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The following work uses multi-level genomics approaches coupled with mouse
models to study the gene regulatory networks in hepatic macrophages during both
healthy conditions and liver disease. Chapter 1 will serve as an introduction, reviewing
what is currently known about regulation of gene expression by sequence specific
transcription factors and enhancers, how niche specific environmental signals are
relayed through this regulatory machinery to produce the unique phenotypes of different
populations of tissue resident macrophages, and how Kupffer cells and recruited
macrophages function in the liver during nonalcoholic steatohepatitis. Chapter 2 utilizes
a model system of experimental Kupffer cell ablation and repopulation to dissect the
pathways that allow bone marrow derived monocytes to differentiate into Kupffer cell-
like macrophages. Using this system, we found that TGF/SMAD, Notch/RBPJ, and LXR
are critical pathways underlying Kupffer cell identity. Chapter 3 investigates the changes
that occur to macrophages during experimentally induced fatty liver disease in mice.
Bone marrow derived monocytes were recruited to both liver sinusoids (the Kupffer cell
niche) and large diameter vessels and displayed divergent patterns of open chromatin
and gene expression based on their destination. Further, embryonically derived Kupffer
cells lost enhancer activity disproportionately at regulatory regions important for Kupffer
cell identity. This loss of enhancer activity correlated with a selective loss of LXR
binding at these regions. Liver disease also selectively resulted in apoptosis of
embryonically derived Kupffer cells and their replacement with bone marrow derived

precursors. Chapter 4 will discuss the broader implications of these studies.
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Chapter 1. Introduction to Transcriptional Regulation, Tissue Resident

Macrophages, and Nonalcoholic Fatty Liver Disease

A. Basic Mechanisms for Regulation of Gene Expression

A central question in biology is how gene expression is regulated to allow for cell
type specific phenotypes, cellular differentiation, and signal dependent responses.
While all cells within the body of a multicellular organism essentially share the same
DNA sequences, epigenetic modifications provide instructions for how, when and to
what degree specific genes should be expressed. These modifications function primarily
to control the ability of the transcriptional machinery to access target DNA sequences.

DNA exists in the nucleus in complexes with histone proteins, forming chromatin.
Chromatin formation is essential to organize and compact the two meters of DNA that
exists in every human cell so that can be stored inside the nucleus (1). Importantly,
formation of chromatin also provides the basis for epigenetic regulation of the genome.
At the most basic structural level, an octamer of histone proteins forms a bead shaped
core nucleosome, around which 145-147 of DNA base pairs is wrapped twice.
Nucleosome bound DNA provides steric hinderance to RNA-polymerase and associated
factors that can promote transcription, and thus limits expression of nucleosome bound
genes. Nucleosomes can be tightly packed together with little free chromatin between
them, or spread out to allow RNA-polymerase and transcriptional activators to interact

with the DNA. Further, nucleosomes can be arranged in much larger and more complex



3D structures to further compact chromatin. Highly condensed chromatin is referred to
as heterochromatin, and is transcriptionally silent, while relaxed chromatin is called
euchromatin, and can be transcriptionally active or in a poised state to be quickly
accessible for transcription during an appropriate context. The organization of specific
regions of the genome into heterochromatin and euchromatin is cell type specific and
tightly regulated to ensure that each cell has the potential to express its appropriate set
of genes.

Chromatin reorganization can occur through covalent modifications to histone
proteins and through energy dependent remodeling of nucleosomes. ATP driven
chromatin remodeling complexes such as the SWI/SNF complex hydrolyze ATP to
power physically adding, removing or repositioning nucleosomes (2). These complexes
are also critical for other cellular processes that require regulation of DNA-histone
interactions, such as replication and DNA repair. To enhance the potential for
transcriptional activity, these complexes can move or eject nucleosomes to expose the
underlying DNA to transcription factors and RNA polymerase. Chromatin remodeling
complexes can be recruited to specific genomic loci in response to specific
posttranslational modifications to histones. For example, the nucleosome remodeling
factor (NURF) complex binds trimethylated histone H3 lysine 4 (H3K4me3), which is a
chromatin mark associated with gene activation, and NURF remodels chromatin by
sliding histones to create open chromatin regions for the binding of transcriptional
activators (2). In addition to histone methylation, many other types of posttranslational

modifications have been described, including acetylation, ubiquitination, sumoylation



and phosphorylation, which have varying effects on transcriptional activity (3). These
modifications are performed by histone modifying enzymes, such as histone acetylates
and deacetylases (HATs and HDACSs, respectively) and histone methyltransferases
(HMTs)(8). The best characterized of these modifications occur on histone tails, which
extend like a string away from the core nucleosome, although more recently a growing
body of research has elucidated roles of modifications to the histone bodies (4). In
addition to recruiting chromatin remodeling complexes, certain modifications such as
acetylation of histone H3 lysine 27 (H3K27ac), can affect the affinity of histone proteins
for DNA. The addition of an acetyl moiety to a lysine residue converts a positively
charged group to a negatively charged group, thus weakening the interaction with the
negatively charged phosphodiester backbone of DNA and increasing DNA accessibility.
Unlike histone acetylation, which is almost always associated with activation,
other histone marks can be repressive or activating. For example, while H3K4me3 is
associate with gene activation (through NURF recruitment, as previously described),
trimethylation of H3K27 is associated with transcriptional repression. The Polycomb
complex group complex 2 (PRC2) contains the methyltransferase EZH2, which modifies
H3K27 (5). Another Polycomb group complex, PRC1, recognizes the H3K27me3 mark,
adds an additional repressive mark (H2A mono-ubiquitination) and promotes
heterochromatin formation. The examples of H3K4me3 (activating), H3K27me3
(repressive), and H3K27ac (activating), illustrate that the role of histone
posttranslational modifications can depend on both the types of moiety added as well as

the specific amino acid residue that is modified.



Transcription of a target gene is regulated near the transcriptional start site at the
region known as the promoter (6). This region typically bears a DNA sequence called a
promoter motif where RNA polymerase can bind. The binding of RNA polymerase at the
promoter region is further enhanced and stabilized through the assembly of a large
protein complex of transcriptional activator proteins, including sequence specific
transcription factors. Transcription factors typically feature a DNA binding domain that
recognizes specific DNA sequences or “motifs”, as well as additional protein-protein
interaction domains that can bind to RNA polymerase itself, histone modifying enzymes
or other transcription factors. Transcription factors are often expressed in a cell type
dependent manner, thus promoting cell type specific patterns of gene expression, or
may change their association with DNA in response to cell signaling events to promote
dynamic responses. Genomic regulatory elements located outside the promoter region
called enhancers can also exert a profound impact on gene expression. These
elements can be located up to hundreds of kilobases away from the transcriptional start
site of their target gene, and are thought to enhance activity at the promoter through
enhancer-promoter looping (7). While different cell types generally use the same
promoter to drive expression of a gene, they may use completely different sets of

enhancers, contributing to cell type specific patterns of gene expression (8).

B. Macrophages as tools to understand regulation of gene expression.
Macrophages are innate immune cells found in all almost all metazoan

organisms that play important roles in both tissue homeostasis and disease. Present in



nearly every tissue of the body, macrophages display unique cellular functions, such as
bone resorption by osteoclasts, detoxification of gut-derived microbial products by
Kupffer cells, and phagocytosis of senescent red blood cells in splenic macrophages
(9). Context specific gene expression forms the basis for the diversity of phenotypes of
tissue macrophages and their ability to respond to external stimuli. Macrophages
participate in a variety of stress responses including wound repair and defense against
pathogens (10), requiring them to be highly flexible in their ability to produce specific
responses to a wide range of external signals. Macrophages are also involved in the
pathogenesis of numerous chronic inflammatory diseases (11-13), where they can
contribute to disease progression by perpetuating inflammation and deleterious tissue
remodeling. Thus, macrophages are an attractive model system for studying
mechanisms of regulation of gene expression.

Transcription in macrophages is regulated by a multitude of different transcription
factor families, including C/EBP, IRFs, NF-kB, AP-1, LXRs, the PPAR family and
associated coactivators and corepressors (14). The transcription factor PU.1 is required
for the development of most myeloid cells and mature B cells (15), and is thus
considered a lineage determining transcription factor (LDTF) in both macrophages and
B cells. Using chromatin immunoprecipitation sequencing (ChlP-seq) to identify the
genome-wide binding patterns of PU.1 in macrophages and B cells, Heinz et al. found
that while PU.1 binds to a similar number of total locations in both cell types, thousands
of binding sites displayed cell type specific binding patterns (16). Most of the

differentially bound sites were located in enhancers, while greater than 80% of PU.1



binding sites at promoter regions had equivalent binding. The differentially bound
enhancers had the same PU.1 binding motif as equivalently bound enhancers.
However, B cell specific PU.1 binding sites were found to be enriched for B cell specific
motifs such as E2A and EBF within 100 bp of the PU.1 motif, while macrophage specific
PU.1 binding sites were enriched for C/EBP and AP-1 motifs. At many of these binding
sites, PU.1 binding was dependent upon another cell type specific LDTF bound to these
motifs at the same enhancer, suggesting that collaboration between lineage determining
factors is necessary for selecting cell type specific enhancers. A different type of
interaction was seen between LDTFs and various signal dependent factors transcription
factors (SDTFs) such as NF-kB and LXRs. These factors depended upon PU.1 and
other LDTFs, but the LDTFs were not dependent on these “second tier” factors,
indicating a “hierarchical” component to transcription factor binding. These findings
establish what is now referred to as the hierarchical collaborative model of transcription
factors (17): collaborative interactions between combinations of LDTFs create cell type
specific enhancer landscapes, and second tier (often signal responsive) factors can
then bind to these previously established enhancer regions to further enable cell type
specific and signal dependent gene regulation.

While PU.1, C/EBP and AP-1 are general macrophage LDTFs, there are several
examples of transcription factors that are required for normal development and function
of specific tissue macrophage subsets. Joncke et al. recently reviewed several well
studied cases (18). For example, c-Fos is required for specification of osteoclasts, and

mice lacking this factor exhibit an osteopetrotic bone phenotype (19-22), alveolar



macrophages depend on expression of PPARy (23), and LXRa is required for splenic
marginal zone and metallophilic macrophages (24). In some cases, the signaling
cascade between niche specific signals and the lineage determining transcription factor
have been studied in detail. For example, SPI-C is required for development of red pulp
macrophages (25) and is induced by heme, which is constantly produced as these
macrophages engulf and degrade damaged and senescent erythrocytes. Further, in
monocytes and bone marrow derived macrophages, heme induces proteasomal
degradation of BACH1, which normally suppresses Spic expression, and induces and
iron-recycling macrophage phenotype (26). This pathway highlights an interesting
example of metabolite driven transcriptional regulation. In addition to c-Fos, osteoclast
development also relies on NFATc1, which acts downstream of RANKL stimulation
produced by osteoblasts (27). Expression of the Nfatc1 itself is also promoted by
RANKL through demethylation of H3K27me3, adding an additional level of regulation
(28). Activated NFATc1 collaborates with c-Fos/c-Jun, PU.1, pCREB and MITF to
promote the expression of genes involved in acidification and matrix degradation (29,
30). In the peritoneal cavity, retinoic acid binds the retinoic acid receptor and activates
transcription of Gata6. GATAG is required for the expression of large peritoneal
macrophage specific genes such as TGFp2, which causes peritoneal B-1 cells to
undergo IgA class switching (31). Thus, niche signals instructing macrophage behavior
come in many forms, and many new mechanisms will likely be discovered as this topic

receives more investigation.



Genomics based experiments have been utilized to decipher tissue macrophage
specific gene regulatory mechanisms. Many populations of tissue macrophages,
including microglia, Kupffer cells and Langerhans cells, are derived from yolk sac
derived erythromyeloid progenitors during embryogenesis and play important roles in
the development of their tissue during organogenesis (32-36). By analyzing the global
transcriptomic changes that occur as these pre-macrophages populate their target
organs, Mass et al. were able to identify specific sets of transcription factors whose
expression correlates with arrival in their target organ (37). For example, Nr1h3
(encoding LXRa), Id3, Spic and Irf7 were enriched in early Kupffer cells compared to
other macrophage populations, and the authors demonstrated that /d3 knockout mice
were deficient for Kupffer cells. Lavin et al. studied tissue resident macrophages in adult
mice through another approach that utilized a combination of transcriptomic and
enhancer profiling (38). By comparing multiple populations of tissue resident
macrophages, they compared the population specific enrichment of transcription factor
binding motifs in putative enhancer regions with corresponding expression of
transcription factors that could bind identified sequences. Interestingly, this analysis also
predicted the importance of LXRa for splenic macrophages and Kupffer cells, as well as
GATAG in peritoneal cavity macrophages and PPARy in alveolar macrophages. A later
study by Scott et al. used a Kupffer cell specific deletion of LXRa which validated its
predicted requirement for expression of Kupffer cell signature genes as well as Kupffer

cell survival (39).



The environment’s effect on gene regulatory networks can also be studied by
adoptively transferring a cell from its native environment to a novel environment. Lavin
et al. found that when peritoneal macrophages were transferred to lung via intratracheal
injection, they partially adopted the alveolar macrophage transcriptomic profile (38).
Notably, the transferred cells lost expression of peritoneal cavity macrophage specific
genes such as Gata6 and Alox15, and gained expression of alveolar macrophage
specific genes such as Pparg, Chil313, and Car4. Gosselin et al. showed that placing
peritoneal macrophages or microglia in vitro in standard cell culture conditions exerted
profound effects on the transcriptomic and chromatin features of these cells (40).
Importantly, the genes and enhancers most significantly downregulated by removing a
cell from its native environment were those most closely associated with that cell type’s
core identity program. Further, placing two different types of tissue resident
macrophages in the same environment resulted in convergence of their transcriptomes
and enhancer landscapes. Part of the original tissue macrophage specific program
could be induced in vitro by addition of the niche specific signals all-frans retinoic acid
for peritoneal cavity macrophages or TGFp for brain microglia. These experiments
suggest that tissue macrophages retain a high degree of plasticity when fully developed,
and that the local tissue environment maintains tissue macrophage identity trough
continuous input of niche specific signals. Further, these studies indicate that an
important effect of removing a macrophage from its environment is to selectively
deprogram its tissue specific functions, highlighting the importance of in vivo

experiments when studying macrophage function.



Another way to infer the environment’s influence on macrophage gene
expression involves tracking the differentiation of HSC derived monocytes as they are
recruited to a particular niche. Radiation induced liver injury in mice was demonstrated
to cause resident macrophages to be replaced by bone marrow monocytes that were
highly similar to embryonically derived Kupffer cells, but lacked expression of certain
genes such as Cd163, Snrpn, Marco, Timd4, Colec12, and Xir (41). In another study by
Scott et al., experimental Kupffer cell ablation was achieved using a Kupffer cell-specific
diphtheria toxin receptor mouse model. In this system, monocytes rapidly refill the
empty Kupffer cell niche and differentiate into Kupffer cell-like macrophages (42). The
transcriptomes of these recruited macrophages at day 15 and day 30 after diphtheria
toxin administration were remarkably similar to embryonically derived Kupffer cells from
healthy animals. This is the first experimental model system where a specific tissue
resident macrophage population can be selectively destroyed without affecting other
mononuclear cells, and presumably creates minimal damage to other liver cell types
compared to the radiation induced liver injury model. In this model, the only a small
subset of genes was not induced in monocyte derived liver macrophages, including Xir,
Timd4, Sdc2, Raver2, Colec12, Cd163, C2, and Bmpr1a. Interestingly, some of these
genes, including Timd4, Xir, Cd209f, and C2 were also found to be enriched in the long
lived subset of tissue resident intestinal macrophages compared to the other intestinal
macrophage subsets which are more rapidly replaced by monocytes (43), indicating that
a subset of tissue macrophage specific genes cannot be readily induced in monocytes.

An important implication of this finding is that in certain contexts, monocyte derived

10



macrophages may not be able to fulfill all of the functions of embryonically derived
tissue resident macrophages.

In Chapter 2, we utilized a variation of the Kupffer cell ablation model system to
perform in depth transcriptomic and enhancer profiling of repopulating liver
macrophages over a time course spanning 12 hours to 14 days, enabling us to
understand the dynamic changes that occur in gene regulatory networks during
monocyte to Kupffer cell-like recruited macrophage differentiation. We find that
transcripts for key Kupffer cell LDTFs, such as Nr1h3, Tfec, 1d3, Mafb and Spic are all
induced within 12 hours in recruited liver macrophages after diphtheria toxin mediated
Kupffer cell ablation. We demonstrate the requirement of LXRa to maintain open
chromatin at Kupffer cell specific enhancers, and show that Notch/RBPJ and
TGF/SMAD signaling pathways induce expression Nr1h3 and help to establish the
Kupffer cell regulatory program. Sinusoidal endothelial cells were found to express high
levels of Bmp2 and DIl4, which can activate SMAD and Notch/RBPJ signaling,
respectively. Furthermore, mouse liver was found to contain desmosterol, an
endogenous LXR ligand, at approximately the receptor’s EC50 and roughly 10 times
greater than in plasma. These studies substantially advance our understanding of how

the liver niche instructs normal Kupffer cell phenotype.
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C. Nonalcoholic steatohepatitis as a model system for understanding
environmentally driven programming of resident and recruited
macrophages.

The liver presents a unique opportunity to study transcriptional regulation in
macrophages. Being the largest population of tissue resident macrophages in the body,
the Kupffer cells of the liver can be purified in quantities that are suitable for genomics
assays such as RNA-seq, ATAC-seq, and ChIP-seq, as demonstrated in Chapter 2 and
Chapter 3. Tissue inflammation can both alter the activity of resident macrophages and
recruit additional monocyte derived macrophages (44, 45). During acute liver injury or
chronic inflammatory conditions such as nonalcoholic steatohepatitis (NASH), Kupffer
cells, as well as other liver cells, secrete proinflammatory mediators that recruit
monocyte derived macrophages, which add to the diversity of hepatic macrophages and
play important roles in disease progression and resolution (46-48). While Kupffer cells
are known to reside in liver sinusoids, recruited macrophages may reside in other
niches within the diseased liver to participate in phagocytosis and wound healing. Thus,
the liver is an intriguing model system for understanding how diverse macrophages
regulate their gene expression during chronic tissue inflammation within the same
organ.

Non-alcoholic fatty liver disease (NAFLD) is a spectrum of liver conditions
strongly coupled with obesity, insulin resistance, cardiovascular disease, and type-2
diabetes mellitus in the absence of excess alcohol consumption. A predominant feature

of NAFLD is steatosis, or the accumulation of hepatic fat in excess of 5-10% of the liver
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mass (49, 50). While steatosis alone is benign, in some patients it can progress to co-
occurring hepatic lobular ballooning and inflammation, and is then classified as non-
alcoholic steatohepatitis (NASH). The transition of NAFLD to NASH is thought to involve
additional “hits” in the form of ER stress, insulin resistance, or increased gut
permeability, which perpetuate a metainflammatory state involving tissue damage,
inflammatory cytokine production, immune cell infiltration, and reactive oxygen species
generation (51, 52). Individuals with NASH have increased liver complications (fibrosis,
cirrhosis, hepatocellular carcinoma, or liver failure necessitating transplant),
cardiovascular disease, and mortality rate.

Kupffer cells are derived from yolk sac precursors undergoing local repopulation
independent of the circulating mononuclear phagocyte system (53). Residing in the
lumen of the sinusoidal endothelium, they play important roles as sentries of circulation
and the draining portal system, sensing and detoxify intestinally derived microbial
products (49). Depletion of the intestinal flora or disruption of Toll-like receptor signaling
was found to protect mice from development of fibrosis and NASH (54-58). Further,
human functional variants in the gene encoding Toll-like receptor 4, causing attenuated
signaling, were found to be linked to delayed progression of fibrosis (59-61). In NASH,
Kupffer cells react to chronic liver injury by perpetuating a wound healing response that
over time results in excessive accumulation of scar tissue. In this regard, Kupffer cells
secrete CCL2 to promote the recruitment of inflammatory monocytes, which contribute
to the pool of hepatic macrophages and help promote hepatic fibrogenesis (48, 62).

Secretion of pro-fibrotic mediators such as TGFB and PDGF induce hepatic stellate
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cells to transdifferentiate into myofibroblasts and produce excessive extracellular matrix
(63, 64). Furthermore, inflammatory cytokines such as TNF and IL-13 produced by
hepatic macrophages promote myofibroblast survival (65). The key role of hepatic
macrophages in promoting fibrosis through stellate cell activation has been illustrated by
studies showing that depletion of macrophages reduces myofibroblast formation and
collagen accumulation in various animal models of liver fibrosis (65-68). However,
macrophages are also important contributors to the resolution phase of inflammation
and repair of damaged tissue. Liver macrophages contribute to fibrosis resolution
through phagocytosis of apoptotic cells and debris (69, 70), secretion of matrix
metalloproteinases (MMPs) that dissolve the fibrotic scar (71, 72), and by secreting
mediators such as MMP9 and TRAIL that trigger apoptosis of pro-fibrotic stellate cells
and myofibroblasts (48). These pro-resolution macrophages are thought to derive from
a phenotypic switch from pro-fibrotic macrophages, and express lower levels of pro-
inflammatory cytokines and chemokines and higher levels of CX3CR1 and arginase 1,
which are associated with anti-fibrotic actions (64, 73, 74). The necessity for these pro-
resolution macrophages was demonstrated using a CD11b-DTR model, which showed
that macrophage ablation during the first week of recovery from CCls induced fibrosis
dramatically impaired scar tissue degradation (68). Thus, hepatic macrophages can
function to both promote fibrogenesis as well as fibrosis resolution, depending on
instructional cues.

While recruitment of myeloid cells is clearly important for the pathogenesis of

NASH, adequately distinguishing resident versus recruited cells with surface markers by
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flow cytometry has proven to be challenging, which has limited their study. For example,
it was recently demonstrated that in a dietary model of NASH there is heterogeneity with
of expression of Tim4 and Clec4f within CD11b'°F4/80H liver macrophages, which most
prior studies have uniformly considered to be tissue resident Kupffer cells (75). Further,
recent studies have shown that negativity for Tim4 is consistent with monocyte rather
than embryonic origin among liver F4/80" cells (41, 42, 76). These findings suggest that
monocyte derived macrophages within the liver may contribute to the pool of what have
previously been considered “resident” cells during NASH. These distinctions are
critically important when interpreting the findings of genomics assays. If the lineage of a
cell population is uncertain, it becomes impossible to determine if observed effects
represent cell-intrinsic changes or are due to the recruitment of a separate group of
disease responsive cells. Further, while Kupffer cells are known to reside in hepatic
sinusoids, the microanatomical niche for various subsets of recruited macrophages is
less clear. Again, this information is a prerequisite for deciphering mechanisms to
explain how tissue environment affects macrophage gene expression.

Single cell RNA-seq can define the cell types within a tissue based on gene
expression with minimal a priori knowledge, and can lead to development of new cell
sorting strategies based on differential expression of mMRNAs encoding cell type specific
surface markers (77, 78). In Chapter 3, we used single cell RNA-seq to identify the
major populations of macrophages present during a mouse model of NASH and
confirmed the presence of these populations using flow cytometry schemes informed by

this analysis. While Kupffer cells represented the only major myeloid population in
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healthy livers, mice with NASH contained 3 additional populations of recruited
macrophages, one of which was transcriptionally similar to Kupffer cells but lacked
expression of Tim4. After confirming that the three recruited macrophage populations
were monocyte derived using formal lineage tracing experiments, we studied their
microanatomical localization using immunofluorescence. Recruited macrophages
colonizing the Kupffer cell niche (e.g. liver sinusoids) adopted a Kupffer cell-like pattern
of gene expression and open chromatin, while recruited macrophages localized closer
to large diameter vessels did not upregulate Kupffer cell specific genes or adopt similar
open chromatin landscapes. Interrogating the open chromatin regions gained as
monocytes acquired their specific niche allowed us to identify putative transcription
factors that control key identity programs of macrophages in the Kupffer cell and large
vessel recruited macrophage niches. While the monocyte to recruited macrophage
transition involved dramatic reorganization of open chromatin, chromatin accessibility
was only slightly altered in embryonically derived Kupffer cells responding to the NASH
diet. Rather, changes in gene expression in embryonically derived Kupffer cells
correlated with changes in H3K27ac signal in their pre-existing enhancer landscape.
Surprisingly, the NASH model deprogrammed much of the Kupffer cell core identity
program, which was due to a specific loss of LXR binding at Kupffer cell signature
enhancers. Embryonically derived Kupffer cells underwent apoptosis during the NASH
model, allowing recruited macrophages to colonize the Kupffer cell niche. These data
demonstrate that NASH may lead to diversification hepatic macrophages by recruiting

monocytes to inflamed regions of the liver outside the Kupffer cell niche, as well as to
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the Kupffer cell niche itself by interfering with LXR mediated control of Kupffer cell
identity and anti-apoptotic genetic programs.

These studies provide the most comprehensive examination to date of how gene
expression is regulated in hepatic macrophages in healthy animals and during non-
alcoholic steatohepatitis. Similar approaches to those in Chapter 2 using tissue
macrophage subset specific ablation and repopulation models could be used to
decipher the environmental signals important for establishing the unique identity
programs of other tissue macrophages. The combinatorial approach we used in
Chapter 3 involving single cell RNA-seq, lineage tracing and transcriptomic and
enhancer profiling could also be utilized in other tissues and disease models to study
the mechanisms driving macrophage diversification and response to disease.
Understanding the how the tissue environment influences macrophage function in
normal and diseased conditions may open new opportunities to develop therapeutic

strategies based on modulating macrophage function.
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Chapter 2. Liver-derived signals activate RBPJ, SMADS, and LXRa to initiate and

maintain Kupffer cell identity

A. Abstract

Tissue environment plays a powerful role in establishing and maintaining the
distinct phenotypes of resident macrophages, but the underlying molecular mechanisms
remain poorly understood. Here, we characterize transcriptomic and epigenetic
changes in repopulating liver macrophages following acute Kupffer cell depletion as a
means to infer signaling pathways and transcription factors that promote Kupffer cell
differentiation. We obtain evidence that combinatorial interactions of DLL4 and TGF-
B/BMP produced by sinusoidal endothelial cells and endogenous LXR ligands are
required for the induction and maintenance of Kupffer cell identity. DLL4 regulation of
RBPJ through Notch signaling activates poised enhancers to rapidly induce LXRa and
other Kupffer cell lineage-determining factors. These factors in turn reprogram the
repopulating liver macrophage enhancer landscape to converge on that of the original
resident Kupffer cells. Collectively, these findings provide a framework for

understanding how macrophage progenitor cells acquire tissue-specific phenotypes.

B. Introduction
Macrophages reside in nearly all tissues, where they play essential roles in

responses to infection and injury (45, 79). These broad functions are conferred by
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commonly expressed genes that encode proteins required for pattern recognition,
phagocytosis, the production of cytokines and chemokines, and other mediators of
immunity and tissue repair. In addition, each tissue-resident macrophage population
exhibits a distinct phenotype that is linked to the corresponding functions of that tissue.
Well-studied examples include roles of microglia in monitoring synapses (80), alveolar
macrophages in the clearance of lung surfactant (81), and Kupffer cells (liver resident
macrophages) in iron metabolism and clearance of gut-derived microbial products (82).
These tissue-specific functions are associated with corresponding differences in gene
expression that can vary strikingly between distinct macrophage subsets (83). For
example, ~ 1600 genes are expressed more than 16-fold differently in a comparison of
microglia to large peritoneal macrophages, with the ~800 genes preferentially
expressed in microglia being strongly enriched for functions linked to trans-synaptic

signaling, CNS development, regulation of neurotransmitter levels and gliogenesis (40).

Most tissues initially acquire resident macrophages during fetal development (53,
84). Studies in mice indicate that a wave of primitive macrophages derived from yolk
sac progenitor cells can be detected in developing organs by embryonic day 8.5.
Microglia are entirely derived from this source of progenitors and persist in the brain as
a self-renewing population (35, 85). A second wave of fetal liver derived macrophages
begins to enter tissues on embryonic day 10 and contributes to and in some cases
replaces the initial population of yolk sac-derived macrophages (53, 84). This pattern is

observed for many tissue macrophage subsets, including alveolar macrophages and
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Kupffer cells. These populations also persist throughout life in the lung and liver as self-
renewing cells. The transition from fetal hematopoiesis to definitive hematopoiesis is
associated with the generation of hematopoietic stem cell (HSC)-derived monocytes,
which can also contribute to and/or replace fetal-derived macrophages following birth in

some tissues, such as the heart and gut.

Under normal conditions, the brain and the liver are closed to colonization by
HSC-derived monocytes. However, if the resident population of macrophages is
eliminated from these locations, HSC-derived cells are able to occupy the empty niche
and take on properties of the original resident cells. Following depletion of microglia,
HSC-derived cells enter the brain and acquire many properties of microglia. However,
the differentiation process is incomplete and these cells remain significantly different
from the embryonically derived microglia at the levels of gene expression and function
even months after engraftment (86-88). These observations indicate important roles of
the brain environment in reprogramming monocyte gene expression but also
demonstrate that the potential to acquire a complete microglia signature is conferred by
embryonic origin. In contrast, following depletion of Kupffer cells from the liver,
recruited monocytes gradually acquire a gene expression program that is nearly

identical to that of the embryonically derived Kupffer cells (42).

Investigation of molecular mechanisms underlying tissue-specific macrophage

phenotypes indicated that different macrophage populations express distinct sets of
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transcription factors and exhibit distinct patterns of transcriptional enhancers (38, 40).
Following entry into the fetal liver, embryonic macrophages rapidly upregulate Nr1h3
(encoding LXRa), Spic, Id1, Id3 and Irf7, suggesting roles in establishing Kupffer cell-
specific gene expression (37). The LXR recognition motif is enriched in Kupffer cell
enhancers (38) and recent studies of loss of function of Nr1h3 in Kupffer cells are
consistent with it playing a key role in establishing Kupffer cell identity (39). Evidence
linking tissue environment to the selection and maintenance of enhancers that specify
tissue resident macrophage phenotypes was provided by changes in enhancer activity
states and gene expression following transfer of microglia or peritoneal macrophages to
a tissue culture environment. This transition was associated with rapid loss of features
associated with enhancer activity at microglia or peritoneal macrophage-specific
enhancers, respectively, and down-regulation of nearby genes (40, 89). These findings
support the concept that tissue derived signals are constantly sensed and integrated at
the level of enhancers, which in turn are required to maintain tissue-specific programs of

macrophage gene expression.

While instructive roles of tissue environments are established, the key signaling
molecules that are necessary to drive the differentiation and specialized functions of
most tissue resident macrophages are largely unknown. Furthermore, the mechanisms
by which these factors act in newly recruited cells to simultaneously down-regulate
progenitor cell gene expression and up-regulate the appropriate tissue specific program

of genes has to our knowledge not been investigated for any resident macrophage
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population. To address these questions, we leveraged the anatomical relationship of
Kupffer cells with liver sinusoidal endothelial cells and the power of Kupffer cell
depletion/repopulation in the mouse as a model system (42). Treatment of mice
expressing the diphtheria toxin receptor (DTR) specifically in Kupffer cells with
diphtheria toxin (DT) results in nearly complete ablation of the Kupffer cell population
within 12 hours. This results in rapid colonization of the empty niche by circulating
monocytes and their subsequent differentiation to Kupffer-like cells. Sufficient cells can
be obtained throughout this time course for detailed transcriptomic, cistromic and
epigenetic analyses, enabling inference of transcription factors and upstream signaling

pathways that drive the differentiation process.

Using this model system, we find that liver-derived signals rapidly induce
expression of Kupffer cell lineage-determining transcription factors within 24 hours of
monocyte entry by acting upon a pre-existing but poised enhancer landscape. The
induction of these factors in turn drives the selection and function of thousands of new
enhancers that establish Kupffer cell identity. We provide evidence that TGF-/BMP
family members and DLL4 expressed by sinusoidal endothelial cells function in a
combinatorial manner with liver-derived LXR ligands to drive the Kupffer cell

differentiation program and maintain the Kupffer cell phenotype at steady state.

C. Results

Rapid differentiation of recruited monocytes following Kupffer cell ablation
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To establish a Kupffer cell depletion/repopulation system, we first generated mice
in which Cre-recombinase was inserted into the 3’ UTR of the Kupffer cell-specific
Clec4f gene under translational control of an internal ribosome entry site (Figure 2.S1A,
B). The Cre open reading frame was in turn fused in frame with a T2A recognition site
and the coding sequence for nuclear localization signal-tagged tdTomato (tdTomato-
NLS), providing a bright nuclear marker of Kupffer cells that can be readily detected by
flow cytometry. To establish specificity and function of the integrated Cre-tdTomato
transgene, mice were crossed to Rosa26 Lox-Stop-Lox ZsGreen mice. ZsGreen and
tdTomato were both expressed in Kupffer cells, but not in hepatic CD11bHF4/80° cells,
while LysM-Cre activity was observed in both cell populations (Figure 2.81C). We then
crossed these mice to mice in which the Diphtheria Toxin Receptor (DTR) was knocked
into the Rosa26 locus behind a Lox-Stop-Lox cassette (Figure 2.1A) (90), resulting in
Kupffer cell-specific expression of the DTR. Treatment of these animals with diphtheria
toxin (DT) led to a near complete elimination of Kupffer cells (CD11b'"F4/80MClec4{-
tdTomato°s) from the liver by 12 h following injection (Figure 2.1B). At 12h following
DT treatment, adherent monocyte-derived cells (CD11bHLy6CHiIF4/80NesClec4f-
tdTomatoNe9d) were already present in the liver, in contrast to control animals (Figure
2.1B). RNA-seq analysis was performed on circulating Ly6CH" monocytes, the recruited
cells at 12h, 1d, 2d, 3d, 7d and 14d, and resident Kupffer cells. Replicate samples
exhibited a high degree of consistency and clustered according to condition (Figure

2.81D). We refer to cells recovered within the first 12 hours of DT depletion as recruited
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liver monocytes and cells recovered from 24h to 14 days after DT depletion as

repopulating liver macrophages (RLMs).

RNA-seq analysis indicated that more than 1500 mRNAs were up-regulated and
more than 1500 mRNAs were down-regulated (fold change > 2, adjusted p value <0.05)
in recruited liver macrophages at 24h after DT (Figure 2.1C). Even at this early time
point, recruited monocytes gained expression of 170 of a previously defined list of 303
Kupffer cell identity genes (Figure 2.S1E). Recruited liver macrophages progressively
acquired a pattern of gene expression that converged with the Kupffer cell gene
expression signature over a 14 day time frame (Figure 2.1D, E). Cell cycle control
genes and Mki67 (encoding Ki67) were transiently upregulated at 2 and 3 days post DT
depletion, suggesting proliferation of recruited cells during this time frame (Figure
2.81F, G). Collectively, these findings are in agreement with recent studies using
Clec4f regulatory elements to directly drive expression of the DTR in Kupffer cells (42).
Notably, genes encoding transcription factors proposed to be important for Kupffer cell
identity, including Nr1h3 (encoding LXRa), Spic and /d3, are strongly activated within
the first 12h following DT treatment, while the monocyte-specific gene Ccr2 is strongly
down-regulated (Figure 2.1F). Most Kupffer cell identity genes exhibit a more delayed
pattern of activation. For example, Clec4f shows the strongest upregulation between
72h and 7d. Timd4, encoding a surrogate marker of many tissue macrophages of
embryonic origin and/or prolonged tissue residence (42, 91), was also upregulated

during this time period, but did not approach levels of expression observed in resident
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Kupffer cells (Figure 2.1F), as previously reported (42). In this study, by 14d less than
100 genes were more than 4-fold differentially expressed compared to Kupffer cells,
supporting the use of the Kupffer cell depletion/repopulation system as a model for

investigation of Kupffer cell differentiation.

Liver environment reprograms the recruited monocyte enhancer landscape

To investigate transcriptional mechanisms by which the liver environment
induces a Kupffer cell-like program of gene expression, we performed ATAC-seq to
identify regions of open chromatin in circulating monocytes, repopulating liver
macrophages at 1d and 2d post DT injection, and in resident Kupffer cells. Replicate
samples were highly correlated and clustered according to condition (Figure 2.S2A).
Recruited cells exhibited marked changes in open chromatin that progressed towards
the pattern observed in Kupffer cells (Figure 2.2A). De novo motif analysis of the
induced ATAC-seq peaks present at 48h in RLMs indicated significant enrichment for
motifs recognized by CREB/AP-1 family members, MAF/MAFB, NF«xB, TFEB/TFEC,
LXRs, RBPJ and SMADs (Figure 2.2B). In parallel, we identified putative KC-specific
enhancers using a combination of open chromatin and histone H3 lysine 27 acetylation
(H3K27ac), which is a dynamic histone modification that is highly correlated with
transcriptional activity (92). KC-specific enhancers were defined as distal accessible
chromatin regions with preferential enrichment of H3K27ac in Kupffer cells in at least
3/4 comparisons with resident peritoneal macrophages, microglia, monocytes, and bone

marrow-derived macrophages (Figure 2.S2B). Enrichment analysis for de novo motifs
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returned a slightly larger but fully overlapping set of enriched motifs (Figure 2.S2C and
Figure 2.2B). The most significantly enriched additional motif corresponding to an IRF
binding site, which is highly induced when EMP-derived cells enter the fetal liver (37).
Genes encoding transcription factors recognizing SMAD, RBPJ and NF«B motifs are of
particular interest because the activities of these factors are regulated in a signal-
dependent manner, and could therefore play roles in transmitting liver environmental
signals (93-95). The LXR response element and the motifs for MAF and TFE factors
are consistent with the very rapid (12h-1d) upregulation of Nr1h3, Maf, Mafb, and Tfec
mRNAs following monocyte retention in the liver (Figure 2.1F and 2.2C). Irf7, the most
highly expressed member of the IRF family in Kupffer cells, is expressed in circulating
monocytes and increases more slowly following recruitment to the liver (Figure 2.S2D).
Interpretation of enrichment for CREB/ATF/AP-1 motif is complex because there are
high magnitude changes in the expression of several CREB/ATF/AP-1 family members
in recruited monocytes that go in opposite directions. For example, Junb and FoslI2 are
strongly downregulated, Jdp2 is strongly upregulated, and Jund is consistently
expressed at high levels (Figure 2.S2E). In addition, the activities of these factors are

differentially influenced by signal-dependent post-translational modifications (96, 97)

Although the marked changes in open chromatin as assessed by ATAC-seq
indicate rapid and widespread remodeling of the chromatin landscape, changes in gene
expression can also be mediated through alterations in the activities of pre-existing

regulatory elements. To investigate this possibility, we performed ChlP-seq for
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H3K27ac, in circulating monocytes, repopulating liver macrophages at 24h post DT
injection, and in resident Kupffer cells. These experiments identified nearly 2000
upregulated H3K27ac peaks in recruited monocytes, ~2/3 of which were associated with
pre-existing ATAC-seq peaks (Figure 2.2D). Sites gaining H3K27ac were enriched for
LXR, MAF, MITF and RBPJ motifs (Figure 2.S2F), consistent with rapid increases in
the activities of these factors. Conversely, more than 2000 H3K27ac peaks were lost
from circulating monocytes within the first 24 hours following DT treatment, ~1/4 of
which were associated with a loss of a corresponding ATAC-seq peak. Sites of reduced
H3K27ac were enriched for motifs associated with KLF, C/EBP, RUNX, SP2 and bZIP
motifs (Figure 2.S2F), consistent with rapid down regulation of their expression levels

and/or activities.

Composite ATAC-seq and H3K27ac ChiP-seq tracks are illustrated for Nr1h3,
Marfb, Clec4fand Cd5lin Figure 2.2E. Pre-existing ATAC-seq peaks are observed at
the promoters and putative distal regulatory elements of Nr1h3 and Mafb that exhibit
increased H3K27ac in RLMs 24h after DT injection in comparison to circulating
monocytes (yellow shading, Figure 2.2E). These locations exhibit further H3K27ac in
resident Kupffer cells. Pre-existing ATAC-seq peaks that gain H3K27ac are also
observed for Id1, Id3, Maf, and Tfec (data not shown). In contrast, Clec4fand Cd5I/
provide examples in which ATAC-seq peaks associated with putative regulatory
elements in resident Kupffer cells are not present in circulating monocytes and do not

become apparent until at least 48h after DT depletion (light blue shading, Figure 2.2E).

27



Collectively, these results support a model in which liver environmental signals act on
pre-existing but poised regulatory elements to rapidly induce the expression of a set of
transcription factors necessary for selection of new enhancers that specify Kupffer cell

differentiation.

LXRa is a Kupffer cell lineage-determining factor

LXRa and LXRp are best understood as nuclear receptors that regulate cellular
cholesterol homeostasis and fatty acid homeostasis in many cell types in response to
endogenous sterol and oxysterol ligands (98, 99). However, Nr1h3is one of the most
rapidly and highly induced genes in repopulating liver macrophages following Kupffer
cell depletion (Figure 2.1F), suggesting that its induction also plays a key role in driving
the Kupffer cell differentiation program. To address this question, we bred Clec4f-Cre-
tdTomato mice to LXRa" mice to generate a Kupffer cell specific knockout. Flow
cytometry indicated that expression of Clec4f-Cre-tdTomato was associated with a
population of Kupffer cells that expressed Tim4 at levels similar to control Kupffer cells
and a new population of Tim4-negative cells (Figure 2.S3A). The origin of Tim4-
negative cells remains to be established. Reduced Tim4 expression could be due to it
being a direct LXRa target gene, resulting in reduced expression in embryonically
derived Kupffer cells. Alternatively, but not mutually exclusively, lack of LXRa could
result in reduced embryonic Kupffer cell survival and replacement by monocyte derived
cells which express lower levels of Tim4. Because of this ambiguity we sorted both

Clec4f-tdTomatoPosTim4Pos and Clec4f-tdTomatoP°sTim4Nes cells from KC-LXRa-KO
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mice for RNA-Seq and epigenetic analysis. LXRa knockout in both populations was
confirmed by loss of specific exons of Nr1h3 gene (Figure 2.S3B).

Comparison of the transcriptomes of Tim4Nes LXRo KO Kupffer cells to control
Kupffer cells revealed more than 250 differentially expressed genes (>2-fold difference,
adjusted p value <0.05, Figure 2.3A). Taking the signature gene set defined by Lavin
et al. (388), 22 Kupffer cell-specific genes were among the 164 transcripts down-
regulated in the KC-specific LXRa KO. In addition to Timd4, these included Clec4f,
Cd5l, Kena2, Arg2 and 1118bp (Figure 2.3B). In contrast, only 3 KC-specific genes were
among the 102 transcripts upregulated in the KC-specific LXRa KO. A similar pattern
was observed in the Tim4P°s population of LXRa KO Kupffer cells, although the total
number of differentially regulated genes was less than observed for Tim4Ned cells
(Figure 2.S3C, Figure 2.S3D). In contrast, deletion of LXRa from BMDMs had almost

no effect on basal gene expression, (Figure 2.S3E).

To investigate the role of LXRa in establishing the Kupffer cell regulatory
landscape, we performed ATAC-seq analysis of control and both Tim4P°s and Tim4Neg
LXRa KO Kupffer cells. Comparison of Tim4Nes LXRo KO KCs to control KCs indicated
more than 3700 differential ATAC-seq peaks, with loss of >2900 peaks in Tim4Nes LXRa.
KO KCs (Figure 2.3C). More than half of the lost peaks correspond to Kupffer cell-
specific enhancers (from Figure 2.52B). Comparison of Tim4P°s LXRa KO KCs to

control KCs indicated ~800 differential ATAC-seq peaks, with loss of 725 peaks in
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Tim4Pos L XRa KO KCs (Figure 2.S3F). Again, more than half of the lost peaks

correspond to Kupffer cell specific enhancers.

The marked alterations in ATAC-seq peaks in LXRa KO KCs compared to
control KCs suggested a direct role of LXRa in selection and maintenance of the
Kupffer cell-specific enhancer landscape. To generate a genome-wide profile of LXR
binding in Kupffer cells, we took advantage of Clec4f-Cre-tdTomato mice in which nuclei
of Kupffer cells are specifically marked by tdTomato. This enabled fluorescence-
activated sorting of crosslinked tdTomato-positive nuclei from total liver nuclei that were
rapidly isolated from intact liver tissue (Figure 2.S3G). This procedure eliminated the
need for tissue digestion and resulted in substantial improvements in ChIP efficiency as
compared to experiments using sorted cells. Using this approach, we identified more
than 22,000 reproducible LXR binding in Kupffer cells (Figure 2.3D). As current ChlP-
protocols do not yet allow discrimination of LXRa from LXRS, this cistrome corresponds
to an aggregate of LXRa and LXR binding sites. Comparison of these sites to LXR
binding sites determined in BMDMs treated with the synthetic LXR agonist GW3965 (an
LXR ligand) indicated that a large fraction was specific to Kupffer cells (Figure 2.3D).
Motif analysis of KC-specific LXR peaks against genomic background indicated
significant enrichment for the LXR binding site itself and co-enrichment for motifs for
general macrophage lineage-determining factors PU.1 and C/EBP. In addition, motifs
for IRFs, TFEB/C and MAF factors were all highly enriched (Figure 2.3E), suggesting a

role for collaborative interactions between LXRs and these factors for establishing KC-
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specific enhancers. Consistent with this possibility, intersecting LXR binding sites with
KC ATAC-seq peaks indicated that LXR binding sites were associated with
approximately half of ATAC-seq peaks that are lost in Tim4-negative LXRa knockout
cells, including ATAC-seq peaks that are KC-specific (Figure 2.3F). A similar pattern
was observed in comparison to Tim4Pos LXRa KO Kupffer cell ATAC-seq peaks (Figure
2.S3H). Examples are provided for KC-specific LXR binding sites in the vicinities of the
Cd5l, Kena2 and Arg2 genes at which corresponding ATAC-seq peaks are lost in
Tim4Pos or Tim4Nes L XRa KO Kupffer cells (Blue shading in Figure 2.3G). In contrast,
ATAC-seq peaks associated with LXR binding sites in the vicinity of the Abca1 locus
were not lost in LXRa KO Kupffer cells (yellow shading in Figure 2.3G). Of interest,
RBPJ and SMAD binding motifs were significantly enriched in the intersection of lost
ATAC-seq peaks in the Tim4Pos LXRa KO and Kupffer cell-specific LXR binding sites
(Figure 2.S3lI), suggesting co-occupancy of LXRs and these transcription factors at
these locations. Collectively, these results provide evidence that LXRa functions as a
Kupffer cell lineage-determining factor by driving the selection and function of

enhancers that regulate Kupffer cell-specific gene expression.

SMAD4 regulates LXRa expression and Kupffer cell identity

Having established rapid activation of pre-existing enhancer landscapes
associated with LXRa and other putative Kupffer cell lineage-determining factors in
repopulating liver macrophages, we next sought to identify liver-derived signals

responsible for these effects. The enrichment of motifs for SMAD and RBPJ

31



transcription factors in Kupffer cell-specific enhancers (Figure 2.2B and Figure 2.S2C)
suggested potential roles of liver-derived TGF-B/BMP family members and activators of
Notch signaling as candidate molecules. In the liver, Kupffer cells exclusively reside in
contact with sinusoidal endothelial cells within the hepatic sinusoids (100). We
therefore isolated these cells (CD146P°sCD31PosF4/80Ne9), and stratified them based on
expression of STAB2 (101) (Figure 2.S4A), and performed RNA-Seq analysis. These
studies demonstrated high levels of expression of Tgfb1 and Bmp2 (Figure 2.4A).
Parallel evaluation of receptors for these ligands in Kupffer cells indicated high levels of

Tgfbri, Acvrib, Bmpria, Tgfbr2, and Bmpr2 (Figure 2.4B).

To investigate the potential for sinusoidal endothelial cells to communicate with
Kupffer cells via TGF-B/BMP signaling, we crossed Clec4f-Cre-tdTomato mice with
floxed Smad4 mice to generate a Kupffer cell-specific deletion of Smad4. As SMAD4
functions as a co-SMAD required for transcriptional responses to both TGF- and BMP
signaling pathways (102), this strategy enabled assessment of their combinatorial
importance at SMAD-dependent regulatory elements. Clec4f-tdTomato expression was
substantially reduced in Smad4 knockout Kupffer cells compared to Kupffer cells in
Clec4f-Cre-tdTomato mice, suggesting the role of SMAD4 in Clec4f gene regulation
and/or impaired survival of Clec4fPos KCs after SMAD4 deletion (Figure 2.54C).
However, efficient Smad4 knockout in both Clec4f-tdTomato-positive and negative
populations were confirmed by gPCR targeting a floxed exon 8 (Figure 2.S4B). Flow

cytometry of Smad4 knockout Kupffer cells also indicated that a subset of mice
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exhibited a substantial reduction of Tim4 expression, similar to the effects of loss of
function of LXRa (Figure 2.84C). However this phenotype was variable, with Tim4Pos
cells being the predominant population in most Kupffer cell specific Smad4 KO mice
(Figure 2.S4C). RNA-seq analysis of Tim4Nes and Tim4P°os Smad4 KO cells indicated a
quantitatively greater effect of the KO on the Tim4Nes population (Figure 2.4C, 2.54D),
with ~240 mRNAs differentially expressed in Tim4Nes Smad4 KO KCs compared to
~120 mRNAs in Tim4Pos Smad4 KO KCs (Fold change >2, adjusted p value <0.05).
Significantly down-regulated genes included Clec4f, Id3 and LXRa (Nr1h3) (Figure
2.4D, 2.S4E). Interestingly, Spic was significantly upregulated in Smad4 KO KCs. In
addition, Cx3cr1, which is strongly down-regulated in recruited liver macrophages
following KC depletion, was strikingly upregulated in the Smad4 KO cells (Figure 2.4D,
2.S4E). These results provide evidence that signaling through the TGF-B/BMP pathway
is required for maintenance of Kupffer cell identity and that SMADs may also function to

negatively regulate monocyte gene expression.

To investigate the molecular functions of SMADA4, we performed ATAC-seq
experiments comparing control and Smad4 KO Kupffer cells. In comparison to the
consequences of deletion of LXRa, deletion of Smad4 had a more modest effect on
open chromatin (Figure 2.4E). However, loss of Smad4 was associated with marked
reductions in ATAC-seq peak amplitude at several of the most strongly down-regulated
Kupffer cell-specific genes, exemplified for Clec4f and the leptin receptor Lepr (Blue

shading, Figure 2.4F). To relate changes in open chromatin to DNA binding of SMADA4,

33



we isolated Kupffer cell nuclei (Clec4f-Cre-tdTomato-positive) and performed ChIP-Seq
of SMAD4 in a manner analogous to that described for LXRs. These studies identified
more than 15,000 reproducible SMAD4 binding sites in Kupffer cells (Figure 2.4G),
including binding sites within putative regulatory elements of the Nr1h3 and /d3 genes
(Figure 2.84F). Parallel ChiP-Seq experiments in TGF-3-stimulated BMDMs identified
more than 14,000 SMAD4 binding sites. Comparison of these binding profiles indicated
that substantial fractions were specific for Kupffer cells or BMDMSs, respectively (Figure
2.4G). In addition to binding sites for the general macrophage lineage-determining
transcription factors PU.1 and C/EBPs, and the SMAD maotif itself, motif analysis also
recovered motifs for LXRs, FOXO and MAF transcription factors among Kupffer cell-
specific binding sites (Figure 2.4H), suggesting that SMADA4 collaborates with these
factors to achieve a Kupffer cell specific binding pattern. Consistent with this, more than
two thirds of the SMAD4 binding sites in Kupffer cells co-localized with LXR ChlP-seq
peaks (Figure 2.41), exemplified at the Clec4fand Lepr loci (Figure 2.4F). Overall,
SMAD4 binding sites overlapped with 40% of the ATAC-seq peaks lost in Smad4
knockout Kupffer cells (Figure 2.4J), suggesting direct roles in establishing a small but

significant component of the Kupffer cell transcriptional regulatory landscape.

Notch signaling induces expression of Kupffer cell lineage-determining
transcription factors
We next investigated the potential of TGF-p and BMP2 to activate Kupffer cell

lineage-determining transcription factors in vitro. Bone marrow cells were plated in the
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presence of M-CSF for three days to promote the proliferation and differentiation of
macrophage progenitors. After three days, TGF-3 or BMP2 were added and gene
expression was evaluated by RNA-Seq one day later. Despite the ability of TGF-f3 to
induce expression of known target genes, such as Tgfbi, no induction of Nr1h3 or Id3
was observed (Figure 2.5A), despite high levels of SMAD4 binding at the putative
regulatory elements associated with these genes (Figure 2.S4F). Similarly, no

induction of these genes was observed in response to BMP2 treatment (not shown).

Based on the enrichment of binding sites for RBPJ in Kupffer cell specific
enhancers, we next considered possible roles of Notch signaling in the induction of
Kupffer cell lineage-determining factors. Among Notch ligands, DLL4 was found to be
highly expressed in liver sinusoidal endothelial cells (STAB2 intermediate and high
endothelial cells, Figure 2.5B). Conversely, Notch1 and Notch2 were highly expressed
in Kupffer cells (Figure 2.5C). We therefore modified the bone marrow cell
experimental system described for TGF-f and BMP2 by culturing cells in M-CSF for
three days and then transferring to tissue culture plates in which the surface was coated
with DLL4. Cells were harvested for RNA-seq analysis one day later. In contrast to
TGF-B, DLL4 strongly induced the expression of Nr1h3 and Spic and had lesser
stimulatory effects on Tfec (Figure 2.5D). Induction of these genes was completely
blocked by co-treatment with DAPT, an inhibitor of gamma secretase, consistent with a
requirement for cleavage of the Notch intracellular domain for induction of gene

expression (Figure 2.5D).
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At a global scale, exposure of bone marrow progenitor cells to DLL4 for 24h led
to significant up-regulation of 259 mRNAs, 38 of which correspond to KC identity genes
(Figure 2.5E). Of the induced genes, 105 are upregulated in repopulating liver
macrophages 24h after KC depletion (Figure 2.S5A). Examples of genes that are
coordinately upregulated by DLL4 in bone marrow progenitor cells and in repopulating
liver macrophages 24h after KC depletion include Abcg3, Sic40ai, C1qa, Acp5 and
P2ry13 (Figure 2.5F and 2.S5B). Collectively, these findings indicate that DLL4 is
capable of rapidly inducing a subset of Kupffer cell lineage determining factors and

other KC signature genes in bone marrow progenitor cells.

DLL4 induces KC lineage-determining factors through a pre-existing enhancer
landscape

To investigate the molecular mechanisms responsible for DLL4 activation of
Kupffer cell lineage-determining factors, we performed ChIP-Seq for RBPJ in
conventional BMDMs, in bone marrow progenitor cells treated with DLL4 and in sorted
nuclei isolated from Kupffer cells as described for LXRs and SMAD4. We identified
>60,000 reproducible RBPJ binding sites in BMDMs and DLL4-treated bone marrow
progenitor cells, whereas slightly less than 7000 reproducible binding sites were
identified in Kupffer cell nuclei (Figure 2.6A). The lower number of binding sites in
Kupffer cells is consistent with lower levels of Rbpj expression in these cells in
comparison to BMDMs (not shown). This difference is also consistent with an ~4-fold

down-regulation of Rbpj expression in monocytes following their recruitment into the
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liver (Figure 2.6B). In contrast to LXR and SMADA4, relatively few RBPJ bindings sites
were identified that are specific to Kupffer cells (Figure 2.6B), suggesting that the
impact of Notch signaling becomes progressively restricted following entry of monocytes
into the KC-depleted liver. Significantly enriched motifs within the set of RBPJ peaks
common to Kupffer cells and BMDMs include the binding sites recognized by the
general macrophage lineage-determining factors PU.1, AP-1, C/EBP and RUNX family
members as well as binding sites for motifs recognized by IRF factors and TFEB/C,

which are also present in Kupffer cell-specific enhancers (Figure 2.S6A).

ATAC-Seq experiments in bone marrow progenitor cells treated with DLL4
indicated fewer than 100 significant changes in open chromatin (Figure 2.6C),
consistent with RBPJ being able to bind to its genomic targets in the presence or
absence of Notch signaling (93). In contrast, ChlP-seq for H3K27ac identified more than
2500 sites of increased and more than 900 sites of decreased H3K27acetylation
(Figure 2.6D). In addition to strong enrichment for the RBPJ motif, regions gaining
H3K27ac following DLL4 treatment are also significantly enriched for binding sites for
IRF factors, MAF factors, TFE factors, SMADs and LXRs (Figure 2.6E), all of which are
also present in Kupffer cell-specific enhancers (Figure 2.52C). Examples of the
relationships of RBPJ binding sites to putative regulatory elements for Nr1h3 and Spic
exhibiting rapid increases in H3K27ac are illustrated in Figure 2.6F. Of interest,
genomic regions exhibiting loss of H3K27ac are not enriched for RBPJ binding sites or

motifs for Kupffer cell lineage-determining factors. Instead, these regions are enriched
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for AP-1, KLF and HLF motifs (Figure 2.S6B) that are present in H3K27ac regions of
circulating monocytes, but not in Kupffer cells (Figure 2.S2F). Collectively, these
findings provide evidence that Notch signaling induced by DLL4 directly activates a pre-
existing enhancer landscape to induce expression of Nr1h3, Spic and other genes that
promote Kupffer cell differentiation and indirectly suppresses activities of transcription

factors that specify monocytic gene expression.

Combinatorial interactions of liver environmental factors

Comparisons of the genome wide binding patterns of LXRs, SMAD4 and RBPJ
indicate substantial overlap of these factors within Kupffer cells (Figure 2.S7A),
suggesting the potential for combinatorial interactions of the signaling pathways that
regulate their activities. Examples of overlapping and distinct binding patterns in the
vicinities of genes that are highly upregulated in recruited liver monocytes are illustrated
for Abca1 and C1gain Figure 2.S7B. To investigate functional consequences of
simultaneous activation of SMAD and RBPJ, control and Smad4 KO bone marrow
progenitor cells were treated with TGF-f3 and DLL4 alone or in combination and RNA-
seq analysis was performed 24h later (Figure 2.7A). DLL4 alone induced expression
of Nr1h3 and Clec4f, whereas TGF-B alone had almost no effect. The combination of
DLL4 and TGF- had little additional effect on Nr1h3 expression, but significantly
increased expression of Clec4f over that observed in response to DLL4 treatment alone.
Notably, the TGF-p effect on Clec4f expression was abolished in Smad4 KO bone

marrow progenitor cells and the ability of DLL4 to induce Nr1h3 expression was also
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significantly reduced in Smad4 KO cells (Figure 2.7A). At a global level, the
combination of TGF- and DLL4 promoted a transition in the gene expression profile of
bone marrow progenitor cells towards that of Kupffer cells to a greater extent than TGF-

B or DLL4 alone (Figure 2.7B).

In addition to the TGF-B/BMP and Notch signaling pathways that regulate the
activities of SMAD and RBPJ transcription factors, LXRa is also a signal-dependent
transcription factor that regulates gene expression in response to changes in
sterol/oxysterol concentrations (98, 99). Examination of genes involved in cholesterol
homeostasis indicated marked upregulation of LXR target genes such as Abcal (Figure
2.7C) and Scd1 (Figure 2.S7C), and coordinate down-regulation of genes in the
SREBP pathway, such as the genes encoding the LDL receptor (Ldlr) (Figure 2.7C)
and HMG CoA reductase (Hmgcr) (Figure 2.S7C), in repopulating liver macrophages,
which converged towards the expression levels of these genes observed in Kupffer cells
(Figure 2.7C, 2.S7C). This pattern of gene expression could represent a cell-
autonomous response to elevated intracellular cholesterol levels (103), which in
macrophages occurs following phagocytosis of apoptotic cells or uptake of modified
lipoproteins. However, an alternative possibility is that Kupffer cells and repopulating
liver macrophages sense one or more liver-derived molecules that coordinately regulate
the LXR and SREBP pathways. Naturally occurring molecules that function as LXR
agonists and also suppress the SREBP pathway by binding to INSIGs or SCAP include

24-, 25- and 27-hydroxy cholesterol (24-OHC, 25-OHC, and 27-OHC, respectively),
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24,25-epoxy cholesterol (24,25-EC), and desmosterol (103-106). To investigate the
potential of these species to function as endogenous regulators of the LXR and SREBP
pathways, the abundance of relevant oxysterols and unesterified sterols was quantified
by targeted mass spectroscopy using deuterated internal standards. These studies
identified desmosterol as the most abundant species in intact liver, being present at a
concentration of ~5uM (Figure 2.7D). This concentration is close to the EC50 for
coordinate LXR activation and SREBP repression (106-108) and is about ~10-times
higher than plasma levels (107). Desmosterol thus represents a potential hepatocyte-
derived environmental signal that could function in concert with TGF-B/BMP ligands and

DLL4 to promote the Kupffer cell phenotype.

Although exogenous desmosterol acutely activates LXR and suppresses SREBP
in macrophages in vitro, it is also directly converted to cholesterol by the enzyme
Dhcr24, limiting its duration of action. To reduce metabolic clearance as a confounding
factor in time course experiments exceeding 12-16h, we used the synthetic LXR agonist
DMHCA (109), which is a structural and functional mimetic of desmosterol (107) that
cannot be converted to cholesterol. Bone marrow progenitor cells were treated with
TGF-B, DMHCA, TGF-B+DLL4 or TGF-B+DLL4+DMHCA for 24h or 72h followed by
RNA-seq analysis (Figure 2.7E). These experiments revealed two classes of LXR
target genes. The first class largely consisted of prototypic LXR target genes, such as
Abca1l, which were rapidly induced by DMHCA and were only modestly affected by

DLL4 and/or TGF-B (Figure 2.7E and Figure 2.S7D). Of note, some of these genes,
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such as Abca1, were not affected by deletion of LXRa, suggesting compensation by
LXRB. LXR binding sites for these genes in Kupffer cells were largely at pre-existing
regions of open chromatin (e.g., Figure 2.3G). The second class of target genes,
exemplified by //18bp and Arg2, consisted of genes that were induced late following
recruitment into liver (Figure 2.S7D) and were defined as LXRa target genes based on
reduced expression in KC-specific LXRa KO Kupffer cells (Figure 2.3B). These genes
exhibited progressive activation by DLL4 and TGF-f from 24h to 72h and were less
dependent on DMHCA for expression (Figure 2.7E). LXR binding sites in the vicinity of
these genes were largely KC-specific and associated with induced enhancer like

elements (Figure 2.S7E).
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D. Discussion

The transcriptional mechanisms that enable myeloid progenitor cells to acquire
the distinct functional characteristics of tissue resident macrophages are largely
unknown. Here, we exploited the ability to rapidly and specifically deplete the Kupffer
cell population and characterize the transcriptomes and epigenetic landscapes of
repopulating liver macrophages as a function of time. We observed the transcriptomes
of RLMs to progressively converge towards that of resident Kupffer cells over a 14d
time frame. These findings are consistent with previous studies (42) and support the
validity of this approach as a model system for investigation of Kupffer cell
differentiation. A remarkable feature of this system is the exquisite sensitivity of the liver
to loss of its resident Kupffer cell population. While very few monocyte-like cells are
found in the perfused liver of control animals, substantial numbers of adherent liver
monocytes are already observed by 12 hours following DT treatment. The window for
recruitment may be quite transient, as we observe a strong transcriptional signature of
proliferation in RLMs at 2-3 days following DT depletion, suggesting that cell division is
a significant contributor to repopulation from this point onward. A major unanswered
question is the mechanism employed by the liver to sense its Kupffer cell population
and determine access to circulating monocytes when the niche is opened following KC

depletion.

Integration of global patterns of gene expression, open chromatin, H3K27ac and

transcription factor binding provides evidence for a combinatorial and sequential model
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of differentiation of myeloid progenitor to Kupffer cell differentiation involving the LXR,
DLL4/Notch and TGF-B/BMP signaling pathways. Our findings suggest that a critical
initial step is provided by the interaction of recruited monocytes with DLL4 expressed on
sinusoidal endothelium. DLL4 activation of Notch signaling converts RBPJ from a
repressor to an activator as a consequence of the Notch intracellular domain mediating
the exchange of co-repressor complexes associated with histone deacetylase activity
for co-activator complexes associated with histone acetyl transferases (110).
Consistent with this mechanism, we observe that sites of RBPJ binding at pre-existing
regions of open chromatin exhibit increases in H3K27ac in repopulating liver
macrophages by 24h after DT treatment. Treatment of bone marrow derived
macrophages with DLL4 for 24h is sufficient to induce H3K27ac at many of these
regions and to induce nearby gene expression in a manner that is blocked by an
inhibitor of Notch cleavage. Importantly, Nr1h3, Spic and mRNAs encoding other
Kupffer cell lineage-determining factors are among the genes that are rapidly induced
both in recruited liver macrophages and DLL4-treated bone marrow derived
macrophages. In addition, DLL4 treatment of bone marrow progenitor cells resulted in
down-regulation of monocyte specific genes. Suppressive effects of DLL4 on H3K27ac
were not associated with local enrichment of RBPJ recognition motifs, but instead were
associated with motifs associated with monocyte-specific enhancers, including AP-1
motifs. Reduced H3K27ac at genomic regions enriched for AP-1 motifs is consistent
with prior evidence Notch signaling inhibits AP-1 activity in a manner involving the Notch

intracellular domain (111, 112). Thus, Notch signaling appears to simultaneously
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initiate a program of Kupffer cell gene expression and suppress the expression of

monocyte-specific genes.

Unlike circulating monocytes and BMDMs in vitro, tissue macrophages are
always interacting with various types of cells in the organ. As Notch signaling is
generally activated by direct cell-to-cell contact, our findings suggest that the expression
of DLL4 by sinusoidal endothelial cells provides critical position-specific information
necessary for triggering monocyte to Kupffer cell differentiation. These studies also
imply that sinusoidal endothelial cells restrict access of circulating monocytes to DLL4
unless the resident KC niche is depleted. Previously, Notch-RBPJ has been reported as
an essential pathway for tumor-associated macrophage differentiation (113). It has also
been reported that Notch ligand DLL1 expressed in mammary gland stem cells
activates Notch signaling in stromal macrophages to induce Wnt family ligands (114).
Different consequences of Notch activation in macrophages might be caused by other
tissue-specific signals. In fact, stimulation of bone marrow progenitor cells with TGF-f3 in
addition to DLL4 can induce more Kupffer cell-specific genes. Given that Notch ligands
DLL1 and DLL4 activate distinct targets by pulsatile or sustained Notch activation
dynamics (115), different expression pattern of Notch ligands in adjacent cells might

affect each tissue macrophage character.

Enrichment of SMAD motifs in Kupffer cell-specific enhancers and induced

enhancers in repopulating liver macrophages provides evidence for roles of TGF-B/BMP
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signaling in Kupffer cell differentiation and maintenance. Sinusoidal endothelial cells
express high levels of and Tgfb1, and corresponding receptors are highly expressed on
Kupffer cells. In contrast to RBPJ, which exhibited a reduced and largely overlapping
binding pattern in Kupffer cells compared to BMDMs, SMAD4 acquired a large cell-
specific cistrome in Kupffer cells that overlapped extensively with the Kupffer cell-
specific LXR cistrome, consistent with genomic location of SMADs being influenced by
specific combinations of lineage determining transcription factors (116). Evidence that
TGF-B/BMP signaling is required for maintenance of Kupffer cell identity was provided
by transcriptomic and epigenetic consequences of Kupffer cell-specific deletion of
Smad4. In addition to functioning as a signal-dependent transcription factor that
regulates pre-existing enhancers, our findings also indicate essential roles of SMAD4 in
maintaining the open chromatin environment of a subset of Kupffer cell identity genes.
As SMADA4 is an essential co-SMAD for both TGF- and BMP signaling pathways, our
findings thus far do not allow conclusions to be made regarding the relative roles of
each pathway. While BmpZ2 is the more highly expressed mRNA on sinusoidal
endothelial cells, Tgfbr2 is the most highly expressed receptor mRNA on Kupffer cells.
In addition, the interactions of TGF-B/BMP ligands with their receptors is highly
influenced by co-expressed cell surface molecules and cellular context required for their
processing and activity (117, 118). Cell specific deletions of these ligand/receptor
combinations will be required to resolve their specific roles. Intriguingly, TGF-§ alone

was unable to induce Nr1h3 or many other KC-specific genes in BMDMs, but could
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stimulate expression of these genes in the presence of DLL4, suggesting that Notch

signaling is permissive for a KC-specific differentiation role the TGF-f pathway.

SPI-C is a transcription factor expressed in iron-recycling macrophages induced
by heme (26). In this research, we report the novel pathway, Spic induction by Notch
signaling. Furthermore, Spic expression is up-regulated contrary to Nr1h3in Smad4
knockout Kupffer cells. BMP2 and BMP6 secreted by LSECs are important for iron-
regulated hepcidin expression (119). Therefore, BMPs might regulate serum iron

concentration though Spic suppression via SMAD signaling in Kupffer cells.

LXRa has recently emerged as a putative Kupffer cell lineage-determining factor
based on its rapid induction in embryonic Kupffer cells (37), the presence of LXR
recognition motifs in KC enhancers (38), and consequences of KC-specific deletion
(42). Here we confirm the requirement of LXRa. for expression of a subset of KC
identity genes and establish that it is also required for shaping the Kupffer cell enhancer
landscape. Previous studies of bone marrow derived macrophages indicated that
genetic deletion of both LXRa and LXRp had no impact on binding of the macrophage
lineage-determining factor PU.1, whereas PU.1 was required for the binding of LXRs at
a subset of their genomic locations (16). These observations suggested a hierarchical
relationship in which PU.1 and other macrophage lineage-determining transcription
factors primed cis-regulatory elements, providing access to signal-dependent factors

such as nuclear receptors. Here, deletion of LXRa had no impact on open chromatin in
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bone marrow derived macrophages, consistent with these prior studies, but resulted in
reduced chromatin access at a significant fraction of Kupffer cell specific enhancers.
Whether this result is simply a consequence of higher levels of LXRa expression or
reflects an acquired chromatin remodeling function in KCs remains to be established.
Liver environmental signals, TGF-B/BMP and Notch pathways are supporting this LXRa
function, but it remains to be elucidated that they are necessary to recruit LXRa to

Kupffer cell specific binding sites in addition to LXRa induction in Kupffer cells.

In addition to LXRa driving the selection of Kupffer cell enhancers through
collaborative interactions with other KC lineage-determining factors, these studies also
provide evidence that LXRa and LXRp activity is regulated in an environment-
dependent manner. The very rapid (within 12h) upregulation of LXR target genes and
down-regulation of SREBP target genes in recruited cells, and the convergence of their
expression patterns in RLMs to those of resident Kupffer cells, strongly implies the
presence of endogenous sterol and/or oxysterol regulators of these pathways. It will be
of particular interest to determine whether the coordinate regulation of LXRs and
SREBPs in Kupffer cells is a cell-autonomous response to accumulation of intracellular
cholesterol or results from uptake of sterols/oxysterols generated by other cell types in
the liver. Based on lipidomic analysis, desmosterol is the most abundant lipid species
that has the potential to both induce LXR target genes and repress the SREBP
pathway. We recently reported the unexpected finding that while desmosterol and

DMHCA effectively regulate both the LXR and SREBP pathways in macrophages, they
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have almost no activity in hepatocytes (107). Mechanisms responsible for cell-specific
discrimination of desmosterol and desmosterol mimetics remain to be established.
Notably, desmosterol levels are highly dependent on the expression of Dhcr24 (107,
120), which is a direct target gene of SREBP (108). Based on lipidomic analysis
indicating that desmosterol is by far the most abundant LXR ligand in ex vivo
hepatocytes, we speculate that it could function as a signal to other cell types in the liver

reporting on the status of the SREBP pathway in hepatocytes.

Using molecules which mimic liver environment signals, we show that it is
possible to partially induce Kupffer cell-specific genes in mouse bone marrow derived
macrophages. This technology will provide improved in vitro systems for modeling
pathological features of Kupffer cells in metabolic and inflammatory liver diseases.
However, BMDMs treated with DLL4, TGF- and DMCA do not come nearly as close to
Kupffer cells as repopulating liver macrophages, indicating limitations of the in vitro
system. There are likely to be many contributing factors to the remaining differences,
including a requirement for additional liver-derived factors and inhibitory effects of the in

vitro environment.

The present studies focused on a subset of dynamic regulatory elements to infer
roles of Notch, TGF-B/BMP receptors, and LXR signaling pathways as mediators of the
effects of liver environmental factors on Kupffer cell differentiation and homeostasis.

Several additional pathways are suggested by our studies, including signaling systems
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that converge on NFkB, IRF, and MAF transcription factors as well as additional nuclear
receptors. For example, the enrichment of NFkB motifs in KC-specific enhancer may
reflect exposure of Kupffer cells to gut-derived LPS present in portal blood. In
conclusion, the ascertainment of transcriptomes and epigenetic landscapes of
repopulating tissue macrophages provides a framework for understanding how a

common macrophage progenitor cell acquires tissue specific phenotypes.
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Figure 2.1: Recruited monocytes rapidly acquire expression of KC lineage-

determining TFs followed by expression of a subset of KC-specific genes in KC-

oOw»

depleted livers

Experimental scheme: Clec4f-Cre-tdTomato x Rosa26 LSL DTR +/- diphtheria toxin (DT)

FACS analysis of cell populations as a function of time following DT treatment

MA plot analysis of RNA transcripts expressed in circulating Ly6CH monocytes and repopulating liver
macrophages at 24 hours. Each dot represents a gene, and the size of dots shows the significance as
p-value in the comparison.

Genome-wide representation of differential gene expression from 12h to 14 days in comparison to
circulating monocytes and resident Kupffer cells. Differentially-expressed 3101 genes are selected by
DESeqg2 (FDR < 0.05).

Principle component analysis of 9568 detectable genes (at least 8 TPM in at least two samples) in
circulating monocytes, recruited liver monocytes, repopulating liver macrophages and resident Kupffer
cells.

Bar plots for expression of Nr1h3, 1d3, Spic, Ccr2, Clec4f and Timd4.The significance symbols
represent the FDR from DESeqg2 comparing to circulating monocytes respectively. ***p-adj < 0.001.
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Figure 2.2: Rapid reprogramming of the repopulating liver macrophage epigenetic
landscape

A. Heat map of distal accessible chromatin regions defined by ATAC-seq in circulating monocytes,
repopulating liver macrophages at 24 and 48 hours, and Kupffer cells. Each row is Z-score normalized
tag counts for a peak. Distal regions are defined as 3kbp away from known transcription starting sites
(TSS).

B. Enriched motifs in distal accessible chromatin regions defined by ATAC-seq of repopulating liver
macrophages at 48 hours using GC-matched genomic background.

C. Bar plots for expression of Maf, Mafb, and Tfec in circulating monocytes (Circ Mo), repopulating liver
macrophages as a function of time after DT treatment, and resident Kupffer cells (KCs). The
significance markers represent the FDR from DESeq2 comparing to circulating monocytes respectively.
*p-adj < 0.05; ***p-adj < 0.001.

D. Scatter plot of distal ATAC-associated H3K27ac in repopulating liver macrophages at 24h post DT
treatment vs circulating monocytes. Color codes indicate significant changes (FDR < 0.05 & FC > 2)
in H3K27ac signal with or without significant changes in ATAC-seq peaks.

E. Genome browser tracks of ATAC-seq and H3K27ac ChIP peaks in the vicinity of the Nr1h3, Mafb,
Clec4f, and Cd5l loci in blood monocytes (Circ Mono), repopulating liver macrophages (RLM) at 24 and
48 hours and Kupffer cells. Yellow shading; pre-existing ATAC-seq peaks in circulating monocytes.
Blue shading; regions of open chromatin acquired during RLM differentiation.
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Figure 2.3: LXRa is a Kupffer cell lineage-determining TF

Scatter plot of mMRBNA expression in Control Kupffer cells vs Tim4Nes LXRa KO Kupffer cells.
Significantly differentially-expressed genes are colored (blue: down-regulated in LXRa KO KC; purple:
up-regulated in LXRa KO KC). Kupffer cell-specific genes are color-coded in red.

Bar plots of expression of the indicated genes in control or Tim4Nes LXRa KO Kupffer cells. The
significance symbols represent the FDR from DESeq2 comparing LXRa KO KC to Control KC. ***p-adj
< 0.001.

Scatter plot of IDR-defined ATAC-seq peaks in Control Kupffer cells vs. Tim4Neg LXRa KO Kupffer cells.
Significantly-changed ATAC-peaks are color-coded (blue: significantly reduced in KC; purple:
significantly gained in LXRa KO KC). KC-specific enhancers identified in Figure 2.52B are color-coded
in red.

Scatter plot of IDR-defined LXR ChIP-seq peaks in Kupffer cells against bone marrow derived
macrophages. Differential LXR-ChIP peaks (FDR < 0.05 & FC > 2) are colored (Blue: KC-specific;
Orange: BMDM-specific).

De novo motif enrichment analysis of Kupffer cell-specific LXR peaks using a GC-matched genomic
background

Overlaps of total and KC-specific LXR ChIP-seq peaks with lost ATAC-Seq peaks in Tim4Nes LXRa KO
Kupffer cells

. Genome browser tracks of LXR ChlP-seq peaks in BMDMs and KCs aligned with ATAC-seq peaks in
control and LXRa KO KCs at the indicated loci. Yellow shading: common ATAC-seq peaks and LXR
binding sites in BMDMs and KCs. Blue shading: KC-specific LXR binding sites associated with loss of
ATAC peaks in Tim4Neg LXRa KO Kupffer cells
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Figure 2.4: TGF-B/BMP signaling regulates KC identity

Expression of TGF-B/BMP family members in sinusoidal ECs.

Expression of TGF-B/BMP receptors in KCs.

Scatter plot of mRNA expression in control Kupffer cells vs Tim4Neg Smad4 KO Kupffer cells.
Differentially-expressed genes are colored (blue: down-regulated in Smad4 KO KC; green: up-
regulated in Smad4 KO KC) Kupffer cell-specific genes are color-coded in red.

Bar plots of expression of the indicated genes in control or Tim4Neg Smad4 KO Kupffer cells. The
significance symbols represent the FDR from DESeq2 comparing Smad4 KO KC to Control KC. **p-
adj < 0.01; ***p-adj < 0.001.

Scatter plot of IDR-defined ATAC-seq peaks in control or Smad4 KO Kupffer cells. Significantly-
changed ATAC-peaks are colored (blue: reduced in Smad4 KO KC; green: gained in Smad4 KO KC).
Browser track examples of ATAC-seq in control and Smad4 KO KCs, Chip-seq for SMAD4 in KCs vs
BMDMs and ChiIP-seq for LXRs in KCs at the Clec4f and Lepr loci. Blue shading: Sites of SMAD4
binding exhibiting loss of corresponding ATAC-seq peak in Smad4 KO KCs.

Scatter plot of IDR-defined SMAD4 ChlP-seq peaks in Kupffer cells vs. bone marrow derived
macrophages. Differential LXR-ChIP peaks (FDR < 0.05 & FC > 2) are colored (Blue: KC-specific;
Orange: BMDM-specific).

De novo motif enrichment analysis of Kupffer cell-specific SMAD4 ChIP peaks using a GC-matched
genomic background.

Overlap of LXR and SMAD4 binding sites in Kupffer cells.

Overlap of SMAD4 ChIP-seq peaks in Kupffer cells and KC-specific SMAD4 peaks with lost ATAC-seq
peaks in Smad4 KO KCs.
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Figure 2.5: Notch signaling activates KC lineage-determining factors in BMDMs

TGF-B induces Tgfbi expression in bone marrow derived macrophages, but does not induce expression
of Nr1h3 or Id3. The significance symbols represent the FDR from DESeq2 comparing TGF-3-
stimulated BMDM to Control BMDM. ***p-adj < 0.001.
Expression of Notch ligands in sinusoidal ECs
Expression of Notch receptors in KCs

DLL4 induces Nr1h3, Spic, and Tfec gene expression in mouse BMDMs in a gamma secretase-
dependent manner. The significance symbols represent the FDR from DESeg2 comparing BMDM
stimulated with DLL4 alone or with DLL4 and DAPT to Control BMDM respectively. **p-adj < 0.01; ***p-
adj < 0.001.
MA plot of RNA-seq data comparing control BMDMs and BMDMs treated with DLL4 for 24h. Each dot
represents a gene, and the size of dots shows the significance as p-value in the comparison.
Differentially-expressed genes are colored (purple: up-regulated in DLL4-stimulated BMDMs; Orange:
down-regulated in DLL4-stimulated BMDMs) and Kupffer cell-specific genes are color-coded in red (up-
regulated in DLL4-stimulated BMDMSs) or black (not up-regulated in DLL4-stimulated BMDMs). Fisher’s
exact test was used to determine the odds ratio between DLL4 stimulation and KC-specific genes.
Bar plots for Abcg3, Sic40a1, or C1qa expression in circulating monocytes (Circ Mo), RLMs at 24 hours,
and BMDMs with or without DLL4 stimulation. The significance symbols represent the FDR from
DESeqg2 comparing DLL4-treated BMDM to control BMDM, and RLMs at 24 hours to circulating
monocytes respectively. ***p-adj < 0.001.
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Figure 2.6: Notch signaling activates a pre-existing enhancer landscape in bone
marrow progenitor cells

Overlap of reproducible RBPJ ChlIP-Seq peaks in Kupffer cells and bone marrow progenitor cells
Bar plot for Rbpj expression in circulating monocytes (Circ Mo), repopulating liver macrophages as a
function of time after DT treatment, and resident Kupffer cells (KCs). The significance symbols
represent the FDR from DESeqg2 comparing to circulating monocytes respectively. ***p-adj < 0.001.
Scatter plot of IDR-defined distal ATAC-peaks in DLL4-treated BMDMs vs. control BMDMs.
Significantly-changed ATAC-peaks (FDR < 0.05 & FC > 2) are colored (orange: reduced in control
BMDMs; purple: gained in DLL4-treated BMDM).
. Scatter plot of distal ATAC-associated H3K27ac in DLL4-treated BMDMs vs control BMDMs. Color
codes indicate significant changes (FDR < 0.05 & FC > 2) in H3K27ac.
Motif enrichment analysis of distal ATAC-seq peaks in DLL4-treated BMDMs that gain H3K27ac.
Browser tracks of ATAC-Seq, H3K27ac ChlP-seq and RBPJ ChiP-seq peaks in the vicinities of putative
regulatory elements for the Nr1h3 and Spic genes (Yellow shading). Bar graphs illustrate H3K27ac
normalized tag counts for the indicated genomic regions.
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Figure 2.7: Combinatorial interactions of liver environmental signals

Effect of the combination of DLL4 and TGF-B on Nr1h3 and Clec4f expression in control and Smad4
KO BMDMs. The significance symbols represent the FDR from DESeqg2 comparing to control samples
without stimulation in control and Smad4 KO respectively. ***p-adj < 0.001.

PCA analysis of overall gene expression in bone marrow progenitor cells stimulated with or without
DLL4 and/or TGF-B, circulating monocytes (Circ Mo), repopulating liver macrophages (RLM) as a
function of time after DT treatment, and resident Kupffer cells (KC).

Bar plots for expression of Abca? and Ldir in circulating monocytes (Circ Mo), repopulating liver
macrophages as a function of time after DT treatment, and resident Kupffer cells (KCs). The
significance markers represent the FDR from DESeq2 comparing to circulating monocytes respectively.
***p-adj < 0.001.

Quantification of desmosterol, 24-, 25- and 27-OHC and 24,25-EC in mouse liver (left) and primary
mouse hepatocytes (right).

Effects of the indicated combinations of DLL4, TGF-B and/or DMHCA on Abca1l, I18bp and Arg2
expression in BMDMs.
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Figure 2.S1: Supplement to Figure 2.1

Targeting strategy for knock-in of IRES-Cre-T2A-tdTomato-NLS into the 3’-untranslated region of
Clec4f and primers used for genotyping. L-HA, left homology arm; R-HA, right homology arm; IF,
internal forward primer; IR, internal reverse primer; LF, left forward primer; LR, left reverse primer; RF,
right forward primer; RR, right reverse primer

PCR screening of FO mice derived from pronuclear injection of Cas9 protein, Clec4f-crRNA, tracrRNA,
and targeting vector (TV)

Flow cytometry panels showing ZsGreen and Clec4f-tdTomato expressions in Kupffer cells (left) or
hepatic CD11bHiF4/80Le cells (right) from Rosa26 Lox-Stop-Lox ZsGreen Clec4f-Cre-tdTomato+/— or
Rosa26 Lox-Stop-Lox ZsGreen LysM-Cre+/— mice

Clustering of replicate RNA-seq data for circulating monocytes (Circ Mo), repopulating liver
macrophages as a function of time after DT treatment, and resident Kupffer cells (KCs)

MA plot of RNA-seq data comparing RLMs at 24 hours to circulating monocytes color-coded for KC-
specific genes significantly up-regulated in RLMs (red) or not up-regulated (black). Fisher’s exact test
was used to determine the odds ratio between RLM24h and KC-specific genes.

Ingenuity pathway analysis of differentially-expressed genes in RLMs at 48 hours compared to RLMs
at 24 hours

. Bar plot for expression of Mki67 in circulating monocytes (Circ Mo), repopulating liver macrophages as
a function of time after DT treatment, and resident Kupffer cells (KCs). The significance symbols
represent the FDR from DESeq2 comparing to circulating monocytes respectively. *p-adj < 0.05, **p-
adj < 0.01; ***p-adj < 0.001.
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Figure 2.S2: Supplement to Figure 2.2

Clustering of correlation among replicate ATAC-seq data for circulating monocytes, repopulating liver
macrophages (RLM) at 24 and 48h and Kupffer cells.

Heat map of distal ATAC-seq peaks exhibiting differential H3K27ac in BMDMs, Kupffer cells (KCs),
Large Resident Peritoneal Macrophages (RPMs), Microglia (MG) and Circulating Monocytes (Mono).
Peaks were filed to identify regions exhibiting >log2 fold change, p-adj <0.05 in at least 3 of the 4
comparisons with other cell types.

De novo motif enrichment analysis of distal accessible chromatin regions in Kupffer cells with > 2-fold
increase in H3K27ac in at least 3/4 comparisons with other macrophages

Expression of Irf7 in circulating monocytes (Circ Mo), repopulating liver macrophages as a function of
time after DT treatment, and resident Kupffer cells (KCs). *** p-adj < 0.05.

Expression of Jdp2, Fosl2, Junb and Jund in circulating monocytes (Circ Mo), repopulating liver
macrophages as a function of time after DT treatment, and resident Kupffer cells (KCs). D&E: The
significance markers represent the FDR from DESeq2 comparing to circulating monocytes respectively.
**p-adj < 0.05, **p-adj < 0.01; ***p-adj < 0.001.

Motif enrichment analysis for known motifs associated with distal ATAC-associated H3K27ac in
circulating monocytes, RLMs at 24h and Kupffer cells.
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Figure 2.S3: Supplement to Figure 2.3

Flow cytometry of LXR « " and LXRaf/ x Clec4f-Cre-tdTomato mice, indicating presence of Tim4Neg

populations in the Clec4f-Cre-tdTomato-positive mice

Genome browser image of RNA-seq data at the Nr1h3 locus of LXRafl and LXRafl x Clec4f-Cre-

tdTomato mice, indicating efficient excision of exons 4-7 in Cre-positive mice

Scatter plot of mMRNA expression in control Kupffer cells vs. Tim4Pos LXRa KO Kupffer cells.

Differentially-expressed genes are colored (blue: down-regulated in Tim4Pos LXRa KO KC; purple: up-

regulated in Tim4Pos LXRa KO KC). Kupffer cell-specific genes are color-coded in red.

. Bar plots of expression of the indicated genes in control or Tim4Pos LXRa KO Kupffer cells. ***p-adj <
0.001.

Scatter plot of mRNA expression in control BMDMs vs LXRa KO BMDMs. Differentially-expressed

genes are colored (orange: down-regulated in LXRa KO BMDM,; green: up-regulated in LXRa KO

BMDM)

Scatter plot of ATAC-seq peaks in control Kupffer cells vs Tim4Pos LXRa KO Kupffer cells. Significantly-

changed ATAC-peaks are colored (blue: reduced in KC; purple: gained in Tim4Pes LXRa KO KC) and

KC-specific enhancers identified in Figure 2.S2B are color-coded in red.

. Sorting of tdTomato-positive nuclei from Clec4f-Cre-tdTomato mice for ChIP-seq experiments.

Overlaps of total and KC-specific LXR ChlIP-Seq peaks with lost ATAC-Seq peaks in Tim4-positive

LXRa KO Kupffer cells

De novo motif analysis of lost ATAC-Seq peaks in Tim4Pes LXRa KO Kupffer cells overlapping with KC-

specific LXR ChlP-seq peaks.
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Figure 2.S4: Supplement to Figure 2.4

Flow cytometry of liver CD31Pos endothelial cells sorted according to STAB2Le, STAB2nt or STAB2H
levels.

Efficient deletion of a floxed Smad4 exon 8 assessed by qPCR in Clec4fPes and Clec4fNes Smad4 KO
Kupffer cells.

Flow cytometry of Smad4ff and Smad4i x Clec4f-Cre-tdTomato mice, indicating variable presence of
Tim4Neg populations in the Clec4f-Cre-tdTomato-positive mice

Scatter plot of mRNA expression in control Kupffer cells vs Tim4Pos Smad4 KO Kupffer cells.
Differentially expressed genes are colored (blue: down-regulated in Tim4Pos Smad4 KO KC; green: up-
regulated in Tim4Pos Smad4 KO KC). Kupffer cell-specific genes are color-coded in red.

Bar plots of expression of the indicated genes in control or Tim4Pes Smad4 KO Kupffer cells. The
significance markers represent the FDR from DESeq2 comparing Tim4Pes Smad4 KO KC to control KC.
**p-adj < 0.01; ***p-adj < 0.001.

Browser track examples of ATAC-seq in control and Smad4 KO KCs and ChlP-seq for SMAD4 in KCs
vs BMDMs at the Nr1h3 and Id3 loci.
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Figure 2.S5: Supplement to Figure 2.5

A. MA plot of RNA-seq data comparing control BMDMs and BMDMs treated with DLL4 for 24h. Each dot
represents a gene, and the size of dots shows the significance as p-value in the comparison.
Differentially-expressed genes are colored (purple: up-regulated in DLL4-stimulated BMDMs; Orange:
down-regulated in DLL4-stimulated BMDM) and genes up-regulated in RLM 24h compared to
circulating monocytes are color-coded in red (up-regulated in DLL4-stimulated BMDMSs) or black (not
up-regulated in DLL4-stimulated BMDMSs). Fisher’s exact test was used to determine the odds ratio
between DLL4 stimulation and genes induced in RLM 24h.

B. Bar plots for expression of indicated genes in circulating monocytes (Circ Mo), RLMs at 24 hours, and
BMDMs with or without DLL4 stimulation. The significance symbols represent the FDR from DESeq2
comparing DLL4-treated BMDM to control BMDM, and RLMs at 24 hours to circulating monocytes
respectively. ***p-adj < 0.001.
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Figure 2.S6: Supplement to Figure 2.6

. Motif enrichment analysis of distal RBPJ peaks common to Kupffer cells and DLL4-treated BMDMs.
. Motif enrichment analysis of distal accessible ATAC-seq peaks in DLL4-treated BMDMs that lose

H3K27ac.
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Figure 2.S7: Supplement to Figure 2.7

Overlaps of LXR, SMAD4 and RBPJ binding sites in Kupffer cells

Browser tracks in the vicinity of Abcat and C1qga indicating H3K27ac in circulating monocytes (Circ
Mono), repopulating liver macrophages at 24 hours (RLMs), and Kupffer cells (KCs) and ChlP-seq data
for LXR, SMAD4 and RBPJ in KCs

Expression of Scd1 and Hmgcr in circulating monocytes (Circ Mo), repopulating liver macrophages as
a function of time after DT treatment, and resident Kupffer cells (KCs). ***p-adj < 0.001.

Expression of /118bp and Arg2 in circulating monocytes (Circ Mo), repopulating liver macrophages as
a function of time after DT treatment, and resident Kupffer cells (KCs). ***p-adj < 0.001.

Browser tracks in the vicinity of //18bp and Arg2 indicating H3K27ac in circulating monocytes (Circ
Mono), repopulating liver macrophages at 24 hours (RLMs), and Kupffer cells (KCs) and ChlP-seq data
for LXR in KCs and BMDMs. ***p-adj < 0.001.
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E. Methods

Mice

All animal procedures were approved by the University of California San Diego
Institutional Animal Care and Use Committee in accordance with University of California
San Diego research guidelines for the care and use of laboratory animals. The following
mice were used in this study; C57BL/6J (The Jackson Laboratory, Stock No.000664),
Clec4f-cre-tdTomato (generated by Glass Lab and transgenic core facility, University of
California, San Diego) (The Jackson Laboratory, Stock No.033296), Rosa26-Lox-Stop-
Lox-DTR mice (90)(The Jackson Laboratory, Stock No.007900), Rosa26-Lox-Stop-Lox-
ZsGreen mice (The Jackson Laboratory, Stock No.007906), Rosa"™"& mouse (121)(The
Jackson Laboratory, Stock N0.023035), LysM-cre (122)(The Jackson Laboratory, Stock
No0.004781), Nr1h3" (developed by Chambon Lab), Nr1h3 knockout (123)(The Jackson
Laboratory, Stock No. 013763), and Smad4"" (124)(The Jackson Laboratory, Stock

No0.017462). Mice were used between 8 and 12 weeks of age.

Cloning of the Clec4ftargeting vector

The Clec4ftargeting vector was cloned by modifying a pUC19 vector (NEB)
using the In-Fusion HD Cloning Kit (Clontech). First, IRES-Cre-T2A was amplified from
a pLV[Exp]-SYN1>mCherry:IRES:Cre:T2A:EGFP vector (VectorBuilder) with the
forward primer IRES_Cre_T2A_F (5-
ATGCCTGCAGGTCGACCCCCTCTCCCTCCCCCCCCCCTAA-3’) and the reverse

primer IRES_Cre_T2A_R (5-

77



GTGAATTCGAGCTCGGTACCGGGGCCGGGATTTTCCTCCACGTC-3’) and inserted
into the pUC19 at the Sall/Kpnl site. Second, a nuclear localization signal-tagged
tdTomato (tdTomato-NLS) was amplified from the genomic DNA of a Rosa"™"¢ mouse
(The Jackson Laboratory, Stock No.023035) (121) with the forward primer tdTomato_F
(5’-CTAGAGGATCCCCGGGTACCATGGTGAGCAAGGGAGAGGAGGTC-3’) and the
reverse primer tdTomato_R (5-
GTGAATTCGAGCTCGTTATGAACGTCTTCGTCGCCTATC-3’) and inserted into the
Kpnl site of pUC19-IRES-Cre-T2A. Third, a 2.5 kb left homology arm (LHA) was
amplified from genomic DNA of a C57BL/6J mouse (The Jackson Laboratory) with the
forward primer LHA_F (5’-
ATGCCTGCAGGTCGACATGCTGAGAATCCCTGCTTCGCACAC-3’) and the reverse
primer LHA_R (5’-
ATCCTCTAGAGTCGACGACAGGAAGCCCTGAAGTGAGATCAAGG-3’) and inserted
into the Sall site of the pUC19-IRES-Cre-T2A-tdTomato-NLS vector. Finally, a 2.5 kb
right homology arm (RHA) was amplified from genomic DNA of a C57BL/6J mouse (The
Jackson Laboratory) with the forward primer RHA_F (5-
TACCGAGCTCGAATTCCTGTATTGCCCTGTCGTTCTGCTATTT-3’) and the reverse
primer RHA_R (5-GACGGCCAGTGAATTCGCTGCGGCTGAGGACCATTCTGAGTT-
3’) and inserted into the EcoRl site of the pUC19-LHA-IRES-Cre-T2A-tdTomato-NLS
vector to make the Clec4ftargeting vector, pUC19-LHA-IRES-Cre-T2A-tdTomato-NLS-

RHA.
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Generation of Clec4f-Cre-tdTomato mouse

30 ng/ul Cas9 protein (IDT), 0.61 pmol/ul Clec4f-crRNA (protospacer,
ACGACAGGGCAATACAGGAC) (IDT), 0.61 pmol/ul tracrRNA (IDT), and 12ng/pl
Clec4f targeting vector in IDTE pH7.5 (IDT) were injected into pronuclei of C57BL/6J
one cell stage zygotes (125). Knock-in mice were screened by PCR with KOD Xtreme
Hot Start DNA polymerase (EMD Millipore) using three different pairs of primers,
internal forward primer (Clec4f_IF, 5-ACTGGAGACATAGGAACGGAGAGCG-3’) and
internal reverse primer (Clec4f_IR, 5-GTGCTGAGGGGACTCCAATGCAG-3), left
forward primer (Clec4f_LF, 5-GCCAGGTCCAGTTTCCTGGTGATG-3’) and left reverse
primer (Clec4f_LR, 5-TCCAAGCGGCTTCGGCCAGTAAC-3’), and right forward primer
(Clecaf_RF, 5-GCCAGATAGGCGACGAAGACGTTCA-3’) and right reverse primer
(Clec4f_RR, 5-AGCCATTCCTGATACCTGGGGCC-3’). Clec4f_IF + Clec4f_IR
amplified a 277-bp band from the WT allele and a 3652-bp band from the Clec4f-Cre-
tdTomato allele. Clec4f_LF + Clec4f_LR amplified a 2668-bp band while Clec4f_RF +
Clec4f_RR amplified a 2584-bp band from the Clec4f-Cre-tdTomato allele. Clec4f-Cre-
tdTomato+/— mice were then crossed to C57BL/6J WT mice for at least for three

generations.

Diphtheria toxin (DT)-mediated depletion of Kupffer cells
Mice expressing diphtheria toxin receptors (DTR) in Kupffer cells were produced

by crossing Clec4f-cre-tdTomato mice to Rosa26-Lox-Stop-Lox-DTR mice
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(Rosa26iDTR, The Jackson Laboratory, Stock No.007900) (90). Rosa26-Lox-Stop-Lox-
DTR +/— Clec4f-Cre-tdTomato +/— mice were depleted of Kupffer cells by a single

intraperitoneal administration of 200ng DT (Sigma).

Gene expression analysis by quantitative RT-PCR

Total RNA was isolated from sorted Kupffer cells with the use of a Direct-zol RNA
MicroPrep Kit (Zymo Research). For quantitative RT-PCR analysis of Smad4, cDNA
was synthesized from the total RNA extracted from sorted Kupffer cells with the use of a
SuperScript Il First-Strand Synthesis System (Thermo Fisher Scientific) and PCR was
then performed with the use of a StepOnePlus Real-Time PCR System (Thermo Fisher
Scientific), KAPA SYBR FAST qPCR Master Mix (2X) (Kapa Biosystems), and primers
Smad4_qF1 (5-CAGCCTCCCATTTCCAATCATC-3’) and Smad4_qgR1 (5-
CGAAGGATCCACATAGCCATCC-3’). Relative mRNA abundance was calculated by
the standard curve method and was normalized by the corresponding amount of 18s
rBNA using primers 18s_qF (5’-AATTCCCAGTAAGTGCGGGTCA-3’) and 18s_gR (5’-

GATCCGAGGGCCTCACTAAACC-3)).

Sorting liver non-parenchymal cells

Mice were humanely euthanized by exposure to CO2 and whole liver pieces
saved and liver non-parenchymal cells processed for fluorescence-activated cell sorting
of Kupffer cells, liver recruited monocytes, repopulating liver macrophages (RLMs), and

liver sinusoidal endothelial cells (LSECs) with modifications from published
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methodology (55, 126). Livers were perfused in a retrograde fashion for 3 minutes at a
rate of 5 ml/min through the inferior vena cava with HBSS without Ca or Mg (Gibco)
supplemented with 1 yM flavopiridol (Sigma), 0.5 mM EGTA, 0.5 mM EDTA, and 20 mM
HEPES (Gibco). Perfusions were then switched to 40 ml of digestion buffer comprised
of HBSS with Ca and Mg (Gibco) supplemented with 0.033 mg/ml of Liberase TM
(Roche), 20 ug/ml DNase |, 1 uM flavopiridol, and 20 mM HEPES. Livers were then
excised, minced, and digested for an additional 20 minutes in vitro at 37°C with gentle
rotation in 20 ml of fresh digestion buffer. After tissue digestion, cells were passed
through a 70 pm cell strainer, and hepatocytes were removed by two low-speed
centrifugation steps at 50 X G for 2 minutes. Non-parenchymal cells in the supernatant
were further separated from debris by pelleting for 15 minutes at 600 X G in 50 ml of
20% isotonic Percoll (Sigma) at room temperature. Next, cells were washed from
Percoll containing buffer and resuspended in 10 ml 28% OptiPrep (Sigma) and carefully
underlaid beneath 3 ml of wash buffer. The resulting gradient was centrifuged at 1,400
X G for 25 minutes at 4°C with no brake and cells enriched at the interface were saved
and subjected to RBC lysis (eBioscience). Enriched non-parenchymal cells were
washed, suspended in PBS, then stained for 10 minutes with Zombie NIR (BioLegend)
and purified anti-CD16/32 (93, BioLegend) to label dead cells and block Fc receptors.
After that, cells were stained in wash buffer for an additional 20 minutes with the
antibodies of interest. Stained cells were washed twice and strained through a 30 um
strainer, then subjected to cell sorting using a Beckman Coulter MoFlo Astrios EQ

configured with 355 nm, 405 nm, 488 nm, 561 nm, and 642 nm lasers. Each cell
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population was hierarchically gated using Beckman Coulter Summit software. Kupffer
cells were defined as CD45P°sF4/80HCD11b™CD115PosClec4f-
tdTomatoPosLy6CLeCD31NeaCD146Ne9, Liver recruited monocytes were defined as
CDA45PosF4/80-°CD11bHCD115PosClec4f-tdTomatoNesLy6CHICD31NesCD146Ne9 while
RLMs at 24 hours, 48 hours, and 72 hours were defined as
CDA45PosF4/80'"~HiCD11b'"CD115P°sClec4f-tdTomatoNesLy6C'"t~LoCD31NegCD146Neg,
RLMs at day 7 and day 14 were defined as CD45P°sF4/80HCD11b'"Tim4NedClec4f-
tdTomatoPosCD146Nea. Tim4Neg or Tim4Pos Kupffer cells were sorted as
CDA45PosF4/80HCD11b!Tim4Neg or PosClec4f-tdTomatoNes or PosCD146Nes, LSECs were
defined as CD45Ne9F4/80Ne9CD11bNedCD31PosCD146PosSTAB2!"~Hi, Each cell
population was further restricted to single particles by comparing height and area side
scatter pulses, and dead cells were excluded by detecting the integration of the

live/dead dye (Zombie NIR).

Sorting blood monocytes

Mice were humanely euthanized by exposure to CO2. Blood was collected from
mice via cardiac puncture into KBEDTA tubes and subjected to RBC lysis (eBioscience).
Cells were pelleted by centrifugation at 350 X G for 10 minutes at 4°C and washed,
suspended in PBS, then stained for 10 minutes with Zombie NIR (BioLegend) and
purified anti-CD16/32 (93, BioLegend) to label dead cells and block Fc receptors. Next,
cells were stained in wash buffer for an additional 20 minutes with the antibodies of

interest. Stained cells were washed twice and strained through a 30 um strainer, then

82



subjected to cell sorting using a Beckman Coulter MoFlo Astrios EQ configured with 355
nm, 405 nm, 488 nm, 561 nm, and 642 nm lasers. Each cell population was
hierarchically gated using Beckman Coulter Summit software. Ly6C"" monocytes were
defined as CD45P°sCD11bMCD115PesCD19Ne9CD90.2NedLy6GNesLy6CHi. Ly6CH:
monocytes were further restricted to single particles by comparing height and area side
scatter pulses, and dead cells were excluded by detecting the integration of the

live/dead dye (Zombie NIR).

Sorting crosslinked Kupffer cell nuclei

Livers of Clec4f-Cre-tdTomato mice were perfused in a retrograde fashion using
a Masterflex multichannel peristaltic pump (Cole-Parmer) briefly at a rate of 5ml/min
through the inferior vena cava with HBSS without Ca or Mg (Gibco) supplemented with
0.5mM EGTA, 0.5mM EDTA, and 20mM HEPES. Subsequently, they were fixed by
perfusion with 3mM DSG (ProteoChem) in PBS for 30 minutes, and 1% formaldehyde
for 10 minutes at a rate of 5ml/min. The reaction was quenched by perfusion with 20ml
0.125M glycine. After fixation, livers were excised, minced and washed twice with 20ml
ice-cold NF1 buffer (10mM Tris-HCI pH8.0, 1mM EDTA, 5mM MgCI2, 0.1M Sucrose,
0.5% Triton X-100) and pelleted by centrifugation for 7 minutes at 1,200 X G at 4°C.
Livers were resuspended in NF1 buffer and homogenized with 10 strokes using the
loose pestle of a Dounce homogenizer and incubated on ice for 30 minutes, and then
homogenized with 50-70 strokes using the tight pestle with periodic assessment for

released nuclei by microscopy. The homogenized liver was then filtered with a 70 pm
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strainer into 50 ml tube and pelleted at 1,200g for 7 minutes at 4°C. Crude nuclei were
then washed with 10ml PBS supplemented with 2mM EDTA and pelleted by
centrifugation at 1,100 X G at 4°C for 5 minutes. The pellet was resuspended in PBS
with 2mM EDTA and strained with a 40 um strainer. Nuclei were purified by FACS using
a Sony SH800 or Sony MA900 based on TdTomato expression and forward scatter.
After sorting, nuclei were pelleted by centrifugation at 1,100 X G at 4°C for 5 minutes,
and snap-frozen in liquid nitrogen and stored at —80°C until ready for ChIP-seq library

preparation.

Bone marrow-derived macrophages (BMDM) culture

Femur, tibia and iliac bones from C57BL/6J mice, LXRa knockout mice, Smad4"
mice, and Smad4 "' LysM-Cre+/— mice were flushed with DMEM high glucose
(Corning), and red blood cells were lysed using red blood cell lysis buffer (eBioscience).

For RNA-seq and ATAC-seq of LXRa wild-type and knockout mice, 20 million
bone marrow cells were seeded per 15cm non-tissue culture plates in DMEM high
glucose (60%) with 10% FBS (Biowest), 30% L929-cell conditioned laboratory-made
media (as source of M-CSF), 100 U/ml penicillin-streptomycin (Thermo Fisher Scientific)
and 2.5ug/ml Amphotericin B (Thermo Fisher Scientific). After 4 days of differentiation,
16.7 ng/ml mouse M-CSF (Shenandoah Biotechnology) was added to the media. After
an additional 2 days of culture, non-adherent cells were washed off with room
temperature DMEM and macrophages were obtained as a homogeneous population of

adherent cells which were scraped and subsequently seeded onto tissue culture-treated
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Petri dishes overnight in DMEM containing 10% FBS, 100 U/ml penicillin/streptomycin,
2.5ug/ml Amphotericin B and 16.7 ng/ml M-CSF.

For RNA-seq, ATAC-seq, and ChlP-seq of bone marrow progenitor cells from
C57BL/6J mice, Smad4 mice, or Smad4™" LysM-Cre mice, 20 million bone marrow
cells were seeded per 15cm non-tissue culture plates in MEM (90%) with 10% FBS
(Biowest), 10ng/ml M-CSF (Shenandoah Biotechnology), 100 U/mi
penicillin/streptomycin+L-glutamine (Thermo Fisher Scientific) and 2.5ug/ml
Amphotericin B (Thermo Fisher Scientific). For DLL4 stimulation, tissue culture-treated
plates were coated with 1 pg/ml human recombinant DLL4 (R&D systems) overnight at
4°C. After 3 days of differentiation, non-adherent cells were washed off with room
temperature DMEM and adherent cells were scraped and subsequently seeded onto
tissue culture-treated plates in which the surface was coated with or without DLL4, and
cultured with or without 2ng/ml human recombinant TGF-B1 (Cell Signaling Technology)
and/or 1 uM DMHCA, for 24 hours or 72 hours in DMEM containing 10% FBS, 100 U/ml
penicillin/streptomycin, 2.5ug/ml Amphotericin B, and 10 ng/ml M-CSF. Where

indicated, cells were exposed to 10 uM DAPT (Cell Signaling Technology) for 24 hours.

Isolation and culture of mouse primary hepatocytes

Primary hepatocytes were isolated from 8- to 12-week-old male C57BL/6J mice
as described previously (127). Mice were humanely euthanized by exposure to COs-.
Livers were perfused in a retrograde fashion for 3 minutes at a rate of 5 ml/min through

the inferior vena cava with HBSS with Ca or Mg (Gibco) supplemented with 10 mM
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HEPES (Gibco), then for 18 minutes with the same solution containing collagenase type
| (32 mg per 100 ml, Worthington) and Protease Inhibitor Cocktail Complete—EDTA Free
(Roche). The hepatocytes were harvested and purified by density gradient
centrifugation with Percoll (Sigma) and plated on type | collagen—coated six-well plates
(1 million cells per well) in Medium 199 (Gibco) supplemented with 5% FBS and 100

U/ml penicillin/streptomycin (Thermo Fisher Scientific).

Lipid Measurements
Livers and primary hepatocytes were processed at the University of Texas
Southwestern Medical Center for oxysterol and lipid metabolite analysis by LC-MS as

previously described in full (www.lipidmaps.org/protocols/index.html).

ATAC-seq library preparation

Approximately 50,000 sorted cells were washed once with PBS and once with
cold lysis buffer (10 mM Tris-HCI, pH 7.4, 10 mM NaCl, 3 mM MgClI2, 0.1% IGEPAL
CA-630). Cells were then suspended in 50 ul 1X reaction buffer (25ul Tagment DNA
Buffer, 2.5ul Tagment DNA enzyme |, and 22.5ul water) (Nextera DNA Library
Preparation Kit, lllumina) as previously described (128). Transposase reactions were
carried out at 37°C for 30 minutes and immediately DNA was purified using ChlP DNA
Clean & Concentrator kits (Zymo Research). DNA was amplified using the Nextera
primer Ad1 and a unique Ad2.n barcoding primer using NEBNext High-Fidelity 2XPCR

Master Mix (NEB) for 14 cycles. Resulting libraries were size selected by gel excision to

86



175-225 bp, purified, and single end sequenced using a HiSeq 4000 or a NextSeq 500

(Numina) for 51 cycles according to the manufacturer's instructions.

RNA-seq library preparation

Total RNA was isolated from in vitro culture cells and purified using a Direct-zol
RNA MicroPrep Kit (Zymo Research) according to the manufacturer’s instructions
(Zymo Research). FACS purified cells were pelleted and put into 150 pul lysis/Oligo d(T)
Magnetic Beads binding buffer (100mM Tris-HCI pH7.5, 500mM LiCl, 10mM EDTA
pH8.0, 1% LiDS, 5mM DTT) and stored at —80°C until processing. mRNAs were
enriched by incubation with Oligo d(T) Magnetic Beads (NEB, S1419S). Poly A enriched
mRNA was fragmented, in 2x Superscript lll first-strand buffer with 10mM DTT (Thermo
Fisher Scientific), by incubation at 94°C for 9 minutes, then immediately chilled on ice
before the next step. The 10 pL of fragmented mRNA, 0.5 pyL of Random primers (3
pg/uL) (Thermo Fisher Scientific), 0.5 yL of Oligo dT primer (50 uM) (Thermo Fisher
Scientific), 0.5 yL of SUPERase-In (Ambion), 1 yL of dNTPs (10 mM) and 1 yL of DTT
(10 mM) were heated at 50°C for one minute. At the end of incubation, 5.8 yL of water,
1 puL of DTT (100 mM), 0.1 L Actinomycin D (2 ug/uL), 0.2 uL of 1% Tween-20 (Sigma)
and 0.5 pL of Superscript Il (Thermo Fisher Scientific) were added and incubated in a
PCR machine using the following conditions: 25°C for 10 minutes, 50°C for 50 minutes,
and a 4°C hold. The product was then purified with RNAClean XP beads (Beckman
Coulter) according to manufacturer's instruction and eluted with 10 yL nuclease-free

water. The RNA/cDNA double-stranded hybrid was then added to 1.5 pL of Blue Buffer

87



(Enzymatics), 1.1 yL of dUTP mix (10 mM dATP, dCTP, dGTP and 20 mM dUTP), 0.2
pL of RNAse H (5 U/uL), 1.05 uL of water, 1 yL of DNA polymerase | (Enzymatics) and
0.15 pL of 1% Tween-20. The mixture was incubated at 16°C for 2.5 hours. The
resulting dUTP-marked dsDNA was purified using 28 pL of SpeedBeads (GE
Healthcare), diluted with 20% PEG8000, 2.5M NaCl to final of 13% PEG, eluted with 40
uL EB buffer (10 mM Tris-Cl, pH 8.5) and frozen at -80°C. The purified dsDNA (40 pL)
underwent end repair by blunting, A-tailing and adapter ligation as previously described
(16) using barcoded adapters (NextFlex, Bioo Scientific). Libraries were PCR-amplified
for 16 cycles, size selected by gel extraction, quantified using a Qubit dsDNA HS Assay
Kit (Thermo Fisher Scientific) and sequenced on a HiSeq 4000 or a NextSeq 500

(llumina) for 51 cycles according to the manufacturer's instructions.

Crosslinking in vitro culture cells for ChlP-seq

For H3K27ac ChlP-seq, culture media was removed and plates were washed
once with PBS and then fixed with 1% formaldehyde (Thermo Fisher Scientific) in PBS
for 10 minutes at room temperature. The reaction was quenched by adding glycine
(Thermo Fisher Scientific) to 0.125M. For LXR, SMAD4, and RBPJ ChIP-seq, cells were
crosslinked with 3mM DSG (ProteoChem) in PBS for 30 minutes at room temperature,
and then fixed with 1% formaldehyde (Thermo Fisher Scientific) in PBS for 10 minutes
at room temperature. The reaction was quenched by adding glycine (Thermo Fisher

Scientific) to 0.125M. After fixation, cells were washed once with cold PBS and then
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pelleted at 700 X G for 5 minutes at 4°C. Crosslinked cells were stored at —80°C until

ready for ChlP-seq library preparation.

ChiP-seq library preparation

Chromatin immunoprecipitation (ChIP) was performed in biological replicates as
previously described (129). Fixed cells were thawed on ice, resuspended in either ice-
cold LB3 (10 mM Tris/HCI pH 7.5, 100 mM NaCl, 1imM EDTA, 0.5mM EGTA, 0.1% Na-
deoxycholate, 0.5% N-lauroylsarcosine, 1 X protease inhibitor cocktail, 1mM Na-
Butyrate, for H3K27ac ChIP) or ice-cold RIPA-NR lysis buffer (20 mM Tris-HCI, pH 7.5,
150 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.4% Na-Deoxycholate, 0.1% SDS, 1% NP-
40, 1x protease inhibitors, for LXR, SMAD4, and RBPJ ChlIP). Frozen crosslinked nuclei
were resuspended in wash buffer (10mM HEPES/KOH pH7.9, 85mM KCI, 1mM EDTA,
0.2% IGEPAL CA-630, 1x protease inhibitor cocktail (Sigma), 1 mM PMSF) for
5minutes on ice. Nuclei were spun down and then resuspended in RIPA-NR lysis buffer.
Chromatin was sheared by sonication. Samples were sonicated in a 96 Place
microTUBE Rack (Covaris cat#500282) using a Covaris E220 for 12 cycles (samples in
LB3) or 18 cycles (samples in RIPA-NR buffer) with the following setting: time, 60
seconds; duty, 5.0; PIP, 140; cycles, 200; amplitude, 0.0; velocity, 0.0; dwell,
0.0. Samples were recovered and spun down at max speed, 4°C for 10 minutes. The
LB3 lysate was diluted 1.1-fold with ice-cold 10% Triton X-100 after sonication. One
percent of the lysate was kept as ChIP input. For each immunoprecipitation, aliquots of

diluted lysate equivalent to 500,000 cells (for H3K27ac ChIP) or 2-3 million cells or
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nuclei (for LXR, SMAD4, or RBPJ ChlIP), 30 ul of Dynabeads Protein A (for rabbit
polyclonal antibodies) or Dynabeads protein A/G (for LXR ChIP) bound to specific
antibodies for H3K27ac (2 ug, Active Motif, 39133), LXR (2 pg each of the indicated
LXR specific antibodies, Santa Cruz Biotechnology: sc-1000X, sc-133221X, sc-
271064X)), SMAD4 (1 ug each of Cell Signaling technology 46535 and 38454) or RBPJ
(2 ng, Abcam, ab25949) were combined and rotated overnight at 4°C. For H3K27ac
ChIP, beads were collected on a magnet and washed three times each with wash buffer
| (20 mM Tris/HCI pH 7.5, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 2 mM EDTA),
wash buffer Il (10 mM Tris/HCI pH 7.4, 250 mM LiCl, 1% Triton X-100, 0.7% Na-
Deoxycholate, 1 mM EDTA) and twice with ice-cold TET (10 mM Tris/HCI pH7.5, 1 mM
EDTA, 0.2% Tween-20). For LXR, SMAD4, or RBPJ ChlIP, beads were washed three
times with RIPA-NR buffer (20 mM Tris-HCI/pH7.5, 150 mM NaCl, 0.1% SDS, 1% NP-
40, 0.4 % Na-Deoxycholate, 1 mM EDTA, 0.5mM EGTA, 0.5mM DTT), six times with
RIPA-LiCI buffer (10 mM Tris-HCI/pH 7.5, 250 mM LiCl, 1% NP-40, 0.7% Na-
Deoxycholate, 1 mM EDTA), three times with ice-cold TET (10 mM Tris/HCI pH7.5, 1
mM EDTA, 0.2% Tween-20), and one time with IDTE (10mM Tris-HCI pH 8.0, 0.1mM
EDTA). Libraries were prepared with NEBNext Ultra Il DNA library prep kit (NEB)
reagents according to the manufacturer’s protocol on the beads suspended in 25 yL TT
(10mM Tris/HCI pH7.5, 0.05% Tween-20), with reagent volumes reduced by half. DNA
was eluted and crosslinks reversed by adding 4 yl 10% SDS, 4.5 ul 5 M NaCl, 3 pl
EDTA, 1 ul proteinase K (20 mg/ml), 20 ul water, incubating for 1 h at 55°C , then 30

minutes to overnight at 65°C . DNA was purified using 2 pyL of SpeedBeads (GE
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Healthcare), diluted with 20% PEG8000, 1.5M NaCl to final of 12% PEG, eluted with 25
ul TT. DNA contained in the eluate was then amplified for 12 cycles in 50 ul PCR
reactions using NEBNext High-Fidelity 2X PCR Master Mix (NEB) and 0.5 mM each of
primers Solexa 1GA and Solexa 1GB. ChlIP input material (1 percent of sheared DNA)
was treated with RNase for 15 minutes at 37°C in EB buffer (10 mM Tris pH 8, 0.5%
SDS, 5 mM EDTA, 280 mM NacCl), then digested with Proteinase K for 1 h at 55°C and
crosslinks reversed at 65°C for 30 minutes to overnight. DNA was purified using 2 pL of
SpeedBeads (GE Healthcare), diluted with 20% PEG8000, 1.5M NaCl to final of 12%
PEG, eluted with 25 pyl TT and library prep and amplification were performed as
described for ChIP samples. Resulting libraries were size selected by gel excision to
225-325 bp, purified, and single-end sequenced using a HiSeq 4000 or a NextSeq 500

(Mumina).

Data mapping

Libraries were sequenced either on a HiSeq 4000 (lllumina) or a NextSeq 500
(Mlumina). Raw sequences/fastgs were obtained from lllumina Studio pipeline, and then
some of them were trimmed according to their qualities. RNA-seq data was mapped
to mm10 genome using STAR (130) with default parameters. ChlP-seq and ATAC-seq
data were mapped to custom genomes using bowtie2 (Langmead and Salzberg, 2012)
with default parameters. Finally, HOMER (Heinz et al., 2010) tag directories were

created for mapped samples.
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RNA-seq analysis

The gene expression raw counts were quantified by HOMER’s analyzeRepeats
with the option “-condenseGenes -count exons -noad;”. All genes shorted than 250bp
were removed, and the TPM (transcript per kilobase million) were quantified for all
genes matching accession number to the raw counts. Differentially expressed genes
were assessed with DESeq2 (Love et al., 2014) at FDR < 0.05 (False Discovery Rate)

and FC > 2 (Fold Change).

IDR analysis

ChIP-seq experiments were performed in two replicates with corresponding input
experiments. Peaks were called with HOMER for each tag directory with relaxed peak
finding parameters “-L 0 -C 0 -fdr 0.9”) against the corresponding input directory. For
ATAC-seq, no inputs were used, but the size was set to 200bp “-L 0 -C 0 -fdr 0.9 -
minDist 200 -size 200". IDR (Li et al., 2011) was used to test for reproducibility between
replicates, and only peaks with IDR < 0.05 were used for downstream analysis. The

pooled tag directory from two replicates was used for track visualization.

ATAC-seq and ChIP-seq analysis

To quantify the TF binding and chromatin accessibility, the raw tag counts at
merged IDR peaks of different conditions by HOMER’s mergePeaks, were extracted by
HOMER’s annotatePeaks with "-noad]", "-size 200" for ATAC-Seq and TF ChIP-Seq,

but "-size 2000" for H3K27ac ChIP on ATAC-associated peaks. Subsequently, DESeq2
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(Love et al., 2014) was used to identify the differentially bound TF binding distal sites
(3000bp away from known TSS/transcription starting sites) or the differential distal

chromatin accessibilities with FDR < 0.05 and FC > 2.

Motif analysis

To identify motifs enriched in peak regions over the background, HOMER'’s motif
analysis (findMotifsGenome.pl) including known default motifs and de novo motifs was
used (16). The background peaks used either from random genome sequences or from
peaks in comparing condition were indicated throughout the main text and in the figure

legends.

Data visualization

Heatmap of RNA expression or tags of ATAC-Seq peaks were generated by
pheatmap, an R package. Significance indicated by "*" in bar-plot represents the FDR
(after multiple-testing correction). MA-plot was used to demonstrate the differentially
expressed genes for RNA-Seq data with log2fold change against expression value
TPM, additionally with the sizes of dots representing the significant p-values. Scatter
plots were used for direct comparison of two conditions, either the gene TPM or
normalized tag counts were used for RNA-Seq, ChIP-/ATAC-Seq respectively. Browser
tracks for ATAC-Seq and ChlP-Seq were generated by open source pygbrowse

(https://github.com/phageghost/python-genome-browser).
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Chapter 3. Niche-Specific Re-Programming of Epigenetic Landscapes Drives

Myeloid Cell Diversity in NASH

A. Abstract

Tissue resident macrophages and recruited monocyte-derived macrophages
contribute to host defense but also play pathological roles in a diverse range of human
diseases. Multiple macrophage phenotypes are often represented in a diseased tissue,
but we lack a deep understanding of the mechanisms that control diversification. Here
we use a combination of genetic, genomic, and imaging approaches to investigate the
origins and epigenetic trajectories of hepatic myeloid cells during a diet-induced model
of non-alcoholic steatohepatitis (NASH). We provide evidence that distinct micro-
environments within the NASH liver induce strikingly divergent transcriptomes of
resident and infiltrating cells. Myeloid cell diversification results from both remodeling
open chromatin landscapes of recruited monocytes and altering activities of pre-existing
enhancers of resident Kupffer cells. These findings provide evidence that niche-specific
combinations of disease-associated environmental signals instruct resident and
recruited macrophages to acquire distinct programs of gene expression and

corresponding phenotypes.
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B. Introduction

Tissue resident macrophages function as essential components of the innate
immune system by serving as sensors and responders to infection and injury (45, 79).
Functional and transcriptomic studies further indicate that macrophages residing within
different tissues are phenotypically distinct and exhibit correspondingly different
programs of gene expression that enable tissue-specific functions (37, 38, 40, 83), with
notable examples provided by bone resorption by osteoclasts and neuronal synaptic
remodeling by microglia (131, 132). Most tissues acquire resident macrophage
populations early in development from yolk sac or fetal liver erythromyeloid progenitor
(EMP) cells (32-35). In some cases, such as brain microglia and liver Kupffer cells, the
initial EMP-derived macrophages continue as exclusive, self-renewing populations. In
other tissues, such as the gut, EMP-derived macrophages are partially or completely
replaced over time by hematopoietic stem cell (HSC) derived cells (43, 133-135).

The ultimate gene expression profile obtained by a particular adult resident
macrophage is determined to a variable extent by the combination of origin (EMP or
HSC) and tissue environment. HSC-derived cells that engraft the brains of microglia-
depleted mice acquire many features of embryonically-derived microglia, but also
exhibit substantial differences even after residing within the CNS for months (86, 87,
136). In contrast, following depletion of resident Kupffer cells, HSC-derived cells that
repopulate the empty niche acquire transcriptomes that are very similar to EMP-derived
Kupffer cells (42). Studies of microglia and resident macrophages in the peritoneal

cavity and lung indicate that tissue environmental signals exert effects on transcription
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factor expression and function that drive alterations in transcriptional regulatory
elements underlying specialized programs of gene expression (38, 40, 89).

In addition to their immune and homeostatic functions, resident macrophages
and infiltrating monocyte-derived cells contribute to a diverse array of metabolic and
degenerative human diseases (137-139). The relative contributions of tissue resident
macrophages and monocyte-derived cells appear to differ in a disease specific manner.
Dichotomous examples are provided by atherosclerosis (140, 141), in which the
majority of pathogenic myeloid lineage cells that contribute to lesion formation are
derived from circulating monocytes, and by Alzheimer’s disease, in which microglia
promote disease in the absence of infiltrating monocytes (139).

In contrast to signals associated with infection and acute injury, in which
responses are ultimately self-limited, signals associated with chronic diseases do not
resolve and thus have a sustained impact on both resident and recruited cells (142).
Inducers of pathological macrophage phenotypes include damage-associated molecular
patterns, lipotoxic molecules, cytokines and microbial products (45, 143-146).
Responses to disease-associated signals typically include production of cytokines,
chemokines, and reactive oxygen species that contribute to a feed-forward loop that
sustains and often accelerates inflammation and tissue damage. However, different
combinations of pathogenic molecules are associated with different diseases and result
in varying effects on resident and recruited macrophage phenotypes.

In most cases, diseased tissues exhibit multiple macrophage phenotypes, as

particularly exemplified by non-alcoholic steatohepatitis (NASH) (147). Nonalcoholic
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fatty liver disease (NAFLD) is a spectrum of liver conditions strongly coupled with
obesity, insulin resistance, cardiovascular disease, and type-2 diabetes mellitus (148-
153). NASH develops through combinatorial actions of steatosis resulting from fatty liver
disease, and growing inflammation in response to cellular stresses of the perturbed
environment existing within the fatty liver. During development of NASH, or following
acute liver injury, new macrophages are derived from circulating monocytes (47, 154-
157). These recruited monocyte-derived cells can have both detrimental and supportive
roles, contributing to increases in pathology during fibrosis onset, but hastening
recovery when the damage-evoking agent is removed (147, 154-158).

These observations raise questions as to the mechanisms underlying the
phenotypic diversity of disease-associated macrophages. Multiple macrophage
phenotypes could result from differences in macrophage origin (i.e., EMP versus HSC),
from local environmental factors, or a combination of both factors. Ontological
differences might determine cell responses to pathological signaling molecules while
microanatomical differences in the combinations/concentrations of such molecules
and/or from differences in the time of exposure of newly recruited cells to these
environmental factors could induce other changes in cell state. Mouse models of diet-
induced NASH provide powerful experimental systems to address these general
questions because of the relatively large numbers of myeloid cells that can be obtained
from healthy and diseased liver and the availability of genetic tools for tracing and

genetically targeting these cells.
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Here, we use a combination of single cell RNA-sequencing, lineage tracing and
multiplex quantitative immunofluorescence imaging (histo-cytometry) to first define the
developmental origins and micro-anatomic locations of the major myeloid populations of
the healthy liver and following the response to a NASH-inducing diet. We then go on to
sort each of these cell populations and perform deep transcriptomic and genomic
analysis. By integrating these data, we provide evidence for combinatorial effects of
diet, developmental origin, and anatomic location on regulatory pathways and
transcription factors that explain the emergence of distinct disease-associated

macrophage phenotypes during NASH.

C. Results

Single-cell RNA-seq defines myeloid diversity during dietary NASH

To investigate immune cell heterogeneity during NASH, we performed single-cell
RNA sequencing (scRNA-seq) on liver non-parenchymal cells from healthy mice fed a
control diet or a model NASH diet. As noted in previous studies (159, 160), C57BL/6J
mice exhibited rapid weight gain when fed the NASH diet (Figure 3.S1A) and
developed hepatic steatosis, inflammation, and a modest degree of fibrosis (Figure
3.S1B). Non-parenchymal cells from duplicate healthy control mice and mice fed the
NASH diet for 30 weeks were purified using fluorescence activated cell sorting (FACS)
and minimally defined as CD45P°sCD146NedLiveSinglets (Figure 3.S1C). Importantly,
livers were thoroughly cleared of blood by perfusion prior to tissue digestion, therefore

all cells collected are presumed to be resident in the liver and not blood-derived. In
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addition, an RNA polymerase Il inhibitor was included in all buffers to minimize the
impact of tissue digestion on gene expression. Using the 10X Genomics platform, over
6,000 scRNA-seq libraries that passed quality thresholds were created from these
isolated cells.

The NASH diet induced qualitative differences in cell clustering, with the major
population of immune cells in control livers having virtually no representation in the
NASH liver, and the major populations of immune cells in the NASH liver having virtually
no representation in the control liver (Figure 3.1A left, Figure 3.1B, and Table 3.1). At
a finer grained level, 3 of 17 clusters identified were primarily derived from cells from
control diet mice, 8 clusters were primarily derived from NASH diet mice, and 6 had
substantial contribution (at least 1/3 from each group) from both control and NASH diet
mice (Figure 3.1A, Figure 3.S1D and Table 3.1). Interrogation of the most abundant
and most differentially expressed transcripts in each cluster allowed a cell type identity
to readily be assigned to most clusters (Table 3.1). We focused on cell clusters with
greater than one percent representation in the overall data set (clusters 0 to 12),
selected “myeloid” cell clusters, including likely recruited macrophage (RM) clusters,
based on expression of Spi1, Csf1r, and Cd68, and excluded clusters with indication of
significant cell cycle activity, leaving 5 main myeloid clusters (clusters 0, 1, 2, 4, and 9)
(Table 3.1 and Figure 3.S1E).

The three most abundant clusters (0, 1 and 2, hereafter referred to as KC1, KC2
and KN-RM, named for being a recruited macrophage occupying the Kupffer cell niche,

as described later) expressed high levels of Adgre1, encoding the tissue macrophage
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marker F4/80 (also known as Emr1), and high levels of putative Kupffer cell lineage-
determining factors Mafb and Maf (see Chapter 2), as well as low levels of ltgam,
encoding CD11b (Figure 3.1C and Figure 3.S1E). These clusters also displayed high
expression of Kupffer cell-specific genes including C1qa, Id3, Ptgs1, Scl40a1, 1118bp,
and Cd5l (Figure 3.S1E) (38). KC1 consisted almost entirely of cells from controls while
KC2 and KN-RM consisted of cells from the NASH diet animals (Figure 3.1A, Figure
3.1B, and Table 3.1). The remaining two myeloid cell clusters (clusters 4 and 9) were
predominantly found in NASH livers and had characteristic gene expression of
previously described monocyte-derived liver macrophages, such as ltgam, Ly6c2, Ccr2,
and S100a4 (Figure 3.1C and Figure 3.S1E) (161). Cluster 4 (hereafter referred to as
Ly6CHi-RM) expressed higher levels of transcripts typical of Ly6CH monocytes such as
Ly6c2, Chil3, F13a1, and Fn1, while cluster 9 (hereafter referred to as Ly6CLo-RM)
expressed higher levels of Cd209a, Cd7, and ltgax (Figure 3.S1E).

Interestingly, while healthy animals had only one major population of Kupffer
cells (KC1), animals on the NASH model diet almost completely lacked this population
and instead formed two Kupffer cell-like clusters present in similar proportions (KC2 and
KN-RM) (Figure 3.1A and Figure 3.1B). Directly comparing KC2 to KN-RM, we found
that KN-RM had significantly lower expression of various typical Kupffer cell genes,
including Timd4, Vsig4, C6 and Clec4fcompared to the KC2 cluster (Figure 3.1C,
Figure 3.S1E and Figure 3.S1F). Ccr2 and Cx3cr1, which are characteristic of
monocytes, were amongst the genes with significantly higher expression in KN-RM

compared to KC2 (Figure 3.1C and Figure 3.S1F). However, cluster KN-RM was
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transcriptionally distinct from clusters corresponding to Ly6C"-RM and Ly6C--RM
(Figure 3.1A, Figure 3.1F, and Figure 3.S1E). KN-RM also expressed significantly
higher levels of genes involved in MHC class Il presentation such as H2-Aa and Cd74
compared to KC2 (Figure 3.S1F). These data suggested that KC2 cells were in some
ways more similar to steady-state KC1 than were the KN-RM, which had similarities to
monocytes in their transcriptional state.

Using flow cytometry, we observed both Tim4P°s and Tim4Nes cells in the
CD11bt°F4/80" Kupffer cell gate during NASH in similar proportions to KC2 and KN-RM
and collected them for bulk RNA-seq and epigenomic profiling (Figure 3.1D). These
data are in agreement with a recently published study using a methionine and choline
deficient diet NASH model (75). We also collected CD11bHF4/80°-Ly6CHi-RM and
Ly6CLo-RM in sufficient quantities for RNA-seq and assay for transposase-accessible
chromatin (ATAC-seq) (128) (Figure 3.1E). RNA-seq analysis of these sorted
populations resulted in highly similar patterns of expression of the genes determining
myeloid clusters of interest defined by scRNA-seq, indicating that we had appropriately
isolated the corresponding major myeloid populations present in the livers of healthy

and NASH mice defined by scRNA-seq analysis (Figure 3.1F).

Ontogeny and Environment of Myeloid Cells in NASH
Our analysis indicated that four major populations of myeloid cells exist in livers
of mice during NASH: CD11b°F4/80MTim4Pos and Tim4Ned Kupffer cell-like

macrophages (KC2 and KN-RM, respectively) and CD11bHiF4/80HiLy6CHi and Ly6CL°

102



recruited macrophages (Ly6CH-RM and Ly6C°-RM, respectively). We also detected
neutrophils (PMN) in our single cell analysis and verified their presence by flow
cytometry, but they comprised less than 1% of the cells (Figure 3.1E, Figure 3.S1D
and Table 3.1). We hypothesized that similar to experimental Kupffer cell ablation (42)
and damaged erythrocyte stress conditions (76), Tim4Nesd Kupffer cell-like macrophages
that arise during NASH (KN-RM) may be ontogenically distinct from the Tim4Pos Kupffer
cells (KC2), which are described as repopulating largely independently from the
peripheral mononuclear phagocyte system (36). To address this hypothesis, we
performed formal lineage tracing experiments using Cx3cr1CreERT2:Rosa26tdTomato/+ mice
(Figure 3.2A) (76, 133). Tissue resident macrophage precursors are known to express
Cx3cr1 at sufficient levels to drive recombination if tamoxifen is administered during the
perinatal period, while only certain macrophages such as microglia, but not Kupffer
cells, express sufficient Cx3cr1 to drive recombination during adulthood (76, 133, 162).
In contrast, administering tamoxifen during adulthood labels monocytes and thus
monocyte-derived macrophages.

Tamoxifen administration on day 1 and day 2 post-parturition resulted in
approximately 50% labeling of embryonically-derived Kupffer cells (Figure 3.2A, top),
consistent with previous studies in which tamoxifen was administered at e13.5 and
e15.5 (76), or at E18.5 (162). After 20 weeks on the NASH diet, nearly all tdTomatoP°s
cells were Tim4Pos Kupffer cells (KC2) (Figure 3.2A, top), indicating that Tim4Neg
Kupffer cell-like macrophages (KN-RM) are not long-lived daughters of embryonically-

derived Kupffer cells. Conversely, when adult mice fed the NASH diet for 20 weeks
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were administered tamoxifen 1 week prior to sacrifice, ~90% of circulating monocytes
were TdTomatoPes 2 days after the final tamoxifen injection (data not shown) and
~70% of CD11b°F4/80HTim4Nes Kupffer cell-like macrophages (KN-RM) were labeled 5
days after the final injection (Figure 3.2A, bottom). We also observed a small degree of
labeling of Tim4Pos Kupffer cells (Figure 3.2A, bottom), which could be due to low levels
of expression of Cx3cr1 in Tim4Pos KC2 cells, or alternatively due to the gradual
upregulation of Tim4 by recruited cells (42). Overall, these results indicate that
embryonically-derived Kupffer cells remain in the liver during development of NASH and
are Tim4Pos, while most recruited CD11b'°F4/80" macrophages are Tim4Neg,

To determine the localization of myeloid cells in the liver during NASH,
immunofluorescence microscopy was performed on livers from
Cx3cr1CreERT2:Rosg26tdTomato/+ mice pulsed with tamoxifen 7 and 5 days prior to tissue
collection (Figure 3.2B and Figure 3.2C). As expected, tdTomatoP°s cells, indicative of
cells derived from recruited monocytes, were abundant in NASH liver samples but
nearly absent in control diet livers. Using multi-parameter imaging and histo-cytometry
(163), we distinguished three subsets of myeloid cells (KC1/KC2, KN-RM and Ly6CHi'o-
RM) in the control and NASH livers based on Tim4, F4/80 and tdTomato expression
corresponding to what was previously observed using flow-cytometry and scRNA-seq
(Figure 3.2C-D and Figure 3.S2A). Following in situ confirmation of these myeloid cell
subsets, we assessed their spatial distribution using the positional data preserved in
histo-cytometry (Figure 3.2D, right). The two subsets (KN-RM and Ly6C"->-RM) that

are increased during NASH displayed significant differences in their spatial distributions.
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By comparing nearest-neighbor distances from KC2, KN-RM cells were found to be
distributed significantly closer to KC2 cells than Ly6CH.o-RM cells (Figure 3.2E). In
addition, the small number of F4/80"Tim4NestdTomatoP°s KN-RM cells observed in
healthy control livers were also in close proximity to KC1 cells (Figure 3.S2B).

While Kupffer cells are known to reside within the hepatic sinusoids, the sub-
anatomical organization of other liver macrophage subsets during NASH is less certain
(147). High magnification imaging using Collagen 1V to visualize the endothelial
basement membrane demonstrated that KC2 and KN-RM cells reside within hepatic
sinusoids in this model (Figure 3.2F). In contrast, Ly6CH.o-RM cells were not found
within the liver sinusoids, but were enriched around both portal and central vein
vasculature identifiable by the large vessel diameter (15 ym or larger) (Figure 3.2G and
Figure 3.S2C). These findings further supported Ly6CH.o-RM cells as being
positionally separated from KC2 and KN-RM cells based on measurements that were
independent of anatomical landmarks. These results provide evidence that KC2 and
KN-RM cells reside in a similar niche within the liver sinusoids, which is environmentally

distinct from the anatomic positions occupied by Ly6CH-RM and Ly6C°-RM cells.

Effect of NASH-inducing Diet on Resident and Recruited Myeloid Cell
Transcriptomes

The ability to sort distinct populations of hepatic myeloid cells defined by scRNA-
seq analysis enabled deep transcriptomic profiling of each population. Unsupervised

hierarchical clustering of 2,210 genes differentially expressed among KC1, KC2, KN-
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RM, Ly6CHi-RM, and Ly6C°-RM tightly grouped KC2 and KN-RM and distinguished
KC1, KC2 and KN-RM cells from Ly6CH-RM and Ly6C°-RM cells (Figure 3.3A). With
inclusion of genes differentially expressed in blood monocytes, principal component
analysis also indicated that KC2 and KN-RM cells from NASH mice grouped most
closely with KC1 cells from healthy mice (Figure 3.3B). After experimental induced
Kupffer cell ablation, blood Ly6CH monocytes are recruited to the liver and rapidly
differentiate into Kupffer cell-like liver macrophages (42) (see Chapter 2). At 14 days
after experimental Kupffer cell ablation, these repopulating liver macrophages (RLMs)
also grouped closely with KC1, KC2 and KN-RM (Figure 3.3B). Approximately 65% of
the variation existed along PC1, which primarily separated cells residing in the liver from
those in the blood. PC2 explained approximately 18% of the total variation and primarily
explained the variation between KC1, KC2, KN-RM and day 14 RLMs in healthy and
NASH conditions and Ly6CHi"-o-RM populations during NASH. Interestingly, PC2 also
accounted for variation between control KC1 and NASH KC2 cells, with KC1 and
KC2/KN-RM cells progressively closer to the Ly6CH.o-RM.

Pairwise comparisons of KC1 and KC2 cells indicated that the NASH diet had a
significant impact on resident Kupffer cell gene expression, consistent with scRNA-seq
data. More than 800 genes exhibited differential expression (fold change > 2, p.adj <
0.05, log2(TPM+1) > 2) (Figure 3.3C). Notably, only 93 genes were identified as
significantly altered when comparing KC2 and KN-RM Kupffer cells from mice with
NASH (Figure 3.3D), despite their distinct origins (EMP versus HSC). In contrast,

during NASH KN-RM cells exhibited more than 2,200 differentially expressed genes in
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comparison to Ly6CHi-RM, despite both cells originating from an HSC precursor (Figure
3.3E). The divergent differentiation programs of KN-RM and Ly6CH-RM are further
reinforced by pairwise comparisons with gene expression in Ly6CHi circulating
monocytes, indicating more than 2,000 differentially expressed genes in each case
(Figure 3.3F and Figure 3.S3A). Although KN-RM and Ly6CHi-RM cells have a shared
HSC origin, KN-RM are phenotypically more similar to KC2 (of EMP origin) than to
Ly6CHi-RM cells. These findings provide evidence that distinct liver microenvironments
may exert highly divergent effects on the differentiation programs and ultimate
molecular phenotypes of recruited KN-RM and Ly6CH"-o-RM cells.

Prior studies defined a set of Kupffer cell identity genes that distinguish them
from other tissue resident macrophages (38). Twenty-eight of the genes downregulated
during the transition of KC1 cells to KC2 cells in the NASH model are among this set,
exemplified by Cd163 and C6 (Figure 3.3G and Figure 3.S3C). However, many Kupffer
cell-specific genes maintained similar levels of expression in cells from mice on the
NASH model diet, including C1ga, Cd5l, 1d3, and 1/18bp, indicating that only a subset of
the Kupffer cell-specific gene expression program is altered during NASH. Furthermore,
classic Kupffer cell genes such as Clec4f, Vsig4, and Cdh5 were expressed at high
levels in KN-RM but neither Ly6CH-°-RM population, suggesting that the Kupffer cell
niche is necessary to promote induction of these genes (Figure 3.S3C). We observed
significant overlap in the genes distinguishing KC2 from KN-RM cells during NASH and
healthy Kupffer cells compared to day 14 RLMs (see Chapter 2) (Figure 3.S3D).

Consistent with previous studies comparing embryonically derived Kupffer cells with
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monocyte derived RLMs, we found that KC1 and KC2 expressed higher levels of Sdc2,
Snrpn, Bmpria, C2, Colec12, Xir, Timd4, and Cd163 (42).

Gene ontology analyses of genes that distinguish KC1, KC2 and KN-RM cells
from Ly6CH-RM and Ly6C-°-RM, (Clusters 1 and 2, Figure 3.3A) are consistent with a
stronger pro-inflammatory and wound repair phenotype of the Ly6CHi° recruited
macrophage populations (Figure 3.S3E), in agreement with prior studies (164).
Examples of differentially expressed genes associated with the functional categories of

LE 1

“ROS metabolism”, “regulation of cell adhesion”, “inflammatory response

”

, “response to
wounding”, and “extracellular matrix organization” are illustrated in Figure 3.3G. Of
interest, Ly6C>-RM primarily express Mgl2 (CD301b), a gene recently reported to be
expressed in skin macrophages that activates a specific myofibroblast population
implicated in tissue repair and aging (165). Collectively, these results indicate that the
NASH inducing diet acts to reprogram the endogenous Kupffer cell population and
induce micro-environment associated dichotomous programs of differentiation of KN-

RM cells and Ly6CHie recruited liver macrophages.

Niche-Specific Reprogramming of Epigenetic Landscapes

To investigate mechanisms responsible for environment-specific programs of
gene expression, we identified accessible chromatin defined by ATAC-seq in five
populations of cells from mice with NASH: KC2 and KN-RM cells, Ly6CHi-RM, Ly6CLo-
RM, and Ly6CHi peripheral blood monocytes. Examples of ATAC-seq peaks in these

five populations of cells from mice fed the NASH-inducing diet in the vicinity of the
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Clec4f and Iltgam genes, which are highly differentially expressed in Kupffer cells
compared to Ly6CHi-RM and Ly6CL°-RM, are illustrated in Figure 3.4A. Genome wide
comparisons of ATAC-seq peak tag counts for Ly6CL°-RM versus Ly6CHi blood
monocytes are illustrated in Figure 3.4B and the same comparison for KN-RM and
Ly6CHi blood monocytes is shown in Figure 3.4C. Statistically significant different
regions (> 2-fold, p-adj < 0.05) of distal open chromatin (> 3 kb from the TSS) between
cell types were identified through comparisons of replicate experiments using DESeq2
(differential genes color coded red and blue in each scatter plot). Differential regions
from the five myeloid populations in NASH mice, as well as healthy KC1 cells and 24-
and 48-hour RLMs after experimental Kupffer cell ablation (see Chapter 2) were used
for principal component analysis illustrated in Figure 3.4D. PC1, accounting for ~65% of
variance, primarily distinguished KC1, KC2 and KN-RM populations from Ly6CH blood
monocytes and Ly6CH-RM and Ly6C-RM. RLMs 24 and 48 hours after experimental
ablation became incrementally closer to Kupffer cells along PC1, reflecting chromatin
remodeling after arriving at the Kupffer cell niche. PC2, accounting for ~13% of
variance, primarily separated Ly6C" blood monocytes from Ly6CHi-RM and Ly6C->-RM.
The intermediate position of liver Ly6CHi-RM between blood Ly6CH monocytes and liver
Ly6C°-RM is consistent with the possibility that they represent a transition state
between Ly6CH blood monocytes and the Ly6CL-RM cells(154, 166) (Figure 3.4D).
Hierarchical clustering of ATAC-seq data further support the relationships
suggested by principal component analysis, with KC2 and KN-RM cells exhibiting highly

similar patterns of open chromatin that are distinct from the transitional patterns
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observed in Ly6CHi-RM and Ly6C-°-RM (Figure 3.S4A). Based on these findings and
the results of lineage tracing experiments, we considered the open chromatin regions of
KC2/KN-RM and Ly6C-RM populations as divergent endpoints of chromatin
remodeling events following entry of Ly6CH blood monocytes into the NASH liver.
ATAC-seq peaks specific for KN-RM or Ly6C>-RM in comparison to circulating Ly6CH
monocytes (red data points in Figures 3.4B and 3.4C, respectively) indicated that
approximately 75% of these peaks were specific to KN-RM or Ly6C-°-RM cells (Figure
3.4E). Peaks specific for KN-RM cells were highly enriched for motifs recognized by
LXR and members of the MAF and TFE families of transcription factors (Figure 3.4E).
In contrast, ATAC-seq peaks specific for Ly6C--RM cells were highly enriched for NF-
kB motifs and motifs recognized by RUNX, ZEB and KLF transcription factors. Open
chromatin regions lost from blood monocytes during acquisition of either the Kupffer cell
or Ly6CHi"o-RM niche signatures (Figures 3.4B and 3.4C, blue points) were enriched
for KLF and CEBP motifs (Figure 3.S4B and Figure 3.S4C). The open chromatin
regions lost during acquisition of the KC niche additionally included motifs for RUNX
and CTCF (Figure 3.S4B).

The pattern of motif enrichment in KC2 and KN-RM cells implies that liver
niche signals increase the expression and/or activities of transcription factors that bind
to LXR, MAF and TFE motifs. Consistent with this possibility, Nr1h3 (encoding LXRa),
Mafb, and Tfec are among a set of Kupffer cell lineage-determining factors observed to
be significantly more highly expressed in KC2 and KN-RM cells than in Ly6CH/L.o-RM

cells (Figure 3.4F). Importantly, studies of repopulating liver macrophages following
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acute elimination of resident Kupffer cells indicate that these transcription factors are
highly induced within 12 hours of entry into the open Kupffer cell niche of the liver (see
Chapter 2) Additional Kupffer cell lineage-determining factors exhibiting this pattern
include Spic (recognizing a motif similar to PU.1 and not distinguishable by motif
analysis) and /d3 (lacking a DNA binding domain and functioning as a dominant inhibitor
of bHLH transcription factors) (37, 38) (Figure 3.4F). The rapid induction of these
factors in repopulating liver macrophages following Kupffer cell depletion is linked to
combinatorial effects of DLL4 and TGF-B/BMP provided by sinusoidal endothelial cells
(see Chapter 2). These findings suggest that KN-RM cells largely follow the
developmental program taken by repopulating liver macrophages following Kupffer cell
depletion upon adherence to sinusoidal endothelial cells. In contrast, the lack of
induction of KC lineage-determining factors in Ly6C"-RM and Ly6C--RM cells is
consistent with their location outside of the sinusoidal space. NF-xB motifs are enriched
in Kupffer cell enhancers in comparison to other tissue resident macrophages (see
Chapter 2), but the particularly strong enrichment for this motif in Ly6CLo-RM cells
implies that the niche occupied by these cells provides additional signals that activate
NF-«xB. In addition, while RUNX factors are lower in KC2 and KN-RM cells in
comparison to blood Ly6CH monocytes, their expression is maintained or increased in
Ly6CHi-RM and Ly6CL°-RM cells (Figure 3.S4D). In concert, analysis of open chromatin
provides evidence that the divergent patterns of gene expression observed in HSC-

derived KN-RM and Ly6CH/o-RM cells are in part determined by whether or not they
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receive niche-specific signals necessary to adequately induce Kupffer cell lineage-

determining transcription factors.

NASH Diet Alters Function of a Pre-existing Kupffer Cell Enhancer Landscape
We next sought to understand the basis for the altered expression of more than
900 mRNAs during the transition of KC1 cells in the healthy liver to KC2 cells in the
NASH liver (Figure 3.3A, C). Corresponding changes in the regulatory landscapes
during this transition would potentially enable inference of transcription factors and
upstream signaling pathways that mediate responses to pathogenic signals. In marked
contrast to the striking changes in open chromatin observed in the transition of Ly6CH
blood monocytes to KN-RM cells (Figure 3.4B, D), relatively few differences in open
chromatin were observed comparing KC1 and KC2 cells (Figure 3.5A). To investigate
potential changes in the transcriptional functions of these regions, we performed
chromatin immunoprecipitation sequencing (ChlP-seq) for acetylation of histone H3
lysine 27 (H3K27ac) in KC1 cells in the healthy liver and KC2 cells in the NASH liver.
H3K27ac is deposited by histone acetyltransferases associated with transcriptional co-
activators and is highly correlated with regulatory element activity (92). ChlP-seq
experiments demonstrated that the NASH diet both positively and negatively affected
H3K27 acetylation. Induction of H3K27ac at the promoter and a putative upstream
regulatory element of the positively regulated Pdgfb gene and reduced acetylation for
corresponding elements associated with the negatively regulated Cd163 gene are

illustrated in Figure 3.5B.
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To associate the relatively broad H3K27ac peaks with specific regulatory
elements, we overlapped H3K27ac with ATAC-seq peaks by assigning each ATAC-seq
peak the H3K27ac signal residing within a 1,000 bp window surrounding the ATAC-seq
peak center in both directions. Differential acetylation of these ATAC-seq regions was
determined by statistical analysis of biological replicates using DESeq2 (> 2-fold, p-ad;
< 0.05). Out of 43,352 total distal open chromatin regions, the NASH inducing diet
resulted in significantly increased H3K27ac at 4,201 putative enhancers and
significantly decreased H3K27ac at 3,583 putative enhancers (Figure 3.5C). Changes
in H3K27ac ChlP-seq signal at open chromatin were strongly correlated with changes in
expression of the nearest mRNA (R=0.70, Figure 3.5D). The relatively modest
alterations in open chromatin, coupled with substantial changes in histone acetylation,
suggest the NASH-inducing diet primarily alters Kupffer cell gene expression by altering
the function of a pre-existing enhancer landscape.

The NASH model diet increased expression of transcripts associated with
functional annotations including “cell adhesion” (e.g. Mmp2, Mmp12, Mmp14, and
Adam15), “hemostasis and wound healing” (e.g. Pdgfa, Pdgfb, Cxcr4, Hgf, Tgfb3, and
Vegfa), “lipid localization” (e.g. Abca1, Stard10, Srebf1, Pltp, Abcg1, Cd36, ApoE, Ldir,
Apoa1l, and Pparg), and “cytokine production” (e.g. Slamf8, Ccl3, Ccl5, Il1rn, Ccl9,
Ccl22, Ccl4, Chil3, Cxcl14, and Cxcl2) (Figure 3.5E and Figure 3.S5B). Protein-protein
Interaction Enrichment Analysis also showed enrichment of genes related to “positive
regulation of apoptotic process” (e.g. Anxa1l, Egr1, Bcl6, Fbxo32, Bcl2I11, Sort1,

Cdkn2a, and Psen2). These findings are consistent with known roles of Kupffer cells as
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orchestrating inflammation and tissue repair during NASH, and additionally suggest that
the Kupffer cells may be more prone to apoptosis during NASH (46-48).

A comparison of H3K27ac associated with ATAC-seq peaks in KC1 cells with
other macrophage populations enabled definition of a set of 10,452 putative KC1-
signature enhancers (Figure 3.S5A and Chapter 2). A profound overlap was observed
between Kupffer cell signature enhancers and enhancers downregulated by the NASH
diet, in total identifying 2,553 Kupffer cell signature downregulated enhancers (24% of
Kupffer cell signature enhancers, 71% of all downregulated enhancers) (Figure 3.5C,
purple points). Conversely, only 365 Kupffer cell signature enhancers were upregulated
by NASH diet (3.5% of Kupffer cell signature enhancers, 8.7% of all upregulated
enhancers) (Figure 3.5C, orange points). These findings suggest a preferential
suppressive effect of the NASH-inducing diet on gene regulatory networks governing
the function of Kupffer cell enhancers and are in line with the corresponding down-
regulation of KC identity genes (Figure 3.S3C). Consistent with this possibility, motif
enrichment analysis of regions of open chromatin exhibiting loss of H3K27ac signal in
response to the NASH-inducing diet were significantly enriched for binding sites
recognized by LXR, MAF and IRF transcription factors (Figure 3.5F lower). Each of
these motifs are found preferentially in Kupffer cell enhancers in comparison to other
macrophage populations, and are recognized by transcription factors that are
established or proposed to drive Kupffer cell identity (37-39) (and Chapter 2). In

contrast, regions of open chromatin exhibiting gain of H3K27ac signal were enriched for
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de novo motifs matching AP1, NFAT, RUNX and EGR transcription factors (Figure
3.5F).

By RNA-seq of KC1 to KC2 cells, we observed significant induction of Atf3, Fos,
Jun, Egr2, and Runx1 (Figure 3.5G and Figure 3.S5C), suggesting that increased
expression of these transcription factors during NASH may contribute to activation of
enhancers with corresponding DNA binding elements (Figure 3.5F). In contrast,
expression of Nr1h3, encoding LXRa, was not significantly affected by the NASH diet,
and expression of Nr1h2, encoding LXRp, was slightly increased. In addition, many
canonical LXR target genes such as Abca1, Abcg1, Mylip, and Srebf1, were unchanged
or even upregulated in response to the NASH diet (Figure 3.5H). Targeted lipidomic
analysis of all known LXR ligands (105) in liver indicated that the concentration of
desmosterol, which is the most highly abundant endogenous LXR ligand in the liver
(and Chapter 2)(106) was significantly increased in NASH model diet mice compared to
controls (Figure 3.51). This result is consistent with the up-regulation of general LXR
target genes involved in cholesterol homeostasis and suggests that the decreased
activity of enhancers with LXRE binding sites during NASH is not due to reduced
availability of LXR ligands. Instead, these findings suggest that the NASH diet affects
LXR function in a gene-specific manner. Overall, analysis of the epigenetic landscapes
of KC1 and KC2 cells suggests that the NASH-inducing diet alters resident Kupffer cell
gene expression by altering the expression and activities of transcription factors that

control the functions of Kupffer cell-specific enhancers.
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NASH Impairs LXR Regulation of Kupffer Cell Identity Genes

A possible explanation for the apparent paradox that the LXR recognition
element is highly enriched in the global set of down-regulated enhancers but that
conventional LXR target genes are not affected is that in Kupffer cells, LXRa functions
as a lineage-determining factor to control expression of a large set of KC-specific genes
(and Chapter 2) (39). A selective effect of the NASH-inducing diet on the Kupffer cell-
specific functions of LXR would resolve this apparent paradox. To investigate this
hypothesis, we performed RNA-seq analysis of Kupffer cells isolated from mice in which
LXRa and LXR were globally deleted (LXR DKO), LXRa alone was globally deleted
(LXRa KO) or LXRa was selectively deleted from Kupffer cells using a Clec4f-Cre-
tdTomato deleter line (and Chapter 2).

We observed a significant correlation (p < 2.2e-16) of the effect of the NASH
inducing diet and the LXR DKO on Kupffer cell gene expression, with 184 genes being
coordinately up-regulated and 104 genes coordinately down-regulated (Figure 3.6A).
The coordinately upregulated genes were associated with functional annotations related
to “regulation of cell adhesion”, “hemostasis”, “angiogenesis”, “inflammatory response”,
“extracellular matrix organization”, and “leukocyte migration” (Figure 3.6B). Only 51
genes exhibited divergent patterns of regulation, including the canonical LXR target
genes Abcal, Abcg1, Arg2, Apoe, Pltp, and Scd1, which were induced by the NASH
diet but down-regulated in LXR DKO Kupffer cells (Figure 3.6A and Figure 3.6C).
Coordinately regulated examples of strikingly up-regulated genes associated with

leukocyte migration and extracellular matrix organization are provided by Cx3cr1 and
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Mmp13, and strongly down-regulated genes associated with the complement cascade
and phagocytosis of apoptotic cells are provided by C6 and Timd4, respectively (Figure
3.6C). Several other Kupffer cell identity genes such as Pcolce2, Kcna2, Lbp, Cdh5,
I118bp, Icos and Vsig4 were down-regulated by both NASH and LXR deletion,
suggesting that NASH impairs the function of LXR at these loci.

Overlapping but distinct relationships were observed for the global LXRa KO and
the Kupffer cell-specific LXRa KO (Figure 3.6C), indicating both non-redundant and
redundant roles of LXRa and LXR[ in the Kupffer cell. For example, Abca1 and Abcg1
expression is significantly induced in KC2 cells and the Kupffer cell-specific LXRa KO,
but is strongly downregulated in LXR DKO Kupffer cells. In contrast, C6 expression is
almost completely dependent on LXRa (Figure 3.6C). Notably, Cd5/, which is also
almost completely dependent on LXRa for expression, is not significantly altered by the
NASH-inducing diet (Figure 3.6C).

The maintained expression of a subset of LXR target genes, such as Abca1 and
Cd5l, and the loss of others suggest that the NASH-inducing diet does not affect the
intrinsic transcriptional activity of LXR, but rather its ability to function in a gene-specific
manner. To test the importance of LXRa in controlling the activity of Kupffer cell-specific
enhancers, we performed H3K27ac ChlP-seq on healthy global LXRa KO mice.
Changes in enhancer activity caused by deletion of LXRa or the NASH diet were
strikingly similar (Figure 3.S6A, R = 0.74 for purple points representing enhancers
differentially regulated in both comparisons). Of the 1,369 enhancers downregulated

due to both loss of LXRa and the NASH diet, 1,178 of these regions corresponded to
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Kupffer cell signature enhancers (Figure 3.S6A, black points), indicating that a major
effect of NASH is to reduce enhancer activity at LXRa-dependent regulatory regions
important for Kupffer cell identity. The acquisition of the genome wide locations of LXRa
and LXRp in Kupffer cells (Chapter 2 and Figure 3.S6B), enabled their alignment with
H3K27ac under control and NASH diet conditions. This analysis indicated a dramatic
and highly preferential reduction of H3K27ac signal at LXR binding sites (1069/1565, or
68% of LXR peaks with significantly reduced H3K27ac signal due to NASH model diet)
that overlapped with Kupffer cell-specific enhancers (Figure 3.6D, purple and blue
points).

To investigate whether changes in gene expression and H3K27ac are
associated with corresponding changes in LXR binding, we performed ChlIP-seq for
LXRa + LXR in the combination of KC2 and KN-RM cells marked by nuclear Clec4f-
tdTomato expression in the NASH liver. These studies indicated that the NASH diet
induced dramatic remodeling of the LXRa + LXRp cistromes. While similar numbers of
LXR binding sites were observed under control and NASH diet conditions, only about a
half of the binding sites were shared (Figure 3.6E). Notably, DNA binding was relatively
unchanged at most of the LXR binding sites associated with canonical LXR activity
(e.g., Abcat1 and Cd5l), which are highly LXRa-dependent but are not affected at the
mMRNA level by the NASH-inducing diet (Figure 3.6F). In contrast, LXR binding in the
vicinity of C6 and Timd4 was markedly reduced. Motif analysis of genomic regions at
which LXR is lost (KC1-specific) indicates enrichment for motifs recognized by Kupffer

cell lineage-determining factors, whereas genomic regions at which LXR binding is
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gained (KC2-specific) are not enriched for these motifs (Figure 3.S6C and Figure
3.S6D). Further, LXR ChIP-seq peaks were preferentially depleted from Kupffer cell
signature enhancers (584/1565, or 37% of total downregulated LXR peaks in
enhancers, blue and purple points) compared to LXR signal gained at Kupffer cell
signature enhancers (65/2071, or 3.1% of total upregulated LXR peaks in enhancers,
orange and red points) (Figure 3.S6E). Tag density LXR ChIP-seq signal was
approximately equivalent across an average of all LXR peaks in control and NASH but
was reduced at Kupffer cell signature enhancers during NASH (Figure 3.S6F)
Together, these findings indicate that the NASH-inducing diet reduces LXR binding and

function in a selective manner at a large fraction of Kupffer cell-specific genes.

NASH Model Diet Induces Kupffer Cell Apoptosis and Replacement

Kupffer cells are considered to represent a self-renewing population that is
normally closed to HSC-derived cells (36). However, we found that the NASH-inducing
diet resulted in a subset of HSC-derived KN-RM cells that exhibited a transcriptomic
signature and anatomic location that converged with EMP-derived KC2 cells. Notably, a
population of Tim4Nes cells is observed in LXRa KO Kupffer cells, which partially
phenocopy the effects of the NASH-inducing diet. Further, recent studies suggest an
important pro-survival role of LXRa in Kupffer cells and splenic marginal zone and
metallophilic macrophages (24, 39), and Protein-Protein Interaction Enrichment analysis
identified “positive regulation of apoptotic process” as the top term for genes enriched in

Kupffer cells during NASH (Figure 3.5E) . Collectively, these observations raise the
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question of whether the NASH diet induces loss of embryonically-derived Kupffer cells,
which would provide an open niche and enable the recruitment of monocytic precursors.
TUNEL staining of NASH livers showed apoptosis of Tim4Pos Kupffer cells (KC2)
during NASH diet but not of KC1 cells from age matched mice fed a healthy control diet
(Figure 3.7A and Figure 3.7B). In both NASH and control diet livers, TUNELP°s KN-RM
and Ly6CH.o-RM cells were rare. By performing a nearest-neighbor analysis of
TUNELPos cells, we found that KN-RM cells were significantly enriched in nearby areas
as compared to Ly6CH-o-RM and KC2 cells (Figure 3.7C). Time course experiments
indicate that KN-RM cells are detected by ten weeks after initiation of the NASH
inducing diet, and progressively accumulate to account for more than 50% of the
Kupffer cell population at 30 weeks (Figure 3.7D). These results indicate that Tim4Pos
Kupffer cells undergo cell death during NASH and may suggest that this process results

in partial opening of the KC2 niche, enabling repopulation by HSC-derived KN-RM cells.

D. Discussion

Tissue resident macrophages and recruited monocyte-derived cells play
pathological roles in a diverse range of human diseases (45). How the evolutionarily-
derived protective and homeostatic functions of these cells are subverted to promote
tissue damage and dysfunction remains to be explained at a deep mechanistic level. In
particular, discerning the precise roles in disease of each of the diverse macrophage
subtypes found in affected tissue requires more precise analysis of the genomic,

topological, and phenotypic properties of these cells. The need for this combination of
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studies follows from the exquisite ability of macrophages to sense and respond to
environmental signals, which suggests that pathological phenotypes are acquired as the
consequence of exposure to various combinations of disease-associated molecules,
analogous to how distinct combinations of environmental signals play instructive roles in
promoting the acquisition of tissue-specific resident macrophage phenotypes during
development (e.g., Chapter 2). Here, we used a combination of approaches to
investigate the genomic and anatomic relationships among phenotypically distinct
macrophage populations in a mouse model of NASH. Our data reveal a strong
association of niche occupancy with the transcriptional / phenotypic state of different
EMP- and HSC-derived myeloid cells, providing evidence that the loss of classical
Kupffer cell transcripts in EMP-derived KCs is strongly associated with locus-specific
alteration in the action of LXR proteins, and reveal the ability of blood monocytic cells to
acquire a KC-like state only upon entry into the liver sinusoids.

It is recognized that many mouse NASH models only partially capture features of
NASH observed in humans (167, 168). The widely used model chosen for these studies
(169, 170) resulted in marked infiltration of monocyte-derived cells, steatosis and a mild
degree of fibrosis, enabling general questions regarding origin and niche to be
addressed. The combination of lineage tracing, histo-cytometry, RNA-seq and
epigenetic analyses suggests that HSC-derived macrophages observed in this model of
NASH reside in at least two distinct microanatomical niches that drive divergent
pathways of differentiation. One pathway corresponds to the development of Ly6CH-RM

and Ly6C°-RM recruited macrophages in contact with conventional (but most likely
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inflamed) vascular endothelium. These monocyte-derived cells have been extensively
studied previously (154, 155, 166). The two populations cannot at present be readily
distinguished by confocal microscopy due to limitation in reagents reactive with Ly6C,
but each reside proximal to large portal and central vein vessels in a distinct distribution
from that occupied by KC2 and KN-RM cells inside the liver sinusoidal vasculature
network. Principle component analysis of the alterations in open chromatin are
consistent with a transition of blood Ly6CH" monocytes to Ly6CH-RM to Ly6CLo-RM
macrophages (154, 166). Whether the distinct transcriptomic profiles of these cells
reflect further diversification of the hepatic niche or represent different tissue residence
times will require further investigation.

The alternative differentiation pathway taken by recruited macrophages resulted
in the accumulation of KN-RM cells, which colocalized with KC2 in contact with the liver
sinusoidal endothelial cells (LSEC) and adopted a highly similar pattern of gene
expression that may have been imposed by signals from this specialized endothelial
population. It is unlikely that KN-RM cells are derived from the recruited Ly6CHi'Lo
macrophage population based both on the divergent paths of remodeling of their open
chromatin profiles and the observation that repopulating liver macrophages initiate the
Kupffer cell-specific program of differentiation within 12 hours of resident Kupffer cell
depletion (see Chapter 2). Instead, the combined findings from these studies and prior
work that KN-RM and Ly6CHc-RM cells are all derived from Ly6CHi blood monocytes
(42, 76, 154, 166). The striking differences in their chromatin landscapes and gene

expression provides strong evidence that these differences arise from responses to
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spatially distinct environmental signals. The absence of extensive fibrosis and
ballooning (apoptotic/necrotic) in hepatocytes in the relatively mild model of NASH
studied here suggests that additional myeloid phenotypes might be observed in more
severe forms of NASH in which, for example, myeloid cells surround dying hepatocytes
to form crown-like structures (171).

The ability to specifically isolate embryonic KCs in the healthy liver and following
the NASH-inducing diet further provided the opportunity to investigate effects of this
environmental perturbation on the resident cell population. In contrast to HSC-derived
KN-RM cells, which exhibited extensive remodeling of open chromatin in comparison to
their progenitor Ly6CH blood monocytes, the transition of KC1 to KC2 cells was
associated with relatively few changes in open chromatin, despite significant changes in
the expression of nearly 1,000 genes. Instead, substantial changes in H3K27ac were
observed, suggesting that the NASH liver environment primarily reprogrammed resident
KC1 gene expression by altering the activity states of pre-existing enhancers. Motifs
recognized by KC lineage-determining transcription factors, including LXRa, were
enriched in enhancers exhibiting loss of H3K27ac, suggesting down-regulation of their
activities. However, LXRa expression was not altered, nor were many general LXR
target genes involved in cholesterol homeostasis. Instead, the Kupffer cell-specific
functions of LXRa were significantly altered, resulting in changes in gene expression
that overlapped significantly with consequences of genetic deletion of LXRa.
Conversely, the enrichment of motifs for AP-1 and EGR transcription factors in

regulatory elements gaining H3K27ac in the context of the NASH diet suggest activation

123



of upstream signaling pathways that regulate their activities. It will be of considerable
interest to identify NASH diet-induced signaling molecules that are responsible for these
effects.

Overall, these studies provide evidence that distinct microenvironments within
the NASH liver drive strikingly divergent patterns of differentiation of resident and
infiltrating cells by remodeling the open chromatin landscapes of recruited monocytes
and altering the activities of pre-existing enhancers of the resident Kupffer cell
population. The inference of transcription factors and upstream signaling pathways
associated with these distinct cell populations provides a basis for understanding how
disease-promoting environmental signals instruct resident and recruited macrophages
to acquire distinct pathogenic programs of gene expression. Application of the methods
utilized in concert in this study should prove valuable in gaining a better understanding

how distinct myeloid phenotypes are established in other disease contexts.
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Figure 3.1: Transcriptional diversity of hepatic macrophages during NASH

tSNE projections of identified graph-based cell clusters from 10X Genomics scRNA-seq data derived
from hepatic CD45PosCD146Neg cells from healthy control mice or mice fed a model NASH diet for 30
weeks. Left panel: cells are color coded based on dietary condition. Right panel: cells are color coded
based on cell identity of the five major myeloid cells identified. Data represent two independent cell
donor mice per group.

Pie charts depicting macrophage proportions from A for control mice (left) or mice with NASH (right).
Gene expression of normalized scRNA-seq data of selected genes supporting cluster identities.
Representative terminal FACS gates for purification of Kupffer cells from healthy control mice (left), or
CD11btoF4/80HTim4Pos and Tim4Neg cells from mice with NASH (right).

Representative  terminal FACS gates for purification of Ly6CHi and Ly6Clo
CD11bHiF4/80LeLy6GNesCX3CR1Pos recruited hepatic macrophages (RM). Neutrophils are depicted as
“PMN.”

Comparison of myeloid clusters defined by scRNA-seq (left) and bulk RNA-seq (right) for the
corresponding sorted populations. Left heatmap depicts normalized and scaled expression values for
marker genes identified in the Seurat R package. Each column of data represents an individual cell,
showing 100 cells per cluster. Marker genes were statistically identified using a Wilcoxon rank sum test.
Right heatmap shows z-normalized expression of each gene for RNA-seq from bulk purified cell
populations from independent biological duplicates.
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Figure 3.2: Expanded macrophage diversity during NASH is supported by
monocyte recruitment and occupancy of unique anatomical niches

(Left) Experiment timeline for tracing ontogeny of Tim4Pes Kupffer cells during NASH. (Right)
Representative flow cytometry result assessing co-expression of Tim4 and tamoxifen-induced
tdTomato expression in Kupffer cells from mice with perinatal labeling (top) or adult labeling with
tamoxifen administered 1 week prior to the study conclusion (bottom).
Representative multi-parameter microscopy images of liver sections of animals as in A, bottom
assessing expression of CD138 (sinusoidal vasculature), F4/80, Tim4, and tdTomato. tdTomatoPos cells
are shown enriched in NASH diet animals. Representative image from n=4 mice/condition; maximum
intensity projection (MIP) of a 20 um z-stack. “Ctrl” denotes tissue section from a healthy control.
. Enlarged panels corresponding to boxes 1 and 2 in NASH diet samples from panel B, showing
composite and single-color panels. Highlighted are Ly6CHi'lo-RM, KC2, and KN-RM cells.
Representative histo-cytometry analysis of NASH liver sample. Statistical information of segmented
objects (F4/80Pos tdTomatoPes surfaces) was imported into FlowJo and subsequently gated on F4/80
and tdTomato expression to quantify KC2, KN-RM, and Ly6CHiLe-RM cells. Tim4 mean fluorescence
intensity (MFI) and x/y positioning for each gated population are shown in the middle and right-hand
panels, respectively.
Distance and phenotype (KN-RM or Ly6CHie-RM) of closest neighbor to KC2 cells in NASH livers.
Data pooled from n=4 mice. Wilcox Two-sided test; p<0.0001(****).
Two representative multi-parameter immunofluorescence (IF) microscopy image (composite and
single-color panels) for liver section from NASH animals prepared as in A, bottom assessing
expression of Collagen 1V, F4/80, Tim4, and tdTomato. Highlighted are KN-RM and Ly6CHio-RM cells.
Representative image from n=4 mice/condition; maximum intensity projection (MIP) of a 20-um z-stack.
. Distance to nearest portal or central vein vasculature (large diameter vessels defined to be greater than
15 um in diameter) of KC2, KN-RM, and Ly6CHI"o-RM cells. One-Way ANOVA with Tukey HSD test;
p<0.0001(****), p<0.001(***), not significant (ns).
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Figure 3.3: Highly divergent gene expression patterns across myeloid
populations in NASH

Unsupervised hierarchical clustering of differentially expressed genes in the indicated cell types in
control and NASH liver.

Principal component analysis of 2,000 most variable genes in RNA-seq data from myeloid cells in liver
and blood from healthy and NASH model diet fed mice (n = 2 per group).

Scatterplot of RNA-seq data in healthy (KC1) or NASH model diet (KC2) Tim4Pos Kupffer cells.
Differentially expressed genes identified by DESeq2 (> 2-fold, p-adj < 0.05) are colored in red.
Comparison of NASH model diet Tim4Pos Kupffer cells (KC2) and Tim4Nes Kupffer niche recruited
macrophages (KN-RM).

Comparison of NASH model diet Tim4Nes Kupffer niche recruited macrophages (KN-RM) and Ly6CHi-
RM.

Comparison of NASH model diet peripheral blood Ly6CH monocytes and Ly6CH--RM.

RNA-seq expression (mean TPM +/- SD) of representative genes. TPM = transcripts per kilobase
million).
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Figure 3.4: Niche-specific reprogramming of epigenetic landscapes

UCSC genome browser tracks of ATAC-seq signals in the vicinities of the Clec4f and ltgam genes in
the indicated cell types. Bar plots to the right of each track represent the RNA-seq gene expression
(mean TPM) +/- SD in each population

Genome-wide comparison of normalized ATAC-seq peak tags at enhancer like regions (>3kb removed
from TSS) comparing Ly6CH peripheral blood monocytes and Ly6Cte-RM during NASH. Differential
regions were identified using DESeq2 (> 2-fold and p-adj < 0.05 using independent biological
duplicates).

Genome-wide comparison of normalized ATAC-seq peak tags at enhancer-like regions (>3kb removed
from TSS) comparing open chromatin in Ly6CHi peripheral blood monocytes and KN-RM.

Principal component analysis of ATAC-seq data sets (N = 2-3) for the top 10,000 most variable distal
(>3kb from TSS) regions in myeloid cell populations during NASH. Transparent arrows suggest
divergent developmental trajectories of Ly6CH blood monocytes entering the Kupffer cell or Ly6CHilo
recruited macrophage niche. Summaries of changes in motif enrichment in regions gained or lost during
niche acquisition (Figure 3.4E, Figure 3.S4B and Figure 3.S4C) are overlaid on the plot.

De novo motifs enriched in distal open chromatin regions (>3kb from TSS) enriched in KN-RM (top),
Ly6CLo-RM (bottom), or enriched in both populations (middle) compared to Ly6CHi peripheral blood
monocytes during NASH. The background for motif enrichment analysis is the distal open chromatin
(ATAC-seq) from Ly6CHi peripheral blood monocytes.

Expression levels (mean TPM +/- SD) of Kupffer cell lineage-determining transcription factors in the
indicated cell types.
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Figure 3.5: The NASH-inducing diet alters the activity states of resident KC
enhancers

Scatterplot of normalized ATAC-seq signal at all distal open chromatin regions (> 3kb from TSS) in
Tim4Pos Kupffer cells from healthy mice (KC1) or Tim4Pos Kupffer cells from mice on NASH mode diet
(KC2). Regions with significantly more chromatin accessibility during NASH are colored in red while
regions with less accessibility during NASH are colored blue.
Genome browser tracks (left) showing ATAC-seq and H3K27ac ChlP-seq signal in the vicinity of Pdgfb
or Cd163 in KC1 cells (blue) or KC2 cells (red). RNA-seq expression data shown at right represents
the mean TPM +/- SD.
. Scatterplot of H3K27ac ChlP-seq signal around distal (> 3kb from TSS) ATAC-seq peaks in 2,000 bp
window. Differentially acetylated regions were determined using DESeqg2 (> 2-fold, p-adj < 0.05).
Regions overlapping with Kupffer cell signature enhancers (Figure 3.S5A) are colored green.
Enhancers with more acetylation during NASH are colored red, or colored orange if also a Kupffer cell
signature enhancer. Enhancers with less activity during NASH are colored blue, or purple if also a
Kupffer cell signature enhancer. Pie charts (top) depict percentage of upregulated and downregulated
total enhancers (left) or Kupffer cell signature enhancers (right).
Ratio-ratio plot depicting fold change in H3K27ac ChiIP-seq signal at enhancers (2,000 bp window
centered on ATAC-seq peaks > 3kb from TSS) compared to fold change in mRNA expression of closest
gene annotated to enhancer region in Tim4Pos Kupffer cells in NASH diet mice (KC2) versus healthy
mice (KC1). Points colored in blue are differentially expressed (> 2-fold, p-adj < 0.05) for both H3K27ac
ChIP-seq signal at enhancers and closest mRNA. Pearson correlation = 0.70 for blue points.
Gene ontology of transcripts significantly upregulated (Fold change > 2, p-adj < 0.05, TPM > 4) in
Kupffer cells from mice on the NASH model diet (KC2) compared to Kupffer cells from healthy mice
(KC1).
De novo motif analysis of ATAC-seq peaks with significant gain of H3K27ac (red or orange points in C,
top) or ATAC-seq peaks exhibiting significant loss of H3K27ac (purple or blue points in C, bottom).
. Log: fold-change of candidate transcription factors known to bind DNA elements found enriched in (E)
for Kupffer cells from healthy mice (KC1) and NASH mice (KC2). * = p-adj < 0.05, ** = p-adj < 0.01,
and *** = p-adj < 0.001 using DESeq2.
Mean expression levels (TPM +/- SD) of the indicated genes in KC1 (control) and KC2 (NASH) Kupffer
cells.
Quantification of desmosterol, 24-, 25- and 27-OHC and 24,25-EC in livers from control or NASH model
diet mice.
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Figure 3.6: Genome wide occupancy of LXR binding in Kupffer cells during NASH

A

Ratio-ratio comparison of RNA-seq data of Kupffer cells from NASH mice versus controls (x-axis)
compared to RNA-seq data of Kupffer cells from global LXRa/B DKO Kupffer cells versus controls (y-
axis). DESeq2 identified gene expression differences (> 2-fold, p-adj < 0.05) are indicated in each
quadrant and color coded as indicated. Blue points indicate genes differentially expressed due to
NASH. Red points indicate genes differentially expressed due to LXRa/f DKO. Purple points indicate
genes differentially expressed in both conditions. Pearson correlation = 0.69 for purple points; p <2.2e-
16 using “cor.test” in R.

Gene ontology of transcripts significantly upregulated (Fold change > 2, p-adj < 0.05, TPM > 4) by both
NASH model diet and LXR DKO.

Heatmaps of logs fold-change values comparing indicated population to the control Kupffer cell data
set: NASH diet Tim4Pos Kupffer cells (KC2), NASH diet Tim4Neg Kupffer niche recruited macrophages
(KN-RM), global LXR a/pB DKO Kupffer cells, global LXR a KO Tim4Pes and Tim4Neg Kupffer cells, KC-
specific LXR a KO (Clec4f-Cre Nr1h3-fl/fl) Tim4Pos and Tim4Nes Kupffer cells. Fold change values with
p-adj > 0.05 are not considered significant and set to be colored white.

Scatterplot of H3K27ac ChlIP-seq signal around distal (> 3kb from TSS) LXR ChlP-seq peaks in 2,000
bp window. Differentially acetylated regions were determined using DESeq2 (> 2-fold, p-adj < 0.05).
Regions overlapping with Kupffer cell signature enhancers (Figure 3.S5A) are colored green.
Enhancers with more activity during NASH are colored red, or orange if also a Kupffer cell signature
enhancer. Enhancers with less activity during NASH are colored blue, or purple if also a Kupffer cell
signature enhancer. Pie charts depict percentage of upregulated and downregulated total enhancers
(left) or Kupffer cell signature enhancers (right).

Comparison of data intersection for LXR ChlP-seq peaks (>16 normalized tag counts in at least one
condition) in KC1 (Healthy) and KC2 (NASH) Kupffer cells.

UCSC genome browser tracks for H3K27ac or LXR ChlP-seq under control (blue) or NASH (red)
conditions for the indicated loci.
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Figure 3.7: Apoptosis and replacement of embryonically derived KCs during
NASH

Representative immunofluorescence (IF) image assessing in situ cell death via TUNEL staining in
addition to Tim4, and F4/80 staining. Representative image from n=4 mice/condition; maximum
intensity projection (MIP) of a 20-um z-stack.

Quantification of total TUNELPes hepatic macrophages per area (100 ym2) in Ctrl and NASH mouse
livers, n=3-4 mice/condition.

Nearest neighbor distance of all TUNELPos cells to KN-RM, Ly6CHie-RM and KC2 cells in NASH livers,
data pooled from n=4 mice. One-Way ANOVA with Tukey HSD test; p<0.0001(****), not significant (ns).
Temporal assessment of Tim4 expression by flow cytometry of CD11bLoF4/80PesCD146Neg Kupffer cells
from mice fed a NASH-inducing diet as indicated.
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Figure 3.S1: Supplement to Figure 3.1

Weight gain (g) over 30 weeks of mice fed NASH model diet or healthy control diet.

Example hematoxylin and eosin or picrosirius red staining of liver sections from mice fed a healthy
control diet (left) or NASH model diet for 30 weeks (right).

Representative FACS gates for purification of CD45PesCD146NedLiveSinglets from healthy or NASH
model diet fed mice for single-cell RNA-seq experiments.

. tSNE projections of identified graph-based cell clusters from 10X Genomics scRNA-seq data using
cells purified as in C from healthy control mice, or from mice fed a model NASH diet for 30 weeks.
Clusters are labeled based on interrogation of top marker genes (Table 3.1).

Heatmap of single cell RNA-seq gene normalized expression (unscaled) at genes of interest used to
identify KC1, KC2, KN-RM, Ly6Cte-RM and Ly6CHi-RM. Data represent 100 cells per cluster.

Volcano plot of differentially expressed genes (> 1.5-fold change, p-adj < 0.05) between KC2 and KN-
RM identified by Seurat’s “FindAlIMarkers” function. Red points indicate Kupffer cell-specific genes (38)
with higher expression in KC2. Orange points indicate Kupffer cell specific genes with higher
expression in KN-RM.
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Figure 3.S2: Supplement to Figure 3.2

A. Quantification of immunofluorescence images. Total cell count per 100 yum2 area for KC2, KN-RM, and
Ly6CHilo-RM cells in NASH and control livers. Note KC1/KC2 have the same surface markers, but KC1
corresponds to livers from animals fed a control diet while KC2 corresponds to livers from animals fed
the NASH model diet. Two-way ANOVA with Bonferroni multiple comparison; p<0.0001(****),
p<0.001(***), not significant (ns).

B. Percent of KN-RM or Ly6CHIo-RM cells within the region of Tim4Pes Kupffer cells in control (KC1) or
NASH model diet fed (KC2) mice.

C. Representative IF image showing Collagen IV staining (lining the basement membrane of all blood
vessels) and Imaris surface around portal and central vein vasculature (large diameter vessels, greater
than 15-ym in diameter).
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Figure 3.S3: Supplement to Figure 3.3

Scatterplot of RNA-seq data in NASH model diet peripheral blood Ly6CH monocytes and NASH Tim4Neg
(KN-RM) Kupffer niche recruited macrophages. Differentially expressed genes identified by DESeq2
(>2-fold, p-adj < 0.05) are colored in red.

Scatterplot of RNA-seq data for KC1 and KN-RM. Differentially expressed genes identified by DESeq2
(> 2-fold, p-adj < 0.05) are colored in red.

Heatmap of selected Kupffer cell-specific genes (38) induced in macrophages from control and NASH
livers versus NASH blood Ly6CH monocytes (> 2-fold, p-adj < 0.05, TPM > 4). Genes labeled with “*”
were not identified as Kupffer cell-specific genes (38) but were found to be specific to embryonically-
derived Kupffer cells (42).

Heatmap of differentially expressed genes (> 2-fold, p-adj < 0.05, TPM > 4) similarly regulating when
comparing control Kupffer cells versus day 14 RLMs and KC2 versus KN-RM. Genes labeled with “*”
were found to be specific to embryonically-derived Kupffer cells (42).

Gene ontology of selected enriched terms from cluster 1 (KC1, KC2 and KN-RM-specific) and cluster
2 (Ly6CHi-RM Ly6Ce-RM specific) from Figure 3.3A.
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Figure 3.S4: Supplement to Figure 3.4

Heatmap of all ATAC-seq distal open chromatin regions (>3kb from TSS) differentially enriched (as in
3.4B and 3.4C) in any pairwise comparison between populations. Values are Z-scaled rLog normalized
tag counts calculated using DESeq2.

De novo motifs enriched in distal open chromatin regions (>3kb from TSS) enriched in Ly6CHi peripheral
blood monocytes compared to Tim4Nes Kupffer niche recruited macrophages (KN-RM). The
background for motif enrichment analysis is all distal open chromatin in KN-RM.

De novo motifs enriched in distal open chromatin regions (>3kb from TSS) enriched in Ly6CHi peripheral
blood monocytes compared to Ly6CLo-RM. The background for motif enrichment analysis is all distal
open chromatin in Ly6CLe-RM.

Bar plots of mean gene expression (TPM) +/- SD of RUNX family transcription factors important in
myeloid populations during NASH.
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Figure 3.S5: Supplement to Figure 3.5

A. Heatmap showing clustering of enhancer regions (2kb window of H3K27ac centered at ATAC-seq
peaks >3 kb from TSS) specific to microglia, Kupffer cells, bone marrow-derived macrophages, blood
Ly6CH monocytes, and large peritoneal macrophages. Regions displayed on the plot are enriched in
at least 3 out of 4 comparisons with other macrophage populations (using DESeg2 on biological
duplicates, > 2-fold, p-adj < 0.05).

B. Selected genes from GO terms in 3.5E. Heatmap indicates whether or not each gene is a member of
each category. The log2 fold change between NASH (KC2) and healthy control (KC1) Kupffer cells is
depicted on the barplot, along with the expression level (mean TPM) of each gene during NASH. * =
p-adj < 0.05; ** = p-adj < 0.01; and *** = p-adj < 0.001 using DESeq2.

C. Mean expression (TPM +/- SD) of transcription factors in 3.5G in Kupffer cells from healthy (KC1) or
NASH (KC2) livers. * = p-adj < 0.05; ** = p-adj < 0.01; and *** = p-adj < 0.001 using DESeq2.
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Figure 3.S6: Supplement to Figure 3.6

Ratio-ratio plot of H3K27ac ChlP-seq signal from Kupffer cells from NASH mice versus controls (x-axis)
compared with data resulting from Kupffer cells from global LXRa KO Kupffer cells versus controls (y-
axis). DESeq2 identified changes in H3K27ac signal (2kb window centered at ATAC-seq peaks > 3kb
from TSS, > 2-fold, p-adj < 0.05) are indicated in each quadrant and color coded as indicated. Blue
indicates regions differentially enriched due to NASH. Red indicates regions differentially enriched due
to LXRa KO. Purple indicates regions differentially enriched in both conditions. Pearson correlation =
0.74 for purple points; p < 2.2e-16 using “cor.test” in R. Black indicates regions differentially enriched
in both conditions that intersect with Kupffer cell signature enhancers (Figure 3.S5A).

Representative initial FACS gate for sorting of tdTomato-positive nuclei from Clec4f-Cre-tdTomato mice
for LXR ChlIP-seq experiments.

Scatterplot of LXR ChIP-seq signal at all peaks with > 16 tags (normalized to 1e7) in at least one
condition in Kupffer cells from healthy mice and Tim4Pes Kupffer cells from mice on NASH model diet.
Differentially bound peaks are identified using HOMER’s “getDifferentialPeaks” function (Fold change >
4, Poisson p-value < 1e-4) and are colored in red if increased during NASH and blue if decreased
during NASH.

De novo motif enrichment using repeat masked mm10 genome of differentially bound LXR ChIP-seq
peaks from C using upregulated or downregulated peaks set as foreground and the other as
background.

Scatterplot of LXR ChIP-seq signal as in C, showing only distal (> 3,000 bp from TSS) LXR ChIP-seq
peaks. Differentially bound peaks were determined as in C. Peaks overlapping with Kupffer cell
signature enhancers (Figure 3.S5A) are denoted in green. Peaks are denoted in red if increased
during NASH and blue if decreased during NASH. Peaks colored in orange are gained during NASH
and lie within Kupffer cell signature enhancers, while peaks colored in purple are lost during NASH
and lie within Kupffer cell signature enhancers. Pie charts depict percentage of peaks with increased
binding at all distal LXR peaks (top) or within Kupffer cell signature enhancer regions (bottom).
Distribution of LXR ChlP-seq tag densities in at LXR peaks located in all enhancers (> 3 kb from TSS)
or within Kupffer cell signature enhancers (Figure 3.S5A) in healthy or control Kupffer cells.
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E. Methods

Microscopy and Histo-Cytometry

Livers were perfused with 2% PFA and fixed using 0.5% BD fix/perm buffer for
12 hours, dehydrated in 30% sucrose, and subsequently embedded in OCT freezing
media (Sakura Finetek). 20 um sections were made with a Leica cryostat and blocked
with a blocking buffer containing 1% Fc-Block (anti-CD16/32), 1% BSA, and 0.3% Triton
X-100 for 3hours. Sections were stained with directly conjugated antibodies or
appropriate primary and secondary antibodies for 5 hours at room temperature or
overnight at 4 °C, in a humidified chamber. The following antibodies were used for
staining: anti-F4/80 (BM8), anti-Collagen IV (Rabbit), anti-Tim4, anti-CD138. The
following secondaries were used: goat anti-rabbit (Invitrogen). Sections were mounted
with Flouromount G (Southern Biotech, Cat# 0100-01) and images were acquired on a
Leica SP8 confocal microscope (40x objective), and subsequent analysis performed
using Imaris software (Bitplane), and R-studio (spatstat package used for nearest
neighbor analyses) (172). Histo-cytometry analysis was performed as previously
described (163). In short, surfaces were created for F4/80 and tdTomatoP°s cells and
mean fluorescence intensity (MFI) for all channels were obtained using Imaris. Objects
were then exported into FlowJo 10.3 (TreeStar Inc.) and later analyzed with Prism
(Graphpad). For detection of in situ cell death (TUNEL staining), staining was performed
using the supplier’s protocol (Sigma-Roche). In brief, the tissue was blocked and

stained with primary and secondary antibodies (as outlined above). Cells were
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permeabilized with 0.1% Triton for 20 min at 4C. Tissue sections then were washed
gently three times with PBS (5min each) and dried briefly. The enzyme-probe buffer
solution was then added for 1hr at 37C in dark. The tissue was subsequently washed

gently three times with PBS (5min each) and mounted, then imaged.

Nuclei Sorting

Mice were humanely euthanized by exposure to COz2, then briefly perfused with
HBSS without Ca*+ or Mg** supplemented with 0.5mM EGTA, 0.5mM EDTA, and 20mM
HEPES. Perfusions were then switched sequentially to 1 mg/ml disuccinimidyl glutarate
in PBS for 30 minutes, then 1% formaldehyde in PBS for 10 minutes. Finally, the
fixation was quenched by perfusion with 20 ml 0.125M glycine. Livers were excised,
finely minced with a razor, and washed twice with 20 ml ice cold NF1 buffer (10mM Tris
pH 8.0, 5mM MgCl2, 0.1M sucrose, 0.5% Triton X-100) followed by centrifugation 1,200
XG for 7 minutes at 4C. Liver pellets were next suspended in NF1 buffer and
homogenized using the “loose” pestle of a Dounce homogenizer for 10 strokes, followed
by incubation on ice for 30 minutes. Samples were finally homogenized using the “tight”
pestle of a Dounce homogenizer for an additional 50-70 strokes, with periodic
assessment for released nuclei by microscopy. The homogenized liver was then
strained through a 70-micron mesh strainer, centrifuged at 1,200 XG for 7 minutes at
4C, then washed once more in PBS. Finally, the homogenized liver was suspended in
PBS with 2mM EDTA and passed through a 40-micron mesh strainer. Nuclei were

purified by FACS using a Sony SH800 based on TdTomato expression and forward
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scatter. Acquired nuclei were snap frozen in a dry ice ethanol bath and stored at -80C

prior to use in ChIP-seq experiments.

Cell Sorting and Flow Cytometry

Mice were humanely euthanized by exposure to CO2 and liver non-parenchymal
cells processed for fluorescence activated cell sorting of Kupffer cells, with modifications
from published methodology (55, 107, 173). In brief, livers were retrograde perfused for
3 min at a rate of 5-7 ml/min through the inferior vena cava with HBSS without Ca*+ or
Mg+ supplemented with 0.5 mM EGTA, 0.5 mM EDTA, and 20 mM HEPES. Perfusions
were then switched to 40 ml of a digestion buffer, held at 37C, comprised of HBSS with
Ca** and Mg+** supplemented with 0.033 mg/ml of Liberase TM (Roche), 20 ug/mli
DNasel (Worthington), and 20 mM HEPES. Livers were then excised, minced, and
digested for an additional 20 minutes in vitro at 37C with gentle rotation in 20 ml of fresh
digestion buffer. The perfusion and digestion steps were performed in the presence of 1
uM flavopiridol to offset transcriptional changes associated with digestion. After tissue
digestion, cells were passed through a 70-micron cell strainer and hepatocytes removed
by 2 low-speed centrifugation steps at 50 X G for 2 min. Non-parenchymal cells in the
supernatant were further separated from debris by pelleting for 15 min at 600 X G in 50
ml of 20% isotonic Percoll (Sigma Aldrich) at room temperature. Cells were then
washed from Percoll containing buffer and suspended in 10 ml 28% OptiPrep (Sigma
Aldrich) and carefully underlaid beneath 3 ml of wash buffer. The resulting gradient was

centrifuged at 1,400 X G for 25 minutes at 4C with no break and cells enriched at the
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interface were saved and subjected to isotonic erythrocyte lysis. Enriched non-
parenchymal cells were then washed, suspended in PBS, then stained for 10 minutes
with Zombie NIR (BioLegend) and purified anti-CD16/32 (93, BioLegend) to label dead
cells and block Fc receptors. Cells were then immunolabeled with specific antibodies of
interest, washed, and sorted using a Beckman Coulter MoFlo Astrios EQ configured

with spatially separated 355 nm, 405 nm, 488 nm, 561 nm, and 642 nm lasers.

NASH-Model Diet

Mice are fed for up to 30 weeks with a NASH-model diet (Research Diets,
D09100301) composed of 40 kcal% fat from vegetable shortening, 20 kcal% from
fructose, and 2% cholesterol by mass, or a custom defined control diet (Research Diet,
D15100601) composed of 10% kcal from fat with 50 g inulin (a dietary fiber) per 4,057

kcal.

Single-Cell RNA-Seq

Liver Liver non-parenchymal cells were isolated as above and sorted using
FACS on the basis of CD45P°s; CD146Ned (to exclude endothelial cells) and viability
(negative for the live/dead dye Zombie NIR). The resulting purified cell preparations
were washed twice with PBS and suspended in PBS supplemented with 400 pg/ml non-
acetylated bovine serum albumin (Sigma Aldrich, B6917). Individual cells were then
coupled to beads using the 10X Genomics Chromium controller. Single-cell sequencing

libraries were prepared following the 10X Genomics Protocol using v2 chemistry and
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sequenced to a median depth of approximately 50,000 reads per cell using an lllumina
HiSeq 2500 on rapid run. Data was mapped using Cell Ranger (10X Genomics) to

mm10 and analyzed using the Seurat R toolkit for single cell genomics (174).

ATAC-Seq

Approximately 50,000 sorted cells were washed once with PBS and once with
10mM Tris pH 7.4, 10 mM NaCl, 3 mM MgCI2, and 0.1% Igepal by centrifugation at 500
X G at 4C. Cells were then suspended in 50 ul reaction buffer comprised of 25 ul
Tagment DNA buffer, 2.5 yl Tagment DNA enzyme, and 22.5 ul nuclease free water,
using reagents sourced from lllumina Nextera DNA Library Prep Kit (128). Transposase
reactions were carried out at 37C for 30 minutes and immediately DNA was purified
using Zymo ChlIP Clean & Concentrate columns. Resulting DNA was PCR amplified for
14 cycles using barcoding primers and resulting libraries were size selected by gel
excision to 175-225 bp as described in (175). Library DNA was purified, and single end

sequenced using a HiSeq 4000 or a NextSeq 500.

Poly A RNA-Seq

Performed as published previously (89, 176). Isolated cells were pelleted and put
into 150 ul lysis/Oligo d(T) Magnetic Beads binding buffer and stored at -80°C until
processing. mMRNAs were enriched by incubation with Oligo d(T) Magnetic Beads (NEB,
S1419S) and then fragmented/eluted by incubation at 94°C for 9 min. Poly A enriched

mRNA was fragmented, in 2x Superscript lll first-strand buffer with 10mM DTT
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(Invitrogen), by incubation at 94°C for 9 minutes, then immediately chilled on ice before
the next step. The 10 L of fragmented mRNA, 0.5 pL of Random primer (Invitrogen),
0.5 pL of Oligo dT primer (Invitrogen), 0.5 L of SUPERase-In (Ambion), 1 uL of dNTPs
(10 mM) and 1 uL of DTT (10 mM) were heated at 50°C for three minutes. At the end of
incubation, 5.8 yL of water, 1 yL of DTT (100 mM), 0.1 pyL Actinomycin D (2 yg/uL), 0.2
uL of 1% Tween-20 (Sigma) and 0.2 uL of Superscript Il (Invitrogen) were added and
incubated in a PCR machine using the following conditions: 25°C for 10 minutes, 50°C
for 50 minutes, and a 4°C hold. The product was then purified with RNAClean XP beads
according to manufacturer's instruction and eluted with 10 pL nuclease-free water. The
RNA/cDNA double-stranded hybrid was then added to 1.5 pL of Blue Buffer
(Enzymatics), 1.1 yL of dUTP mix (10 mM dATP, dCTP, dGTP and 20 mM dUTP), 0.2
uL of RNAse H (5 U/uL), 1.05 uL of water, 1 uL of DNA polymerase | (Enzymatics) and
0.15 pL of 1% Tween-20. The mixture was incubated at 16°C for 1 hour. The resulting
dUTP-marked dsDNA was purified using 28 pL of Sera-Mag Speedbeads (Thermo
Fisher Scientific), diluted with 20% PEG8000, 2.5M NaCl to final of 13% PEG, eluted
with 40 uyL EB buffer (10 mM Tris-Cl, pH 8.5) and frozen at -80°C. The purified dsDNA
(40 pL) underwent end repair by blunting, A-tailing and adapter ligation as previously
described (16) using barcoded adapters (NextFlex, Bioo Scientific). Libraries were PCR-
amplified for 9-14 cycles, size selected by gel extraction, quantified using a Qubit
dsDNA HS Assay Kit (Thermo Fisher Scientific) and sequenced on a Hi-seq 4000 or a

NextSeq 500 (lllumina, San Diego, CA) according to the manufacturer's instructions.
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Chromatin Immunoprecipitation

ChIP for H3K27ac was performed essentially as describe previously (177). In
brief, FACS purified cells were fixed with 1% paraformaldehyde for 10 minutes at room
temperature. Next, 2.625 M glycine was added to 125 mM to quench fixation and cells
were collected by centrifugation with the addition of 0.01% Tween-20 at 1,200 X G for
10 minutes at 4C. Cells were washed once with 0.01 % Tween-20 in PBS and collected
by centrifugation at 1,200 X G for 10 minutes at 4C. Cell pellets were then snap frozen
and stored at -80C. For ChIP reactions, cell pellets were thawed on ice and lysed in 80
pl LB3 (10 mM Tris/HCI pH 7.5, 100 mM NaCl, 1 mM EDTA, 0.5mM EGTA, 0.1%
deoxcycholate, 0.5% sarkosyl, 1 x protease inhibitor cocktail, and 1 mM sodium
butyrate). Lysate was sonicated using a Covaris for 12 cycles with the following setting:
time, 60 seconds; duty, 5.0; PIP, 140; cycles, 200; amplitude, 0.0; velocity, 0.0; dwell,
0.0. Samples were collected and 10% Triton X-100 was added to 1% final
concentration. One percent of the sonicated lysate was saved as a ChIP input. For each
chromatin immunoprecipitation, aliquots of ~500,000 cells were added to 20 ul
Dynabeads Protein A with 2 yg anti-H3K27ac (Active Motif) and incubated with slow
rotation at 4C overnight. The following day, beads were collected using a magnet and
washed three times each with wash buffer | (20 mM Tris/HCI pH 7.5, 150 mM NacCl, 1%
Triton X-100, 0.1% SDS, 2 mM EDTA, and 1 x protease inhibitor cocktail) and wash
buffer 11l (10 mM Tris/HCI pH 7.5, 250 mM LiCl, 1% Triton X-100, 0.7% Deoxycholate, 1
mM EDTA, and 1 x protease inhibitor cocktail). Beads were then washed twice with ice

cold 10 mM Tris/HCI pH 7.5, 1 mM EDTA, 0.2% Tween-20. Sequencing libraries were
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prepared for ChIP products while bound to the Dynabeads Protein A initially suspended
in 25 pyl 10 mM Tris/HCI pH 8.0 and 0.05% Tween-20.

For LXR ChIP-seq, FACS purified Kupffer cell nuclei were resuspended
in wash buffer (10mM HEPES/KOH pH7.9, 85mM KCI, 1mM EDTA, 0.2% IGEPAL CA-
630, 1x protease inhibitor cocktail (Sigma), 1 mM PMSF) for 5 minutes on ice. Nuclei
were spun down and resuspended in 130 ul RIPA-NR1 lysis buffer (20 mM Tris/HCI
pH7.5,1 mM EDTA, 0.5 mM EGTA, 0.1% SDS, 0.4% Na-Deoxycholate, 1% NP-40
alternative, 0.5 mM DTT, 1x protease inhibitor cocktail (Sigma), 1 mM PMSF) and
chromatin was sheared by sonication. Samples were sonicated in a 96 Place
microTUBE Rack (Covaris cat#500282) using a Covaris E220 for 18 cycles with the
following setting: time, 60 seconds; duty, 5.0; PIP, 140; cycles, 200; amplitude, 0.0;
velocity, 0.0; dwell, 0.0. Samples were recovered and spun down at max speed, 4°C for
10 minutes. 1% supernatant was taken as input DNA and remaining supernatant was
transferred to PCR strips and brought up to a volume of 200 pl using RIPA-NR1 lysis
buffer (20 mM Tris/HCI pH7.5, 1 mM EDTA, 0.5 mM EGTA, 0.1% SDS, 0.4% Na-
Deoxycholate, 1% NP-40 alternative, 0.5 mM DTT, 1x protease inhibitor cocktail
(Sigma), 1 mM PMSF). 30 ul Dynabeads Protein A/G coated with 2 ug each of the
indicated LXR specific antibodies (Santa Cruz Biotechnology: sc-1000X, sc-133221X,
sc-271064X) was added to the sample, and immunoprecipitation was carried out with
slow rotation at 4°C overnight. Beads were then collected using a magnet and washed
with 175 pl ice cold buffer as indicated by incubating samples on ice for 3 minutes: 3

times RIPA-NR1 lysis buffer (20 mM Tris/HCI pH7.5, 1 mM EDTA, 0.5 mM EGTA, 0.1%
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SDS, 0.4% Na-Deoxycholate, 1% NP-40 alternative, 0.5 mM DTT, 1x protease inhibitor
cocktail (Sigma), 1 mM PMSF), 6 times LiCI-NR1 buffer (10 mM Tris/HCI pH7.5, 250mM
LiCl, 1 mM EDTA, 0.7% Na-Deoxycholate, 1% NP-40 alternative, 1x protease inhibitor
cocktail (Sigma), 1 mM PMSF), 3 times TET (10 mM Tris/HCI pH 8.0, 1 mM EDTA,
0.2% Tween-20, 1x protease inhibitor cocktail (Sigma), 1 mM PMSF), and 1 time IDTE
(10 mM Tris/HCI pH 8.0, 0.1 mM EDTA, 1x protease inhibitor cocktail (Sigma), 1 mM
PMSF). Bead complexes were resuspended in 25 uyl TT (10 mM Tris/HCI pH 8.0, 0.05%
Tween-20, 1x protease inhibitor cocktail) and sequencing libraries were prepared on-

bead as described below.

ChIP-Seq Library Preparation

ChlIP libraries were prepared while bound to Dynabeads using NEBNext Ultra |l
Library preparation kit with reaction volumes reduced by half, essentially as previously
described (129). Libraries were eluted and crosslinks reversed by adding to the 46.5 pl
NEB reaction 20 ul water, 4 ul 10% SDS, 4.5 yl 5M NaCl, 3 yl 0.5 M EDTA, and 1 ul 20
mg/ml proteinase K, followed by incubation at 55C for 1 hour and 65C for 30 minutes to
overnight in a thermal cycler. Dynabeads were removed from the library using a magnet
and libraries cleaned by adding 2 uyl SpeedBeads 3 EDAC in 61 ul 20% PEG 8000/1.5
M NacCl, mixing well, then incubating at room temperature for 10 minutes. SpeedBeads
were collected on a magnet and washed two times with 150 pl 80% ethanol for 30
seconds. Beads were collected and ethanol removed following each wash. After the

second ethanol wash, beads were air dried and DNA eluted in 25 yl 10 mM Tris/HCI pH
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8.0 and 0.05% Tween-20. DNA was amplified by PCR for 14 cycles in a 50 pl reaction
volume using NEBNext Ultra Il PCR master mix and 0.5 yM each Solexa 1GA and
Solexa 1GB primers. Libraries were cleaned up with SpeedBeads as above using 36.5
ul 20% PEG 8000/1.5 M NaCl and 2 ul SpeedBeads. After ethanol washing and drying,
PCR amplified libraries were eluted from the SpeedBeads using 20 yl 10 mM Tris/HCI
pH 8.0 and 0.05% Tween-20. Next, libraries were size selected 250-500 bp using gel
extraction using 10% TBE acrylamide gels. Libraries were single-end sequenced using

either a HiSeq 4000 or a NextSeq 500 to a depth of 10-20 million reads.

Lipid Measurements
Livers were processed at the University of Texas Southwestern Medical Center
for oxysterol and lipid metabolite analysis by LC-MS as previously described in full

(www.lipidmaps.org/protocols/index.html).

Mice

Mice used in this study were bred and maintained in the Glass laboratory
vivarium on the C57BL/6J background or were C57BL/6J sourced directly from Jackson
laboratories. Creation and validation of the Clec4f-Cre-tdTomato mice, which express a
T2A cleavable polypeptide of Cre coupled to TdTomato with a nuclear localization
sequence in the 3’'UTR of Clec4f, was describe elsewhere (Sakai, et al., accompanying
manuscript). The Clec4f-cre mice will be available at The Jackson Laboratory as Stock

No. 033296. Cx3cr1 driven inducible lineage tracing was performed by crossing
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B6.129P2(Cg)-Cx3cr1tm2.1(cre/ERT2)Litt/Wgand (Jackson stock no. 021160) mice to
B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J (Jackson stock no. 007914) mice.
Progeny were injected on days 1 and 2 of life with 50 ug then 75 pg tamoxifen dissolved
in corn oil and ethanol. To label monocyte lineage cells, adult mice were injected via the
intraperitoneal route 1 week prior to euthanasia for 5 consecutive days with 75 mg/kg
tamoxifen dissolved in corn oil and ethanol. All animals were maintained and all
procedures performed in accordance with an approval animal study protocol meeting

AALAC standards.

Sequencing Data Analysis

Preprocessing: FASTQ files from sequencing experiments were mapped to the
mouse mm10 genome. STAR with default parameters was used to map RNA-seq
experiments (130). Bowtie2 with default parameters was used to map ATAC-seq and
ChIP-seq experiments (178). HOMER was used to convert aligned reads into “tag

directories” for further analysis (16).

RNA-seq: Each experiment was quantified using the “analyzeRepeats” script of
HOMER. To generate a table of raw read counts, the parameters -count exons -
condenseGenes -noadj were used. To generate a table of TPM values, the
parameters -count exons -condenseGenes -tpm were used. The TPM values were
further processed by log2(TPM+1). Differentially expressed genes were identified using

raw sequencing read counts by DESeqg2 (179) analysis through the
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“getDifferentialExpression” HOMER command. Gene ontology analysis was performed

using Metascape (180).

IDR analysis: ChlP-seq experiments were performed in replicate with
corresponding input experiments. Peaks were called with HOMER for each tag directory
with relaxed peak finding parameters -L 0 -C 0 -fdr 0.9 against the corresponding input
directory. For ATAC-seq, no inputs were used and peaks were called with parameters -
L 0 -C 0 -fdr 0.9 -minDist 200 -size 200. IDR (181) was used to test for reproducibility
between replicates, and only peaks with IDR < 0.05 were used for downstream analysis.

The pooled tag directory from two replicates was used for track visualization.

ATAC-seq and ChIP-seq analysis: To quantify transcription factor (TF) binding
and chromatin accessibility, peak files were merged with HOMER’s mergePeaks and
annotated with raw tag counts with HOMER’s annotatePeaks using parameters -noadj, -
size given. To annotate H3K27ac signal around ATAC-seq peaks the parameter -size
2000 was used. Subsequently, DESeq2 (179) was used to identify the differentially
bound TF, H3K27ac signal or chromatin accessibility with > 2 fold-change and p-adj <

0.05, unless stated otherwise in the text.

Motif enrichment. To identify motifs enriched in peak regions over the
background, HOMER'’s motif analysis (findMotifsGenome.pl) including known default

motifs and de novo motifs was used. The background sequences were either from
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random genome sequences or from peaks from the comparing condition indicated in the

main text and in the figure legends.

Data visualization: The UCSC genome browser (182) was used to visualize

ChIP-seq and ATAC-seq data.
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Chapter 4. Conclusions and Future Directions

The findings presented here lead to several important conclusions about how
distinct liver niches regulate gene expression in hepatic macrophages during
homeostasis and liver disease. Macrophage mediated inflammation is linked to a
multitude of chronic disease states, and inflammation often leads to increased
complexity of the myeloid population structure due to recruitment and differentiation of
inflammatory monocytes as well as cell intrinsic changes in the tissue resident cells.
Studying how environmental signals are sensed and integrated to produce specific
patterns of gene expression will allow us to better understand the mechanisms
controlling macrophage behavior and opens new possibilities for therapeutic

interventions that target macrophages.

A. A two-step model of tissue macrophage niche specification

In Chapter 2, using an experimental model of Kupffer cell ablation and
repopulation, we performed high sensitivity transcriptomic and enhancer profiling as
monocytes colonized the empty Kupffer cell niche and differentiated into Kupffer cell-like
hepatic macrophages. We found that many genes, including key Kupffer cell lineage
determining factors such as Nr1h3, Spic, and Id3 are induced within only 12 hours of
Kupffer cell ablation. We found that these rapidly induced genes tended to have
associated pre-existing open chromatin regions in blood monocytes, and that enhancer
activity assed by H3K27ac signal rapidly increased at these regions. TGF/SMAD and
NOTCH/RBPJ signaling were found to be important environmental signaling pathways

originating in liver sinusoidal endothelial cells, while hepatocyte derived desmosterol is
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present at sufficient concentrations to drive LXR signaling. While many Kupffer cell
genes were rapidly induced upon niche colonization by monocytes, much of the Kupffer
cell gene program was not fully engaged until 7 to 14 days. In contrast to the early-
activated genes, these late-activated genes tended to lack associated pre-existing open
chromatin regions; rather, chromatin accessibility and enhancer activation appeared
later in the time course. These observations are consistent with a two-step model where
upon engraftment within the available niche, environmental signals rapidly induce tissue
specificity of the developing macrophage by directing transcription factors to bind to and
activate latent enhancers (Figure 4.1). Once the resident macrophage lineage factors
are induced, they then work to differentiate the recruited macrophage closer to the
resident macrophage phenotype by establishing cell type specific enhancers.

The collaborative hierarchical model of enhancer selection posits that lineage
determining transcription factors establish a cell type specific enhancer landscape by
working together with collaborating transcription factors. Using this novel system of
Kupffer cell ablation and monocyte recruitment, we found supporting evidence of the
collaborative hierarchical model in vivo, and gained new insights into how environmental
signals influence both lineage and signal dependent transcription factors. Monocytes
express general macrophage LDTFs, including PU.1, C/EBP and AP-1, and share many
core macrophage enhancers that are also present in tissue macrophages, but they lack
expression of certain transcription factors and activated enhancers that are present in
specific tissue macrophage subsets. In the Kupffer cell repopulation system,

environmentally derived signals such as TGF-B/BMP family members and notch ligands
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rapidly induce expression of important Kupffer cell specific LDTFs (Nr1h3, Spic, 1d3,
Tfec, Mafb), which can then act to open chromatin, as evidenced by the enrichment of
the associated motifs for these factors in newly acquired (48 hours after DT
administration) open chromatin regions in recruited liver macrophages. We also found
that SMADs and RBPJ act at many Kupffer cell niche specific enhancers to directly
regulate expression of Kupffer cell identity genes. SMAD4 was required for
establishment or maintenance of a small subset of open chromatin regions, indicating it
may induce de novo enhancer formation in response to TGF signaling, while RBPJ
marked regions that gained H3K27 acetylation signal during differentiation, consistent
with NOTCH signaling inducing coactivator/corepressor exchange (110). Further, liver
derived desmosterol appears to serve as an environmental signal to induce expression
of both canonical LXR target genes and LXR dependent Kupffer cell identity genes, and
LXRa was found to be required for the formation of several thousand open chromatin
regions in Kupffer cells. Thus, in addition to tissue macrophage specific LDTFs early in
differentiation, environmentally derived signals also act through signal dependent
transcription factors to both induce de novo enhancer formation and activate latent

enhancers.

B. Biological relevance of the Kupffer cell ablation/repopulation system

The main advantages to this DTR-system are that the nearly complete and rapid
ablation of the Kupffer cell niche permits the recruitment of a large pool of HSC-derived
monocyte progenitors to rapidly colonize the niche and differentiate into Kupffer cell-like

macrophages in a synchronized fashion. This allows a sufficient number of cells to be
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obtained for transcriptomic and enhancer profiling, permitting inference of temporally
dependent developmental processes. The main drawbacks and criticism of this model
are that it is highly artificial. Indeed, it is hard to image an situation in which the entire
Kupffer cell population is lost and replaced by monocytes, although it has been reported
that certain pathological conditions such as infection with listeria monocytogenes,
triggers massive KC death within hours of infection and subsequently leads to monocyte
recruitment (183). Kupffer cell necroptosis in this model lead to production of IL33 by
hepatocytes, which was identified as an important alarmin initiating the inflammatory
response that recruited and fostered monocyte differentiation. The context of diphtheria-
toxin mediated Kupffer cell death may provide its own unique set of signals, and it is
unclear to what extent those signals are similar to normal biological processes in which
Kupffer cells might be replaced by monocyte derived precursors. Thus, it is possible that
in other biological contexts, different sets of environmentally derived signals could
instruct monocytes to adopt a Kupffer cell-like phenotype through separate pathways.
Further, we cannot say with certainty whether erythromyeloid progenitors follow the
same path when differentiating into Kupffer cells during embryogenesis, where the liver
environment likely has important differences from adult animals such as microbial
products in portal blood. With current technology, it is not possible to perform the high
sensitivity temporally based enhancer profiling studies we carried out using our model
system during embryogenesis or on very small numbers of monocytes gradually filling

the Kupffer cell niche during a normal biological process like aging. Rather, the findings
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from this model system may better apply to various types of chronic liver disease if
monocytes are recruited to the Kupffer cell niche.

In Chapter 3, we studied myeloid cell diversification in the liver in a mouse model
of NASH and were able to confirm many of the findings from our Kupffer cell
replacement/repopulation model. We found that monocytes are recruited to distinct
niches during NASH, the Kupffer cell niche in liver sinusoids and a distinct niche outside
of the sinusoids near large diameter vessels. The transcriptomes and open chromatin
landscapes of recruited macrophages depended on niche. This supports the findings
from Chapter 2 in two important ways: 1) It provides a biologically relevant context in
which monocytes follow the same developmental trajectory we observed in the
experimental Kupffer cell ablation and repopulation system in Chapter 2, and 2) It
demonstrates the necessity of specific micro-anatomic niche within the liver to provide
the appropriate context of signals that instruct the Kupffer cell phenotype. In particular,
the findings in Chapter 2 heavily concentrated on sinusoidal endothelia derived Notch
and TGF-family ligands. The expression of these ligands was found to be specific to the
liver sinusoidal endothelial cells marked by expression of STAB2 (101). Thus, lack of
sinusoidal endothelia derived-signals could represent an important reason why large-
diameter vessel associated Ly6CHi- and Ly6CL°-RM do not display a Kupffer cell-like

phenotype.

C. Regulation of recruited macrophages outside of the Kupffer cell niche
The NF-xB motif is enriched in all liver macrophages, including healthy Kupffer

cells compared to other tissue resident macrophages (Figure 2.S2C). Intestinally
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derived microbial products such as lipopolysaccharide (LPS) entering from the portal
circulation could thus be an important signal that instructs normal Kupffer cell behavior.
However, the enrichment for NF-kB is much stronger in distal open chromatin regions
specifically gained in Ly6Ct°-RM compared to macrophages in the Kupffer cell niche
(Figure 3.4E), indicating pro-inflammatory signaling through this pathway has even
greater importance in these recruited macrophages. Possible explanations for this result
include: 1) These cells may sense higher concentrations of LPS than Kupffer cells
during NASH (e.g. if they are positioned closer to the portal vein), 2) They may be less
tolerant of LPS than Kupffer cells, and 3) They may be localized closer to disease active
areas and are responding to tissue damage signals. Enrichment of the NF-xB in Ly6CLo-
RM indicates that this macrophage subset may be play a more pro-inflammatory or
disease active role compared to cells in the liver sinusoid. Indeed, genes more highly
expressed in Ly6CHi- and Ly6CL°-RM had functional annotations such as Inflammatory
response, Response to wounding and Extracellular matrix organization (Figure 3.3A
and Figure 3.S3E).

To our knowledge, this is the first study that showed subset specific RNA-seq
data of CD11bHi F4/80% Ly6CH and Ly6C"° recruited macrophages during NASH. A
recent study was the first to publish the transcriptomes of CD11b"i recruited
macrophages in a methionine and choline deficient murine model of NASH, but did not
subset with Ly6C expression (161). Further analysis of these data and comparison with
previous literature should allow better understanding of the importance of each of these

subsets during progression of NASH. By histo-cytometry, we were able to determine
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that Ly6CHi and Ly6CL°-RM exist in a niche that is anatomically distinct from the
sinusoidal Kupffer cell niche and is closer to large vessels. Further microscopy studies
will be aimed to determine if these cells have a more peri-portal versus peri-central
distribution, if they are located near areas of fibrosis or apoptotic hepatocytes, and if
there is a difference between the localization of Ly6CH and Ly6C->-RM. Although we
were unable to visualize Ly6C by immunofluorescence in these studies, alternative
approaches such as using Gr1 or an alternative epitope highly expressed in a subset
specific manner, such as Mgl2 for Ly6C-RM, could help us understand address this
question. By linking positional information with gene expression data, we will be better

able to understand the roles of these recruited macrophages during NASH.

D. Niche dependent reprogramming of resident Kupffer cells during NASH

In addition to monocyte recruitment to inflamed liver niches, embryonically
derived Kupffer cells undergo cell intrinsic changes in response to changes in the liver
environment during NASH. NASH caused profound changes to the Kupffer cell
enhancer landscape, with approximately 20% of all Kupffer cell enhancers undergoing
significant up- or downregulation (Figure 3.5C). This represents the first evidence of
changes in active chromatin marks in a highly specific resident macrophage population
during a disease model. Interestingly, while nearly 8,000 regions displayed differences
in active histone mark H3K27ac, the open chromatin landscape was much more stable,
with less than 500 regions changing (Figure 3.5A). In contrast, monocyte differentiation
into either KN-RM or Ly6C°-RM was associated with significant changes of

approximately 9,000 and 12,000 open chromatin regions, respectively (Figure 3.4B and
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Figure 3.4C). This may relate to the fact that Kupffer cells are a fully differentiated
tissue macrophage, while circulating monocytes must possess greater plasticity in order
to respond to signals present in a wide variety of bodily tissues. Alternatively, the
environmental change in healthy versus diseased liver may simply be of much lower
magnitude compared to monocytes being recruited to a tissue niche.

The most dramatic effect of the NASH diet on the Kupffer cell enhancer
landscape appears to be the overwhelmingly asymmetric reduced activity of Kupffer cell
signature enhancers (Figure 3.5C). Motif analysis indicated that LXRs normally regulate
these regions that are important for normal Kupffer cell identity and homeostasis, and
genetic loss of LXRa confirmed it is required for the activity of these enhancers (Figure
3.S6A) as well as in the expression of LXR target genes (Figure 3.6C). Further, LXR
ChIP-seq revealed specific loss of LXRs from Kupffer cell signature enhancers (Figure
3.S6E,F).

What causes the loss of LXR binding specifically at enhancers that control
Kupffer cell identity? The increase in canonical LXR targets such as Abcai, Abcg1,
Mylip, and Srebf1 during NASH (Figure 3.5H) argues that this is a specific rather than
generalized effect on LXR activity. SMAD motifs were enriched in the LXR peaks lost
during NASH (Figure 3.S6D). Thus, collaborative interactions with SMADs may be
required to maintain LXR binding at the specific regions lost during NASH, similar to
how PU.1 requires collaborative interactions with other transcription factors such as
AP1 ad C/EBP to maintain many macrophage enhancers (16). Preliminary RNA-seq

data suggests Bmp2 and Bmp6, which appear to be the most highly expressed TGF
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family members specifically expressed in STAB2 positive sinusoidal endothelial cells
(Figure 2.4A), are significantly downregulated during NASH (Figure 4.2). Furthermore,
Bmpria is strongly downregulated in Kupffer cells in response to NASH, and is one of
the few genes not induced in repopulating liver macrophages in the experimentally
induced Kupffer cell ablation model system even after 30 days (Figure 3.S3C, D) (42).
Preliminary data also showed downregulation of NOTCH ligand DIl4 (see Chapter 2).
Thus, NASH may indirectly affect LXR signaling in Kupffer cells by disrupting the
binding of collaborating transcription factors that act downstream of sinusoidal
endothelia derived niche signals that are required for normal Kupffer cell gene
expression. Liver sinusoidal endothelial cells are known to lose morphological and
functional characteristics during NASH in a process referred to as “capillarization” (184),
which is thought to contribute to NASH progression through multiple mechanisms
including activation of hepatic stellate cells and increased resistance to blood flow. Our
findings suggest that this process of sinusoidal endothelial dysfunction may also
dysregulate Kupffer cell homeostasis by altering the production of paracrine signals that
support normal Kupffer cell phenotype.

There are several other possibilities that could lead to the dysregulation of LXR
signaling in Kupffer cells during NASH. LXRs have traditionally been considered signal
dependent transcription factors involved in cholesterol homeostasis, lipid biosynthesis
and regulation of inflammation (98, 99). As type Il nuclear receptors, LXRs are thought
to be constantly bound to DNA as heterodimers with RXR, and ligand binding is thought

to induce coactivator/corepressor exchange rather than new binding events. How LXRs
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may act as lineage determining transcription factors in certain cell types, such as
Kupffer cells and marginal zone and metallophilic macrophage (24, 38), is less well
understood. Previous comparisons of different tissue macrophages have shown Nr1h3
is more highly expressed in these macrophage populations (38), indicating that the
lineage determining functions may simply require higher concentrations of nuclear
LXRs. Although we did not observe decreased expression of Nr1h3 or Nr1h2 during
NASH (Figure 3.5G), we did not measure changes in LXR protein levels, which could
be decreased through reduced protein synthesis or increased proteasomal degradation.

LXRs can be posttranslationally modified through ubiquitination, SUMQylation
and phosphorylation, acetylation, and O-GlcNacylation which can have different effects
on protein degradation and function (185). LXRa can be phosphorylated on S196 in
mouse (S198 in human) by cysteine kinase 2, PKA and other kinases (186, 187). This
modification appears to have gene specific modulatory effects on LXR target genes.
While the effects of LXRa S196 phosphorylation have not yet been studied in Kupffer
cells, LXRa is highly expressed in Kupffer cells, and we observed downregulation of
Ccl24 in Kupffer cells during NASH (data not shown), which was previously shown to be
negatively regulated by phosphorylation in a macrophage cell line (188). A mouse with
an LXRa S196A mutation was recently studied in a murine model of NASH (189) and
could serve as a valuable research tool to study the effect of LXRa S196

phosphorylation in Kupffer cells.
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E. Potential functional consequences of myeloid diversification during NASH
Macrophage recruitment contributes to the pathogenesis of acute liver injury and
chronic inflammatory disease such as NASH. However, different macrophage
populations are thought to acquire specific functions during liver disease (48, 166). In
Chapter 3, which showed that the high fat, high fructose, high cholesterol NASH model
diet lead to recruitment of monocytes to the Kupffer cell niche, where they adopted a
similar transcriptional program as Kupffer cells and could be identified as
CD11bt°F4/80"Tim4Nes, At the latest time point analyzed, approximately half of
CD11bl°F4/801i cells isolated from the liver are these Kupffer niche recruited
macrophages. To our knowledge, only one other study, which was recently published
and used a methionine and choline deficient dietary NASH model (75), has
demonstrated that CD11b"°F4/80" macrophages can be monocyte derived during
chronic liver disease. Thus, the functional roles of Kupffer niche recruited macrophages
have not been studied. Our RNA-seq data from these studies indicate that several while
these Kupffer niche recruited macrophages are similar to Kupffer cells, there are several
important molecular differences, such as lower expression of Kupffer cell identity genes
with potential important homeostatic functions including Timd4, Vsig4, 1118bp, Cd163
and Hmox1 (Figure 3.S1F and Figure 3.S3D). These recruited macrophages also had
higher expression of a many genes involved in antigen presentation through class Il
MHC, such as Ciita, Cd74 and H2-Aa. Kupffer niche recruited macrophages also
appear to be transcriptionally similar to the repopulating liver macrophages studied in

the Kupffer cell ablation/repopulation model described in Chapter 2 (Figure 3.S3D),
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indicating ontogeny may be primarily responsible for the differences between recruited
and embryonically derived macrophages in both model systems. Thus, the KC-DTR
system described in Chapter 2 could be used to replace embryonically derived Kupffer
with monocyte derived Kupffer niche recruited macrophages prior to the onset of NASH
or any other studies, allowing us to study the functional differences between these cell
types. Specifically blocking recruitment of these cells without affecting Ly6CHi or Ly6Ct°
recruited macrophages does not seem possible at present. A two-component system to
specifically act only on cells that are both monocyte-derived and in the Kupffer cell niche
could be devised to target this subset of recruited macrophages.

Interestingly, preliminary data from other studies performed in our laboratory
have shown that these macrophages also accumulate during repeated carbon
tetrachloride (CCl4) injection and have similar transcriptional differences compared to
Tim4Pos Kupffer cells as is observed during our NASH model (data not shown).
Further, BALB/c mice do not display prominent steatosis, inflammation, fibrosis or
Tim4Neg macrophage recruitment in response to the AMLN NASH model, but develop
fibrosis and accumulate Tim4Nes recruited macrophages in response to CCls (data not
shown). These observations indicate that accumulation of Tim4Nes recruited
macrophages may be a generalized phenomenon in any chronic injury model that
causes Kupffer cell apoptosis. Furthermore, we have observed that up to 20% of
F4/80M hepatic macrophages are Tim4Neg in chow or healthy control diet fed 40-week-
old C57BL/6 mice (data not shown). This suggests that embryonically derived Kupffer

cells may normally undergo replacement with monocyte derived macrophages with age.
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It should be noted that most lineage tracing experiments are performed on relatively
young mice and typically do not follow mice past early adulthood. Lineage tracing
studies are not feasible in humans, and it is important to consider that we live more than
two orders of magnitude longer than the duration of typical mouse studies. Further,
chronic inflammatory diseases such as NAFLD and those caused by alcohol or viral
hepatitis are quite common in humans and could accelerate this replacement of
embryonically derived Kupffer cells with monocyte derived macrophages. Thus, in a
typical adult human, what proportion of Kupffer cells are monocyte rather than
embryonically derived, and how does this impact human health and susceptibility to
disease as we age? If there are functional differences between embryonically derived
and monocyte derived macrophages living in the Kupffer cell niche, then variability in
the composition of these cells could impact health and susceptibility to a variety of

diseases including diabetes, NASH and hepatocellular carcinoma.

F. Closing thoughts

The disruption of the Kupffer cell homeostatic program during NASH suggests
that continuous input from environmental signals is required to maintain normal tissue
macrophage phenotypes, and that these signals may be altered during chronic disease.
Absent or abnormal function of tissue macrophages can induce tissue pathology (18,
190). For example, osteoclast deficiency or dysfunction leads to osteopetrosis (191),
mice with deficiency of SPI-C do not develop normal splenic red pulp macrophages and
display an iron overload disorder (25), and alveolar macrophage deficiency causes

insufficient clearance of surfactant and leads to alveolar pulmonary proteinosis(192,
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193). In the context of chronic inflammation, continually suppressed homeostatic
functions of macrophages may thus have detrimental consequences that contribute to
organ dysfunction. Genetic tools to manipulate specific populations such as the Clec4f-
Cre we generated to target Kupffer cells in these studies will be helpful for future
research into this topic. For example, by chronically administering diphtheria toxin to the
Clec4f-Cre Rosa26-LSL-DTR mice we used in Chapter 2, we assess the effects of
Kupffer cell deficiency in otherwise healthy animals or during disease models.

The multi-level genomics approach we used to understand how niche signals
affect macrophage gene expression identified pathways that are potential actionable
therapeutic targets during NASH. For example, motif analysis of differentially regulated
enhancers during NASH suggests bolstering LXR function may allow Kupffer cells to
maintain expression of homeostatic genes during NASH. This could be done by either
directly activating LXR by supplying LXR agonists or by activating SMAD or
Notch/RBPJ signaling pathways that collaborate with LXR. AP-1 is the top motif
enriched in Kupffer cell enhancers upregulated during NASH, indicating that inhibiting
signaling pathways upstream of AP-1, or targeting transcription factors induced during
NASH such as ATF3, could help control pro-fibrotic and pro-inflammatory gene
expression. Ideally, these pathways would be targeted in a selective or even cell type
specific fashion. Considerable interest exists in targeting macrophages, and approaches
leveraging their high phagocytic activity such as using liposomes or nanoparticles as

delivery agents are promising (194). Virally delivered CRISPR/Cas9 systems expressed
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under control of macrophage specific promoters offers another strategy to target these
cells.

Translating the findings presented here to humans will require both greater
understanding of the myeloid diversity during human NASH as well as careful
comparisons between human and mouse liver macrophages. While much is conserved
between human and mouse, important functional differences may exist. A recent study
from the Glass Lab compared human to mouse microglia and identified sets of genes
that were similarly expressed, as well as gene sets with species specific expression
(89). Understanding these similarities and differences could help design of future mouse
studies focused on pathways of increased applicability to human disease. Performing
human to mouse comparisons during NASH will be more challenging due to increased
macrophage complexity during NASH. Using human postmortem samples from patients
with NASH, we performed a preliminary scRNA-seq experiment to capture the myeloid
diversity of macrophages and have started experimenting with flow cytometry strategies
to capture and profile the various populations we identified. Understanding the
relationships between mice and humans at the cellular and genetic levels will serve as a
valuable resource in interpreting basic liver fibrosis research done in mice and applying

findings to humans.
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Figure 4.1: A two-step model for establishing niche specific gene regulator
landscapes

Step1: Within hours of monocyte recruitment to the Kupffer cell niche, environmentally derived signals
such as TGF-B/BMPs and Notch ligands activate pre-existing open chromatin regions to activate
transcription of key Kupffer cell lineage determining transcription factors (LDTFs) such LXRa., and other
“early” Kupffer cell genes. Step 2: Newly induced Kupffer cell LDTFs collaborate with other macrophage
LDTFs such as PU.1, C/EBP and AP-1 to establish Kupffer cell specific enhancers and induce the
expression of other Kupffer cell specific genes. Environmentally derived signals, including desmosterol
produced from hepatocytes, continue to drive expression of these “late” Kupffer cell genes.
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Figure 4.2: Expression of BMPs in liver sinusoidal endothelial cells during NASH

Mean expression (TPM) of Bmp2 and Bmpé6 in liver sinusoidal endothelial cells isolated from healthy
mice or mice on NASH model diet. * = p-adj < 0.05, ** = p-adj < 0.01.
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