From Department of Medicine, Huddinge
Karolinska Institutet, Stockholm, Sweden

THE ROLE OF LIVER MYELOID CELLS IN
OBESITY AND METABOLIC DISEASE

Emelie Barreby

SRS :

Se 2 Karolinska
EA Z Institutet
Wno 12°

Stockholm 2023



All previously published papers were reproduced with permission from the publisher.

Published by Karolinska Institutet.

Printed by Universitetsservice US-AB, 2023

© Emelie Barreby, 2023

ISBN 978-91-8016-881-6

Cover illustration: Immunofluorescence image of human liver myeloid cells (purple), T cells (cyan)

and blood vessels (green).



The Role of Liver Myeloid Cells in Obesity and

Metabolic Disease

Thesis for Doctoral Degree (Ph.D.)

By

Emelie Barreby

The thesis will be defended in public at Karolinska Institutet Huddinge, Room 9Q, Alfred
Nobels Allé 8, Floor 9 on December 18, 2023, at 14:00

Principal Supervisor:

Associate Professor Myriam Aouadi
Karolinska Institutet

Department of Medicine, Huddinge

Co-supervisor(s):

Professor Niklas Bjorkstrom
Karolinska Institutet

Department of Medicine, Huddinge

Assistant Professor Ping Chen
Karolinska Institutet
Department of Laboratory Medicine

Opponent:

Professor Charlotte Scott

Ghent University & VIB-UGent Center for
Inflammation Research

Department of Biomedical Molecular Biology

Examination Board:

Professor Jorge Ruas

Karolinska Institutet

Department of Physiology and Pharmacology

Professor Mikael Karlsson

Karolinska Institutet

Department of Microbiology, Tumor and Cell
Biology

Assistant Professor Tony Jourdan
Université de Bourgogne
Research Centre of Lipids, Nutrition and Cancer






Popular science summary of the thesis

Obesity is a high risk factor for fatty liver disease, a condition caused by the
accumulation of lipids in the liver due to the inability of the adipose tissue to
store excess lipids. Despite initially being considered a benign condition, the
accumulation of lipids in the liver can lead to injury and dysfunction, as observed
in people that consume large amounts of alcohol for long periods of time. This
liver injury, called non-alcoholic steatohepatitis (NASH), often occurs in obese
individuals even if they do not drink excessive amount of alcohol. According to
the public health agency of Sweden, 50% of the adult Swedish population are
overweight or obese. Thereby, the prevalence of NASH is not only increasing
worldwide but also in Sweden. NASH can develop into scarring in the liver, so
called cirrhosis, and cancer. Today there are no approved medications to treat
fatty liver disease or NASH, and the diagnostic methods are insufficient, despite
NASH being predicted as the most common cause of liver transplantation within
the next 20 years.

Macrophages are innate immune cells with the ability to sense and respond to
injuries in the body by producing inflammatory mediators that help eradicate
the injury and restore the normal function of the tissue. Macrophages have
previously been shown to play an important role for the regulation of liver
function in patients with obesity. The aim of this research was therefore to
understand the role of macrophages in fatty liver disease before it develops into
NASH. In the first study, we identified a distinct population of liver macrophages
that expands and acquire pathogenic functions in obesity and were found to
contribute to metabolic stress in the liver. In the second study we identified a
population of liver macrophages with a low turn-over and the ability to detoxify
the liver from harmful radicals produced by liver cells during fatty liver disease.
In summary, these studies suggest that macrophages are a versatile cell
population that can acquire both beneficial and detrimental roles in the
development of liver injury associated with obesity. Targeting specific
macrophage populations in the liver could therefore represent a promising
therapeutic strategy for liver and metabolic disease.



Abstract

Macrophages are tissue resident cells with diverse phenotypes and functions
depending on their origin, localization and physiological context. In the liver, their
main functions are to detoxify the blood from pathogens, debris and metabolic
waste arriving to the liver through the systemic and portal circulation. However,
liver macrophages have been shown to change in their composition, phenotype
and function during obesity-associated metabolic disease such as non-
alcoholic fatty liver disease (NAFLD). NAFLD is a heterogeneous disease and
represents a variety of liver conditions ranging from liver steatosis to non-
alcoholic steatohepatitis (NASH), fibrosis, cirrhosis and cancer. NAFLD has
become the major cause of chronic liver disease, since it is associated with an
increasing prevalence of obesity and type 2 diabetes. Macrophages contribute
to the development of these metabolic disorders in obesity. However, while
multiple populations of macrophages have been described in the liver, little is
known about their functional role in response to metabolic disease associated
with obesity. Herein, we characterized liver macrophages during the
development of metabolic disease in mice and humans with obesity. In the first
study we used single cell transcriptomics and metabolomics and identified two
distinct populations of embryonic-derived tissue resident Kupffer cells (KC1and
KC2) at steady state. While KC1 (CD206°"ESAM-) represented the largest
population of Kupffer cells, KC2 (CD206"8"ESAM*) cells were characterized by
their expression of genes associated with lipid metabolism. Functional
characterization of KC2 by either depletion of KC2 cells in the liver or silencing
of the fatty acid transporter CD36 in a murine model of obesity and liver
steatosis demonstrated that these cells contribute to liver oxidative stress
associated with obesity. In the second study we characterized liver samples
from lean and obese humans by single cell RNA sequencing and flow cytometry
and identified a distinct population of tissue resident myeloid cells, denoted
LM2, that expressed high levels of genes regulating oxidative and metabolic
stress in obesity, in particular the antioxidant Peroxiredoxin-2. Moreover,
functional validation in human primary 2D and 3D in vitro cultures showed that
the LM2 cells can reduce oxidative stress induced by lipid accumulation. In
summary, these studies have improved our understanding of the composition,
diversity and function of liver macrophages in homeostasis and metabolic
disease associated with obesity.
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Introduction

Macrophages are innate immune cells known for their ability to engulf large
particles by phagocytosis. This key function allows them to “clean” their
surrounding environment of cellular material and other waste products and are
thus important for the regulation of tissue homeostasis and tissue repair.
Macrophages are therefore present in essentially all organs of the body,
throughout life (1). As resident cells in the tissue, they are highly plastic and react
to signals from their local and systemic environment to adapt their function,
morphology and phenotype (2). In this way, tissue resident macrophages gain
specialized functions within the tissue in which they reside and are therefore
essential for the homeostasis of the organ (3). In addition to these tissue-
specific functions, macrophages share core immunoregulatory functions
important for the defense against infection (2). Macrophages often serve as the
first line of response against invading pathogens in a tissue and upon activation
(e.g. by LPS or in response to interferons) they respond by producing a range of
factors including cytokines, chemokines and growth factors (2). At the same
time, macrophages also have the ability to acquire a tolerogenic phenotype by
down-regulating receptors that recognizes pathogens (e.g. toll-like receptors;
TLRs) (4). In this way macrophages are able to phagocytose large numbers of
particles (e.g., apoptotic cells) without becoming activated and inducing a pro-
inflammatory response in the healthy state. Furthermore, macrophages can both
induce and prevent tissue inflammation and have therefore been shown to play
an important role for the development and progression of multiple diseases,
including metabolic disease and obesity-associated non-alcoholic fatty liver
disease (NAFLD).






1 Literature review

11 Obesity

The worldwide prevalence of obesity has increased at an exponential rate during
the past decades. Obesity does not only impact the overall health of an
individual, but often leads to the development of metabolic diseases including
type 2 diabetes and fatty liver disease, cardiovascular disease and cancer (5-7).
In addition to these co-morbidities, individuals with obesity are also highly
affected by the social stigma of obesity. This includes discriminative behavior
and prejudice against individuals with overweight or obesity. This is particularly
detrimental in healthcare settings where weight-based bias has been associated
to increased weight gain and worsened health in patients with obesity (8, 9). A
common misconception is that body weight is under voluntary control and that
obesity is easily reversible by eating less and exercising more. However, research
suggests that the main driving factors for the development of obesity are highly
complex and include genetic predisposition, societal factors and our
environment, rather than being the result of voluntary decisions taken on an
individual level (10).

Simplified, obesity is caused by the long-term imbalance between energy
uptake and energy expenditure. After eating, excess calories that are not
instantly needed by the body are stored in the form of fat (so called
triglycerides) in the adipose tissue, that can later be used as energy in times of
food scarcity. Historically, storage of energy in the form of fat has been
necessary for our survival (10). However, this evolutionary trait is no longer
protective as many western countries today face a constant surplus and
availability of calorie-rich food in combination with a more sedentary lifestyle.
This has therefore led to a dramatic increase in the prevalence of obesity during
the past decades (11, 12). In Sweden for example, more than 50% of the adult
population (16-84 years) was reported to suffer from overweight or obesity in
2022, and the prevalence is further expected to increase during the coming
years (13).

Moreover, during a sustained positive energy balance, the excess calories are
primarily taken up and accumulate in adipocytes in the adipose tissue. To cope
with this, adipocytes undergo both hypertrophy (increase in size) and
hyperplasia (increase in number) leading to adipose tissue expansion of
primarily the subcutaneous adipose tissue but also the intraabdominal visceral
adipose tissue in humans (14, 15). There is growing evidence suggesting that this
capacity of the adipose tissue to expand is impaired in individuals with obesity
(16). Indeed, when the subcutaneous adipose tissue has reached its expansion
limit, lipids start to accumulate in visceral adipose tissue as well as in other non-
adipose tissue organs including the liver. In humans, the onset of obesity is
typically gradual, and therefore take years to develop. It is also currently believed



that once obesity has developed, due to the dysfunctional regulation of energy
balance, the body will try to sustain a higher body weight than previously (10).

1.2 Non-alcoholic fatty liver disease

Non-alcoholic fatty liver disease (NAFLD) results from the excessive
accumulation of lipids, mainly in the form of triglycerides, in the liver. NAFLD is
therefore highly associated with obesity (~50% of patients with NAFLD have
obesity) and metabolic conditions associated with obesity (~20% of patients
have type 2 diabetes and 70% of patients have dyslipidaemia) (17). With the
increasing prevalence of obesity, NAFLD has become the most common liver
disease in westernized countries (18). Although, a minority of lean individuals
(~10%-30% in Western and Eastern countries) also develop NAFLD (19). Due to
the many metabolic features associated with NAFLD, it has recently been
proposed to use the term ‘metabolic dysfunction-associated fatty liver disease
(MAFLDY, as it would better describe patients with NAFLD (20).

NAFLD represents a spectrum of liver conditions and can further advance into
the more aggressive form non-alcoholic steatohepatitis (NASH), cirrhosis, liver
failure and hepatocellular carcinoma (21-23). NASH is further characterised by
steatosis, hepatocyte damage, inflammation, and varying degrees of fibrosis
(24). Patients with NALFD and NASH can present a variety of combinations of
these clinical manifestations making it a highly heterogenous disease.

Hepatic steatosis, the accumulation of triglycerides in hepatocytes, is
considered the first stage of NAFLD. A healthy liver typically contains 1-5% of
hepatic triglycerides, which can increase up to 20-30% in NAFLD. These lipids
can arise from circulating free fatty acids that are released from the adipose
tissue during obesity and metabolic disease, but also from liver de novo
lipogenesis that refers to the synthesis of fatty acids from excess carbohydrates
(glucose and amino acids) (25). Hepatocytes take up the fatty acids, which are
either esterified into triglycerides and stored as lipid droplets, used as energy by
mitochondrial B-oxidation or packed into very low-density lipoproteins (VLDLs)
and released into the systemic circulation (26). During obesity, the excessive
uptake and metabolism of fatty acids by hepatocytes can lead to the generation
of toxic by-products including diacylglycerol and ceramides causing the
development of lipotoxicity. Lipotoxicity leads to the gradual accumulation of
hepatocyte injury by several mechanisms including oxidative stress, insulin
resistance, inflammation, endoplasmic reticulum stress and cell death (27, 28).
Hepatocyte injury is also associated with an enhanced wound response and the
stimulation of fibrogenesis (24, 29). This occurs from the activation of hepatic
stellate cells into myofibroblasts that start to produce extracellular matrix
proteins faster than they are degraded, leading to fibrosis. Over time, the gradual
progression of fibrosis (from periportal to bridging fibrosis between one portal
triad and another) eventually makes the liver stiff and impairs normal function,
which drives the progression of NASH into cirrhosis.



NAFLD pathogenesis is highly associated with insulin resistance (30). In the
adipose tissue, insulin resistance prevents the suppression of lipolysis (the
breakdown of stored triglycerides into free fatty acids and glycerol) leading to
increased synthesis and release of free fatty acids into the circulation. In this
way, insulin resistance is one of the major contributing factors leading to the
accumulation of free fatty acids in the liver (31, 32). Insulin resistance in the liver
has also been shown to contribute to the accumulation of triglycerides by
enhancing de novo lipogenesis (30). This could therefore lead to an increased
toxicity of these additional stresses to the liver during NAFLD.

The diagnosis of NAFLD and the identification of patients with NASH is currently
done by imaging or assessment of liver biopsies (Figure 1). Individuals with at
least 5% of hepatic steatosis, that consume little or no alcohol and lacks a
secondary cause of steatosis are diagnosed with NAFLD (33). However, the
disease scoring and staging system used to diagnose patients with NASH are
highly subject to sampling error. Moreover, most individuals with NAFLD are
asymptomatic and individuals can therefore have NAFLD for years and might
even develop cirrhosis until diagnosed (24).

NAFLD (no NASH) NASH Cirrhotic NASH

TP SGCART T TR

NAFLD diagnosis (scale bar, 100um). Black arrows indicate hepatocytes with
steatosis or lipid droplets (left), characteristic hepatocyte injury (so called
hepatocyte ballooning or swelling; middle) and bands of fibrosis (right).

The first line of treatment for NAFLD and NASH is lifestyle modifications, such as
dietary changes and physical activity, and so far no approved pharmacological
therapies exist (34). Due to the complex pathophysiology with the involvement
of multiple organs and molecular pathways such as dietary factors, insulin
resistance, adipose tissue dysfunction and altered gut microbiota, a vast number
of studies are currently ongoing to evaluate different therapeutics targeting
these various aspects of NAFLD pathogenesis (35, 36). However, the exact key
drivers of the development of NAFLD and NASH are still not fully understood and
more knowledge about the pathogenesis of these disorders are further needed
to provide better diagnostics and treatment.



1.3 Theliver

The liver has many functions and is not only a vital metabolic and detoxifying
organ, but also harbors many important immunoregulatory functions for both
host defense and immunological tolerance (37, 38). Hepatocytes represent the
main cell population in the liver and make up the liver parenchyma together with
cholangiocytes. The liver also consists of non-parenchymal cells including liver
sinusoidal endothelial cells that lines the sinusoidal capillaries, hepatic stellate
cells that locate at the space of Disse, the layer in-between the sinusoids and
hepatocytes, and a large number of innate and adaptive immune cells (39). The
liver is constantly exposed to the external environment and processes
approximately 30% of all the blood in the body per minute, coming from both
from the gastrointestinal tract (through the portal vein) and the hepatic artery
(88). Therefore, it is exposed to a large number of antigens, microbial products,
proteins and patrolling immune cells.

1.4 Liver macrophages at steady state

Macrophages represent the largest population of immune cells in the liver and
are important gatekeepers for initiating or suppressing an immune response, as
well as for maintenance of tissue integrity (40). Liver macrophages mainly reside
within the liver sinusoids where they are in contact with the blood compartment,
but also localize to intravascular and subcapsular (the space underneath the liver
capsule) areas of the liver (41-43). By constantly sensing their environment
through phagocytosis, liver macrophages are highly specialized in recognizing
and clearing the blood from pathogens (e.g, by complement and pattern
recognition receptors) and other toxic materials before it reaches the systemic
circulation (44-48). In the absence of inflammation, liver macrophages
preferentially induce immunological tolerance towards circulating and
hepatocyte-derived antigens (39, 49, 50). In addition, liver macrophages are also
important for the regulation of liver metabolism and are involved in both iron and
cholesterol homeostasis (51-55). Due to these many specialized functions, liver
macrophages have therefore been shown to play a central role during the
development of multiple liver diseases (40).

1.4.1 Liver macrophage ontogeny

Liver macrophages consist of two major subsets, namely tissue resident
macrophages (so called Kupffer cells) that are characterized by their tissue-
specific functions, and recruited macrophages (so called monocyte-derived
macrophages) (56, 57). Macrophages can further be distinguished by their
developmental origin (ontogeny) and can either be embryonic or monocyte-
derived (Figure 2). Fate-mapping studies in mice have demonstrated that the
majority (~90%) of liver macrophages at steady state are Kupffer cells with an
embryonic origin (58, 59). These are seeded from embryonic precursors from
the yolk sac or fetal liver before birth and are maintained in adults by self-
renewal through local proliferation (40, 60-62). Monocyte-derived



macrophages are derived from the bone marrow and arise from monocytes
recruited from the systemic circulation. These are typically recruited to the liver
in response to inflammation or after Kupffer cell depletion (57, 63). However,
macrophage ontogeny is complex and recruited monocytes also have the ability
to acquire a phenotype similar to that of embryonic-derived Kupffer cells with
the ability to self-renew, referred to as monocyte-derived Kupffer cells (57, 64,
65).

Moreover, the differentiation of infiltrating macrophages into either
monocyte-derived macrophages or monocyte-derived Kupffer cells is highly
regulated by the local tissue environment. In the liver sinusoids, macrophages
are in close contact with the sinusoidal endothelium and have been shown to
partly extend into the space of Disse, where they make contact with hepatic
stellate cells and hepatocytes (41). These non-parenchymal cells (referred to as
the tissue niche) not only upregulate molecules for the recruitment and adhesion
of infiltrating monocytes (e.g,, CCL2 and VCAM]), but also secrete growth factors
(e.g, CSF1 and IL-34) important for macrophage survival. In addition, they
collectively generate signals (e.g., sterols, DLL4 and TGFpB) that induces the
differentiation of infiltrating monocytes to macrophages (41, 66). These
differentiation-signals have been shown to activate transcription factors in
monocytes that are specific for inducing the macrophage identity (e.g., PU.],
CEBPs and AP1) as well as the tissue-resident Kupffer cell identity (e.g., LXRa,
SPIC, ID3 and SMAD4) (41, 64, 66-68). In this way, signals from the liver niche
influence the expression of transcriptional programs in macrophages that
shapes their tissue resident phenotype in the liver, but can also induce other
functional phenotypes (e.g, pro-inflammatory, anti-inflammatory or
metabolism-related) depending on the physiological context (69).

In humans, little is known about the origin of liver macrophages due to the lack
of tools to study their turnover, although a few studies have examined the
turnover of liver macrophages in patients undergoing liver transplantation. One
such study used immunohistochemistry to track the renewal of CD68* liver
macrophages in male patients that had been transplanted with donor livers from
females (70). This identified a small proportion of liver macrophages that
remained of donor-origin (XX*) for years after the transplantation, suggesting
that this population of macrophages can self-renew independently of the
recruitment of circulating monocytes. Although most liver macrophages (~80%)
had been replaced by infiltrating (Y*) monocytes one year after the
transplantation, further indicating that human monocytes also have the ability to
differentiate into tissue-resident macrophages. This was further validated by a
second study that differentiated resident and recruited macrophages by their
different HLA-type and identified a small population of long-lived liver
macrophages that remained of donor-origin years after the liver transplantation
(71). Moreover, these observations are further corroborated by single cell RNA
sequencing studies of human fetal tissues that have identified populations of
tissue-resident macrophages at very early stages of development (72-76). In
summary, these findings suggest that human liver macrophages likely consist of



both tissue-resident and recruited macrophages at steady state, that might be
derived from both embryonic and bone marrow derived precursors.

-
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Figure 2. Liver macrophages have distinct developmental origins. During
embryonic development (embryogenesis), different waves of hematopoiesis in
the yolk sac gives rise to both yolk sac macrophages and fetal liver monocytes.
Both of which can differentiate into embryonic-derived tissue resident
macrophages. At later timepoints, after the formation of the bone marrow,
hematopoietic stem cells can also contribute to the macrophage pool by giving
rise to peripheral monocytes in the circulation. These can infiltrate the liver and
differentiate into monocyte-derived macrophages that acquires different
phenotypes depending on the physiological context and signals from the tissue
microenvironment.

1.4.2 Liver macrophage dynamics

Recent advances in single cell and other advanced technologies have allowed
for the high-resolution analysis of macrophage heterogeneity, plasticity and
activation states at steady state and during disease pathogenesis. During steady
state in mice, the majority of liver macrophages are represented by F4/80""
CD1b™ Kupffer cells defined by their expression of Clec4F, Tim4 and Vsig4.
However, studies have also identified distinct populations of F4/80" CD1lbhieh
monocyte-derived macrophages (59, 68, 77-80) (Figure 3). Confocal imaging
has for example identified a population of monocyte-derived macrophages
residing in the hepatic liver capsule (so called capsular macrophages) that
protect the liver against peritoneal infections (42). Moreover, single cell RNA
sequencing has further revealed the presence of monocyte-derived Kupffer
cells and monocyte-derived macrophages (59, 79, 81), where the latter has been
shown to comprise both intrahepatic and capsular macrophages (43, 77, 79).
Interestingly one study also identified the presence of so-called lipid-associated



macrophages at steady state (43), that have previously only been associated
with the presence of metabolic disease (79, 82, 83).

-

Figure 3. lllustration of murine macrophage populations and markers defining
each population in the steady state.

Embryonic-derived Monocyte-derived Monocyte-derived Monocyte-derived
Kuppfer cells Kuppfer cells macrophages lipid-associated macrophages
(capsular and intrahepatic)

CLEC4F+, TIM4+, VSIG4+.| CLEC4F+, VSIG4+, CLECA4F-, TIM4-, CD207+, CLECA4F-, TIM4-, OPN+,
TIM4- CLEC2+. CX3CR1+ CCR2+. GPNMB+ CD9+, TREM2+.

Single cell RNA sequencing of whole human livers has revealed the presence of
both tissue resident (CD68'MARCO*) and recruited macrophages
(CD68*MARCO") at steady state (Figure 4) (84, 85). The tissue resident
macrophages were further characterized by a restorative phenotype, while the
recruited macrophages were characterized by an inflammatory phenotype (57).
These observations have further been confirmed by two other studies that
revealed the presence of two phenotypically distinct liver macrophages with a
similar profile as to the resident and recruited liver macrophages (86, 87). In
addition, another study performing single cell RNA sequencing of human livers at
steady state and in the context of liver cirrhosis further characterized
subpopulations of the tissue resident and recruited macrophages, where tissue
resident macrophages were separated into two populations (Kupffer cell 1-2)
and the recruited macrophages were divided into three distinct populations
(Tissue monocytes 1-3) (88). This study further identified two small populations
of TREM2*CD9* recruited macrophages (Scar-associated macrophage 1-2) that
increased in proportion during cirrhosis, with a similar profile as lipid-associated
macrophages in mice. This finding was further validated by another study that
identified similar populations of cells (Mature lipid-associated macrophages and
Immature lipid-associated macrophages) in human livers at steady state (43).
Collectively, these identified populations of human tissue resident macrophages
have been found to express markers shared with murine embryonic-derived
Kupffer cells (57, 84), while the populations of human recruited macrophages
share genes with murine monocyte-derived macrophages. However, it is
important to note that transcriptional analysis alone is not reliable to distinguish
the ontogeny of human liver macrophage populations, as the local
microenvironment can induce the expression of tissue-resident genes upon
entry to the tissue.
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Figure 4. lllustration of human macrophage populations present at steady state
and differentially expressed markers genes as defined by single cell RNA
sequencing studies. Parenthesis indicates genes that are specifically expressed
by each population.

1.4.3 Liver macrophage zonation

A remarkable feature of the liver is metabolic zonation, which refers to its spatial
organization of key metabolic functions to distinct areas within the liver lobules
(Figure 5) (89). Liver macrophages have previously been observed to reside
more densely in periportal areas where they appear to be larger in size and have
greater phagocytic activity than macrophages residing in midzonal and
centrilobular regions in murine animal models (90-93). These findings have been
further supported by a more recent study from 2021 where quantitative
multiplex imaging was used to show that F4/80* macrophages concentrate
around periportal regions in mouse livers to protect the liver against gut-derived
pathogens (94). Macrophage zonation was demonstrated to be dependent on
the sustained sensing of gut microbial products by liver sinusoidal endothelial
cells, that in turn regulates the positioning of macrophages to the periportal
regions by influencing chemoattractant gradients across the liver lobule. In
addition, macrophages have also been found to reside in the liver capsule in both
mice and humans (42, 43). These monocyte-derived macrophages, called liver
capsular macrophages, have been suggested to protect the liver against
pathogens derived from the peritoneum (42). In humans, studies using
immunohistochemistry or spatial transcriptomics in combination with single-cell
or single-nuclei RNA sequencing on healthy donor livers have observed
increased expression of markers of tissue resident macrophages at periportal
regions, whereas markers of recently recruited macrophages were expressed at
higher levels closer to central veins (84, 85). Although a report from 2022 using



multiplex in situ analysis combining the detection of markers of individual
macrophage subpopulations suggested that while tissue resident macrophages
mainly accumulate in midzonal and centrilobular regions in human livers at the
steady state, recruited macrophages distinctly localized to either the liver
capsule, or surrounding the central and portal vein, or in close proximity to bile
ducts (43).

Hepatic artery
Portal vein
Bile duct

Liver lobule zonation

Figure 5. lllustration of the liver lobule. The liver is composed of hexagonal-
shaped units called liver lobules that are divided into three distinct liver zones:
periportal (1), midzonal (2) and centrilobular (3) areas. Blood enters the liver
lobule through the portal vein and hepatic artery and flows through the liver
sinusoids to drain into the central vein. Conversely, bile flows from centrilobular
areas and drains into bile ducts at periportal areas. lllustration is adapted from
Barreby et al, Immunology 2022 (95).

1.5 Liver macrophages in obesity and NAFLD pathogenesis

Macrophages have been shown to play an important role for the early
development of NAFLD. Liver macrophages were first suggested to be important
during the development of metabolic disease from studies in mice and rats,
where depletion of liver macrophages was observed to prevent the development
of steatosis and insulin resistance associated with obesity (96, 97). By
responding to factors generated during obesity, such as gut-derived endotoxins,
cholesterol and fatty acids, liver macrophages have been shown to induce the
production of inflammatory cytokines (e.g., TNF and IL-1B). This further leads to
a state of low-grade inflammation, that contributes to the development and
progression of metabolic disease including NAFLD (96, 98-100). Conversely,
macrophages have also shown to be protective during the pathogenesis of
NAFLD and insulin resistance, by for example inducing apoptosis of pro-
inflaimmatory macrophages to prevent their pathological effects during NAFLD
(101-103). Meanwhile, during advanced stages of NAFLD and NASH, the activation
of this anti-inflammatory and reparative phenotype in macrophages has instead
been found to promote the development of fibrosis (104). However, the methods
used in these studies have not been specific enough to only target tissue
resident Kupffer cells. Furthermore, they also do not differentiate between
different types of liver macrophages (e.g., tissue resident compared to



monocyte-derived macrophages), which could further explain why
macrophages have been described as both beneficial and detrimental during the
pathogenesis of obesity and NAFLD.

RNA sequencing of tissue resident Kupffer cells and monocyte-derived
macrophages in mice has suggested that recruited macrophages, that infiltrate
the liver during NAFLD and NASH, acquire a more distinct pro-inflammatory
phenotype compared to tissue resident liver macrophages (81, 105). Recruited
monocyte-derived macrophages have therefore been suggested to drive the
development of inflammation in the liver, resulting in systemic insulin resistance
(106). Nevertheless, these studies have not been performed at a single cell
resolution and therefore does not fully reflect the diversity of liver macrophage
populations and their specific contribution to metabolic disease associated with
obesity.

1.6.1 Liver macrophage dynamics during NAFLD and NASH
Recent single cell RNA sequencing studies have investigated the distinct
phenotypes of macrophages during the development of liver disease. The
majority of such studies have been done using various mouse models of diet-
induced NASH and have shown that the composition of liver macrophages
dramatically changes during metabolic disease (59, 78-81, 83, 107). While
embryonic-derived Kupffer cells have been shown to decrease in proportion due
to impaired self-renewal and loss of Kupffer cell identity (59, 81, 108), these
studies have confirmed the finding that populations of inflammatory monocyte-
derived macrophages increase in proportion in the liver during NASH. In the
context of NASH, recruited monocytes undergo different differentiation
programs depending on signals derived from their local tissue environment in
response to the NASH diet (59). A large proportion of monocytes develop into
lipid-associated macrophages due to the altered regulation of the transcription
factors LXR and ATF3 (59, 79, 83). This is associated with an increased
expression of the genes Cd9 and Trem2, along with an upregulation of genes
associated with lipid metabolism (59). Interestingly, these lipid-associated
macrophages have been found to be more mature and less inflammatory in livers
with NASH compared to those from healthy livers, suggesting that this
phenotype could be protective during the development of NASH (43, 109).
Moreover, recruited monocytes can also develop into monocyte-
derived Kupffer cells to replace the loss of embryonic-derived Kupffer cells in
the liver during NASH (59, 79, 81). These monocyte-derived Kupffer cells appear
to be less mature with reduced expression of Kupffer cell signature genes (e.g.,
CD163 and C6) and have an altered metabolic phenotype compared to
embryonic-derived Kupffer cells (59, 81). These monocyte-derived Kupffer have
therefore been associated with increased liver damage (81). In summary, this
indicates that macrophages with different origin could be functionally different
during the development of liver disease. In addition, as these changes in
macrophage composition have not been observed during the early development



of obesity and NAFLD in mice, this further suggests that infiltration of monocyte-
derived macrophages into the liver is restricted to severe stages of NAFLD and
NASH, as has been observed in patients with chronic liver disease (81, 110).

In mouse models of NASH, monocyte-derived lipid-associated macrophages
have further been found to distinctly accumulate in periportal areas of the liver
associated with liver inflammation and fibrosis (43, 59, 79, 83). In these fibrotic
areas, lipid-associated macrophages have been proposed to aggregate into
crown-like structures during NASH (83), or into so called syncytia's (large
clusters of macrophages) during liver cirrhosis (108). In both conditions, the
accumulation of monocyte-derived macrophages in the fibrotic niche have been
suggested to be protective by either restricting liver fibrosis in the context of
NASH, or by helping to compensate for the loss of integrity of liver sinusoidal
vessels in response to cirrhosis and thereby protecting the liver from the
increased number of blood-derived pathogens.

In humans, the proportion of scar-associated macrophages has also been shown
to significantly increase in the liver during cirrhosis (88). Moreover, these scar-
associated macrophages were found to accumulate in periportal areas
associated with both fibrosis and cirrhosis, where they exhibited a pro-fibrotic
phenotype expressing genes such as SPPI, CCL2, LGALS3, PDGFB and VEGFA.
Comparable findings have been observed in patients with severe NASH and
advanced fibrosis, where a study from 2023 used quantitative multiplex
immunostaining and RNA  sequencing to show that recruited
(IBA1*CD16"°*CD163"%) macrophages accumulate in fibrotic and inflammatory
areas of the liver, corresponding to periportal areas (110). The same population
of recruited macrophages was observed to significantly decrease in proportion
in non-fibrotic areas in the livers from patients with NASH and advanced fibrosis.
Moreover, while monocyte-derived macrophages appeared to gradually
accumulate in the liver during the progression of NAFLD, this accumulation was
predominantly observed at severe stages of NASH and fibrosis (110).
Interestingly, another study found that at earlier stages of NAFLD, lipid-
associated macrophages were found to change their localization from the
periportal areas (near bile ducts) at the steady state, to centrilobular areas of
the liver that were associated with steatosis in a small cohort of patients with
steatosis in more than 10% of hepatocytes (43). Finally, this suggests that during
the progression of NAFLD, monocyte-derived macrophages are recruited to
specific areas of the liver that are affected by the disease (e.g, areas of local
inflammation and fibrosis).






2 Research aims

The overall aim of the work presented in this thesis was to explore the
heterogeneity of liver macrophages during obesity-associated metabolic
disease.

The specific aims addressed in the two papers were as follow:

* Reveal the subpopulations of macrophages in the liver

+ |dentify distinct phenotypes and functions of liver macrophage
subpopulations

+ Define the role of liver macrophage subpopulations during the

development of obesity and metabolic disease






3 Methodological considerations

To address these research questions, we characterised the phenotype, turnover
and function of liver macrophage subpopulations using various ex vivo, in vivo
and in vitro methodologies discussed in this section.

3.1 Ethical considerations

3.1.1  Studies involving animals

The work performed in the two studies included in this thesis (Paper | and II)
involves the use of animal models, and in particular mice. Animal models are
necessary to understand the complex interplay between the immune system
and systemic metabolism. In the work included in this thesis, our aim has been
to study as many aspects of human disease as possible using in vitro cell based
systems. However, there are currently no available in vitro system that can
adequately recapitulate the complex integrative biology that exists in whole
organisms. We have therefore used mice, since they are the most characterized
model system when it comes to metabolism amongst vertebrates. Vertebrates
are more developed compared to non-vertebrates such as fish and flies and
therefore share many metabolic functions with humans. In addition, since mice
can be genetically modified this allows us to perform more precise and refined
experiments, which also limits the number of animals that needs to be used.

We have continuously strived to ensure the welfare of the animals, with special
attention to the 3R principle. Our aim has therefore been to minimize the number
of mice used for experiments by studying multiple metabolic parameters from
different tissues and samples from the same animal. We have also performed all
preliminary studies using in vitro cell-based systems so that mice are only used
to test our strongest genetic targets for treating and investigating the
development of metabolic disease, to avoid using more mice than necessary.

Moreover, to ensure adequate power of experiment we have whenever possible
selected well-established models using inbred strains that have been
acclimatized to the same environment. The health state of all animals has further
been routinely monitored on a daily basis by experienced personnel. Finally, all
studies involving mice have been carefully planned and designed in conjunction
with the veterinary expert of the animal facility to minimize suffering of the
animals during each procedure. All studies have been granted ethical approvals
by the relevant ethical authority.

3.1.2 Studies involving human individuals

The second part of the thesis (Paper Il) involves confirming the relevance of
research findings from in vitro and in vivo studies in mice, with studies in humans.
All the work involving human individuals has been carefully designed in regard to



ethical considerations and conducted with the outermost respect for the study
participants, by weighing the benefits of the study against the burden of the
research, the social value and the rights and interests of research participants.
All study participants have provided oral and written informed consent, after
receiving oral as well as written information about the study. Moreover, all
participants were informed of their right to withdraw their participation from the
study at any time. Finally, no vulnerable groups were included in the study and
all participants were adults. Additionally, no compensation or any other form of
payment was given to participants, to ensure that samples were donated out of
free will.

All liver samples included in Paper Il have been collected from patients already
undergoing surgery. These include patients undergoing bariatric surgery (Roux-
en-Y gastric bypass surgery), and patients scheduled for liver surgery or
transplantation based on various clinical indications. For the collection of
samples from patients undergoing gastric bypass surgery, clinical samples were
collected during the surgery to minimize the risks associated with percutaneous
biopsies. The procedure was also performed in the beginning of the surgery and
after the gastric bypass had been completed the surgeon was carefully checking
for any bleeding at the site of the biopsy. In addition, patient discomfort
associated with the biopsy sampling was minimized since they were under
general anesthesia. Patients with any known coagulation disorder was excluded
from the study. For samples collected from individuals undergoing liver resection
surgery, samples were collected from liver tissue that had already been
surgically removed from the patients. After the resection, tissue that were not
used for clinical assessment was collected for research and was therefore not
considered to be associated with any risk for the patient. For individuals
undergoing liver transplantation, liver biopsies were collected as per clinical
routine for the pre- and post-transplantation clinical assessment and are
therefore not considered as an additional risk for the patient. Post-
transplantation biopsies were collected percutaneously with ultrasound
guidance.

All data collected from the samples were confidential and stored coded and
anonymously. All the studies involving human subjects were planned in
compliance with national legislation and the Code of Ethical Principles for
Medical Research Involving Human Subjects of the World Medical Association
(Declaration of Helsinki) and have been granted ethical approvals by the Regional
Ethical Review Board in Sweden.

3.2 Gene Expression Analysis

3.21 Bulk RNA sequencing
Bulk RNA sequencing is a powerful method to measure the average gene
expression in a sample. In Paper | we performed bulk RNA sequencing to
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compare the phenotype of the two identified Kupffer cell populations and to
identify distinct transcriptomic signatures. With bulk RNA sequencing, mRNA is
isolated from FACS-sorted cell populations and converted into cDNA libraries
that are sequenced. While bulk RNA-sequencing does not provide information
at the single cell level, it is a highly sensitive method that enables the detection
of a large number of expressed genes and in particular genes with low
expression.

In Paper | we also performed RiboTag sequencing (111) to be able to identify
genes that are actively transcribed in the different cell populations. In this way,
RiboTag sequencing provides a snapshot of the cellular transcriptional activities
at a given moment, in comparison to bulk RNA-sequencing that detects the
steady state levels of gene expression in a sample. Since macrophages are highly
phagocytic cells, we further used this technique to exclude transcripts that
could have been derived from the phagocytosis of other cells. In summary, so
called RiboTag mice was used that express the ribosomal protein L22 (RPL22)
together with an HA tag. Floxed RiboTag mice were crossed with Lyz2-Cre mice
allowing for conditional tamoxifen-induced RPL22HA protein expression in Lyz2-
expressing myeloid cells. The RPL22HA protein is incorporated into ribosomes,
and ribosome-associated mRNA transcripts can then be isolated from FACS-
sorted cell population using immunoprecipitation of the HA-tagged RPL22
protein. The isolated transcripts were then sequenced using RNA-sequencing,
allowing for the characterisation of the two Kupffer cell populations by their
actively transcribed gene expression signature (so called translatome).

3.2.2 Single cell RNA sequencing

Recent advances in single cell profiling have made single cell RNA sequencing a
powerful tool to study the gene expression of individual cells. Single cell RNA
sequencing therefore allows for the study of the heterogeneity of cell
populations within a tissue and the identification of rare cell populations, which
is crucial for understanding their contribution to the pathogenesis of several
diseases. Although it is important to keep in mind that gene expression does not
always result in protein expression, and it is therefore important to validate the
identity and function of newly identified subpopulations using additional
methods. Moreover, as most algorithms used to cluster cell populations requires
the active decision of the number of clusters to infer on the data, it is important
to use caution to avoid generating clusters based on biological variation or
technical noise.

A variety of single cell RNA sequencing methods are currently available and
differs in how RNA of single cells is isolated and converted into cDNA libraries for
sequencing. In Paper | we have used both 10X Chromium and SMART-seq2
methods for single cell RNA sequencing. In Paper Il we used a version of the
SMART-seq2 method adapted for liver cells (112, 113). With single cell RNA
sequencing using 10X Chromium, individual cells are captured into droplets (~1



nL) containing a unique barcode (unique molecular identifier; UMI) allowing for
the high-throughput processing of thousands of cells. Moreover, SMART-seq?2 is
a highly sensitive technique where single cells are FACS sorted into microtiter
plates containing lysis buffer. With SMART-seq2, the scale is limited to the
number of plates that can be processed at the same time and this technique
therefore have a lower throughput compared to the droplet-based 10X
Chromium technique. However, SMART-seq2 has a full-transcript coverage and
a high sensitivity that allows for the detection of a large number of genes and
can be used to both detect genes with low expression or to study splice variants
(ma).

All murine liver cells included in Paper | and Il have been sequenced freshly
isolated, while human tissues have been collected and cryopreserved prior to
sequencing. As human tissues were collected at different time points, samples
were first cryopreserved and then typically sorted in groups of 3 samples per
time point to avoid introducing bias to the index-sorting FACS data by
differences generated by the FACS machine over time. Moreover, single cell
transcriptomes have previously shown to be well conserved in cryopreserved
tissue cells with minimal effects on the expression profiles compared to freshly
prepared cells (87, 115). In addition, prior to library preparation (independent of
the method used), viable cells were first enriched by FACS sorting with minimal
mechanical force on the samples (e.g., low speed and large nozzle size), to
remove debris and damaged or dead cells and/or to enrich for target cell
populations.

3.3 Flow cytometric analysis

Flow cytometry is a powerful method that allows for the immunophenotyping of
large number of cells based on their protein expression. In principle, single cells
are stained with fluorescently labelled antibodies against surface or intracellular
markers and fluorescence is measured at the single cell level by the flow
cytometer. In both studies flow cytometry was primarily used for measuring the
frequencies of immune cells including subpopulations of macrophages (Paper |
and II) and evaluating the expression levels of cell surface and intracellular
proteins (Paper I).

3.4 Mice models and functional studies in mice

3.4.1 Monocyte fate-mapping mouse model

To study the origin of liver macrophage populations we used the previously
generated Ms4a3Cre x RosaTomato mouse model that efficiently and precisely
fate maps murine monocyte-derived macrophages by tamoxifen-inducible
heritable expression of Tomato fluorescent protein in Ms4a3-expressing
monocytic progenitors (so called granulocyte-monocyte progenitors) (58).



3.4.2 Diet-induced obesity mouse model

To study the phenotype and functional role of macrophage populations in the
context of obesity we used a mice model of diet-induced obesity where
C57BL/6 wild type mice are fed a high fat diet (containing 60% fat) to induce
obesity and metabolic disease. The C57BL/6 mouse strain is commonly used for
the study of obesity since they are highly susceptible to high fat diet and
develop severe obesity (116). Although, this strain does not consistently develop
severe liver fibrosis and advanced NAFLD, they have a highly similar disease
progression to human liver steatosis. On a high fat diet they develop obesity (117),
liver steatosis, moderate insulin resistance and low-grade liver inflammation, that
are all common metabolic and histological features of human NAFLD (116).

3.4.3 Wildling mice model

To study the effect of the environment on the composition of liver macrophage
population in Paper | we used the wildling mice model. These wildling mice have
been generated by transferring embryos from C57BL/6 laboratory mice into wild
mice, resulting in a mice model that highly resembles wild mice (118). The wildling
mice are therefore laboratory mice that have a natural microbiota consisting of
a diverse range of microbes and have also been exposed to pathogen since birth.
In this way, wildling mice are more similar to humans with coevolved microbes
and pathogens compared to the typical specific-pathogen free laboratory mice.

3.4.4 KC2 depletion in mice

To specifically deplete KC2 but not KC1, we generated a mouse model of bone
marrow chimeras in which KC2 cells expressed the human diphtheria toxin
receptor (DTR), allowing for the depletion of KC2 by diphtheria toxin treatment.
First, we crossed floxed RosaDTR mice with Cdh5-CreERT2 mice (119) allowing
for conditional tamoxifen-induced DTR expression in KC2, as these cells express
Cdh5 but not KC1. Secondly, to avoid affecting liver sinusoidal endothelial cells
that also express Cdh5 we generated bone marrow chimeras where wild type
mice (CD45.1) were depleted of liver macrophages by high-dose irradiation and
then reconstituted with bone marrow from the Cdh5-CreERT2 x RosaDTR mice.
This leads to the repopulation of liver macrophages by bone-marrow derived
monocyte-derived Kupffer cells (64, 65, 120). 6 weeks after bone marrow
reconstitution, mice were treated with 2 doses of tamoxifen followed by
treatment with diphtheria toxin resulting in KC2-specific DTR-expression and
depletion.

3.45 Cd36 knock down in mice using the GeRP technology

To validate the transcriptomic data obtained in Paper | and to study the role of
the macrophage subpopulation KC2 in the regulation of metabolism during
obesity, we took advantage of a unique technique developed in our lab (121, 122).
This technology, called glucan-encapsulated siRNA particles (GeRPs) enables
gene manipulation in a cell and tissue specific manner. The technique is based



on glucan shells derived from baker’s yeast, and by the use of an acidic buffer
these can be loaded with siRNA. When injected intravenously in mice, the GeRPs
can be administered to the liver and specifically taken up by liver macrophages
through receptor recognition and phagocytosis. In Paper |, we used GeRPs to
deliver silencing RNA (siRNA) to silence the expression of Cd36 specifically in
liver macrophages. The use of siRNA in combination with our delivery system in
vivo thus represents a powerful tool that allows the silencing of genes specifically
in liver macrophages at a given time point.

3.4.6 3D Liver cultures

NAFLD can be mimicked in vitro using liver spheroids (or organoids) (123, 124).
These 3D cultures consist of a mix of human hepatocytes and non-parenchymal
liver cells, where the primary human liver cells have been shown to maintain their
proteomic and metabolic characteristics for several weeks in culture (125). To
mimic the condition of obesity and NAFLD, the liver spheroids are treated with
high concentrations of fatty acids, insulin and glucose (steatogenic media) that
induce lipid accumulation and oxidative stress and reduce insulin sensitivity in
the liver cultures (Figure 6). In this way, this human ex vivo model resembles the
in vivo pathogenesis of human obesity and NAFLD.

Control Steatogenic media

Figure 6. Inmunofluorescence images of 3D liver cultures stained for lipids using
NileRed.
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4 Results and Discussion

The work from the two papers included in this thesis discovered the existence
of new subsets of liver macrophages with unique functions during the
development of obesity-associated metabolic disease.

41 A subset of Kupffer cells regulates metabolism through the
expression of CD36 (Paper I)

Macrophages are a heterogeneous cell population that regulate tissue
homeostasis by responding to signals from their environment. Liver
macrophages have previously been reported to also contribute to the metabolic
impairments associated with obesity in mice and humans (126). Furthermore,
recent studies using single cell RNA sequencing of liver cells have described the
presence of both tissue resident Kupffer cells and several populations of
monocyte-derived macrophages that expand in response to disease (43, 59, 77-
80). Although tissue resident Kupffer cells have been shown to represent the
majority (~90%) of liver macrophages at steady state (58, 59), little is known
about different phenotypes of Kupffer cells and how these might contribute to
obesity and insulin resistance.

In Paper | we focused on the tissue resident Kupffer cells and investigated their
heterogeneity in the murine liver. Surprisingly, we identified two distinct
populations of Kupffer cells using single cell RNA sequencing and single cell
proteomics (Figure 1). The first population (KC1) expressed classical markers of
Kupffer cells (e.g, Clec4F and Tim4) and the second (KC2) expressed both
Kupffer cell and endothelial cell markers (e.g., CD31, CD206, ESAM and LYVE]) at
both RNA and protein level (Figure 4a-b, 5). To confirm that the expression of
endothelial cell markers in KC2 cells was not due to contamination of liver
sinusoidal endothelial cells, that has previously been shown to tightly adhere to
Kupffer cell after isolation (127), we analyzed the morphology of KC2 cells by
scanning electron microscopy. We found that sorted KC2 cells lacked
fenestrations on their surface, a typical characteristic of liver sinusoidal
endothelial cells (Figure 4d). In addition, KC2 cells were shown to have a high
phagocytic ability, similar to that of KC1 (Figure 4f, S7f). As liver sinusoidal
endothelial cells are non-phagocytic cells, this further suggested the identity of
KC2 as macrophages rather than endothelial cells.

To further characterize the phenotypes of the two Kupffer cell populations, we
analyzed their proportion in the liver at steady state by flow cytometric analysis
and immunofluorescence quantifications and found that KCI1 represented the
largest population (~85%) of Kupffer cells in murine livers, compared to KC2
(~15%) (Figure 2a, 3d). Moreover, we investigated the origin and turnover of KC1
and KC2 using the previously established monocyte fate-mapping Ms4a3Cre x
RosaTomato mouse model, enabling lineage tracing of monocyte-derived
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macrophages by tamoxifen-inducible expression of Tomato fluorescent protein
in Ms4a3-expressing monocyte progenitors (58). Flow cytometric analysis of
Tomato* (monocytic origin) and Tomato™ (non-monocytic origin) Kupffer cells
showed that neither KC1 nor KC2 originated from monocytic precursors at
steady state (Figure 2c), further suggesting their identity as embryonic-derived
Kupffer cells.

To then understand the role of KC1 and KC2 during the development of obesity,
we used the diet-induced obesity model where mice are fed a high fat diet to
induce obesity and metabolic disease including liver steatosis and insulin
resistance. Interestingly, we observed that the proportion of KC2 cells increased
with time on high fat diet (Figure 6b). Previous studies in mouse models of
advanced stages of NAFLD and NASH, have revealed that monocyte-derived
macrophages increase in proportion during the progression of NAFLD (59, 79-8],
83, 107). To therefore understand if the increase in KC2 with obesity was the
result of infiltration of monocytes, we used flow cytometric analysis and
observed that at early stages of obesity (9 weeks of high fat diet) the proportion
of KC2 cells significantly increased in the liver, while the proprotein of monocyte-
derived macrophages (F4/80*CD64*Tim4-) or Ms4a3-expressing lineage traced
KC2 macrophages remained unchanged (Figure S6a-b). Although, both
expansion of monocyte-derived macrophages and increased proportions of
Ms4a3-expressing lineage traced KC2 cells were observed at later stages of
obesity (18 weeks of high fat diet) where liver inflammation is present (106),
suggesting that monocytes contribute to the KC2 pool at more severe stages of
metabolic disease (126).

To understand how the two KC populations respond in the context of metabolic
disease, we performed bulk RNA-sequencing of isolated KC1 and KC2 from lean
and obese mice after 8 weeks of high fat diet. This revealed an overall
upregulation of metabolic genes with obesity in both KC populations (Figure
S6c¢-d). Moreover, KC2 was observed to upregulate genes involved in lipid
handling in the obese state, including the gene Cd36.

Given that the KC2 phenotype was the most affected by obesity and
upregulated genes involved in lipid processing (Figure 6¢c-e, S6¢c-d), we focused
on the role of the KC2 cells in obesity. We had identified Cdh5 as a specific
marker for KC2 at both RNA and protein level, although it is also known to be
expressed by liver sinusoidal endothelial cells. To specifically target KC2 but not
KC1, we generated a mouse model of bone marrow chimeras in which KC2 cells
expressed the human diphtheria toxin receptor (DTR) allowing for the depletion
of KC2 by diphtheria toxin treatment. Surprisingly, mice in which KC2 had been
specifically depleted did not gain weight after 6 weeks of high fat diet, compared
to control mice that still had liver KC2 cells (Figure 7a). We further observed that
depletion of KC2 reduced oxidative stress and lipid accumulation in the liver and
improved insulin resistance upon high fat diet feeding (Figure 7b-d). Although,
circulating lipids were found to increase with obesity in mice lacking KC2 cells
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(Figure 7e). Together, these results suggests that KC2 might have detrimental
effects on diet-induced obesity by contributing to both weight gain, lipid
accumulation and oxidative stress in the liver during obesity.

Finally, we went on to further investigate the role of KC2 cells in regulating liver
lipid metabolism and oxidative stress in obesity. Lipid accumulation in the liver
during obesity results from the increase of both de novo lipogenesis (the
synthesis of lipids) and lipid uptake. As the lipid transporter CD36 was found to
be expressed and increased with obesity in KC2 cells we hypothesized that
tissue resident KC2 cells contributeto liver oxidative stress induced by obesity
through the upregulation of CD36. Moreover, several studies have described the
role of CD36 in the formation of foam cells and induction of oxidative stress
through the uptake of fatty acids and oxidized low-density lipoprotein (LDL) in
mice (128, 129). We therefore used the glucan encapsulated RNAi Particle (GeRP)
technology to silence the expression of Cd36 in Kupffer cells of obese mice (121).
Mice fed a HFD were treated with GeRPs loaded with siRNA targeting Cd36 or
with the non-targeting scrambled control. Specific silencing of Cd36 in Kupffer
cells lead to a significant decrease in oxidative stress in the liver independently
of an effect on triglyceride content during early stages of obesity (9 weeks of
high fat diet) (Figure 7k, S7i, S7m). These results were further confirmed by
studying the transcriptomic profile of Kupffer cells following Cd36 knockdown,
that revealed the downregulation of genes involved in lipid metabolism and
oxidative stress (Figure 7j). Moreover, decreasing oxidative stress led to an
improvement of glucose homeostasis as assessed by fasting glycaemia and
glucose tolerance, independently of an effect on body weight (Figure 7i and
S7k). Considering that a reduction of oxidative stress in Kupffer cells can lead to
a decreased release of reactive oxygen species (ROS), these results suggests
that Cd36 silencing in Kupffer cells could be sufficient to decrease the overall
oxidative stress in the liver.

In conclusion, in Paper | we revealed the presence of two distinct Kupffer cell
populations (KC1 and KC2) in healthy and obese animals. Furthermore, we
demonstrated the unique functions of KC2 in obesity by contributing to
oxidative stress and showed that this function can be therapeutically targeted
by specific silencing of Cd36 in mice.

4.2 Human resident liver myeloid cells protect against metabolic
stress in obesity (Paper Il)

Non-alcoholic fatty liver disease has become the major cause of chronic liver
disease, being associated with an increasing prevalence of obesity and type 2
diabetes (17, 18). Macrophages have been shown to contribute to the
development of these metabolic disorders in obesity. However, while humans
with obesity and NAFLD are at great risk of developing NASH and other severe
conditions including cirrhosis and cancer, little is known about the
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characteristics and functions of distinct liver macrophage population during
early stages of NAFLD pathogenesis.

In Paper Il, we investigated the heterogeneity of liver myeloid (LM) cells in lean
and obese humans at early stages of obesity and NAFLD. Using full-length single
cell RNA sequencing at high sequencing depth we discovered four populations
of liver myeloid cells (LM1-4) present in both lean and obese humans (Figure 1,
S1-S4). Based on the most highly differentially expressed genes, we were able to
identify unique markers of each individual cluster (Table S3). Moreover, we found
that two of the subpopulations (LM1 and LM2) were characterized by a
transcriptional signature of tissue resident macrophages, or Kupffer cells, while
the other two (LM3 and LM4) had a less mature phenotype resembling
monocyte-derived infiltrating macrophages (Figure 1, S1-S4). Interestingly, we
identified a distinct population of myeloid cells (LM2) that expressed both
macrophage (e.g, CD68, CDI14, CSFIR, VSIG4 and MRCT) and conventional
dendritic cell markers (e.g., CLECIOA, CDIC and FCERIA) (Figure S3a-k, Table S3-
4). However, more studies are needed to define the developmental origin and
identity of this population as macrophages and conventional dendritic cells
share many similarities. In addition, as recent studies have identified a population
of conventional dendritic cells (DC3) with macrophage features, it could be
possible that the LM2 cells represent this newly characterized DC3 population
(130, 131).

Furthermore, we observed that the recruited liver myeloid cell population LM4
had a modest pro-inflammatory phenotype in comparison to the other liver
myeloid cell subpopulations (Figure S4g-h). These cells had a similar
transcriptional profile to previously described recruited pro-inflammatory
macrophages (84, 85). However, this phenotype was mild and not exacerbated
by obesity (Figure S9e, Table S$8). Similarly, a recent study reported that both
human liver macrophages with an inflammatory phenotype and tissue
monocytes had significantly weaker pro-inflammatory responses compared to
human circulating monocytes (132). This suggests that the LM4 population could
be derived from inflammatory monocytes that upon entry into the liver adapts
to the tolerogenic environment by decreasing their expression of these pro-
inflammatory response genes.

Tissue resident Kupffer cells make up the largest population of liver
macrophages in mice at steady state (58, 59). To understand if this was
translatable to humans, we investigated the proportion of each of the identified
human myeloid cell populations in the liver using flow cytometry. Of note,
previous studies have shown that liver biopsies typically contain significant
amounts of contaminating immune cells from the circulation due to that the fact
that the liver is highly vascularized and contain large amount of blood (88, 132).
We therefore compared liver samples that had been perfused ex vivo to remove
all contaminating blood cells to samples that had been collected without liver
perfusion, in order to distinguish between contaminating myeloid cells from the
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blood and those resident in the liver tissue. We identified all four myeloid cell
populations in both the perfused and non-perfused liver samples, confirming
their identity as tissue resident cells (Figure 2f-i). In addition, we found that
unlike in mice, human livers contain a mix of myeloid cells with both tissue-
resident and monocyte-derived macrophage phenotypes, where the
monocyte-derived LM4 cells represented the largest population. In addition, we
further validated the presence of both tissue resident and recruited myeloid
cells in human livers by immunofluorescence and spatial proteomics (Figure 3e-
h, S8).

We hypothesized that the differences in proportion of myeloid cell populations
in mice and humans could be due to differences in their immune system that
has emerged throughout evolution (e.g, genetic or epigenetic differences).
However, another likely explanation could be their different environmental
conditions, since laboratory mice typically live in highly controlled and
pathogen-free settings with little exposure to environmental antigens. In
contrast, humans are continuously exposed to several environmental antigens
and are typically infected by different viruses, bacteria and parasites, and
humans might therefore have a more diverse microbiota compared to mice.
Therefore, a high turnover of myeloid cells in human livers would likely be
required to rapidly renew cells and adapt to the constant exposure to antigens
and pathogens. To test this, we analyzed the proportion of liver macrophages in
wildling mice that have a rich microbial exposure compared to laboratory mice
(118, 133). We demonstrated that these wildling mice have lower proportions of
tissue resident Kupffer cells and higher proportion of recruited monocyte-
derived cells in comparison to specific pathogen free control mice (Figure 2f-i).
This might further explain why the proportion of monocyte-derived
macrophages is lower in laboratory mice compared to humans. Together, these
data suggests that the composition of liver myeloid cell populations differs
between humans and mice, where human livers contain comparably higher
numbers of recruited myeloid cells.

While liver macrophage ontogeny has been extensively studied in mouse
models, there have been few direct studies to characterize the turnover of
distinct liver myeloid cell populations in humans. We therefore investigated the
extent to which human myeloid cells were derived from monocytes from the
circulation by examining the composition of liver myeloid cell populations in
patients undergoing liver transplantation. We collected liver biopsies from the
donor livers before and 6 hours after transplantation. By staining liver cells for
the specific HLA-type of both the donor (transplanted liver) and the recipient,
we were able to distinguish between donor-derived and recipient-derived cells.
Using flow cytometric analysis, we demonstrated that a large proportion (~70%)
of liver myeloid cells were rapidly renewed by infiltrating monocytes (recipient-
derived) from the circulation after the transplantation (Figure 3a-d, S7a-c). One
limitation is that the 6 hour time-point is relatively short and the results from
these could be somewhat exaggerated since liver grafts could be mildly inflamed
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immediately after transplantation (134). We therefore compared our data to a
second cohort (71) and observed that while LM4 cells were quickly replaced by
infiltrating monocyte-derived cells (hours post-transplantation), with time
(several months to years) the majority of cells in all four populations had been
replaced (Figure S7d-f). These results show that monocytes from the circulation
can repopulate all four liver myeloid cell populations, where some populations
are more rapidly replaced than others. Although whether infiltrating monocytes
directly adopt the phenotype of a given subpopulation or if the rapidly recruited
LM4 cells can further differentiate into other liver myeloid cell populations
remains to be studied. Together with our single cell and flow cytometric data,
this suggests that most myeloid cells in human livers have a monocytic origin.

We next investigated the effect of obesity on the transcriptomic profile of the
myeloid cells and identified a population of tissue-resident myeloid cells (LM2)
that switched their phenotype in response to obesity and upregulated genes
involved in antioxidant response such as the antioxidant peroxiredoxin-2
(PRDX2) (Figure 4a-b). We observed that patients with obesity had lower
frequencies of these LM2 cells, suggesting that this population might be less
frequent in obese compared to lean individuals (Figure 4c-g, S10g-i) However,
we did not detect altered levels of either apoptosis or proliferation with obesity,
leading us to speculate that LM2 lose their ability to fully mature with obesity. In
fact, LM2 cells displayed reduced levels of classical macrophage markers in
obesity and in silico analysis revealed a less mature transcriptomic profile of LM2
cells in obesity. This could suggest that resident myeloid cells are unable to fully
mature in obesity and metabolic disease as has been suggested in mice.

Although, the proportion of LM2 cells decreased, the PRDX2 expression per cell
was observed to significantly increase during obesity and insulin resistance
(Figure 4a-b). We therefore hypothesized that the LM2 cells could be protective
in obesity and investigated their function using human in vitro 3D liver cultures.
From this, we observed that PRDX2 protein levels were increased in the media of
liver cultures treated with steatogenic media, further suggesting that LM2 cells
secrete PRDX2 into the liver during obesity. Furthermore, we observed that liver
spheroids depleted of LM2 cells had significantly increased levels of both
oxidative stress and lipid peroxidation (Figure 5), highlighting that LM2 cells
might be protective by decreasing levels of oxidative stress in the liver during
obesity.

In conclusion, in Paper Il we show that a distinct population of tissue resident
liver myeloid cells expresses antioxidant genes, including the antioxidant PRDX2.
While more samples are needed to confirm that the reduction of PRDX2-
expressing cells is a consistent event during the progression of obesity and
NAFLD, our study suggests that this myeloid cell population could protect
against oxidative stress associated with obesity.
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5 Conclusion and Points of Perspectives

The recent advances with single cell technologies and in particular single cell
RNA sequencing have revealed important changes in the composition, function,
and turnover of liver macrophages during the pathogenesis of fatty liver disease.
However, many of these studies have been done in the context of advanced
NAFLD including NASH and liver cirrhosis. Therefore, little was known about the
role of distinct populations of liver macrophages during the initiation and early
development of NAFLD. With the studies included in this thesis, we characterised
the heterogeneity of liver macrophages during health and at early stages of liver
pathogenesis associated with obesity in animals and humans. Moreover, we
unveiled the role of distinct populations of liver macrophages during the
development of metabolic disease. However, several questions remain to be
answered and are discussed here.

Liver macrophages have been strongly associated with the progression of early
stages of NAFLD (e.g. steatosis) to NASH and cirrhosis, by inducing inflammation
in the liver. More recently, liver inflammation has been shown to be linked to the
recruitment of monocyte-derived macrophages during NASH, rather than the
inflammatory activation of tissue resident macrophages (126). In alignment with
this hypothesis, we did not observe a strong inflammatory phenotype in
macrophage populations, neither in mice nor humans at early stages of NAFLD,
where recruitment of monocyte-derived macrophages is limited. This further
suggests that while liver inflammation is crucial for later stages of NAFLD
including NASH, it might not represent the main driving factor for the initiation of
disease. Furthermore, treatment with anti-inflammatory drugs in human patients
have demonstrated limited effects against metabolic disease including insulin
resistance and type 2 diabetes (135). While other attempts to either prevent
monocyte recruitment to the liver or to block inflammatory activation of
macrophages during NASH have only indicated somewhat promising effects
against liver fibrosis, these have not been efficient in reversing or stopping the
progression of NASH (36). This further highlights the strong need for a better
understanding of the disease pathogenesis and the functional roles of different
macrophage populations in the liver during metabolic disease and obesity.
Moreover, as there are currently no approved drugs to treat NAFLD and precise
and non-invasive diagnostic tools are so far lacking, there is a clear need to
better understand the link between obesity and NAFLD. Studying early stages of
the disease pathogenesis is therefore important. This could enable the
identification of not only biomarkers to distinguish between NAFLD patients with
high risk of developing severe disease and patients that will remain metabolically
healthy, but also to identify therapeutic targets to treat or prevent the
progression of NAFLD at an earlier stage.

In Paper |, we identified a tissue resident population of macrophages that
contributed to metabolic disease in obesity, independently of inflammation, in a
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mice model of obesity-induced insulin resistance and hepatic steatosis. We
found that this population (KC2) was required for weight gain in response to
diet-induced obesity in our model, and depletion of KC2 cells in mice protected
against obesity independently of steatosis. Further studies are therefore needed
to understand the precise role of KC2 in regulating systemic metabolism and
could possibly reveal potential mechanisms controlling weight gain during
obesity. Moreover, in Paper | we demonstrated that in obesity, KC2 contributes
to the impairment of the antioxidant ability of the liver by driving the
development of oxidative stress and insulin resistance via the lipid receptor
CD36. As our study focused on the initial steps of NAFLD pathogenesis (obesity
and hepatic steatosis), it would be important to analyse the roles of KC2, CD36
and oxidative stress at the various phases of fatty liver disease to understand
the role of KC2 in the development of NASH and hepatocellular carcinoma.

In Paper Il, we observed reduced levels of maturation in human tissue resident
myeloid cells in livers during obesity compared to healthy livers. However, further
studies are needed to functionally decipher whether these cells are lost due to
impaired renewal in the context of metabolic disease. Moreover, as the local
tissue environment have been shown to play an important role for the identity
and maturation of liver macrophages, it would be highly plausible that changes
in the phenotype of tissue resident macrophages are driven by the metabolically
impaired liver environment during obesity. This requires additional functional
studies in humans, by for example genetic manipulation of secreted factors from
surrounding liver cells, to be able to define the contribution of the local
microenvironment on macrophage maturation in obesity. In addition, it would
also be interesting to study the effect of the liver microenvironment in the case
of the murine Kupffer cell populations. As neither origin nor tissue localisation
appeared to play a role in determining the phenotype of each individual
population, it could be possible that differences in surrounding cell populations
other than hepatocytes are responsible for their unique phenotypes. It would
therefore be informative to study whether local differences in cell heterogeneity
(e.g. of hepatic stellate cells or liver sinusoidal endothelial cells) result in local
differences in secreted factors and/or metabolites that in turn induce these
functionally distinct KC phenotypes.

In Paper Il we also observed that LM2 cells expressed increased levels of
antioxidant genes, including the antioxidant PRDX2, and were protective against
oxidative stress associated by obesity. However, it is possible that LM2 cells
could produce several other factors besides PRDX2 to help detoxify the liver
from oxidative stress in obesity, and further studies are therefore needed to
investigate the functional role of PRDX2 in obesity. One example would be to
genetically manipulate the expression of PRDX2 in LM2 cells (e.g., to knock it
down) in 3D liver cultures, to study the specific effects of PRDX2 on the overall
liver oxidative stress in the condition of obesity and metabolic disease.
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Moreover, with these two studies (Paper | and Il) we identified several
discrepancies between the data from mice and humans such as differences in
macrophage turnover and composition. Additionally, the majority of studies on
the role of liver macrophages in metabolic disease have been performed on
mice. It is therefore important to keep in mind that although diet-induced
obesity mice models mimic many important aspects of human disease
progression, many differences exist not only between different mice models but
also to humans (36, 116). One important difference is the immune compartment,
as mice and humans have inherently different composition of innate and
adaptive immune cells. Humans are also constantly exposed to pathogens
throughout their lives resulting in immunological memory and adaptations of
immune cells, unlike laboratory mice that live in sterile environments. Moreover,
few studies using mice have considered the effects of biological sex and other
genetic differences on the pathogenesis of obesity and metabolic disease.
Another aspect that differs between humans and mice is the disease duration.
Humans have a longer life span where obesity typically develops at an early age
and progress for years or even decades. In comparison, mice models of obesity
typically have a rapid onset of obesity where mice remain obese for a relatively
short period of time, and are therefore not chronically obese to the same extent
as humans. It could thus be possible that the shorter lifespan and the relatively
short duration of disease is not enough to recapitulate the full aspects of human
obesity and might explain some of the differences observed between mice
models and patients with obesity. Together, these differences are further
highlighted by the current challenges in translating results from mice into clinical
use for humans, where the majority of clinical trials for NASH in humans has failed
(36). The field would therefore benefit from additional studies to investigating
the biology and functional role of human macrophage populations, especially in
the context of obesity and NAFLD. In addition, prospective studies using larger
human cohorts would further help to define consistent and specific functions of
different macrophage populations across different phases of NAFLD.

In conclusion, these two studies have contributed to the improved
understanding of macrophage diversity in liver disease, further suggesting that
modulating the phenotype of distinct macrophage populations could represent
an interesting therapeutic approach for the treatment of metabolic disease
associated with obesity.
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