the mouse model, based on our own results, we conjecture that 

the Trem2 gene itself is important for some facets of NAM function, particularly phagocytosis. 

However, Trem2 itself may not be the only gene in regulating NAM function. Future studies on 

targeted ablation of the entire cell population will be more informative in studying the role of 

NAMs in disease. In future studies, we will cross our Trem2Cre model with diphtheria toxin 

receptor models to assess ablation of the entire cell population (Buch et al., 2005). By assessing 

the function of the cells as a whole, we can begin to elicit their role in disease. Furthermore, 

further in the future we may cross Trem2 Cre lines with other floxed genes in order to target 

pathways such as lipolysis and phagocytosis in the NAM population, thus dissecting the 

mechanism through which they carry out their role in disease. 

 

It also seems that Trem2 is important for the differentiation of NAMs and the acquisition of a 

specific transcriptional profile. While we confirmed this in the gonadal adipose tissue following 

a high-fat diet, we interestingly did not observe this in the NASH liver. The regulation of the 

NAM profile and development from hematopoietic monocytes remains poorly resolved. Future 

in vitro studies can begin to clarify what signals mediate the development of NAMs, whether it is 

signals from damaged hepatocytes, cytokines or stellakines, or lipid droplets, we may now focus 

our studies on bone-marrow-derived macrophages. As it appears Trem2 positive macrophages 

are present in any tissue, there is likely some universal signal throughout the body that mediates 

their appearance. Furthermore, it is unclear when in the development of NAMs they gain their 
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signature profile of genes such as Gpnmb and Cd9. Our tdTomato mouse results indicate that it 

is not necessarily a set trajectory, as some Gpnmb-positive macrophages appear in acute injury 

without Trem2, indicating that some of the other genes may express before Trem2. Likewise, 

many Trem2 macrophages appear in injury without the other NAM genes. However, it is 

irresponsible to conclude these macrophages are Trem2-positive at the time of the injury, as our 

mouse model will have tdTomato signal if Trem2Cre expressed at any time in that cell’s 

development, including in its original progenitors or during development. Our present findings in 

the liver only allow us to conclude that Trem2 is a marker for the NAM population. Lineage 

tracing studies with our Trem2Cre tdTomato model will help to elucidate the trajectory of these 

cells. Because Trem2 Cre has the caveat of expressing and recombining at any point in 

developmental trajectory, generating an inducible Cre-ERT system under the Trem2 promoter 

may help to pinpoint the period during development during which Trem2 actually expresses. We 

conclude that many questions still exist about this ubiquitous cell population that is clearly 

associated with disease. While Trem2 is the strongest correlated marker of this population, the 

function of the protein itself may not be as significant as we originally thought in the liver. More 

work will be needed to elucidate the true function of the protein. Further, our focus will remain 

on the cell population itself, not just one gene. We have developed novel and powerful mouse 

models that will begin to address these questions not just in liver disease, but in other systems as 

well including brain and adipose. 

 

Methods 

Mice 

All animal studies were performed following procedures approved by the Institutional Animal 

Care & Use Committee at the University of Michigan. Mice were housed in pathogen-free 

facilities under 12-h light-dark cycles with free access to food and water. For standard chow 

feeding, mice were fed Teklad 5001 Laboratory Diet. For AMLN diet-induced NASH, C57/Bl6 

mice were fed a diet containing 40% fat (of which 18% was trans-fat), 22% fructose, and 2% 

cholesterol (D09100301, Research Diets Inc.) for 20 weeks, as previously described (Clapper et 

al., 2013; Guo et al., 2017). In a separate diet-induced NASH model, C57/Bl6 mice were 

maintained on Choline-Deficient, Amino acid-defined HFD (45 kcal% fat) containing 0.1% 

methionine (CDAHFD, A06071309, Research Diets Inc.) for 6 weeks. For HFD feeding, mice 
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were fed a diet containing 60% of calories from fat (D12492, Research Diets). For carbon 

tetrachloride injury, mice were injected 2 uL/g with mineral oil for sham or 2 uL/g with 1:1 CCl4 

(Fisher AC148170025) with mineral oil. For AAV studies, mice were tail-vein injected for virus 

induction at 8 weeks, dietary challenge was initiated at 10 weeks and HFD maintained for 12 

weeks. 

 

Data analysis 

For total liver and RNA-seq, sequence reads were mapped to mouse genome mm10 using STAR. 

HTSeq was used to count the sequences that can be mapped to gene features. The raw read 

counts were normalized and processed for differential expression gene analysis using DESeq2. 

The significant expressed genes were determined by FDR less than 0.05. All RNA-seq data 

generated in this work have been deposited into the Gene Expression Omnibus (GEO) database 

(GSE119340, GSE129516). 

 

Generation of mouse lines 

Trem2Cre mouse line was generously created in the University of Michigan Diabetes Research 

Centers center for molecular genetics. Cre sequence was inserted by homologous recombination 

following exon 4 in after the stop sequence in exon 5, along with a P2A cleavage site. 

 

Mouse genotyping 

For genotyping, mouse ear snips were dissolved in 150 mM sodium hydroxide at 98C for 30 

minutes before buffering with 100 mM Tris-HCl pH 7.5 (Invitrogen 15567027). Dissolved 

genomic DNA was reacted in PCR to assess for amplification. Trem2 KO primers include 5’ 

TCA GGG AGT CAG TCA TTA ACC A, 3’ wt AGT GCT TCA AGG CGT CAT AAG T, and 

3’ mutant knockout CAA TAA GAC CTG GCA CAA GGA. Trem2Cre forward and reverse 

primers are gcaggtttcatcctgtgggtc and AGACGGAAATCCATCGCTCG. For tdTomato flox, 

wild type primers are AAG GGA GCT GCA GTG GAG TA and CCG AAA ATC TGT GGG 

AAG TC. Mutant primers are GGC ATT AAA GCA GCG TAT CC and CTG TTC CTG TAC 

GGC ATG G.  

 

Measurement of plasma parameters 
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Liver TAG was measured as described previously (Li et al., 2008; Meng et al., 2017). Plasma 

concentrations of ALT, AST, TAG, cholesterol, ketone, and NEFA were measured using 

commercial assay kits (Stanbio Laboratory). Mice were fasted overnight 16h for GTT or 4h for 

ITT and injected intraperitoneally with 1 g/kg of glucose or 1.2U/kg insulin respectively. 

Glucose measurements were taken with glucometer at time points. 

 

Generation of AAV Trem2-Fc and Fc 

The Trem2-Fc fusion construct contains an N-terminal signal peptide from native Trem2 

followed by the extracellular domain of mouse Trem2 (amino acids 1-157 of mTREM2), a 

glycine-serine linker and human IgG1 Fc fragment (Fig. 7A). The construct cloned from mouse 

cDNA into an IgG1 Fc backbone which was synthesized by GeneArt (Thermo Fisher Scientific) 

and sub-cloned into pcDNA3 expression vector. For Fc fusion protein production, the same 

backbone was used with no Trem2 cDNA. For AAV8 transduction, Trem2-Fc and Fc constructs 

were cloned into AAV8 shuttle vector. Shuttle vector was co-transfected at 70 ug with 70 ug of 

RC2/9 plasmid and 200 ug of DF6 helper plasmid, under 2.5 mL PEI transfection in 30 25-cm 

plates of 293T cells. Cells were harvested 3 days post-transfection and virus was purified in 

17/25/40/60% optiprep gradient ultracentrifugation. Briefly, cells were lysed by 3 cycles of 

freeze thaw in 5 mL of 150 mM NaCl, 20 mM Tris pH8.0 buffer. Lysate was supplemented with 

5 uL of 1M MgCl2 and 5 ul 25KU/ml Benzonase (Sigma E8263-25KU). After incubating 37C 

for 30 minutes, lysate was spun 4000 rpm for 30 min at 4C, supernatant was placed on top of 

ultracentrifuge tube with 5 mL each layer of gradient, in 25 mM KCl, 100 mM MgCl2, and PBS 

in the noted Optiprep densities. Tubes were spun 2h40min at 53000 rpm at 14C, 40% layer was 

collected for virus and purified in 100K centrifugal filter in PBS, spinning 3500 rpm 5 min 3 

times. AAV8-Fc or AAV8–mTrem2-Fc (1 × 1012 genome copies/mouse) was delivered by tail 

vein injection. 

 

RNA extraction and analysis 

Total RNA was extracted from frozen livers or adipose using Trizol (Alkali Scientific, TRZ-

100). Quantitative RT-PCR gene expression analysis was performed as previously described 

(Guo et al., 2017; Wang et al., 2014). Liver RNA sequencing was performed using Illumina 

HiSeq 4000 at the University of Michigan DNA Sequencing Core. 
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Flow cytometry     

Hepatic NPC were collected as previously described. The isolated cells were centrifuged at 1,000 

rpm for 5 min. The cells were washed and re-suspended in cold staining buffer, followed by 

incubation with anti-CD16/CD32 antibody to block Fc receptors. For hepatic macrophages, liver 

samples were filtered through 100 um strainers in 1% BSA in PBS and centrifuged at 50x g for 3 

minutes to remove hepatocytes. NPC were harvested as intermediate fraction following gradient 

centrifugation in 25% optiprep at 1500x g for 20 minutes. For stromal-vascular fraction of 

adipose tissue, adipose was minced briefly and immersed in 1 mL of 2 mg/mL collagenase 1 

with 0.1 mg/mL DNaseI at 37C for 20 minutes with periodic agitation. 25 mL of cold 10% FBS 

was added, cell suspension was filtered through a 70 um strainer and spun at 500g for 12 min at 

4C, washing once with 1% BSA. Cells were then treated with 0.8% NH4Cl for 5 minutes to lyse 

red blood cells. After wash, 1 x 106 cells were incubated with 100 ul of various antibodies 

diluted at optimal concentrations for 20 min at 4 °C. The fluorochrome-conjugated antibodies 

against CD45 (30-F1; Biolegend, 103130) F4/80 (BM8; Biolegend, 123114), CD11b (M1/80; 

Biolegend, 101226), CD9 (MZ3; Biolegend, 124805), GPNMB (CSTREVL; Thermo Fisher, 50-

5708-82) liver macrophages were gated as CD45+F4/80hiCD11bint or CD45+F4/80intCD11bhi 

for KC or MDM, respectively. For intracellular staining, the cells were fixed and permeabilized 

by BD Cytofix/Cytoperm Fixation/Permeabilization Kit per manufacturer’s protocol. Samples 

were analyzed using BD LSR cell analyzer at the Vision Research Core Facility at the University 

of Michigan Medical School. Data were analyzed using the CellQuest software (BD 

Biosciences) and Flowjo (Flowjo.com). 

 

Bone-marrow transplant 

Bone marrow cells were acquired from the femurs of donor (45.1) with Hank's buffered salt 

solution without calcium or magnesium, supplemented with 2% heat-inactivated calf serum 

(HBSS; Invitrogen). Cells were triturated and filtered through nylon screen (70 mm; Sefar 

America) to obtain a single-cell suspension. Recipient B6 mice (CD45.2) were irradiated in an 

Orthovoltage X-ray source delivering 300 rad min−1 in two equal doses of 540 rad, delivered 2 h 

apart. Cells were injected into intravenously through the tail. 6 weeks post-transplant blood was 

obtained from the tail veins of recipient mice, subject to ammonium-chloride potassium red cell 
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lysis, and stained to monitor engraftment with CD45.2 (104), CD45.1 (A20), Cd11b (M1/80), 

Gr-1 (8C5). 

 

Immunofluorescence staining and histochemical studies 

Liver tissues were fixed in situ with 4% paraformaldehyde, incubated with 30% sucrose in PBS 

overnight, and embedded in OCT. Frozen sections were permeabilized with 0.3% Triton X-100 

in PBS and then blocked in 5% BSA, followed by incubation in primary antibody (F4/80 BioRad 

MCA497G, H2Ab1 eBio 114.15.2, Desmin Thermo RB-9014-P) solution overnight at 4 °C, and 

subsequently in secondary antibody solution at room temperature for one hour. Sections were 

mounted in VECTASHIELD Antifade Mounting Medium (Vector Laboratories, H-1000). 

Images were taken with Olympus fluorescence microscope. All H&E stains and paraffin 

embedding were performed at the University of Michigan tissue histology core. For adipose 

tissue stains, adipose tissue was directly immersed in 5% BSA PBS for 30 minutes prior to 

addition of primary antibody at room temperature for 1hr. Tissue were then washed 3 times 10 

minutes in PBS before immersion in secondary antibody. After repeated wash tissue was 

immersed in DAPI before mounting on slides for visualization. For Sirius red stain, sections 

were rehydrated, stained in Picro-Sirius red solution (CI 35782) for 1 hour, washed in 1:200 

glacial acetic acid in water, and dehydrated. For whole-mount staining, 1 cubic cm of adipose 

tissue was directly blocked in 5% BSA in PBS for 30 minutes at room temperature before 

immersion in x200 primary F4/80 antibody, washed 3 times in PBS for 10 minutes before 

immersion in x200 secondary antibody, repeated wash and immersed in DAPI before imaging 

directly. 

 

Western Blot Analysis 

Mouse plasma was diluted using a lysis buffer containing 50 mM Tris-HCl (pH = 7.5), 137 mM 

NaCl, 1 mM EDTA, 1% Triton X-100, 10% glycerol, 10 mM NaF, 10 mM Na4P2O7, 1 mM 

Na3VO4, and protease inhibitor cocktail. The lysates were separated by SDS-PAGE and 

transferred to a PVDF membrane, followed by immunoblotting with primary antibodies for 

human IgG (Thermo 31410). 

 

Statistics 
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Statistical analysis was performed using GraphPad Prism 7. Statistical differences were 

evaluated using two-tailed unpaired Student’s t-test or one-way analysis of variance (ANOVA) 

between test groups as indicated in figure legends. P value less than 0.05 (*p < 0.05) was 

considered statistically significant. 
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Figures 

 
Figure 3.1 Liver Trem2 expressing macrophages originate from hematopoietic sources 

(A) Schematic of bone marrow transplant study to trace Trem2 macrophage origins in NASH. 
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(B) Flow cytometry plots mapping CD45.2+ (top) and CD45.1+ (bottom) macrophages from NASH recipient mice 

following 6 weeks of CDA HFD. KC labeled as F4/80hiCD11bint MDM labeled as CD11bhi populations. 

(C) Quantification of contributions to total KC and MDM pools from CD45.1 and CD45.2 populations for chow and 

NASH mice (n=3). 

(D) Flow cytometry representative plot comparing GPNMB CD9 expression in CD45.1+F4/80hiCD11bint KCs with 

CD45.2+F4/80hiCD11bint KCs of transplant recipient mice following CDA HFD. 

(E) Quantification for mice in (D) (n=3). 

(F) Diagram highlighting proposed pathway for development of Trem2 macrophages. 

Data represents mean ± SEM. *p<0.05, **p<0.01, ***p<0.001 vs. chow; two-tailed unpaired Student’s t-test. 
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Figure 3.2 Endogenous Trem2 Cre marks injury-associated Kupffer-like populations in liver 

(A) Diagram of Trem2Cre knock-in model with P2A cleavage following endogenous Trem2 gene. 

(B) Immunofluorescence imaging of frozen liver sections with DAPI signal on left, overlay of F4/80 stained in FITC 

and tdTomato signal on right for liver sections of indicated mice in tdTomato flox background. Magnification 20x.  
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(C) Liver frozen section immunofluorescence of Trem2Cre positive tdTomato flox mice from (B) following 48 

hours of acute CCl4 injury or sham oil treatment. Magnification 40x. 

(D) Immunofluorescence images of liver from (C) treated with CCl4, with FITC channel indicated as stained for 

H2ab1 (top) or Desmin (bottom) overlaid with tdTomato signal and DAPI. Magnification 20x. 

 (E) Flow cytometry plot of CD45+F4/80hiCD11bint KCs from mouse livers in (B), assessing tdTomato 

fluorescence against GPNMB expression. Relative proportion of parent populations shown. 
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Figure 3.3 Tissue profiling of Trem2Cre reveals ubiquitous distribution of Trem2 macrophages throughout 

body 
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(A) Immunofluorescence imaging of frozen tissue sections with overlay of F4/80 stained in FITC and tdTomato 

signal for mice in Trem2Cre tdTomato flox background, of tissue indicated on top. Magnification 20x. BAT brown 

adipose tissue.  

(B) Whole-mount staining images of indicated adipose tissue with overlay of F4/80 stained in FITC and tdTomato 

signal for mice in Trem2Cre tdTomato flox background, of tissue indicated on top. Magnification 40x. iWAT 

inguinal white adipose tissue, eWAT epididymal white adipose tissue. 

(C) Flow cytometry plot of CD45+F4/80hiCD11bhi adipose tissue macrophages from inguinal subcutaneous fat 

stromal vascular fractions of indicated mice in (B), assessing tdTomato fluorescence against GPNMB expression. 

Relative proportion of parent populations shown. 
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Figure 3.4 In vivo effects of Trem2 on diet-induced NASH pathogenesis 
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(A) Plasma ALT (left) and AST (right) levels in Amylin-diet fed mice following 24 weeks of dietary challenge 

comparing age-matched male wild type WT (n=9) to Trem2 knockout KO (n=12), dissected during ad lib 

conditions. 

(B) Liver weight as proportion of total body weight of mice in (A). 

(C) Gonadal visceral fat weight as proportion of total body weight of mice in (A). 

(D) Whole-liver qPCR for indicated genes of mice in (A). 

(E) Body weight growth of mice in (A) through course of dietary challenge. 

(F) Liver triglyceride content of mice in (A). 

(G) Representative H&E staining, Sirius Red staining of paraffin-embedded liver sections, and immunofluorescence 

staining of frozen liver sections, overlaying DAPI with F4/80 in FITC, of liver from mice in (A). Representative 

image, magnification 20x. 

Data represents mean ± SEM. *p<0.05, **p<0.01, ***p<0.001 vs. chow; two-tailed unpaired Student’s t-test. 
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Figure 3.5 Trem2 KO effects on peripheral whole-body metabolism in diet-induced obesity 

(A) Plasma ALT (left) and AST (right) levels in overnight fasted high-fat diet fed mice following 16 weeks of 

dietary challenge comparing age-matched male wild type WT (n=10) to Trem2 knockout KO (n=11). 

(B) Plasma free fatty acid of mice in (A) measured by kit. 

(C) Plasma triglycerides of mice in (A) measured by kit. 

(D) Plasma ketone bodies of mice in (A) measured by kit. 

(E) Plasma cholesterol levels of mice in (A) measured by kit. 

(F) Body weight growth of mice in (A) through course of dietary challenge. 

(G) Intraperitoneal glucose tolerance test of mice in (A) at 14 weeks of dietary challenge. Mice were overnight-

fasted and injected intraperitoneally with 1 g/kg glucose in PBS and monitored for glucose by tail blood. Data for 

(G-H) represent mean ± SE and were analyzed using one-way ANOVA. *p<0.05, ** p<0.01, *** p<0.001. 

(H) Intraperitoneal insulin tolerance test of mice in (A) at 15 weeks of dietary challenge. Mice were fasted 4 hours 

and injected intraperitoneally with 1.2 U/kg insulin in PBS and monitored for glucose by tail blood. 

Data for (A-F) represents mean ± SEM. *p<0.05, **p<0.01, ***p<0.001 vs. chow; two-tailed unpaired Student’s t-

test. 
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Figure 3.6 Regulation of adipose tissue macrophage crown-like structure formation by Trem2 

(A) Representative H&E staining of epididymis visceral adipose tissue from overnight fasted high-fat diet fed mice 

following 16 weeks of dietary challenge comparing age-matched male wild type WT (n=10) to Trem2 knockout KO 

(n=11). Magnification 20x. 

(B) Gonadal visceral fat weight as proportion of total body weight of mice in (A). 

(C) Whole-adipose qPCR from epididymis depot for indicated genes of mice in (A). 

Data for (B-C) represents mean ± SEM. *p<0.05, **p<0.01, ***p<0.001 vs. chow; two-tailed unpaired Student’s t-

test. 
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Figure 3.7 Effects of soluble Trem2 in circulation on peripheral metabolism in diet-induced obesity 

(A) Diagram of soluble mTrem2-Fc construct overexpressed by AAV system. 

(B) Representative western blot (n=3) against human IgG Fc fragment of cardiac-puncture plasma from mice at time 

of dissection following 12 week course of high-fat diet. Mice were induced with indicated virus for Fc (n=10) or 

sTrem2-Fc (n=10) at 8 weeks and initiated on diet at 10 weeks, overnight fasted before harvest. 

(C) Whole-adipose qPCR from epididymis depot for indicated genes of mice in (B). 

(D) Gonadal visceral fat weight as proportion of total body weight of mice in (B). 

(E) Representative H&E staining of epididymis visceral adipose tissue from mice in (B). Magnification 20x. 

Data for (C-D) represents mean ± SEM. *p<0.05, **p<0.01, ***p<0.001 vs. chow; two-tailed unpaired Student’s t-

test. 
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Chapter 4  
T Cell Landscape in Chronic Liver Injury and Hepatocellular Carcinogenesis 

 

Introduction to T-cell exhaustion 

In their classic settings, functional adult T cells are subdivided into the major CD4+ and CD8+ 

populations. CD4+ T cells mediate numerous processes involving activation of other immune 

cells as well as production of regulatory cytokines (Kumar et al., 2018). CD8+ T cells are 

generally thought to be the cytotoxic T cells. Educated T cells reach tissue sites of inflammation 

and receive their final activation signals from antigen-presenting cells (APCs) which allows them 

to perform their function (Kaech and Cui, 2012; Zhang and Bevan, 2011). In recent years, an 

evolving field of research has found that chronic inflammation results in a gradual loss of 

function in T cells. While T cells begin in an active state during acute inflammation, as they 

persist at these sites with prolonged injury, only a subset of them differentiate into memory T 

cells (Farber et al., 2014; Masopust and Schenkel, 2013). One major paradigm is that some T 

cells begin to accumulate classic markers of inhibitory receptors including PD1, LAG3, TIM3, 

and CD244 (Angelosanto et al., 2012; Doering et al., 2012; Jackson et al., 2013; Odorizzi and 

Wherry, 2012; Wherry, 2011; Wherry and Kurachi, 2015). Along with this classic suite of 

markers, the T cells lose their active function and enter a state referred to as ‘exhaustion’. These 

T cells are noted to have lost the majority of their classic function, such as cytokine production 

of IFNγ, TNFα, and IL2 (Wherry, 2011). These exhausted T cells are also noted to have reduced 

proliferative potential and increased apoptosis (Akbar and Henson, 2011; Brenchley et al., 2003). 

 

The effects of T cell exhaustion appears to be loss of cytotoxicity due to abrogated function of 

CD8+ cells (Akbar and Henson, 2011; Wirth et al., 2010). This results in reduced clearance of 

injured cells and foreign material. The in vivo effects here on viral infections will not be 

discussed. In the case of auto-inflammatory conditions, however, this reduction of cell clearance 

is known to clear a way for increased injury and carcinogenesis (Grosso et al., 2009; Matsuzaki 

et al., 2010). Indeed, exhausted T-cells have been found in many solid tumors and are now 
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believed to be a major player in tumor growth (Li et al., 2018; Pardoll, 2012; Pauken and 

Wherry, 2015; Schietinger and Greenberg, 2014). The characterization of these numerous 

exhausted T-cell populations remains incomplete, but it is believed that their loss-of-function 

state allows for tumor cells to expand unchecked, resulting in a worsened prognosis (Philips and 

Atkins, 2015). This exhausted state can be partially reversed through pharmacological blockade 

of their inhibitory receptors such as PD1. By blocking the progression of T cells to exhaustion, it 

is hoped that T cells remain functional and clear tumor cells, presenting a potential treatment for 

inflammatory cancers. These checkpoint blockade therapies have already reached clinical trials 

and shown varying degrees of success depending on the tissue sites (Chang et al., 2017; Li et al., 

2016a; Li et al., 2018; Li et al., 2016b; Li et al., 2016c; M et al., 2016). These promising findings 

suggest that modulation of T cells has a potential to bring novel therapies to diseases, in 

particular to metabolic diseases, which are inflammatory in nature. Here I discuss prospects for 

modulating T cell exhaustion in the context of liver disease and hepatocellular carcinoma, based 

on scRNA-seq findings. 

 

CD8+ T cells adopt an exhausted transcriptional signature in NASH 

In our scRNA-seq study (Xiong et al., 2019a), one of our major clusters of liver NPCs was T-

cells. Subdivision of T-cells by clustering at higher resolution yielded identifiable populations of 

naïve CD8+ cells, CD4+, ydT cells, NKT, and mature CD8+ cells (Figure 1A), based on classic 

markers of these T cell subsets (data not shown). In observing the highly regulated genes 

between chow and NASH, we found that CD8+ cells appeared to display higher UMI counts of 

genes involved in exhaustion such as Pdcd1 and Havcr2 (Figure 1B). Conversely, genes involved 

in T cell activation such as Klrg1 and Il2 (Akbar and Henson, 2011; Brenchley et al., 2003) 

appeared to be decreased based on UMI count. This led us to ask if the T cell population in 

NASH liver adopt increased transcription overall for exhaustion markers and lose function. To 

test transcription profile, we checked whole-liver RNA sequencing from our previous NASH 

study (Xiong et al., 2019a) and observed a whole-liver increase in transcription for exhaustion 

markers, including Pdcd1 and Havcr2 (Figure 1C). To confirm this, we performed qPCR on 

whole liver samples from mice on varying degrees of NASH diet. We found that as treatment 

with Amylin diet increased in duration, the total level of exhaustion marker RNA increased in 

the livers (Figure 1D). Interestingly, we surveyed mice who had been reverted to a normal chow 
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diet from Amylin diet (Xiong et al., 2019a; Xiong et al., 2019b) and found that reversal of diets 

negated this increase in exhaustion markers (Figure 1E), indicating that this potential exhaustion 

phenotype tracks with disease progression. 

 

T cells are functionally exhausted in diet-induced NASH mice 

Given that there appeared to be an overall increase in expression of exhaustion markers in NASH 

liver, we asked if these T cells were functionally exhausted in our murine models. To begin to 

profile the landscape of T cells, we performed flow cytometry on the non-parenchymal cells 

(NPCs) of Amylin-diet fed mice compared with chow diet mice. Interestingly, matching with our 

findings from scRNA-seq, there was a proportional increase in CD8+ T cells in NASH, and 

reduction of CD4+ cells (Figure 2A-B). As we found much of the exhaustion marker expression 

was restricted to CD8+ cells in our scRNA-seq (data not shown), we focused our studies on the 

CD8+ population of T cells. Profiling on flow cytometry, we observed increased expression of 

PD1 and LAG3, classic inhibitory receptors, in NASH liver CD8+ T cells compared to chow 

control (Figure 2C-D). Interestingly, we found that KLRG1, a marker for active cytotoxic T cells 

(Akbar and Henson, 2011; Brenchley et al., 2003), was reduced in the NASH liver CD8+ cells, 

indicating their function may be abrogated. To test this, we performed phorbol myristate acetate 

(PMA)-ionomycin stimulation of isolated T cells from our mice and tested effects of disease on 

cytokine secretion. We observed that NASH CD8+ T cells had a lower propensity for production 

of IFNγ, TNFα, and IL2 during stimulation (Figure 2E-F). This decrease in activator function 

leads us to conclude that CD8+ T cells are functionally exhausted in NASH. We also examined 

CD4+ cells for regulatory status, as regulatory T cells also act to suppress cytotoxicity, but may 

also contribute to exhaustion of CD8+ T cells (Farber et al., 2014; Kumar et al., 2018; 

Schietinger and Greenberg, 2014; Wherry and Kurachi, 2015). We observed an increase in 

FOXP3 in CD4+ cells in NASH, indicating increased Treg activity may also contribute to the 

lowered immune function of T cells in NASH (Figure 2G-H). 

 

To verify the phenotype is a feature of NASH and not a specific diet, we utilized a different 

dietary model to induce liver injury, the CDA HFD model (Xiong et al., 2019a). Consistent with 

Amylin diet-induced NASH, we found that following a 6-week course of CDA HFD, we 

observed a significant increase in CD8+ T cells in liver injury compared to chow diet controls 
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(Figure 3A-B). The markers of exhaustion were consistent as well, as PD1 and LAG3 were 

increased on CD8+ T cells in CDA HFD, and KLRG1 was also decreased (Figure 3C-D). We 

verified functional exhaustion through PMA-ionomycin stimulation in the T cells of CDA HFD 

mice and found them to be reduced in cytokine secretion (Figure 3E-F). In demonstrating that a 

similar exhaustion phenotype exists in two different dietary models for liver injury, we show that 

the NASH phenotype confers this state of functional exhaustion in CD8+ T cells. 

 

Exhaustion of T cells in diet-induced murine NASH is restricted to the liver 

As T cells enter into sites of inflammation, they also are capable of shuttling to secondary 

lymphoid sites such as lymph nodes and spleen to mediate stimulation and maturation of newer 

T cells, as well as other immune cells (Farber et al., 2014; Kumar et al., 2018). These sites 

potentially act as reservoirs for T cells, including exhausted populations (Blackburn et al., 2008; 

Paley et al., 2012). These populations themselves have varying degrees of heterogeneity that 

differ based on the disease (Grosso et al., 2009; Myers et al., 2019). To assess if exhausted T cell 

populations exist outside of the liver in NASH, we tested secondary lymphoid sites in our 

Amylin diet model. Flow cytometry of mesenteric lymph node isolates showed no significant 

difference in proportions of CD4+ and CD8+ T cells between Amylin-diet mice and controls 

(Figure 4A). Levels of expression of exhaustion markers including PD1 and KLRG1 were not 

significantly changed in lymph CD8+ T cells compared to chow control lymph nodes (Figure 

4B). We also did not observe a functional difference in the T cells, as PMA-ionomycin 

stimulated secretion of IFNγ, TNFα, and IL2 showed no difference in NASH and chow lymph 

node T cells (data not shown). In the spleen, we did not observe a significant change in the 

proportions of CD4+ and CD8+ T cells in NASH (Figure 4C). Interestingly, we found an 

increase in PD1 expression on CD8+ T cells in NASH spleen compared to chow (Figure 4D-E). 

In contrast to the liver, this PD1 increase was accompanied by an increase in KLRG1 expression 

on these T cells, indicating potentially increased function of these cells. To confirm this, we 

performed PMA-ionomycin stimulation on CD8+ T cells from spleen and found that NASH 

spleen CD8+ T cells had increased IFNγ and IL2 production than chow spleen CD8+ T cells 

(Figure 4F-G). This increased propensity for cytokine secretion indicates the spleen CD8+ T 

cells are actually more functional in NASH. We observed similar findings within the lymph 

nodes and spleen of mice on the CDA HFD to confirm our results were consistent among NASH 
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models (data not shown). We show here that T cell exhaustion is not present in the lymph nodes 

of NASH mice, and that while certain exhaustion inhibitory receptors are affected in spleen T 

cells, it appears that they are not functionally exhausted in a classic sense. Interestingly, certain 

subsets of PD1-high T cells are known to have increased functionality, denoting a potent 

progenitor population for T cells (Hashimoto et al., 2018; Hudson et al., 2019; Jadhav et al., 

2019). The exact function of these unique cells remains poorly understood, particularly in the 

context of NASH. Future work will be needed to characterize and profile these unique CD8+ 

cells throughout the body in NASH, and to determine the role they play in disease progression. 

Regardless, it would seem that the liver is a site of T cell exhaustion that reduces cytotoxicity of 

foreign material, and is therefore permissive of carcinogenesis and progression to hepatocellular 

carcinoma (HCC). 

 

Role of liver CD8+ T cell exhaustion in the NASH-HCC axis 

In liver disease, repeated cell death elicits regeneration and turnover, raising the incidence of 

mutations, neoplasia, and HCC (Anstee et al., 2013; Baffy et al., 2012; Bhala et al., 2011; Ertle 

et al., 2011; Ghouri et al., 2017; Kanwal et al., 2018; Ratziu et al., 2002; Schutte et al., 2014; 

Wree et al., 2013). HCC remains a deadly end-stage sequellae to chronic NASH, with poor 

prognosis and no treatments (Schutte et al., 2014). Our group’s previous work has highlighted a 

potential role of the adipose endocrine factor NRG4 in signaling to prevent NASH (Chen et al., 

2017; Guo et al., 2017; Wang et al., 2014). Different models have found that NRG4 protects the 

liver from diet-induced liver injury, and that ablation of NRG4 renders the liver more vulnerable 

to damage. However, it remains unknown if NRG4 could then prevent pathophysiology further 

downstream of NASH, particularly, HCC. An interesting observation we made with T cell 

exhaustion was its potentially mechanistic connection with the adipokine NRG4. In liver from 

NRG4 transgenic mice, which have reduced liver damage and fibrosis, we observed reduced 

marker expression for T cell exhaustion by whole liver qPCR (Figure 5A), indicating that this 

reduction of exhaustion may increase toxicity and clearance of injured and offending 

hepatocytes, thus leading to a healthier liver environment. Conversely, in the NRG4 knockout 

mouse, which has worsened liver health and more fibrosis, we found an increase in the same 

genes by whole liver qPCR (Figure 5B). It is possible that the mechanism through which NRG4 

improves liver health in dietary challenge to NASH is through protection of T cell function, 
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which can then survey the cell landscape and maintain the liver. As T cell exhaustion appears to 

also be potentially important in carcinogenesis, we wondered if this mechanistic connection 

could link NRG4 to the NASH-HCC axis. 

 

To evaluate if NRG4 may protect from NASH-associated HCC, we adapted an established 

dietary mouse model for HCC in mice (Healy et al., 2016; Horie et al., 2004; Park et al., 2010; 

Wang et al., 2009). This model entails induction of hepatocellular toxicity by intraperitoneal 

injection at D15 with 25 mg/kg of liver carcinogen diethylnitrosamine (DEN), followed by 

switching mice from chow diet to high-fat diet at D60 (Healy et al., 2016; Horie et al., 2004; 

Park et al., 2010; Tolba et al., 2015; Wang et al., 2009). To better recapitulate NASH-associated 

HCC, we instead fed the mice with Amylin diet starting at D60 (Figure 5C). We tested this 

modified regimen on NRG4 transgenic mice to examine if transgenic NRG4 expression could 

protect mice from HCC. Because C57BL/6J (B6) mice are less susceptible to DEN (Heindryckx 

et al., 2009), we crossed our B6 NRG4 transgenic mice with WT C3H background mice to 

produce F1 WT and transgenic mice (n=20) with mixed C3H background (Figure 5C). 

Following DEN injection and NASH-diet feeding, mice were dissected at D150. We observed 

dramatically larger and more prevalent tumors in WT livers compared to NRG4 transgenic livers 

(Figure 5D-E), indicating that transgenic expression of NRG4 is preventative of liver 

tumorigenesis. Consistent with this decreased tumor burden, we found that the overall health of 

the transgenic mice was improved through the course of tumorigenesis. While transgenic mice 

are typically more resistant to aberrant lipid accumulation and weight gain in NASH (Chen et al., 

2017; Guo et al., 2017; Wang et al., 2014), we found that in the carcinogenic model, the 

transgenic mice maintained a higher weight while the wild type mice lost weight later (Figure 

5F), potentially because the transgenic mice are protected from the cachexic effects of late-stage 

HCC (Chang et al., 2018; Erdem et al., 2019; Meza-Junco et al., 2013). To confirm that 

exhaustion of T cells persisted in these cancerous conditions, we found that the exhaustion 

markers remained reduced by whole liver qPCR in the transgenic mice compared to wild type 

(Figure 5G). Interestingly, we observed a correlation between levels of Pdcd1 mRNA by qPCR 

and the tumor burden in our mice (Figure 5H). These findings suggest that NRG4 is indeed 

protective from liver carcinogenesis. Furthermore, NRG4 appears to modulate T cell exhaustion 

that is prominent in NASH. This blockade of exhaustion extends into the setting of HCC.  
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Discussion 

We have found that in our murine dietary models for NASH, CD8+ cytotoxic cells become 

functionally exhausted and lose their ability to secrete inflammatory cytokines. Furthermore, the 

entire landscape of T cells is dramatically altered as there is an expansion of CD8+ cells in the 

liver, which are exhausted from their normal function. This classical exhaustion appears 

restricted to the liver whereas other T cell populations in the spleen gain a unique exhausted 

progenitor phenotype that remains functionally active. As it is known that there is functional 

diversity just within exhausted T cells between different diseases (Blackburn et al., 2008; 

Hudson et al., 2019; Paley et al., 2012), these findings indicate further work will be needed to 

differentiate between these spleen T cells and liver T cells, and whether they are related or 

independent populations. The notion that exhaustion may play a role in NASH pathogenesis does 

however bring the appealing notion that checkpoint inhibitor therapy may be beneficial in 

NASH. Future studies will study whether blockade therapy may benefit the course of NASH 

pathogenesis in our dietary models. 

 

The more interesting aspect of these exhausted liver T cells was their potential role in end-stage 

disease. A large body of work in exhaustion has been to characterize their role in the tumor 

microenvironment (Li et al., 2016a; Li et al., 2018; Pardoll, 2012; Pauken and Wherry, 2015). 

Here we find a potential link between T cell exhaustion and hepatocellular carcinoma, wherein 

NRG4 defines a checkpoint for the exhaustion of CD8+ cells, while also creating a less 

permissive environment for tumorigenesis. A better understanding of this link could lead to 

future therapies for the NASH-HCC axis, which remains today one of the deadliest primary 

tumors known (Ertle et al., 2011; Ghouri et al., 2017). A combination therapy of pharmacologic 

NRG4 and checkpoint blockade could provide a synergistic treatment with more efficacy for 

HCC. It may be that exhaustion is even a pathogenic cause for NASH itself, but future work will 

be needed to demonstrate this. Connecting NRG4 and modulation of exhaustion through 

checkpoint therapies could lead to synergistic therapies and pave the way for improving clinical 

outcomes in NASH and downstream sequellae. 
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Methods 

Mice 

All animal studies were performed following procedures approved by the Institutional Animal 

Care & Use Committee at the University of Michigan. Mice were housed in pathogen-free 

facilities under 12-h light-dark cycles with free access to food and water. For standard chow 

feeding, mice were fed Teklad 5001 Laboratory Diet. For AMLN diet-induced NASH, C57/Bl6 

mice were fed a diet containing 40% fat (of which 18% was trans-fat), 22% fructose, and 2% 

cholesterol (D09100301, Research Diets Inc.) for 20 weeks, as previously described (Clapper et 

al., 2013; Guo et al., 2017). In a separate diet-induced NASH model, C57/Bl6 mice were 

maintained on Choline-Deficient, Amino acid-defined HFD (45 kcal% fat) containing 0.1% 

methionine (CDAHFD, A06071309, Research Diets Inc.) for 6 weeks. For reversal studies, after 

24 weeks of Amylin diet feeding mice were switched to chow diet for 16 weeks. For 

carcinogenesis studies, D15 mice were injected intraperitoneally with 25 mg/kg 

diethylnitrosamine (Sigma N0258) and housed in special hazard containment with mother. Mice 

were weaned normally at D21. Mice were placed on Amylin diet at D60 and maintained on diet 

until D150. Health of mice was monitored daily including weighing and wellness check. At 

dissection, tumors were counted in liver by microdissection with forceps, tumor size was 

measured by caliper.  

 

Isolation and scRNA-seq analysis of liver NPC 

Liver NPC were isolated following a two-step protocol of pronase/collagenase digestion. Briefly, 

the liver was perfused in situ with calcium-free Hank’s Balanced Salt Solution (HBSS) 

containing 0.2mg/ml EDTA, followed by sequential perfusion with 0.4mg/ml pronase (Sigma, 

P5147) and 0.2% collagenase type II (Worthington, LS004196). The liver was minced and 

further digested with HBSS containing 0.2% collagenase type II, 0.4 mg/ml pronase and 

0.1mg/ml DNase I (Roche, R104159001) in 37 °C water bath with shaking for 20 min. Digestion 

was terminated with DMEM containing 10% serum. The resulting liver cell suspension was 

centrifuged at 50g for 3 min to remove hepatocytes and passed through 30µm nylon cell strainer 

followed by treatment with 0.8% NH4Cl to lyse red blood cells. This NPC suspension was 

centrifuged, resuspended in HBSS, and subjected to density gradient centrifugation using 20% 

Optiprep (Axis Shield, 1114542) to remove dead cells. Cell viability was confirmed by trypan 
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blue exclusion. The resulting NPC were subjected to scRNA-seq analysis using 10X Genomics 

Chromium Single-Cell 3′ according to the manufacturer’s instructions.   

 

Data analysis 

For total liver and RNA-seq, sequence reads were mapped to mouse genome mm10 using STAR. 

HTSeq was used to count the sequences that can be mapped to gene features. The raw read 

counts were normalized and processed for differential expression gene analysis using DESeq2. 

The significant expressed genes were determined by FDR less than 0.05. All RNA-seq data 

generated in this work have been deposited into the Gene Expression Omnibus (GEO) database 

(GSE119340, GSE129516). 

 

For scRNA-seq, a total of 39,575 single cell NPC isolated from three chow and three NASH 

mice were processed using 10X Genomics CHROMIUM Single Cell 3’ Solution. The libraries 

were sequenced using Illumina NextSeq High-Output, HiSeq 4000 and NovaSeq. We obtained a 

total of over 1.7 billion reads with an average of 43,122 reads per cell. Approximately 55.4% of 

the sequence reads can be confidently mapped to the mouse transcriptome. Seurat package 

(version 2.3.4) was used to analyze single cell RNA-seq data (Butler et al., 2018). After 

removing doublets and cells with low quality, 33,168 cells that expressed more than 500 genes 

and 19,349 genes with transcripts detected in more than 3 cells were used for further analysis. 

Unique sequencing reads for each gene were normalized to total Unique Molecular Identifiers 

(UMIs) in each cell to obtain normalized UMI values.  The top 1,000 highly variable genes were 

used for canonical correlation analysis (CCA) implemented in Seurat. Unsupervised clustering 

was applied after aligning the top 25 dimensions resulted from the CCA using a resolution of 

0.07. The identity for each cluster was assigned based on the prior knowledge of marker genes. 

A higher resolution parameter was applied for sub-clustering of the endothelial and myeloid 

clusters. The t-SNE plots, violin plots, bar plots, circular plot, bubble plots, feature plots and 

heatmaps were generated by R and Java TreeView. Dot plot was generated using GraphPad. 

 

RNA extraction and analysis 

Total RNA was extracted from frozen livers or adipose using Trizol (Alkali Scientific, TRZ-

100). Quantitative RT-PCR gene expression analysis was performed as previously described 
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(Guo et al., 2017; Wang et al., 2014). Liver RNA sequencing was performed using Illumina 

HiSeq 4000 at the University of Michigan DNA Sequencing Core. 

 

Flow cytometry     

For spleen and lymph node T cells, samples were crushed and filtered through 100 um strainers 

in 5% FBS and 1 mM EDTA in PBS and centrifuged at 500 g for 5 minutes to wash. Cells were 

then treated with 0.8% NH4Cl for 5 minutes to lyse red blood cells. For hepatic T cells, liver 

samples were minced in 2 mg/mL type IV collagenase (Worthington LS004186) and 0.2 mg/mL 

DNaseI and warmed to 37C for 30 minutes before being filtered through 100 um strainers in 5% 

FBS and 1 mM EDTA in PBS and centrifuged at 50x g for 3 minutes to remove hepatocytes. 

NPC were harvested as intermediate fraction following gradient centrifugation in 25% optiprep 

at 1500x g for 20 minutes. Cells were then treated with 0.8% NH4Cl for 5 minutes to lyse red 

blood cells. The isolated cells were centrifuged at 1,000 rpm for 5 min.  After wash, 1 x 106 cells 

were stained with fixable viability dye (eBioscience 65-0865-14) at room temp for 10 minutes 

and washed in PBS before being incubated with 100 ul of various antibodies diluted at optimal 

concentrations for 20 min at 4 °C. The fluorochrome-conjugated antibodies against CD90.2 

(Biolegend 30-H12) CD4 (Biolegend 1G1c1.5), CD8a (Biolegend 53-6.7), PD1 (Biolegend 

29F.1A12), LAG3 (Biolegend C9B7W), KLRG1 (Biolegend 2F1/KLRG1), TNFα (Biolegend 

MP6/XT22), IFNγ (Biolegend XMG1.2), IL2 (Biolegend JES6-5H4), FOXP3 (Invitrogen FJK-

16s), liver T cells were gated as CD90.2+ and gated on CD4 and CD8a for CD4 and CD8 cells, 

respectively. For intracellular staining of TNFα, IFNγ, and IL2, the cells were fixed and 

permeabilized by BD Cytofix/Cytoperm Fixation/Permeabilization Kit per manufacturer’s 

protocol. Cells were then stained in 4C overnight in perm buffer 1x before analysis. Samples 

were analyzed using BD LSR cell analyzer at the Vision Research Core Facility at the University 

of Michigan Medical School. Data were analyzed using the CellQuest software (BD 

Biosciences) and Flowjo (Flowjo.com). 

 

PMA/ionomycin stimulation 

Hepatic NPC were collected as described under flow cytometry. NPC suspensions of 200 uL 

were plated at 1e6 cells for liver and lymph node, or 5e5 cells for spleen, in uncoated 96-well 

plates in IMDM with L-glut (Thermo 12440-046) containing 10% FBS, 1% Pen-Strep, 50 uM 
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beta-mercaptoethanol, and 1x Golgiplug containing Brefeldin-A (BD Biosciences 555029). For 

stimulation, x500 cell activation cocktail containing PMA and ionomycin was added (Biolegend 

423301). Cells were incubated at 37C for 6 hours before harvesting for flow cytometry staining. 

 

Statistics 

Statistical analysis was performed using GraphPad Prism 7. Statistical differences were 

evaluated using two-tailed unpaired Student’s t-test or one-way analysis of variance (ANOVA) 

between test groups as indicated in figure legends. P value less than 0.05 (*p < 0.05) was 

considered statistically significant. 
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Figures 

 

 
Figure 4.1 NASH T cells adopt a transcriptional profile resembling classic exhaustion 

(A) t-SNE visualization of liver cell clusters based on 33,168 single cell transcriptomes (Xiong et al., 2019a). 

Colored cluster indicates T cell populations, labeled by subtype. 

(B) Log-based 2 fold change in UMI count of indicated gene for average of mice in (A), comparing NASH Amylin-

diet to control chow-diet mice. 

(C) Whole-liver RNA sequencing comparing NASH Amylin-diet mice (n=3) to control chow-diet mice (n=3) 

(Xiong et al., 2019a) for exhaustion genes, color bar indicates scale of fold change. 

(D) Whole-liver qPCR for indicated genes of mice on control chow diet or Amylin NASH diet for 4 months or 6 

months (n=4).  

(E) Whole-liver qPCR for indicated genes of mice reverted to chow diet following Amylin NASH diet course 

(n=10) (Xiong et al., 2019a; Xiong et al., 2019b). 

Data in (D-E) represents mean ± SEM. *p<0.05, **p<0.01, ***p<0.001 vs. chow; two-tailed unpaired Student’s t-

test. 
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Figure 4.2 Profiling functional exhaustion of CD8+ T cells in murine NASH model 

(A) Representative flow cytometry plot of CD90+ liver T cells of non-parenchymal cell isolates from control chow 

diet mice (n=10) and NASH Amylin-diet mice (n=10) following 5 months of feeding, plotting CD8a expression and 

CD4 expression. Numbers indicate relative proportion of parent population. 

(B) Quantification of relative proportions of parent population of cells gated in (A) averaged for mouse group 

(n=10). 
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(C) Representative flow cytometry histograms of indicated markers for CD90+CD8+ liver T cells of non-

parenchymal cell isolates in (A) comparing chow (red) and Amylin diet (blue). 

(D) Quantification of relative proportions of parent population of cells gated in (C) averaged for mouse group 

(n=10). 

(E) Representative flow cytometry histograms of indicated markers TNFα, IFNγ, IL2 for CD90+CD8+ liver T cells 

of non-parenchymal cell isolates in (A) comparing chow (red) and Amylin diet (blue), following 6 hour 

PMA/ionomycin stimulation and intracellularly stained for indicated markers. 

(F) Quantification of relative proportions of parent population of cells gated in (E) averaged for mouse group 

(n=10). 

(G) Representative flow cytometry histogram of FOXP3 for CD90+CD4+ liver T cells of non-parenchymal cell 

isolates in (A) comparing chow (red) and Amylin diet (blue). 

(H) Quantification of relative proportions of parent population of cells gated in (G) averaged for mouse group 

(n=10). 

Data represents mean ± SEM. *p<0.05, **p<0.01, ***p<0.001 vs. chow; two-tailed unpaired Student’s t-test. 

 

 

 
Figure 4.3 Diet-induced NASH in mice results in functional exhaustion of T cells 
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(A) Representative flow cytometry plot of CD90+ liver T cells of non-parenchymal cell isolates from control chow 

diet mice (n=10) and NASH CDA HFD mice (n=10) following 6 weeks of feeding, plotting CD8a expression and 

CD4 expression. Numbers indicate relative proportion of parent population. 

(B) Quantification of relative proportions of parent population of cells gated in (A) averaged for mouse group 

(n=10). 

(C) Representative flow cytometry histograms of indicated markers for CD90+CD8+ liver T cells of non-

parenchymal cell isolates in (A) comparing chow (red) and Amylin diet (blue). 

(D) Quantification of relative proportions of parent population of cells gated in (C) averaged for mouse group 

(n=10). 

(E) Representative flow cytometry histograms of indicated markers TNFα, IFNγ, IL2 for CD90+CD8+ liver T cells 

of non-parenchymal cell isolates in (A) comparing chow (red) and Amylin diet (blue), following 6 hour 

PMA/ionomycin stimulation and intracellularly stained for indicated markers. 

(F) Quantification of relative proportions of parent population of cells gated in (E) averaged for mouse group 

(n=10). 

Data represents mean ± SEM. *p<0.05, **p<0.01, ***p<0.001 vs. chow; two-tailed unpaired Student’s t-test. 

 

 

 
Figure 4.4 CD8+ T cell functional exhaustion in NASH spleen and mesenteric lymph nodes 

(A) Quantification of relative proportions of parent population of cells gated as CD90+CD8+ and CD90+CD4+ 

mesenteric lymph node T cells isolated from control chow diet mice (n=10) and NASH Amylin-diet mice (n=10) 

following 5 months of feeding, plotting CD8a expression and CD4 expression averaged for mouse group (n=10). 

(B) Representative flow cytometry histograms of indicated markers for CD90+CD8+ mesenteric lymph node T cells 

isolates in (A) comparing chow (red) and Amylin diet (blue). 
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(C) Quantification of relative proportions of parent population of cells gated as CD90+CD8+ and CD90+CD4+ 

spleen T cells isolated from mice in (A), plotting CD8a expression and CD4 expression averaged for mouse group 

(n=10). 

(D) Representative flow cytometry histograms of indicated markers for CD90+CD8+ spleen T cells isolated in (C) 

comparing chow (red) and Amylin diet (blue). 

(E) Quantification of relative proportions of parent population of cells gated in (D) averaged for mouse group 

(n=10). 

(F) Representative flow cytometry histograms of indicated markers TNFα, IFNγ, IL2 for CD90+CD8+ spleen T 

cells isolated in (D) comparing chow (red) and Amylin diet (blue), following 6 hour PMA/ionomycin stimulation 

and intracellularly stained for indicated markers. 

(G) Quantification of relative proportions of parent population of cells gated in (F) averaged for mouse group 

(n=10). 

Data represents mean ± SEM. *p<0.05, **p<0.01, ***p<0.001 vs. chow; two-tailed unpaired Student’s t-test. 
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Figure 4.5 NRG4 is an endocrine checkpoint for NASH-HCC axis and modulates T cell exhaustion 

(A) Whole-liver qPCR for indicated genes of wild type and NRG4 transgenic TG (Guo et al., 2017; Wang et al., 

2014) mice on Amylin NASH diet for 6 months (n=10). 

(B) Whole-liver qPCR for indicated genes of wild type (n=8) and NRG4 knockout KO (n=10) (Guo et al., 2017; 

Wang et al., 2014) mice on Amylin NASH diet for 6 months. 

(C) Diagram of mouse background and chemical/diet induced model for NASH-associated HCC in mice. 

(D) Representative images of livers from mice in (C) comparing wild type (top) to NRG4 transgenic (bottom) 

dissected following 20 weeks of Amylin-diet feeding (n=15). 

(E) Quantification of tumor burden stratified by tumor diameter for mice in (D) (n=15). 

(F) Body weight tracking of mice in (D) through course of Amylin-diet feeding. 

(G) Whole-liver qPCR for indicated genes of wild type and NRG4 transgenic (n=15) mice in (D). Tissue used for 

qPCR included tumors and non-tumor tissue. 

(H) Comparison of total tumors per mouse in (D) compared with relative Pdcd1 mRNA expression quantified by 

qPCR in (G), normalized to average of wild type expression. 

Data represents mean ± SEM. *p<0.05, **p<0.01, ***p<0.001 vs. chow; two-tailed unpaired Student’s t-test. 
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Abstract 

Neuregulins (NRGs) are emerging as an important family of signaling ligands that regulate 

glucose and lipid homeostasis. Neuregulin 1 (NRG1) lowers blood glucose levels in obese mice 

whereas the brown fat-enriched secreted factor NRG4 protects mice from high-fat diet (HFD)-

induced insulin resistance and hepatic steatosis. However, the therapeutic potential of NRGs 

remains elusive given the poor plasma half-life of the native ligands. Here, we engineered a 

fusion protein between human NRG1 and the Fc domain of human IgG1 (NRG1-Fc) that 

exhibited extended half-life in circulation and improved potency in receptor signaling. We 

evaluated its efficacy in improving metabolic parameters and dissected the mechanisms of 

action. NRG1-Fc treatment triggered potent AKT activation in the liver, lowered blood glucose, 

improved insulin sensitivity, and suppressed food intake in obese mice. NRG1-Fc is a potent 

secretagogue for the metabolic hormone FGF21; however, the latter is largely dispensable for its 

metabolic effects. NRG1-Fc directly acts on the hypothalamic POMC neurons to promote 

membrane depolarization and increase firing rate. Taken together, NRG1-Fc exhibits improved 

pharmacokinetic properties and exerts metabolic benefits through dual inhibition of hepatic 

gluconeogenesis and caloric intake. 
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Introduction 

The Neuregulin (NRG) family of ligands and their cognate ErbB receptor tyrosine kinases play 

an important role in the regulation of tissue development, growth and homeostasis (Burgess, 

2008; Falls, 2003; Schneider and Wolf, 2009). NRGs are synthesized as membrane-bound 

precursor proteins, some of which undergo proteolytic cleavage to release the biologically active 

fragments that act via paracrine and/or endocrine mechanisms. Previous genetic studies have 

revealed associations between single-nucleotide polymorphisms (SNPs) in the NRG/ErbB 

signaling pathways and diverse metabolic traits. A multiethnic genome-wide association study 

identified a SNP at the ErbB4 locus to be strongly associated with greater body mass index in the 

African American population (Salinas et al., 2016). Two NRG3 gene SNPs were found to be 

associated with basal metabolic rate and body mass index (Lee et al., 2016). As such, altered 

NRG/ErbB signaling may contribute to the pathogenesis of metabolic disorders in humans. 

 

Recent work has strongly implicated NRGs as endocrine regulators of metabolic physiology. 

Nrg4, a ligand for ErbB3 and ErbB4, was recently identified as a brown fat-enriched secreted 

factor that acts on the liver to attenuate de novo lipogenesis and enhance fatty acid β -oxidation 

(Chen et al., 2017; Harari et al., 1999; Rosell et al., 2014; Wang et al., 2015; Wang et al., 2014). 

Adipose tissue expression of Nrg4 was downregulated in mouse and human obesity. In fact, 

serum NRG4 concentrations are inversely associated with non-alcoholic fatty liver disease 

(NAFLD), metabolic syndrome in obese Chinese adults, and subclinical cardiovascular disease 

in obese adults (Cai et al., 2016; Dai et al., 2015; Jiang et al., 2016). Mice lacking Nrg4 were 

more prone to diet-induced insulin resistance and hepatic steatosis, whereas fat-specific Nrg4 

transgenic mice were protected from these obesity-associated metabolic disorders (Wang et al., 

2014). Further, the Nrg4/ErbB4 signaling pathway protects hepatocytes from stress-induced cell 

death, thereby serving as an endocrine checkpoint for the steatosis to steatohepatitis transition 

(Guo et al., 2017).  

 

The EGF-like domain of NRG1 has been previously demonstrated to promote glucose uptake 

and mitochondrial oxidative metabolism in cultured myotubes (Canto et al., 2007; Canto et al., 

2004; Suarez et al., 2001). When administered into mice, this fragment lowered blood glucose 

and reduced weight gain (Ennequin et al., 2015a; Ennequin et al., 2015b). However, the 
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physiological and molecular mechanisms through which NRG1 exerts these metabolic effects 

remain largely unknown. Recombinant NRG1 has been tested in clinical studies to improve 

cardiac function in heart failure patients (Gao et al., 2010; Jabbour et al., 2011; Mendes-Ferreira 

et al., 2016). Due to its short plasma half-life, continuous intravenous administration of 

recombinant NRG1 was required to achieve therapeutic levels in circulation. In this study, we 

generated a long-lived NRG1-Fc fusion protein that potently lowers blood glucose and promote 

weight loss in HFD-fed mice. Our findings revealed unexpected dual effects of recombinant 

NRG1-Fc on the inhibition of hepatic gluconeogenesis and the central regulation of food intake.  

 

Methods 

Construction and purification of NRG1-Fc 

The NRG1-Fc fusion construct contains an N-terminal signal peptide from Azurocidin 1 

followed by the EGF-like domain of human NRG1 (amino acids 176 - 226 of hNRG1), a 

glycine-serine linker and human IgG1 Fc fragment (Fig. 1A). The construct was synthesized by 

GeneArt (Thermo Fisher Scientific) and subcloned into pcDNA3 expression vector. For Fc 

fusion protein production, The Fc vector and NRG1-Fc constructs were transiently transfected 

into suspension HEK293 cells using the Expi293™ Expression System (Thermo Fisher 

Scientific). Conditional media (CM) were collected seven days after transfection, adjusted to the 

composition of binding buffer (0.2 M sodium phosphate, pH 7.0), filtered through 0.45 um filter 

(Millipore), and processed for affinity purification using Hitrap rProtein A FF 5 ml column on 

ÄKTA Pure FPLC chromatography system (GE Healthcare). The column was washed with 50 

ml binding buffer and eluted with a pH 3-7 gradient elution buffer (0.1 M sodium citrate, pH 

3.0). Fusion proteins were dialyzed in 1X phosphate-buffered saline buffer (137 mM NaCl, 2.7 

mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) using Slide-A-Lyzer® Dialysis Cassette 

(Thermo Fisher Scientific).  

  

Mouse studies 

All mouse studies were performed according to procedures approved by the University 

Committee on Use and Care of Animals at the University of Michigan. Mice were maintained 

under 12/12 hr light/dark cycles with free access to food and water. Teklad 5001 laboratory diet 
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was used as standard chow. For HFD feeding, mice were fed a diet containing 60% of calories 

from fat (D12492, Research Diets). C57BL/6J mice were obtained from the Jackson Laboratory. 

The generation of liver-specific FGF21 KO mice was previously described (Markan et al., 2014).   

 

For measurements of plasma half-life NRG1-Fc, male C57BL/6J mice received an 

intraperitoneal injection of NRG1-Fc (0.6 mg/Kg). NRG1-Fc fusion protein was quantified using 

Human IgG ELISA Quantitation Set (Bethyl Laboratories, Inc.). Glucose, insulin, and pyruvate 

tolerance tests were performed as previously described (Meng et al., 2017; Molusky et al., 2012). 

For insulin signaling studies, HFD-fed mice received three doses of Fc or NRG1-Fc (50 µg/Kg 

BW) over a period of one week were fasted overnight for 16 hr before insulin injection. Tissues 

were harvested 10 min after intravenous injection insulin (1.5 U/Kg BW) for immunoblotting 

analyses. 

 

Liver glycogen and TAG were measured as previously described (Li et al., 2008; Meng et al., 

2017). Plasma concentrations of TAG and NEFA were measured using commercial assay kits 

(Stanbio Laboratory). Plasma insulin and FGF21 concentrations were measured using mouse 

insulin ELISA kit (Crystal Chem) and mouse/rat FGF21 quantikine ELISA kit (R&D Systems), 

respectively.  

 

Electrophysiology 

POMC-CreER/Rosa26-tdTOMATO mice received tamoxifen inductions (0.2 mg/g, i.p., twice at 

9 weeks of age). At 13-14 weeks of age, these mice were deeply anesthetized with isoflurane at 

9:00-9:30 am, and transcardially perfused with a modified ice-cold artificial cerebral spinal fluid 

(aCSF, in mM: 10 NaCl, 25 NaHCO3, 195 Sucrose, 5 Glucose, 2.5 KCl, 1.25 NaH2PO4, 2 Na 

pyruvate, 0.5 CaCl2, 7 MgCl2). The mice were then decapitated, and the entire brain was 

removed. Brains were quickly sectioned in ice-cold aCSF solution (in mM: 126 NaCl, 2.5 KCl, 

1.2 MgCl2, 2.4 CaCl2, 1 NaH2PO4, 11.1 Glucose, and 21.4 NaHCO3) saturated with 95% O2 

and 5% CO2. Coronal sections containing the ARH (250 µm) were cut with a Microm HM 650V 

vibratome (Thermo Scientific). Then the slices were recovered in the aCSF at 34°C for 1 hour. 

Whole-cell patch clamp recordings were performed in the TOMATO-labelled mature POMC 

neurons in the ARH visually identified by an upright microscope (Eclipse FN-1, Nikon) 
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equipped with IR-DIC optics (Nikon 40x NIR). Signals were processed using Multiclamp 700B 

amplifier (Axon Instruments), sampled using Digidata 1440A and analyzed offline on a PC with 

pCLAMP 10.3 (Axon Instruments). The slices were bathed in oxygenated aCSF (32°C–34°C) at 

a flow rate of approximately 2 ml/min. Patch pipettes with resistances of 3-5 MΩ were filled 

with solution containing 126 mM K gluconate, 10 mM NaCl, 10 mM EGTA, 1 mM MgCl2, 2 

mM Na-ATP and 0.1 mM Mg-GTP (adjusted to pH7.3 with KOH).  

 

Current clamp was engaged to test neural firing frequency and resting membrane potential (RM) 

at the baseline and after puff application of vehicle, NRG1, leptin (300 nM, 1 second puff). In 

some experiments, the aCSF solution also contained 1 μM tetrodotoxin (TTX) and a cocktail of 

fast synaptic inhibitors, namely bicuculline (50 μM; a GABA receptor antagonist), AP-5 (30 μM; 

an NMDA receptor antagonist) and CNQX (30 μM; an AMPA receptor antagonist) to block the 

majority of presynaptic inputs. The values for RM and firing frequency were averaged within 2-

min bin at the baseline or after puffs. The RM values were calculated by Clampfit 10.3 using the 

"analysis statistic" function of the software. A neuron was considered depolarized or 

hyperpolarized if a change in membrane potential was at least 2 mV in amplitude and this 

response was observed after leptin application and stayed stable for at least 2 minute. At the end 

of recordings, lucifer yellow dye was included in the pipette solution to trace the recorded 

neurons and the brain slices were fixed with 4% formalin overnight and mounted onto slides. 

Cells were then visualized with the Leica DM5500 fluorescence microscope to identify post hoc 

the anatomical location of the recorded neurons in the ARH. 

 

Gene expression analysis 

Gene expression analysis was performed as previously described (Hernandez et al., 2010; Meng 

et al., 2017). Briefly, total RNA was isolated using the TRIzol reagent and method. For 

quantitative real-time PCR (qPCR) analysis, 2 ug of total RNA was revers-transcribed using 

MMLV-RT (Invitrogen) and quantified by QuantStudio 6 Flex Real-Time PCR System (Thermo 

Fisher Scientific) using SYBR Green (Life Technologies). Relative mRNA expression was 

normalized to the levels of ribosomal protein 36B4. 

 

Immunoblotting analyses 
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T47D cells were maintained in DMEM containing 10% FBS and starved for 12-16 hrs in serum-

free DMEM before treatments with Fc, NRG1-Fc or recombinant rhNRG1 (R&D Systems) for 

15 min. Total cell lysates were prepared in a lysis buffer containing 50 mM Tris (pH 7.5), 150 

mM NaCl, 5 mM NaF, 25 mM b-glycer-olphosphate, 1 mM sodium orthovanadate, 10% 

glycerol, 1% tritonX- 100, 1 mM dithiothreitol (DTT), and freshly added protease inhibitors. 

Total protein concentration was determined by BCA method using Protein Assay Dye Reagent 

Concentrate (Bio-Rad). Antibodies used in this study are: phospho-ErbB3 (Y1289), phospho-

ErbB4 (Y1284), ErbB3, ErbB4, phospho-AKT (T308), phospho-AKT (S473), AKT, phospho-

S6K and S6K (Cell Signaling Technology), Tubulin (T6199, Sigma), and ErbB3 (sc-285, Santa 

Cruz Biotechnology). 

 

Statistics 

Statistical analysis was performed using GraphPad Prism 7. Statistical differences were 

evaluated using two-tailed unpaired Student’s t-test or one-way analysis of variance (ANOVA) 

between test groups as indicated in figure legends. P value less than 0.05 (*p < 0.05) was 

considered statistically significant. 

 

Results 

Recombinant NRG1-Fc triggers potent and selective AKT activation in the liver  

The NRG family of ligands has been demonstrated to elicit beneficial metabolic effects in mice. 

NRG1 engages the ErbB receptor tyrosine kinases through its EGF-like domain, a small 

fragment that exhibits short half-life in circulation (Liu et al., 2006). Poor pharmacokinetic 

properties hinder the assessment of its potential as a therapeutic biologic for improving 

metabolic health in chronic settings. To address this, we fused the EGF-like domain of human 

NRG1 (a.a. 176 – 226) to the Fc fragment of human IgG1 (NRG1-Fc; Fig. 1A). This strategy has 

been successfully used to improve treatment efficacy of therapeutic biologics by increasing their 

half-life in circulation (Czajkowsky et al., 2012; Wu and Sun, 2014). As expected, recombinant 

NRG1-Fc protein exhibited markedly prolonged plasma half-life in mice, reaching 

approximately 40 hrs following intraperitoneal injection (Fig. 1B). NRG1-Fc stimulated tyrosine 

phosphorylation of ErbB3 and ErbB4 in T47D cells in a dose-dependent manner (Fig. 1C). 

Intriguingly, NRG1-Fc exhibited higher potency in triggering ErbB receptor activation and AKT 
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phosphorylation than a commercial recombinant NRG1 protein that contains the EGF-like 

domain alone. As NRG1-Fc fusion protein exists as a dimer as a result of Fc domain 

dimerization, our results suggest that the dimeric NRG1 ligand may be more efficacious in 

receptor engagement and signaling.  

 

We next examined the effects of NRG1-Fc on ErbB signaling in C57BL/6 mice after overnight 

fasting. Compared to Fc control, intravenous injection of NRG1-Fc (100 ug/kg) resulted in rapid 

induction of endogenous ErbB3 phosphorylation within 15 min in the liver, which was 

accompanied by robust activation of AKT and S6K (Fig. 1D). This stimulatory effect was also 

observed at lower doses (25 ug/kg, data not shown). Similar to cell culture studies, NRG1-Fc 

was more potent in stimulating ErbB/AKT signaling than rhNRG1. In striking contrast, no 

significant changes in AKT phosphorylation were observed in the heart, quadriceps muscle, 

inguinal WAT (iWAT), epididymal WAT (eWAT), and brown adipose tissue (BAT) following 

NRG1-Fc treatment (Fig. 1E). This remarkable selectivity of hepatic AKT activation by NRG1-

Fc demonstrates that, among the peripheral insulin-sensitive metabolic tissues, the liver is likely 

a primary target of NRG1-Fc action.  

 

NRG1-Fc lowers blood glucose by suppressing hepatic gluconeogenesis 

AKT is a key mediator of insulin signaling that suppresses hepatic gluconeogenesis during the 

postprandial phase. We next examined how acute exposure to NRG1-Fc fusion protein affects 

hepatic and systemic glucose metabolism. Compared to Fc, a single intravenous injection of 

NRG1-Fc resulted in significantly lower blood glucose 6 hrs after treatment (Fig. 2A). To 

determine whether NRG1-Fc may lower blood glucose by augmenting insulin secretion by islet 

β-cells, we measured plasma insulin concentrations in treated mice. As shown in Fig. 2A, mice 

treated with NRG1-Fc had significantly lower plasma insulin concentrations than control, 

suggesting that lower blood glucose likely precedes reduced insulin secretion. Quantitative PCR 

(qPCR) analysis of gene expression indicated that mRNA levels of key gluconeogenic genes, 

including phosphoenolpyruvate carboxykinase 1 (Pck1) and glucose-6-phosphatase (G6pc), and 

Ppargc1a, a transcriptional coactivator that stimulates gluconeogenic gene expression (Liu and 

Lin, 2011), were decreased in the livers from mice treated with NRG1-Fc (Fig. 2B). We 

performed pyruvate tolerance test to directly assess hepatic glucose production. Compared to 
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control, blood glucose levels were significantly lower in NRG1-Fc treated mice following 

pyruvate injection, indicative of attenuated hepatic glucose production (Fig. 2C). AKT activation 

is known to promote glycogen storage in the liver. Accordingly, we observed significantly higher 

liver glycogen content in mice treated with NRG1-Fc than control (Fig. 2D). Hepatic expression 

of FGF21, a hepatokine with diverse metabolic effects (Markan and Potthoff, 2016; Owen et al., 

2015), was also strongly induced by approximately 30-fold in response to NRG1-Fc treatment 

(Fig. 2E). Plasma FGF21 levels reached over 1500 pg/ml compared to approximately 95 pg/ml in 

mice treated with Fc, indicating that NRG1-Fc acts as a potent FGF21 secretagogue in mice. The 

drastic rise of circulating FGF21 by NRG1-Fc diminished 2-3 days following treatment with the 

fusion protein (data not shown). 

 

We next examined the effects of NRG1-Fc on metabolic signaling and glucose metabolism in 

HFD-fed obese mice. Similar to the observations in lean mice, we found that tail vein injection 

of NRG1-Fc potently stimulated ErbB3 and AKT phosphorylation in the liver (Fig. 3A). 

Compared to control, blood glucose levels were significantly lower in the mice treated with 

NRG1-Fc 30 min following the treatments (Fig. 3B). This decrease in blood glucose was 

sustained one day after a single dose of NRG1-Fc, accompanied by lower plasma insulin 

concentrations (Fig. 3C). Hepatic gene expression analysis indicated that Pck1 and G6pc mRNA 

expression was markedly inhibited by NRG1-Fc (Fig. 3D). Hepatic expression and plasma levels 

of FGF21 were significantly induced by NRG1-Fc in diet-induced obese mice (Fig. 3E). 

Together, these results suggest that reduced hepatic gluconeogenesis likely underlies the acute 

glucose-lowering effects of NRG1-Fc. 

 

NRG1-Fc resolves key aspects of selective hepatic insulin resistance in diet-induced obese mice 

The potent effects of NRG1-Fc on hepatic signaling and glucose metabolism prompted us to 

investigate the efficacy of chronic administration of NRG1-Fc in ameliorating metabolic 

disorders associated with obesity. HFD-fed obese mice were intraperitoneally injected biweekly 

with Fc or NRG1-Fc (25 ug/kg). We measured body weight and food intake of treated mice 

daily. While mice receiving Fc had modest changes in body weight, the NRG1-Fc treated group 

lost approximately 10% body weight within one week, accompanied by significantly reduced 

cumulative food intake during the treatment period (Fig. 4A-B). Plasma triglycerides (TAG) and 
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non-esterified fatty acids (NEFA) concentrations were largely unaffected by recombinant NRG1-

Fc (Fig. 4C). In contrast, blood glucose and plasma insulin levels were significantly lower in 

mice treated with NRG1-Fc under both fed and fasted conditions (Fig. 4D-E). Consistently, 

glucose and insulin-tolerance tests demonstrated that NRG1-Fc treatment markedly improved 

whole-body glucose tolerance and insulin sensitivity in obese mice (Fig. 4F). To directly assess 

insulin sensitivity in peripheral tissues, we injected HFD-fed mice treated with Fc or NRG1-Fc 

for 7 days with a single dose of insulin via tail vein and examined AKT activation in the liver, 

eWAT, and quadriceps muscle. As expected, insulin robustly activated AKT phosphorylation in 

these insulin-responsive tissues (Fig. 4G). Insulin-stimulated AKT phosphorylation was further 

augmented by pretreatment of mice with recombinant NRG1-Fc fusion protein.  

 

Obesity is commonly linked to aberrant activation of both gluconeogenesis and de novo 

lipogenesis in the liver, a phenomenon described as selective hepatic insulin resistance (Brown 

and Goldstein, 2008). As a result, elevated hepatic glucose output contributes to hyperglycemia 

in diabetes whereas increased lipogenesis exacerbates hepatic steatosis and hyperlipidemia. We 

next examined whether NRG1-Fc treatment ameliorates the molecular features associated with 

selective hepatic insulin resistance. We found that, compared to control, mRNA levels of 

gluconeogenic genes (Pck1 and G6pc) were significantly lower in the livers from mice treated 

with NRG1-Fc under fasted condition (Fig. 5A). The expression of several genes involved in de 

novo lipogenesis, including Acetyl-CoA carboxylase 2 (Acc2), Malic enzyme 1 (Me1), Stearoyl-

CoA desaturase 1 (Scd1), and Thyroid hormone responsive (Thrsp, also known as S14), was also 

attenuated. Under fed condition, the expression of a larger set of lipogenic genes, including 

Acc2, Me1, ATP-citrate lyase (Acly), Fatty acid synthase (Fasn), Scd1, Thrsp, and Cell death-

inducing DFFA-like effector c (Cidec, also known as Fsp27), were significantly lower in NRG1-

Fc-treated mice (Fig. 5B). The expression of genes involved in inflammatory signaling, 

including Tumor necrosis factor α (TNFα), C-C motif chemokine 2 (Ccl2), and Adhesion G 

protein-coupled receptor E1 (Adgre1, also known as F4/80), remained largely unaffected by the 

treatments. As such, chronic NRG1-Fc treatment exerts an inhibitory effect on transcriptional 

activation of hepatic gluconeogenic and lipogenic gene programs in obese mice. Surprisingly, 

NRG1-Fc had modest effects on hepatic fat content (Fig. 5C-D). As mice treated with NRG1-Fc 
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had markedly lower plasma insulin levels, it is likely that increased adipose tissue lipolysis may 

offset the beneficial effects of lipogenic inhibition on hepatic steatosis. 

 

 

Direct action of NRG1 in POMC neurons mediates its inhibitory effects on food intake 

FGF21 is a hepatokine that has been demonstrated to promote energy expenditure and improve 

insulin sensitivity (Markan and Potthoff, 2016; Owen et al., 2015). The robust increase of plasma 

FGF21 levels following NRG1-Fc treatment raised the possibility that FGF21 may mediate 

certain metabolic effects of NRG1. To test this, we administered recombinant Fc or NRG1-Fc 

protein into HFD-fed control (flox/flox) and liver-specific FGF21 knockout (LKO) mice. As 

expected, plasma FGF21 levels were elevated in control group following NRG1-Fc treatment 

(Fig. 6A, P =0.07). FGF21 was nearly undetectable in plasma from LKO mice, consistent with 

previous findings that the liver is the major source of FGF21 in circulation (Markan et al., 2014). 

To our surprise, NRG1-Fc treatment resulted in similar weight loss and glucose lowering in 

control and LKO mice (Fig. 6B-C). Further, the inhibitory effect of NRG1-Fc on food intake was 

largely unaffected by FGF21 deficiency (Fig. 6D). As such, while we cannot rule out that certain 

functions of NRG1 may require FGF21, the latter appears to be largely dispensable for the 

effects of NRG1-Fc on energy balance and glucose metabolism. 

 

To explore the neural mechanisms by which NRG1-Fc suppresses food intake, we examined 

whether NRG1-Fc directly acts on the hypothalamus to trigger neuronal activation. ErbB4, but 

not ErbB3, is abundantly expressed in the central nervous system (Bean et al., 2014; Mei and 

Xiong, 2008). Intravenous administration of NRG1-Fc robustly stimulated ErbB4 

phosphorylation in the hypothalamus (Fig. 7A). Accordingly, mRNA expression of c-Fos, a 

molecular marker of neuronal activity, was significantly induced in response to NRG1-Fc (Fig. 

7B). These results demonstrate that circulating NRG1-Fc is capable of penetrating the blood 

brain barrier and directly acts on hypothalamic neurons to regulate feeding behaviors.  

 

We next examined its effects on excitability of pro-opiomelanocortin (POMC) neurons in the 

arcuate nucleus of the hypothalamus (ARH), which are well-known to produce anorexigenic 

effects (Zhan et al., 2013). We found that vehicle treatment (Fc) did not affect the resting 
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membrane potential and firing rate of ARH POMC neurons (Fig. 7C-E). Interestingly, exposure 

to NRG1-Fc (300 nM, 1s puff) significantly depolarized 16/31 (51.61%) of POMC neurons, 

while the other 15 POMC neurons tested were not affected. The depolarization was associated 

with significant increases in firing rate (Fig. 7F). As leptin also depolarizes POMC neurons to 

exert anorectic effects (Cowley et al., 2001), we examined leptin-induced depolarization in 

TOMATO-labeled mature POMC neurons, and found that 13/38 (34.21%) of POMC neurons 

were depolarized by leptin (Fig. 7C-D). Notably, leptin-induced depolarization and increases in 

firing rate were comparable to responses evoked by NRG1-Fc (Fig. 7E-F). We next recorded 

NRG1-induced changes in resting membrane potential in the presence of a cocktail of neuronal 

inhibitors containing 1 μM tetrodotoxin (TTX), which blocks action potentials, and a mixture of 

fast synaptic inhibitors (GABA receptor antagonist, bicuculline; AP-5, NMDA receptor 

antagonist; CNQX, AMPA receptor antagonist), which block the majority of presynaptic inputs. 

Under this condition, we found that 9/18 (50%) of POMC neurons were depolarized in response 

to NRG1-Fc (Fig. 7C-E), suggesting that NRG1-Fc likely acts directly upon POMC neurons to 

modulate their excitability.  

 

Discussion 

Neuregulins are emerging as an important family of ligands that regulates diverse aspects of 

glucose and lipid metabolism and energy balance. Nrg4 protects mice from HFD-induced insulin 

resistance and hepatic steatosis by attenuating de novo lipogenesis and promoting fuel oxidation 

in the liver. Further, hepatic Nrg4 signaling serves as an endocrine checkpoint for the steatosis to 

NASH transition by protecting hepatocytes from stress-induced cell death. NRG1 improves 

whole body glucose metabolism and has been shown to exert beneficial effects on cardiac 

function in heart failure patients. Despite these intriguing observations, the therapeutic potential 

of NRGs remains elusive given the poor plasma half-life of the native ligands. In this study, we 

generated an NRG1-Fc fusion protein with prolonged plasma half-life and characterized its 

metabolic action in mice in acute and chronic settings. Our findings revealed surprisingly potent 

dual effects of recombinant NRG1-Fc on the inhibition of hepatic gluconeogenesis and the 

central regulation of food intake (Fig. 8).  
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The ErbB receptors, particularly ErbB4, exhibit a broad pattern of tissue distribution, including 

skeletal muscle and heart (Falls, 2003). As such, the highly selective AKT activation in the liver, 

but not in other peripheral tissues known to express these ErbB receptors, came as a surprise. In 

fact, we failed to detect changes in AKT phosphorylation in skeletal muscle and the heart in 

response to intravenous injection of NRG1-Fc. In contrast, ErbB3/AKT signaling was markedly 

stimulated by NRG1-Fc in both lean and obese mouse livers, leading to suppression of 

gluconeogenic gene expression and hepatic glucose output. Following chronic treatments, mice 

receiving NRG1-Fc had greatly improved insulin sensitivity and glucose tolerance. This 

improved glucose homeostasis is linked to attenuated expression of genes involved in hepatic 

gluconeogenesis and de novo lipogenesis. Aberrant activation of these metabolic pathways 

contributes to hyperglycemia, hyperlipidemia, and hepatic steatosis in metabolic syndrome. Our 

results suggest that pharmacological activation of NRG1/ErbB signaling may resolve this 

deleterious metabolic reprogramming in obesity and improve metabolic health. Neuregulins and 

other EGF-like ligands are expressed in diverse tissues. Future work should address their role in 

ErbB-mediated metabolic signaling under various physiological and pathophysiological 

conditions. 

 

An unexpected finding here is that NRG1-Fc potently stimulated hepatic expression and plasma 

levels of FGF21. The ability of NRG1-Fc to markedly elevate plasma FGF21 beyond its 

physiological levels demonstrates that NRG1-Fc serves as a powerful secretagogue for FGF21. 

Surprisingly, mice lacking FGF21 in the liver exhibited very low levels of plasma FGF21, yet 

their response to NRG1-Fc was nearly indistinguishable from control mice. These results suggest 

that FGF21 is largely dispensable for the effects of NRG1-Fc on blood glucose and energy 

balance. It remains unknown, however, whether other aspects of NRG1 action require FGF21 

signaling. The inhibitory effects of NRG1-Fc on food intake and body weight are consistent with 

its direct action in the POMC neurons. In fact, ErbB4 is abundantly expressed in the central 

nervous system (Bean et al., 2014; Mei and Xiong, 2008). Peripheral administration of NRG1-Fc 

leads to strong ErbB4 phosphorylation and c-Fos induction in the hypothalamus. Remarkably, 

NRG1-Fc-induced depolarization and increase in firing rate were comparable to responses 

evoked by leptin, a potent anorexigenic hormone. As NRG1 is highly expressed in the central 

nervous system (Falls, 2003), it is possible that local NRG1 signaling in the brain may modulate 
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food intake and energy balance. In summary, pharmacological activation of NRG1/ErbB 

signaling by NRG1-Fc elicits multiple metabolic benefits on blood glucose and body weight, 

providing proof-of-principle validation for developing biologic therapeutics targeting this 

pathway. 
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Figures 

  
Figure 5.1 Generation and characterization of NRG1-Fc fusion protein.  

(A) A schematic diagram of the NRG1-Fc construct. Signal sequence (SS) and serine glycine linker (grey) are 

indicated. (B) Plasma concentrations of NRG1-Fc in mice receiving a single i.p. injection of the fusion protein (0.6 

mg/kg, n=9). (C) Immunoblots of total cell lysates from T47D cells treated with different concentrations of indicated 

proteins for 15 min. (D) Immunoblots of total liver lysates from overnight fasted mice 15 min after intravenous 

injection of 100 µg/kg Fc or NRG1-Fc. (E) Immunoblots of total tissue lysates from treated mice. Data represent 

mean ± sem. 
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Figure 5.2 Effects of NRG1-Fc on glucose metabolism in chow-fed mice.  

(A) Blood glucose (left) and plasma insulin (right) levels in chow-fed mice 6 hrs following i.p. injection (100 ug/kg) 

of Fc (open, n=9) or NRG1-Fc (filled, n=9). (B) qPCR analysis of hepatic gene expression in treated mice. (C) 

Pyruvate tolerance test in chow fed mice one day after Fc (open, n=7) or NRG1-Fc (filled, n=8) treatment. (D) Liver 

glycogen content. (E) Hepatic FGF21 mRNA expression (left) and plasma FGF21 concentrations (right) in mice 

described in A. Data represent mean ± sem. *p < 0.05, vs. Fc; two-tailed unpaired Student’s t-test. 

  
Figure 5.3 Effects of NRG1-Fc on glucose metabolism in HFD-fed mice.  

(A) Immunoblots of total liver lysates from mice four hrs after Fc or NRG1-Fc administration (100 ug/kg). (B) 

Blood glucose at different time points following a single dose of Fc (open, n=7) or NRG1-Fc (filled, n=7) in HFD-

fed mice. (C) Blood glucose and plasma insulin levels in HFD mice treated with Fc (open, n=4) or NRG1-Fc (filled, 

n=5) for 24 hrs. (D) qPCR analysis of hepatic gene expression. (E) Hepatic FGF21 mRNA expression (left) and 

plasma FGF21 concentrations (right) in treated mice. Data represent mean ± sem. *p < 0.05, vs. Fc; two-tailed 

unpaired Student’s t-test.  
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Figure 5.4 Chronic effects of NRG1-Fc on energy balance and insulin sensitivity.  

(A, B) Body weight (A) and cumulative food intake (B) in HFD-fed mice treated with Fc (open, n=8) or NRG1-Fc 

(filled, n=8). (C) Plasma TAG (left) and NEFA (right) concentrations in treated mice. (E-F) Blood glucose (E) and 

plasma insulin (F) levels in HFD-fed mice treated with Fc (open, n=6) or NRG1-Fc (filled, n =7) measured under 

fed and fasted conditions. (F) Glucose tolerance test (GTT, left) and insulin tolerance test (ITT, right). (G) 

Immunoblots of total liver, eWAT and quadriceps muscle (Quad) lysates 15 min following intravenous insulin 

injection. Data represent mean ± sem. *p < 0.05, vs. Fc; two-tailed unpaired Student’s t-test (C-E) or two-way 

ANOVA (A, B, F).  

  
Figure 5.5 Effects of chronic NRG1-Fc administration on hepatic gene expression and steatosis.  

(A) qPCR analysis of hepatic gene expression in HFD-fed mice treated with Fc (open, n=6) or NRG1-Fc (filled, 

n=6) and analyzed under fasted condition. (B) qPCR analysis of hepatic gene expression in HFD-fed mice treated 

with Fc (open, n=10) or NRG1-Fc (filled, n=12) and analyzed under fed condition. (C) H&E staining of liver 

sections. (D) Liver TAG content. Data represent mean ± sem. *p < 0.05, vs. Fc; two-tailed unpaired Student’s t-test.  
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Figure 5.6 Metabolic effects of NRG1-Fc in liver-specific FGF21 KO mice.  

(A) Plasma FGF21 levels in HFD-fed control (fl/fl) and FGF21 LKO mice after Fc or NRG1-Fc treatment, as 

indicated. (B-D) Changes in body weight (B), blood glucose (C) and cumulative food intake (D) in treated mice. 

Data represent mean ± sem. *p < 0.05, NRG1-Fc vs. Fc in LKO mice; #p < 0.05, NRG1-Fc vs. Fc in fl/fl mice; n.s. 

not significant; two-tailed unpaired Student’s t-test.  

 
Figure 5.7 Direct effects of NRG1-Fc on POMC neurons.  

(A) Immunoblots of hypothalamic lysates from mice treated with Fc or NRG1-Fc (300 ug/kg) for 30 min. (B) qPCR 

analysis of hypothalamic gene expression from mice treated with Fc (open, n=4) or NRG1-Fc (filled, n=4) for 45 

min. (C) Representative traces of POMC neurons responding to 1s puff of Fc, NRG1-Fc (300 nM), NRG1-Fc in the 

presence of synaptic inhibitors (TTX+AP5+CNQX+bicuculline) in infusion buffer (Inh+NRG1-Fc), or leptin (300 

nM). (D) Proportion of cells recorded that responded with depolarization >2mV (red) or with no change in resting 

membrane potential (blue) following the indicated treatments. (E-F) Depolarization (E) and increase in firing rate 

(F) of POMC neurons after the above treatments. Data represent mean ± sem. *p < 0.05 by one-way ANOVA and # 

p<0.05 vs. NRG1-Fc.   
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Figure 5.8 Model depicting the pleiotropic effects of NRG1-Fc in hepatocytes and POMC neurons.  

NRG-Fc lowers blood glucose by activating hepatic AKT signaling to inhibit gluconeogenesis, while suppressing 

food intake by depolarizing and increasing the firing rate of POMC neurons. 
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Chapter 6  
Conclusions and Future Perspectives 

 

Single-cell RNA sequencing unravels liver heterogeneity in NASH 

NASH is an inflammatory condition that progresses do deadlier sequellae such as cirrhosis and 

hepatocellular carcinoma, which presently lack therapies. NASH presents with major hallmarks 

that define disease: cell damage and aberrant lipid accumulation in the liver, inflammation, and 

reactive fibrosis. These hallmarks are interrelated, but how they contribute to each other is not 

understood. Part of the reason NASH pathophysiology has been difficult to dissect is the multi-

factorial nature of the disease and the heterogeneity of cell types in the liver. The complexity of 

the paracrine network dictating liver function further complicates disease mechanism. In my 

thesis research, I utilized scRNA-seq to deconvolute the heterogeneity of liver cells and uncover 

their role in NASH. We began to evaluate the transcriptional changes that specific NPC subsets 

including stellate cells, macrophages, and T cells undergo in disease. 

 

Initially, we sought to clarify the contributions of each different cell type, and also to define the 

cross-talk system among these cells, to begin to connect these major hallmarks and create an 

overarching scheme for NASH pathogenesis. After identifying the major NPC subsets including 

cholangiocytes, endothelial cells, stellate cells, macrophages, T cells, and B cells, we mapped 

known secreted ligand and membrane receptor expression to the NPCs and found each cell type 

expressed a specific subset of ligands and receptors, which we confirmed at a proteomic level. 

By integrating this matrix of enriched ligands and receptors with known ligand-receptor 

interactions, we constructed a hepatic paracrine network, which we found to be conserved from 

mouse to human. We found the ligands and receptor expression to be altered in every cell type 

profiled, and the major hubs of paracrine signaling appeared to be stellate cells and macrophages. 

We deemed the ligands restricted to expression in stellate cells as the stellakines, which included 

factors that interact with receptors on endothelial cells, as well as inflammatory cytokines 

including CXCL1 and CCL11. HSC production of these cytokines was regulated by Il11, placing 
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HSCs and stellakines in an immune-regulatory axis. Furthermore, we uncovered that HSCs 

express vaso-regulatory membrane receptors including EDNRB, ADRA2B, and VIPR1. In vitro 

stimulation of mouse and human HSCs with cognate ligands for these receptors resulted in 

calcium influx, a known regulator of vascular tone. We therefore functionally demonstrated that 

HSCs are a major player in paracrine signaling, extending beyond production of extracellular 

matrix material.  

 

Profiling expansion of NASH-associated macrophages in disease 

By profiling immune cells, we observed a dramatic expansion of liver macrophages which 

resembled tissue-resident Kupffer cells. On further examination, we uncovered this NASH-

associated macrophage (NAM) population, marked by expression of the Trem2 gene. To further 

study NAMs, we generated a Trem2 Cre knock-in mouse line, and crossed it with flox tdTomato 

reporter to examine where in tissue Trem2 is expressed. While Trem2 expressing cells appear in 

every tissue we profiled including brain, intestine, colon, kidney, pancreas, liver, brown and 

white adipose, lung, heart, and quadriceps, co-staining with F4/80 indicated that this Trem2 

expression is specific to macrophages. By tracing hematopoietic cells in a bone-marrow 

transplant, we found that NAMs derive from hematopoietic sources in the bone marrow, as 

opposed to differentiating in situ from tissue-resident macrophage populations, during diet-

induced NASH pathogenesis. This potentially explains why macrophages showing any past 

expression of Trem2 seem to be found in every tissue of the body that we profiled.  

 

The NAM population transcriptionally displayed a propensity for antigen presentation, 

extracellular matrix remodeling, and phagocytosis. Given these findings, we hypothesize that this 

population plays a role in the pathogenesis of NASH. While previous work has indicated Trem2 

is important for the homeostatic function of these macrophages in brain through clearance of 

amyloid plaques by microglia, we have shown that the gene itself has minor effects on our liver 

injury readouts in our dietary mouse NASH models. We compared Trem2 knockout mice with 

wild type on our Amylin NASH diet model. Profiling liver injury through ALT and AST, we 

found there was no difference in comparing knockouts to wild type, and also found no 

transcriptional differences by whole-liver qPCR in inflammatory cytokine profile or fibrosis. 

Histologically, there was no difference in steatosis or scarring in the liver of Trem2 knockout 
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mice. Interestingly, we also did not observe a loss of NAM expression profile in the Trem2 

knockout through genes such as Gpnmb and Ms4a7, which in the brain and adipose tissue was 

previously shown to abrogate the generation of the NAM expression profile in macrophage 

transcriptomes. How Trem2 may be important in brain macrophage differentiation but not in 

liver remains unknown. It is possible that NASH represents too severe of a phenotype for Trem2 

expressing Kupffer-like cells to respond to as the microglia might in Alzheimer’s disease. 

Furthermore, there are likely different cues that regulate the development of NAMs between the 

amyloid plaques of the brain and pathological hallmarks of NASH. Presently, it is unknown if 

Trem2 reacts to paracrine factors from injured hepatocytes, or inflammatory cytokines from 

other NPCs such as activated HSCs, or possibly if Trem2 responds directly to lipid droplets in 

the NASH liver. The knowledge that Trem2 macrophages arise from bone-marrow-derived 

macrophages allows us to focus our studies on a specific population of progenitors and elucidate 

the developmental signals that regulate NAMs. Future studies will focus on exposure of bone-

marrow-derived macrophages to different factors including purified lipid droplets, regulatory 

cytokines and other stellakines, and damaged hepatocytes, to determine how Trem2 and the rest 

of the NAM signature are regulated.  

 

The other major question from our NAM findings pertains to their function. To begin to 

understand the function of Trem2 and the NAM population, our future studies will focus on the 

cell population as a whole, rather than one gene that marks the population. Our Trem2 Cre 

mouse is a powerful model that allows for targeted studies specifically on the NAM population. 

We may cross it with any flox line to delete specific genes in NAMs, evaluating the role that 

certain functions of NAMs play in NASH pathogenesis. To determine the end-all importance of 

them, we will cross Trem2 Cre with a floxed inducible diphtheria toxin receptor (iDTR) system 

to express the DTR specifically in NAMs. Injection of diphtheria toxin then allows for targeted 

ablation of the NAM population. With this, we may study the effects of NAMs on NASH, 

answering what their function is in pathophysiology. Elucidation of the native function of NAM 

will determine which pathways are critical for their effects on NASH, whether it is phagocytosis, 

or extracellular matrix remodeling. We may then target individual genes to flox and knock out in 

NAMs with our Trem2 Cre model and study those effects on NASH. A better understanding of 
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NAM regulation could pave the way for targeted treatments on this cell population and novel 

therapies for NASH. 

 

CD8+ T cell exhaustion in NASH liver and regulation of hepatocellular carcinogenesis 

In examining other large immune cell clusters from our scRNA-seq, we also discovered a shift in 

the T cell landscape to a state of exhaustion. The cytotoxic CD8+ T cells increased expression 

for exhaustion markers PD1, LAG3, HAVCR2, and EOMES in scRNA-seq NASH liver, and 

was confirmed by whole-liver qPCR in our murine models for NASH, suggesting that the NASH 

liver may contain exhausted T cells. This would represent an environment that is relatively 

tolerant to foreign material, injured cells, and tumor cells. We confirmed this by flow cytometry 

finding that NASH CD8+ T cells expressed significantly higher amounts of exhaustion markers 

PD1 and LAG3, with lower activity marker KLRG1. CD8+ effector function was abrogated in 

these T cells, as we show that NASH CD8+ T cells secrete significantly less IL2, IFNγ, and 

TNFα upon stimulation with PMA and ionomycin. This functional exhaustion was restricted to 

the liver in our NASH model, as flow cytometry of spleen and mesenteric lymph node 

populations revealed there was no increase of PD1 accompanied by loss of IL2, IFNγ, or TNFα 

secretion in secondary lymphoid subsets.  

 

We found that the liver T cell exhaustion landscape is modulated by one of our previously 

studied adipose endocrine factors, NRG4. Prior work shows the adipokine NRG4 is protective 

from NASH, as overexpression of NRG4 reduces hepatocyte injury in our dietary NASH model, 

resulting in improved steatosis and fibrosis measured by qPCR and histology. Conversely, 

knockout of NRG4 results in worsened NASH phenotype, suggesting that NRG4 acts a 

checkpoint for NASH progression. We hypothesized that one mechanism through which NRG4 

protects the liver from downstream injury in NASH may be interaction with T cells, which could 

act to survey and clear the liver of aberrant cells, such as cancer cells. Concordantly, we showed 

that transcription of our exhaustion markers such as PD1, LAG3, HAVCR2, EOMES, and TIGIT 

were significantly reduced by whole liver qPCR in the NRG4 transgenic mouse compared to the 

wild type in NASH. The increase of these markers on qPCR in the knockout mouse confirmed 

that NRG4 serves as an endocrine blockade on exhaustion in NASH liver T cells. As T cell 

exhaustion is believed to modulate progression to cancers, and our previous work suggests 



  

 155 

NRG4 can act as a checkpoint for NASH progression, we tested if NRG4 could attenuate the 

NASH-HCC axis. We demonstrated that the NRG4 transgenic mouse is more resistant to tumor 

burden and weight loss in our dietary HCC model compared to wild type control, exhibiting 

fewer tumors and higher weight stability in later stages of feeding. Our exhaustion findings 

suggest a link between NRG4 and blockade of the NASH progression axis, and that NRG4 could 

sensitize CD8+ T cells to checkpoint blockade therapies.  

 

As NRG4 acts in an endocrine fashion and could be used in a therapeutic sense, we envision the 

potential for synergistic therapies with checkpoint inhibition treatments such as PD1 blockade to 

increase efficacy in HCC treatment. While we will eventually investigate how checkpoint 

treatments could modulate T cell exhaustion to affect NASH, our major focus will be on the end 

stages of NASH, particularly HCC. At the present, it is still unclear if T cell function is 

homeostatic or pathologic. It could be argued that immune cells clear aberrant material such as 

dysfunctional parenchymal cells, or importantly, tumorigenic cells. In this sense, the T cells are 

responsible for this clearance, and exhaustion is causative of worsened pathology. Ablation of 

exhaustion would serve to reactivate the cytotoxicity of CD8+ T cells, providing a less 

tumorigenic environment in the liver. Conversely, cytotoxic T cells may represent an 

inflammatory population which is a byproduct of NASH pathology that further damage the 

parenchyma, worsening the phenotype. T cell exhaustion may represent the body’s attempt to 

mitigate the inflammatory response, and in this case, checkpoint inhibition would be harmful to 

the initial hits in NASH. Our future work will combine NRG4 models including transgenic 

overexpression and knockout, as well as therapeutic treatment with injection of NRG4 peptides, 

alongside checkpoint blockade such as PD1 inhibition, to determine if reversal of exhaustion 

negates the beneficial effects of NRG4 in NASH. Beyond clarifying the mechanism of this 

NASH checkpoint, it will provide a potential combination therapy for HCC. 

 

While this work on macrophages and T cells in NASH are presented as separate chapters, it is 

likely that their functions are intertwined, through some paracrine interactions. We have 

magnified our views of NASH hallmarks, such as steatosis, injury, and fibrosis, by determining 

specific phenotypes for each cell type in pathophysiology, such as disruption of stellakine 

secretion, transition of macrophages to the NAM phenotype, and exhaustion of cytotoxic CD8+ 
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T cells. Yet, it remains unclear which of all of these hallmarks appear first, and how the first one 

may lead to the others. Our future directions will continue the curation of specific cell-cell 

communications that may regulate our cells of interest, under the possibility that the initial signal 

is an endocrine or paracrine one. We will additionally continue to probe the effects of exogenous 

lipid droplets on different liver NPCs to assess if the initial response is due directly to the 

aberrant steatosis. A deeper understanding of the chronology of each of these events will serve to 

generate a better understood and holistic scheme of NASH development, eventually paving the 

way for more accessible diagnostics and therapies. 

 


