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Kupffer cells (KCs) are the resident macrophages of the liver, and play a key role in
innate immune sensing, and maintaining steady state. KCs are originated from embryonic
precursors, or from bone marrow monocytes. In adult unmanipulated mouse liver, at least a
subset of KCs are embryo-derived; thus the adult liver KC compartment shows ontogenetic
heterogeneity. Liver injury models of pathogenic and sterile inflammation indicate functional
heterogeneity of KCs, and they can be pro-inflammatory, anti-inflammatory, immunosuppressive,
or reparative. These observations have led to question the relationship between the ontogeny,
and the functions in KCs. To date, there are no phenotypic markers to exclusively identify an
ontogenetically distinct subset, and this has hampered functional studies of this subset. In this
dissertation we explore how the embryo-derived KC subset in the liver respond to irradiation
stress and to acute inflammatory stimuli. To this end, we developed a mouse model to specifically
label the embryo-derived KCs in the adult liver, and assessed their response to lethal irradiation.
We found that the embryo-derived subset resists lethal irradiation and this resistance is mediated
through the p21*"™A¥! protein. In contrast, the same dose of radiation depleted the bone marrow
monocyte-derived KCs. Together, these results indicate that the embryonic origin provide
enhanced survival to radiation induced injury. In a lipopolysaccharide-mediated acute

inflammation model, the embryo-derived subset responded readily mounting a pro-inflammatory



gene expression pattern. Once the inflammatory stimuli subsided they revert back to the steady
state gene expression pattern. These observations indicate that this embryo-derived subset

retains plasticity and are able to respond to changing environmental cues.

The research work in this dissertation provides first insights into the underlying biology of
embryo-derived KCs. We explored how a embryo-derived KC subset responds to radiation
induced sterile damage and to systemic acute inflammation. We demonstrate that in both these
models, the embryonic subset possess remarkable ability to resist damage, avoid depletion,

respond to changing environment, and reset to steady state.
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CHAPTER 1: INTRODUTION

An overview of the liver

The liver is the center of metabolic processing in the body. In both humans and mice, the liver
processes nutrients, produces proteins, plays a key role in energy homeostasis, and is critical for
detoxification. The human liver is located in the right upper quadrant of the abdomen, whereas the mouse
liver spans the entire subdiaphragmatic space. While the lobe patterns in mice and human livers are
different the basic lobular subunits are conserved in structure and function(1). These hexagonal lobular
subunits consist of a centering hepatic vein, radiating hepatocyte beds consisting of 16-20 hepatocytes
and portal triads composed of arterioles, venules, bile ductules, and lymphatics(1, 2). The hepatic vein
and the portal triad are connected through a microvasculature known as the sinusoids that are lined by a
layer of thin walled, fenestrated endothelial cells. These fenestrations allow the exchange of nutrients,
macromolecules between the hepatocytes and the blood flow. In the sinusoids the high pressure, well-
oxygenated arterial blood mixes completely with the low-pressure, less well-oxygenated, but nutrient-rich,
portal venous blood and flow through at a low rate of 5 mmHg or less compared to the pressure gradient
115 mmHg across all other organs(2). The pressure, oxygen and metabolite gradients along the
sinusoids result in metabolic zonation. This zonation influences the functions of hepatocytes and the non-
parenchymal cells such as immune cells, hepatic stellate cells, endothelial cells along the sinusoids, and

their cellular cross talk leading to functional diversity within a lobule (3).

The liver as a lymphoid organ

The liver consists of a unique immune environment (4). Along with nutrients and self-antigens the
portal vein blood brings in foreign antigens, whole bacteria and microbial products such as
lipopolysaccharide endotoxins (LPS), flagellin, dsSRNA, ssRNA, DNA, and lipids. Under normal conditions
the portal venous blood contains 1.0 ng/ml LPS(5) and whole bacteria though neither are detectable in
the systemic circulation. Thus the liver acts as the second vascular barrier for eliminating bacteria and
their products(6). The removal of gut-derived microbial particles and induction of tolerance to harmless

foreign antigens are among the key immune functions of the liver. A variety of innate and adaptive



immune cells that are either resident or pass through the liver contribute to maintaining this peripheral
tolerance and are crucial for activating immunity in disease settings (4, 7).

The liver contains innate immune cells as well as non-immune cells that act as antigen presenting
cells (APCs). The professional APCs are the tissue resident macrophages, known as Kupffer cells (KCs),
and the patrolling or resident dendritic cells (DCs). The KCs reside in the sinusoids and present antigens
to passing naive T cells whereas DCs capture intra hepatic antigens, present them in situ or enter the
lymphatic vessels and travel to the draining lymph nodes to activate naive T cells(8). Aside from the
professional APCs, hepatocytes, liver sinusoidal endothelial cells (LSECs) and hepatic stellate cells have
the capacity to present antigens through both MHC class | and Il pathways to CD8+ and CD4+ T cells
respectively (9, 10). While the APC function of the non-immune cells remains low in steady state, it is
ameliorated during immunopathological conditions. This low-level APC function of non-immune cells at
steady state may further contributes to the tolerogenic immune environment in the liver(10).

APCs harbor cell surface or intra cellular pathogen recognition receptors (PRR). The cell surface
PRRs include Toll-like receptors (TLR) while the intracellular PRRs include nucleotide binding
oligomerization domain (NOD)-like receptors (NLR), retinoic acid inducible protein-I (RIG-I)-like receptors
(RLR) and various DNA-recognizing receptors, such as cyclic GMP-AMP synthase (cGAS). Together
these receptors detect specific pathogen-associated molecular patterns (PAMPs)(11). TLRs recognize
bacterial and viral PAMPs such as LPS (by TLR4), lipopeptides (by TLR2-TLR1 and TLR2-TLR6
heterodimers), flagellin (by TLR5), dsRNA (by TLR3), and ssRNA (TLR?7). NLRs recognize bacterial cell
wall products such as peptidoglycans while RLRs recognize cytosolic viral RNA. The engagement of
PAMPs by TLRs activates intracellular signaling cascades that lead to activation of cytosolic transcription
factors nuclear factor kappa B (NF-kB) or interferon regulatory factor-3 (IRF3). Nuclear localization of NF-
kB and IRF3 activates pro-inflammatory gene expression and type | interferon (IFN) expression
respectively. The continuous low-level stimulation of the NF-kB pathway is a specific feature of the liver
immune environment (4).

The liver contains a large pool of resident and circulating lymphocytes(12). Among the resident
lymphocytes 50% compose of NK and NKT cells(13). Furthermore in the liver CD8+ T cells to CD4+ T

cells ratio is higher compared to other tissues (14). Other lymphocytes in the liver include mucosal



associated invariant T cells, innate lymphoid cells, and y&T cells (15). In normal conditions upon
interactions with APCs, naive CD4+ and CD8+ T cells are activated, proliferate, and undergo apoptosis,
anergy or differentiate into regulatory T cells and support the maintenance of an immunosuppressive
environment(16). Taken together innate and adaptive cells, their crosstalk combined with the unique
physiological condition in the liver are important in maintaining the unique immune environment in the

liver.

Kupffer cells; the liver resident macrophages

Kupffer cells consist of the largest popualtion of tissue resident macrophages in the adult
mammalian liver. KCs are found in the liver microvasculature known as sinusoids, along the endothelial
walls with close contact with LSECs(17).

Kupffer cells were first described in1876 by a Latvian embryologist Carl Wilhelm von Kupffer.
Using a gold chloride staining method, Kupffer identified star like cells lining the sinusoidal endothelium in
various mammal livers and called them “sternzellen” (18, 19). Since then the “sternzellen” were called
Kupffer cells. In 1892, llya Metchnikoff discovered the “macro and micro” phages (large and small eaters)
in tissues and introduced the idea of a “macrophage system” through the body (20). In 1924, Aschoff built
further on the “macrophage system” idea and proposed the reticulo-endothelial system (RES), a cell
system composed of reticulum cells, reticuloendothelia (phagocytic endothelia), and histiocytes
(macrophages) in the liver (21). In the RES the KCs were thought to originate from the endothelial cells.
In 1974, using perfusion and cytochemistry analysis of rat liver Wisse distinguished KCs from the
endothelial cells and identified them as tissue resident macrophages in the liver sinusoids (22). In 1969,
using radiation induced depletion and radiolabeled thymidine-[3H] incorporation studies on origin and
kinetics of peritoneal macrophages, Van Furth and Cohn proposed the idea of the “Mononuclear
phagocyte system” (MPS)(23). According to this proposal the mononuclear phagocyte system consisted
of rapidly dividing bone marrow pro-monocytes that give rise to blood monocytes, which then entered the
tissues, and differentiated into tissue macrophages upon radiation injury. This view was widely accepted
in the field and the KCs were considered to be a part of the mononuclear phagocyte system and the idea

of RES was disregarded.



Kupffer cells play a key role in maintaining liver homeostasis and accomplishing immunity. KCs
are equipped with a large number of cell surface scavenger receptors that bind multiple ligands and
promote the removal of non-self or altered self targets through opsonized or non-opsonized mechanisms.
These abundantly expressed scavenger receptors on KCs include macrophage receptor with collagenous
structure (Marco), CD163, CD68, CD36, complement receptor of the immunoglobulin superfamily (CRIg
or Vsig4), mannose receptor c-type 1 (Mrc1), Macrophage scavenger receptor 1 (Msr1), and C-type lectin
domain family 4-f (Clec4f). Along with splenic red pulp macrophages, KCs play an important role in the
clearance of senescent red blood cells and hemoglobin metabolism using CD163(24). KCs also express
a high level of activating Fc receptors for IgG (FcyR1(CD64), FcyR2 (CD32)) that are involved in
antibody-dependent opsonized particle uptake and thus are important in immune complex clearance.

During stress conditions KCs demonstrate distinct immune functions by altering their gene
expression to produce large amount of cytokines, chemokines, and in some settings, tissue matrix. The
stress response of KCs is initiated through the recognition of PAMPs of extracellular or intracellular
pathogens — bacteria, virus, fungi- or by damage-associated molecular patterns (DAMPs) that serves as
signals of liver injury. DAMPs or PAMPs signaling alters the response of KCs in a context dependent
manner leading to pro-inflammatory, anti-inflammatory, reparative or immunosuppressive states(25, 26).
This initial response results in a cascade of immune mechanisms that either contributes to restoring the
liver back to steady state or prolonging the resolution of inflammation and leading to a chronic state of
disease.

In adult mice, immune cells are replaced by the differentiation of their respective precursors
generated through hematopoiesis. However the mature tissue resident macrophages possess a unique
ability to self-renew, without loss of function, a quality that was previously restricted to stem cells (27, 28).
This self-renewing ability of KCs was first demonstrated by Bouwens et.al in 1984. The authors reported
that upon zymosan stimulation KCs underwent self-renewal, which was distinct from the infiltrating
monocyte differentiation. This study disputed the MPS paradigm which stated that macrophages are
originated from monocytes (29). Today, self-renewal is widely accepted as the method of propagation for

long-lived tissue resident macrophages. While the triggers and the molecular mechanisms of how a fully



mature functional macrophage self-renew is poorly understood, the current studies do not rule out

longevity as another means of long life span in KCs.

Kupffer cell heterogeneity

Heterogeneity of KCs is demonstrated with respect to the phenotype, origin and function (30-32).
This has translated to the idea that distinct KC subsets may exist in the liver. If subsets exist, do they
relate in terms of phenotype, function and ontogeny, if so how, and do they represent true subsets or just

states of a continuum, are research questions that need deeper explorations.
Phenotypic heterogeneity

In mice, the traditional view considers all tissue resident macrophages in the unmanipulated liver
as KCs. Early studies used cytochemical analysis based on location and cell shape to identify KCs (21).
Since the identification of F4/80 (also known as Emr-1 or Adgre1), as a pan tissue resident macrophage
marker(33), KCs are identified as F4/80" cells in both in situ histological and isolated cell suspension
analysis of the liver tissues.

In the recent years fluorescence-activated cell sorting (FACS) analysis of KCs in fate mapping
models(34, 35) has indicated the presences of a distinct macrophage population in the unmanipulated
mouse liver with a F4/80"° CD11b" phenotype, termed “liver macrophages”. While this identification of the
F4/80"° liver macrophage population in unmanipulated mice is recent, the existence of this population was
widely reported during acute inflammation conditions of the liver. During stress conditions LyGChi
monocytes infiltrate the liver and differentiate into LyGCIo monocytes, which in turn upregulate F4/80 and
Cx3cr1 giving rise to an intermediary phenotype between macrophages and monocytes (36, 37). These
intermediary cells can further upregulate F4/80 to become F4/80°™ KCs or Cx3cr1 to become DCs (37).
Currently, the fate of this infilirating monocyte-derived macrophage population, i.e whether they are a
transient population or integrate into the resident KC compartment post resolution, is unclear. Further
validations are needed to confirm whether the F4/80° population is a bona fide macrophage population
that co-exists with KCs in unmanipulated mice.

Immunophenotypic analysis using mass cytometry indicated the existence of two KC subsets

based on the presence or the absence of CD11c on F4/80°CD11b*Ly6C°MHC Class II" KCs in



unmanipulated mice (37). Using fluorescence reporter expression, and phenotypic analysis, Sierro et. al
reported the presence of a distinct subset of macrophages in the liver capsular region. In contrast to
F4/80°CD11b*TIMD4" KCs, these capsular macrophages did not express TIMD4 but expressed a high
level of CX3CR1(38). How these subsets identify with the traditionally known F4/80™ KCs and whether
these studies reveal distinct subsets of KCs within the KC compartment are currently unclear.

FACS sorted F4/80" KCs and the F4/80" liver macrophages have distinct transcriptomes further
supporting that they are distinct subsets (34, 39). Single cell RNAseq analysis of liver cells also indicated
the presence of two subsets. In this study the authors identified the Clec4f, Clec1b and Marco expressing
subset as KCs and the Clec4e and Clec4d expressing subset as the liver macrophages (40). Whether
these genes show a distinction at the protein level and how they relate to the F4/80™ vs ™ subsets is still

unclear.

Taken together, the studies thus far suggest that KCs are phenotypically heterogeneous but how
non-traditional markers such as TIMD4, CX3CR1, CD11C and MARCO correlate with the F4/80" resident
KCs is yet to be determined. MARCO and TIMD4 expression are not limited to KCs while CX3CR1 and
CD11C can be DC or monocyte markers. Thus it raises the question of cellular contaminations during the
cell isolation processes. Lynch et. al. demonstrate how different cell isolation protocols effect the
efficiency of KC isolation and how KCs can be contaminated with tightly adhering liver endothelial cells

(41). Therefore robust, independent validation is key to establishing phenotypic heterogeneity in KCs.
Ontogenetic heterogeneity

In 1978, Van Furth and colleagues used radiolabeled thymidine incorporation and bone marrow
chimeras to show that circulating monocytes become KCs over time (42). Depletion of circulating
monocytes using hydrocortisone prevented labeling of KCs while the mean turnover of KCs was reported
as 21 days. Parabiosis studies conducted by Wacker et. al. in 1986 further confirmed that the circulating
monocytes give rise to KCs (43). Based on these observations and other studies that demonstrated
similar monocytic origin, KCs were considered to solely originate from bone marrow precursors. While this
view of monocytic origin of KCs was widely accepted, the evidence that monocytopenic humans, as well

as Ccr2 knock out (Ccr2'/') mice that lack circulating monocytes, contained normal levels of KCs among



other tissue resident macrophages, indicated that blood monocytes may not be the sole precursor of
tissue macrophages. Furthermore, KCs first appeared in the fetal liver at ED10, before bone marrow

hematopoiesis is established, indicating non-bone marrow precursors exist and can give rise to KCs (21).

With the advent of new tools to study tissue resident macrophage kinetics and cell fate in vivo,
the view of the mononuclear phagocyte system has changed drastically. Multiple fate mapping studies
have demonstrated that in mice, the fetal liver is seeded by embryonic precursors that differentiate into
KCs and that these KCs live long into adult hood through self-renewal. Embryonic stage Cx3cr1 driven
fate mapping and intravital microscopy revealed that the Yolk sac (YS) Cx3cr1-marked precursors seed
developing fetal liver up to ED12 and give rise to KCs that maintain into adulthood (34, 44, 45). Fate
mapping studies that distinguish F4/80™ CD11b" KCs versus F4/80° CD11b" liver macrophages in the
adults showed that they originate from YS-derived precursors versus hematopoietic stem cells(HSC)-
derived fetal monocytes respectively indicating precursor based heterogeneity of adult KCs (34, 35, 46).
Other fate mapping strategies, including early Csf1r, Tie2, or Kit promoter driven inducible Cre systems
have further confirmed the embryonic origin of adult KCs(35, 46-48). While it is clear that the embryonic
precursors give rise to adult KCs, the types of precursors- YS-derived Pre-macrophages, YS-derived
erythro myeloid progenitors (EMPs), HSC-derived from Aorto-gonado mesonephros(AGM), fetal
monocytes-derived from EMPs or HSCs- and the timing of embryonic seeding is yet to be defined.
Another noteworthy aspect is that none of these embryonic stage fate-mapping models indicate complete
labeling of adult KC compartment, while brain microglia labeling is near complete in all models suggesting
that it may not be just an artifact of the fate mapping strategies. This raises the possibility that yet

unknown precursors or waves of seeding contribute to the adult KC compartment.

Fate mapping, adoptive transfer and parabiosis experiments in adult stages provide some insight
into the ontogenetic nature of the post-birth KC compartment. Using adoptive transfer of adult monocytes
into neonates, Scott. et. al. showed that the donor monocytes readily seeded the developing liver to
become long-lived self-renewing KCs while they did not seed the microglia compartment (49). This study
suggests that the liver KC compartment remains open post-birth and circulating bone marrow-derived

monocytes seed, differentiate and integrate into the KC compartment. Fate mapping and phenotypic



studies done on the adult mice showed that the capsular region macrophages in the liver are constantly
replaced by monocyte-derived macrophages, further suggesting that KC compartment remains partially
open in the adult mice in a location-based manner. In contrast to these studies, parabiosis experiments
demonstrated that KC in the adult mice were maintained without a major contribution of bone marrow-
derived monocytes(38). Furthermore adult stage Cx3cr1 driven fate mapping marked circulating
monocytes but they did not contribute to the KC compartment at steady state (50-52). Thus, the extent of

openness of the KC compartment post-birth remains unclear.

Taken together, the evidence thus far reveals that in unmanipulated mouse liver, a subset of KCs
are embryo-derived, while another subset is derived from post birth bone marrow monocytes. Further
experiments are needed to determine whether it is just the aforementioned subsets or more

ontogenetically distinct subsets exits.

Functional heterogeneity

Functional heterogeneity of KCs is described with respect to their localization and stress
response, in terms of their ability to migrate, turnover or expand locally, and perform distinct immune
functions.

While KCs are found throughout the liver their density and phenotype vary based on the location.
In rat liver, the density of KCs increases from peri-venous to peri-portal regions. Cytochemical analysis in
mouse liver indicated that the peri-central regions are sparsely populated while the peri-portal regions
show a dense KC population. Furthermore the peri-portal KCs are larger in size compared to the peri-
venous KCs (37, 53). KCs residing closer to the peri-portal region are more phagocytic and show a higher
activity of lysozyme enzymes compared to the KC closer to the peri-venous region(53). A recent study
indicates that phagocytosis imprints heterogeneity in macrophages making them more anti-
inflammatory(54). Taken together it is possible that the peri-venous versus peri-portal location impacts the
phagocytic functions, which in turn imprints immune functional heterogeneity in the KCs. Hepatic capsular
macrophages, that are phenotypically different from KCs, engage in immune-surveillance, act as

gatekeepers, and recruit neutrophils to prevent bacterial dissemination from peritoneal cavity (38).



Ablation of these macrophages reduced neutrophil recruitment and increased intrahepatic bacterial
burden. This study further indicates functional heterogeneity based on location for KCs.

In vivo studies using intravital microscopy showed that the KCs do not migrate towards the site of
a wound in a model of localized thermal injury while peritoneal macrophages migrated through the
mesothelium and swarm the injury site (55). In situ immunofluorescence analysis in radiation chimeric
mice showed that in a CD8+ T cell activation model only the bone marrow-derived KCs migrated towards
the inflammatory foci (56). Collectively these studies indicate that the resident KCs remain sessile during
injury.

Intracellular FACS analysis of the cell proliferating marker Ki67 revealed less than 1% detection
in the KC population indicating that at the steady state only very few cells self-renew (57). Under stress
conditions, however, these dynamics alter drastically. An acetaminophen-induced hepatic injury model
indicated that resident KCs reduced upon injury, however they increased during resolution phase through
self-renewal (57, 58). In this model, the recruited monocyte-derived liver macrophages and the resident
KCs showed distinct pro-restorative properties with respect to the level of scavenger receptor and matrix
metalloprotease expression (57). In a Listeria monocytogenes infection model resident KCs were shown
to undergo rapid necroptotic death, mounting a pro-inflammatory immune response that lead to the
recruitment of monocyte-derived macrophages. These recruited macrophages were polarized to an anti-
inflammatory state by basophil mediated IL4 production and they replaced the resident KCs (59). In
contrast, in a helminth infection model, KCs underwent rapid proliferation to a higher density in a IL4
dependent manner to induce a Th2 response, without relying on recruited monocyte-derived
macrophages (60). Using a Kit promoter driven inducible fate mapping to label embryo-derived KCs, Lai
et. al. showed in a model of blood stage malaria the resident embryo-derived KCs are transiently lost
before the onset of peak parasitemia. In this model monocyte-derived KCs replenished the empty niche,
rather than the embryo-derived KC self-renewal (61). These studies indicate that the resident KCs are
both eliminated and replaced by monocyte-derived macrophages or they expand through self-renewal in

a context dependent manner.

Pathogenic or sterile liver injury models demonstrate that the KCs can be pro-inflammatory, anti-

inflammatory, immunosuppressive or reparative. KC activation towards a pro-inflammatory phenotype



results in release of pro-inflammatory cytokines such as IL1, TNF or chemokines such as CCL2, CXCL2-
that attract monocytes or neutrophils and NKT cells that produce IFNy and TNFa to further perpetuate the
acute inflammatory response (62). KC activation towards an anti-inflammatory state is triggered by IL4,
IL33, and IL13 interleukins which upregulate anti-inflammatory gene expression such as //70 and Arg, and
increase phagocytosis (63). In liver transplants, graft-derived KCs upregulate Fas-ligand (FasL) and
induce apoptosis in host-derived T cells through the engagement of the Fas receptor (64). Depletion of
KCs in experimental rodent transplants had resulted in graft rejection, indicating the critical role of KC
driven immunosuppression in transplant tolerance. During injury resolution phase KCs acquire a pro-
restorative state, secrete matrix metalloproteinase (Mmp8, Mmp12) and support wound healing(25). KCs
also contribute to the pathophysiology of certain metabolic diseases. KC depletion has shown resistance
to metabolic diseases such as diet induced hepatic steatosis and insulin resistance indicating their

pathological role (65).

These studies indicate the functional heterogeneity in KCs and present the fundamental question,
“what dictates this functional heterogeneity?”. Is it the unique environment based on the location? Is it
solely the origin of the KCs? Is it a combination of both origin and the environment? These will be

fascinating questions for the future.
Ontogeny versus function

Apart from steady state immune surveillance and metabolic regulations, KCs perform diverse
immune functions during stress conditions. Whether these distinct immune functions are performed by
subsets of KCs with distinct origins, or independent of the origin, all KCs are able to perform these

diverse functions is paramount in understanding the biology of KCs.

While embryo-derived KCs and bone marrow monocyte-derived KCs can coexist in the liver,
phenotypic markers to identify each subset are still lacking. Recent fate mapping studies indicated that
the adult F4/80" versus F4/80"° subsets reflect YS versus fetal monocyte-derived KC subsets
respectively. However, post-birth monocyte-derived KCs also show F4/80" phenotype. This may suggest
that F4/80"° phenotype is monocyte-derived KC specific, while it does not distinguish between the fetal

versus adult monocyte origin.
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Steady state immunophenotyping indicates that F4/80 can express at a low level on monocytes
that are in intermediary transition stages to become liver macrophages or dendritic cells (37).
Furthermore, in mice eosinophils also express low levels of F4/80 (39). During stress conditions, use of
F4/80 expression as an ontogenetic marker becomes even more problematic since infiltrating monocytes
upregulate F4/80 during differentiation to macrophages. While TIMD4 is used to distinguish embryo-
derived KCs from infiltrating monocyte-derived macrophages in inflammatory settings, it is expressed on
all resident KCs in unmanipulated liver. However irradiation studies and KC depletion studies using
chemicals indicate that over time monocyte-derived KCs can acquire TIMD4 expression, suggesting that

despite of the origin all long-lived self-renewing KCs can express TIMD4 (66).

Attempts to understand origins versus functions were mostly performed on radiation chimeric
mice where donor versus host KCs can be identified using the allotype differences. These experiments
provide insights into the functions of recruited monocyte-derived KCs post irradiation versus resident
KCs. However they do not parse out the embryo- versus bone marrow monocyte-derived KC functions
within the resident population. Thus understanding the origin versus functions aspect requires

incorporation of fate mapping to accurately label and track long-lived embryo-derived KC subset.

Kupffer cell plasticity

Plasticity, the ability to polarize to distinct functional states, is considered a hallmark of
macrophages (67-69). This quality is widely demonstrated in in vitro stimulation studies, where different
stimuli (TLR4 ligands) and cytokines (M-CSF, IFNy, IL4, IL13) produce functionally opposing, thus
polarized, macrophages. Specifically, IFNy and TLR4 ligands polarized macrophages toward M1-
classically activated- phenotype, while IL-4 and IL-13 polarized them toward M2- alternatively activated-
phenotype(70). M2 state is further subdivided to M2a, M2b and M2c states based on distinct input
signals. Classically activated macrophages perform pro-inflammatory roles, whereas alternatively
activated macrophages perform anti-inflammatory and reparative roles. A transcriptome analysis of
human macrophages stimulated with diverse ligands indicated that they polarize into diverse functional

states, thus suggesting that the functional states can also exist in a continuum (71).

11



Kupffer cells show distinct immune functions in various stress models, and in some, these
functions are reported as M1 or M2 skewed. An alcoholic liver disease model indicated M1 polarization,
whereas schistosoma infection and fibrosis models indicated M2 polarization for KCs(72, 73). In other
studies, the observed KC functions did not align with the cytokine profiles indicated for in vitro M1 or M2
classifications. This suggests that the M1/M2 paradigm is not straightforward in in vivo settings, and that
the functional states may exist in a continuum (69). Taken together, the existence of diverse immune
functions in response to inflammation in KCs suggests plasticity of these cells. However, the evidence
supporting macrophage heterogeneity suggests the existence of functionally distinct macrophage

subsets. Thus the concept of KC heterogeneity limits drawing firm conclusions about their plasticity.

Environment versus function

Resident macrophages in distinct tissues show tissue specific transcriptomes(39, 74). These
distinct transcriptomes are shaped by primary macrophage specific transcription factors such as Pu.1 and
Zeb2, and combined with tissue specific cytokines such as Tgfb for Microglia (75, 76). In the peritoneum,
retinoic acid induces Gata6 expression that turns on a tissue specific signature in peritoneal
macrophages (77). In addition to their tissue specific functions, resident macrophages constantly probe
their environment for danger signals, thus in vivo resident macrophages can assume various functional
states depending on their exposure to various environmental changes, even at steady state. The
presence of ontogenetically distinct KC subsets at steady state further complicates understanding the
environmental influence in shaping the functions. Thus, in order to parse out how environment dictates

resident macrophage function it is important to consider macrophages of similar origin.
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DISSERTATION AIMS

To date studies indicate that Kupffer cells are heterogeneous in terms of their origin and function,
however it is unclear whether the distinct origins of KCs influence their functions. While in vitro studies
indicate that the environmental cues can dictate distinct functional states in macrophages underscoring
their plasticity, the plasticity of resident macrophages remains poorly understood. In this dissertation we
aim to elucidate the role of origin and the role of the environment in shaping KC responses. Here we will
use a fate-mapping model to specifically label an embryo-derived long-lived KC subset. First, we will
describe their steady state dynamics and response to radiation induced stress. Next, we will investigate
their response to acute inflammation and resolution and will compare it to a long-lived cardiac
macrophage subset with a similar origin. In chapter 2 we will describe the materials and methods used in
chapter 3 and 4. Chapter 3 focuses on the response of embryo-derived versus bone marrow monocyte-
derived KC subsets to radiation-induced injury. Chapter 4 describes the response of embryo-derived KCs
to lipopolysaccharide induced acute inflammation and resolution and compares this response to embryo-
derived long-lived cardiac macrophages. Chapter 5 integrates the findings from chapter 3 and 4 to further

our understanding of biology of embryo-derived KCs.
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CHAPTER 2: MATERIALS AND METHODS

This chapter provides materials and methods used for chapters 3 and 4.
Mice

Wild type CD45.1 and CD45.2 mice, RiboTag (Stock No: 011029) and Cx3cr1-eyfp-CreER (Stock
No: 021160) mice were purchased from The Jackson Laboratory (Bar Harbor, ME). Emr1Cre (+/+)
breeders were a gift from Dr. Klaus Pfeffer (Heinrich Heine University, Dusseldorf, Germany) and used to
breed experimental mice in-house at the University of Washington (Seattle, WA). All mouse experiments
described in this study were performed under Institutional Animal Care and Use Committee approval
(University of Washington, protocols #4308-01). They were housed in a specific pathogen free

environment, provided with ad libitum food and water unless otherwise noted, and monitored daily.

Cell isolation and Ribolp sample collection

Mice were anesthetized with Avertin. For the liver, two thirds of the right posterior lobe cut off, for
histology a piece was put into 4% para-formaldehyde in PBS and for Ribo IP several punches were
collected using a 2.0mm uni-core (Harris Uni-core, Redding, CA) and immediately placed in an ethanol
slurry and stored at -80°C until processing. Hearts were first perfused with 10 ml of PBS, and the tissue
was harvested for Ribo IP using 2.0mm uni-core. Liver non-parenchymal cell isolation was performed as

described by Mohar. et. al. (78).

Flow cytometry

Non-parenchymal cells (106) were first treated with 1:50 Fc block (BioLegend, TruStain
FcX™anti-mouse CD16/32) for 10 min at 4°C followed by staining with the appropriate antibodies for
surface antigens at 4°C in the dark for 30 min. Intracellular staining was performed on surface antigen
stained cells using Cytofix/Cytoperm™ (BD Biosciences, Franklin, NJ) according to the manufacturer’s
protocol. Stained cells were analyzed using fluorescence-activated cell sorting (FACS) on a LSRII (BD
Biosciences, Franklin, NJ) and FlowJo software version 10.5.0 (FlowJo, LLC, Ashland, OR). List of

antibodies used in the Table 1.
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Generation of bone marrow chimeras

Adult mice were lethally irradiated with a single dose of 10 Gy using a Gammacell 40 Exactor
(Best Theratronics, Ontario, Canada) and were reconstituted immediately by retro-orbital infusion of 5-
7x10° bone marrow cells. Mice were left for 8 or13 weeks before blood, bone marrow and liver were
assessed for chimerism. In experiments to determine radiation-induced responses within 24 hours, mice
were not reconstituted with a bone marrow transplant. In all experiments control mice that did not receive

irradiation received a bone marrow transplant retro-orbitally except at 24 hr experiments.

Tamoxifen inductions

Post natal mice of up to 2 days old were oral gavaged with a single dose of 1mg Tamoxifen
(T5648, Sigma) dissolved in corn oil in a total of 50ul using a 24G-1" Straight 1.25mm ball stainless
gavage needle (Braintree Scientific Inc. MA). 1 week old mice were orally gavaged with 1mg of
Tamoxifen dissolved in 100ul and 6 weeks old mice were oral gavaged with 2.5mg Tamoxifen dissolved

in 200ul corn oil.

RiboTag immunoprecipitation and RNA isolation
Frozen liver punches were processed, polysome immunoprecipitation was performed and mRNA

was isolated as described by Senz et. al.(79).

Kupffer cell depletion
Clodronate or the control liposomes (Standard Macrophage Depletion Kit - Clodrosome® +
Encapsome®) SKU# CLD-8901, Encapsula Nanoscience, Brentwood, TN) were injected intraperitoneally

to 3 weeks old male mice at a dose of 5mg/20g body weight in total of 300ul to deplete Kupffer cells.

Immunofluorescence Imaging
Liver pieces were fixed in 4% para-fromaldehyde in PBS for 12 hours then transferred to 30% D-

glucose and incubated overnight at 4°C. Samples were OCT-embedded and cryo-sectioned mounted on
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Superfrost glass slides (Thermo fihser). Sections were blocked at room temperature for 1 hr with blocking
buffer (0.02% Triton-X100 (Thermo fisher), 2% BSA (Sigma), and 5% Donkey serum (Jackson Immuno
research, West Grove, PA)), incubated overnight with primary antibodies, Rabbit anti-HA clone SG77 (#
71-5500, Thermofosher ) at 1:100, Rat anti-mouse F4/80 clone BM8 (#123101, BioLegend) at 1:100
dilution in blocking buffer. Sections were washed with 0.02% Tween in PBS and incubated with
secondary antibodies, donkey anti-rabbit Alexa Fluor 680, and donkey anti-Rat Alexa Fluor 594 (Thermo
fisher) diluted at 1:100 and 1:250 respectively in blocking buffer for 1 hr at room temperature. Sections
were mounted using DAPI-Fluoromount-G (SouthernBiotech, Birmingham, AL) media and imaged. All
images were taken on a Leica TCS SP8 X (Leica Microsystems, Buffolo Grove, IL) confocal microscopy
using 40X objective. Microscopy was performed at the W.M. Keck microscopy center at University of

Washington, Seattle.

Gene expression analysis

Complementary DNA was generated using the QuantiTect Reverse Transcription Kit (Qiagen),
preamplified using BIO-X-ACT Short Mix (Bioline USA Inc., Taunton, MA) and the TagMan assays of
interest (Thermo Fisher Scientific). Microfluidic quantitative RT-PCR was performed on a BioMark HD
microfluidics system (Fluidigm, South San Francisco, CA). The Fluidigm Gene Expression software was
used to calculate Ct thresholds and Excel used to calculate relative expression levels and fold change

value. Gene expression was normalized to Gapdh and Hprt.

Measurement of liver enzymes

Levels of Aspartate Aminotransferase (AST) were quantified from serum. Blood collected from
the portal vein was allowed to clot over night at 4 C, centrifuged at 6000 rpm for 10 min, and the
supernatant collected. When necessary, the supernatant was clarified for an additional 4 min at 6000
rpom. AST levels were quantified using the Aspartate Aminotransferase (AST/SGOT)-SL Kit (Sekisui

Diagnostics LLC).

Lipopolysaccharide administration
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Male mice, aged 8-10 weeks were intra-peritoneally administered with 2mg/Kg LPS dissolved in
sterile PBS. Controls received same volume of PBS. Mice were euthanized at 4 Hrs or 2 weeks post
administration with avertin anesthesia, portal vein blood collected for serum analysis, heart and liver

tissues harvested for RibolP.

RNAseq library preparation and analysis

cDNA libraries were constructed using NUGEN Trio RNA-Seq (Catalog # 0507)(NuGEN, San
Carlos, CA) and 2-10 ng of total RNA. Libraries were quantified with NEBNext Library Quant Kit for
lllumina (Catalog # E7630, New England BioLabs, Ipswich, MA) before sequencing them on a
NextSeq500 (lllumina, San Diego, CA) using NextSeq500 High-Output v2 75 cycles consumables (FC-
404-2005)(lllumina). Libraries were sequenced 75 cycles using single ended reads with 8 additional reads
for barcodes. Sequencing reads were converted from BCL to FASTQ format and demultiplexed using
Bcl2fastq2 software. The first 5 base calls were then trimmed and low quality reads filtered out using
FASTX-Toolkit. Reads were then aligned to GRCm38/mm10 UCSC mouse genome using TopHat2 .
Differential expression was determined using Cuffdiff from Cufflinks using a false discovery rate (FDR) <
0.05 and requiring a 2 fold difference in means. Data were visualized using R version 3.4.4 “Someone to

Lean On” within RStudio utilizing tidyr, dplyr, and ggplot2.

Statistical analysis

Graphs present data from 3 or more independent experiments. Exact numbers and repetitions
are noted in the figure legends. All groups were assumed to be normally distributed with similar variance
between groups. No randomization or blinding of the investigator was performed. Groups were compared
with Unpaired t test with Welch's correction or one-way ANOVA with Turkey post-hoc analysis. Multiple-
gene expression comparisons were performed using Multiple t-test followed by Holm-sidak post hoc
analysis. Significant p-values are represented by asterisks at the following levels: *, P < 0.05; **, P < 0.01;
*** P <0.001; and ****, P<0.0001; while ns = not significant (P > 0.05). All statistical analysis was

performed in either GraphPad Prism 7 (La Jolla, CA) or Microsoft Excel (Microsoft, Redmond, WA).
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CHAPTER 3: THE RELATIONSHIP BETWEEN KUPFFER CELL ONTOGENY AND
RADIOSENSITIVITY
Abstract

Kupffer cells (KCs) are pivotal innate immune sensors in the liver. When exposed to lethal
irradiation a subset of “sessile” KCs survives, while others are replaced by bone marrow monocyte-
derived KCs (bm-KCs). Here we focused on the identity of the radioresistant KC subset and the
mechanism of resistance. Using a lineage-tracing model we show that embryo-derived, Cx3cr1-marked,
long-lived KCs resist irradiation, and resemble the sessile subset in terms of gene expression while bm-
KCs do not survive irradiation. Using gene expression, we analyzed the immediate response of bm-KCs
and Cx3cr1-marked KCs to irradiation. While both subsets upregulated the Cdkn1a gene, encoding p21-
cpIWAFT " Cx3cr1-marked KCs showed a greater increase in response to irradiation. This elevated Cdkn7a
expression provided an increased survival potential to the Cx3cr1-marked KCs. Synthesizing these data,

cip1/WAF1

we argue that long-lived sessile KCs are radioresistant because they upregulate p21- expression

and undergo reversible cell cycle arrest.

Introduction

Kupffer cells (KCs) the liver resident macrophages are located in the liver vascular channels
known as sinusoids. As important innate immune sensors KCs are among the first responders to liver
stress and may either stimulate or suppress immunity. At steady state, KCs support liver homeostasis by
scavenging bacteria in the portal blood flow, engulfing aging red blood cells and regulating iron

metabolism (63).

In contrast to lymphocytes, monocytes, and dendritic cells, tissue resident macrophages in brain
(microglia) and epidermis (Langerhans cells) are highly radioresistant (80-82). However in the liver only a
subset of KCs resists lethal irradiation while the other subset is replaced by donor bone marrow
monocyte-derived KCs (bm-KCs) (56, 83). This radio resistant KC subset is long-lived and they do not
take part in the inflammatory recruitment process and thus termed sessile KCs (56, 84). Gene expression

analysis and epigenetic chromatin modification studies have confirmed that while the bm-KC become
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broadly similar to the sessile KC post recovery, the two subsets do not become identical to each oher (74,
83). While the sessile KC subset is identified post irradiation, the identity of this subset in unmanipulated
mice and why only a subset of KCs resists irradiation is not yet understood.

Kupffer cells traditionally comprise all of the fully mature macrophages in the steady-state liver,
identified by F4/80 staining in the mouse (85). A developing consensus asserts the view that KCs are a
single population of long-lived cells that are seeded from embryonic precursors, and that any other
macrophages found in the liver are transients, better-termed “liver macrophages”. In favor of this view,
several lineage-tracing models have concluded that all liver-resident macrophages are embryo-derived
(35, 46-48, 50, 52). In this view, yolk sac (YS) erythro myeloid progenitors (EMPs) and fetal liver
monocytes give rise to the long-lived liver resident macrophages in the adult liver. Several studies further
distinguished the F4/80™ Cd11b™ subset as YS-derived KC and the F4/80™ CD11b™ subset as liver

macrophages (34, 35).

In contrast, some evidence favors the concept that long-lived KCs are themselves
heterogeneous, with a subset coming from blood monocytes. In adoptive transfer experiments into
neonates, blood monocytes could integrate into the KC niche in the postnatal developmental period,
indicating that the liver macrophage compartment remains open at least up until the postnatal period (49).
Another study identified resident Cx3Cr1™ F4/80+ sub-capsular macrophages that are continuously
replenished by blood monocytes in the steady state liver further supporting the presence of bm-KCs in the
normal adult liver (38). Single cell transcriptome analysis reports two distinct KC clusters based on gene
expression-Marco, Clec4f, Clec1b versus Clec4e, Clec4d subsets (40). However the relationship of these
two clusters to ontogeny or to the issue of KCs versus liver macrophages remains unclear.

While the relationship between subsets elucidated in fate mapping, phenotype, and gene
expression studies are yet to be resolved, a strong case can be made that the liver contains at least two
subsets of macrophages —YS EMP-derived versus monocyte-derived cells. In this study we explored the
identity of the sessile KC subset in relation to ontogeny- YS versus monocyte origin- and potential

mechanisms of radioresistance. In addition to traditional fluorescence-based cell sorting (FACS) methods
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we used an in situ gene expression analysis method based on RiboTag reporter mice, that is independent
of cell isolation, to specifically analyze the translatome and thereby to study gene expression (79, 86).

Here we show that RiboTag approach combined with inducible or non-inducible Cre
Recombinase systems allow fate mapping and gene expression analysis of KCs. Using translatome
analysis we show that the bm-KCs start to resemble sessile KCs over time in chimeric mice but remain
transcriptionally distinct. An inducible fate mapping strategy combined with RiboTag allowed consistent
labeling of an embryo-derived, postnatally Cx3cr1-marked KC subset that also resisted irradiation. Using
gene expression analysis we showed that these embryo-derived, Cx3cr1-marked radio resistant KCs are
identical to sessile KCs. In contrast the bm-KC subset was sensitive to irradiation. Gene expression
analysis immediately following lethal irradiation indicated increased upregulation of Cdkn7a in the Cx3cr1-
marked KC subset, compared to bm-KCs and this elevated expression allowed increased survival
capacity to the Cx3cr1-marked subset.

Thus using a combination of fate mapping, irradiation chimeras, KC depletion and a RiboTag
based translatome analysis we identified the radioresistant sessile KC subset as embryo-derived
postnatally Cx3cr1-marked F4/80™ KC subset, and show that the survival of this subset is dependent on

the elevated expression of the Cdkn1a gene and therefore likely its gene product, p21-°"WAFT,

Results
RiboTag reporter mice allow in situ gene expression analysis of Kupffer cells.

Current knowledge of gene expression in KCs is based on the analysis of isolated cells. Such cell
isolation is performed on a single cell suspension using FACS methods where KCs are identified as a
F4/80™ and CD11b+ subset within the CD45+ leukocyte population. While there is no universally
accepted protocol to generate a single cell suspension, all methods described so far include at least a 30
min enzymatic digestion to disintegrate the tissue. A recent study demonstrate the loss of KCs based on
the techniques used and show that the purity of isolated KCs is dependent on careful selection of surface
markers to exclude contaminating endothelial cells (41). In radiation chimeras, Klein et al were only able

to isolate donor bm-KC in a liver cell suspension, while subsequently Beattie et al isolated both sessile
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and bm-KC subsets using perfusion techniques, emphasizing the difficulty of basing the analysis of KCs
exclusively on cells isolated using tissue dissociation (56, 83).

We adopted a strategy first described by Sanz et al in neurons to bypass the cell isolation
problem and analyze gene expression by cell specific activation of the RiboTag reporter (Figure 3-1) (79).
RiboTag mice contain a modified ribosomal protein- RPL22- that encodes a 3’ hemaglutinin (HA) epitope
tag. In the presence of Cre recombinase, the modified exon-linked HA tag is activated irreversibly, and
this generate a modified RPL22-HA protein containing ribosomes in a cell specific manner. These
modified ribosomes form polysome with actively translating mRNA in the cells and immunoprecipitation
(Ribo IP) of the polysomes enriches for the cell specific translatome (Figure 3-1A). Ribo IP is performed
on a total liver lysate that is generated within minutes (in our hands, around 3 minutes) of organ harvest
minimizing any effects on gene expression due to prolong exposure of cells to enzymatic treatments or
incubations. Furthermore RiboTag allows in situ identification of the labeled cell population though
immunofluorescence.

To validate the RiboTag approach in KCs we first used Emr1Cre, a tissue resident macrophage
specific Cre driver that uses the promoter from the F4/80 antigen gene (87). We generated Emr1Cre*”
::RiboTag”'mice, performed Ribo IP and analyzed gene expression using gRT-PCR for 140 genes
(Figure 3-1B and Figure 3-8). Tissue resident macrophage genes identified by the Immgen
consortium(39) Emr1, MerTK, CD64 showed over 10 fold enrichment while KC specific gene Clec4f(74)
and phagocytosis gene Marco showed over 50 fold enrichment. Phagocytosis genes-Vsig4, Mcr1 and
iron metabolism related genes CD163, Hmox-1 were also strongly enriched mirroring the known KC
functions at steady state. Analysis of hepatocytes genes Alb, Hamp1, Cyp2f2 and sinusoidal endothelial
cells genes Tie2, Lyve1 indicated a 10 fold or more de-enrichment while hepatic stellate cell transcript
abundance was low in both input and Ribo IP fractions. Other myeloid cell genes such as Siglecf, Ccr2,
Ly6c, DEC205 showed up to 2 fold enrichment, de-enrichment or remained unchanged relative to total
liver RNA. Furthermore immunofluorescence staining using anti-HA and anti-F4/80 antibody on cryo-
preserved sections revealed RiboTag stained KCs in situ (Figure 3-1C). Due to the auto fluorescence of
liver tissue we were unable to quantify the HA-labeling in situ and thus used an intra cellular FACS based

approach to calculate the recombination efficiency.
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We isolated KCs as previously described by Mohar et. al.(78), stained for phenotypic markers
and performed intra cellular staining for RiboTag using anti-HA antibody prior to FACS analysis. Kupffer
cells were gated as CD45+, CD11b+, Tie2-, Ly6G-, Siglecf-, F4/80" cells in the Live single cell population
(Figure 3-2). In Emr1Cre+/-::RiboTag+/- mice 82% of KCs were labeled with RiboTag while no other cell
subset showed labeling (Figure 3-1D). The exclusive labeling of the F4/80™ cells further confirms the high
specificity of Emr1Cre in activating reporters in KCs as previously reported (88). Since Emr1 is a pan
tissue resident macrophage marker we also analyzed gene expression in cardiac and brain tissue using
Ribo IP in Emr1Cre+/-::RiboTag+/- mice. We found that both microglia and cardiac macrophages show
enrichment of tissue macrophage genes (Figure 3-1E). A recent study describes the translatome analysis

in microglia using RiboTag approach (86). We further extend the use of the RiboTag approach to KCs.
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Figure 3-1. EmriCre driven RiboTag reporter allows translatome analysis and in situ identification
of KCs. (A)Diagram illustrates the RiboTag reporter activation by Cre recombinase and the enrichment of
cell specific mRNA in polysome immunoprecipitation (RibolP). (B)Fold enrichment (IP/Input) of KC-
associated genes in Emr1Cre+/-::RiboTag+/- mice compared to other liver cells. (C)Immunofluorescence
images demonstrating the expression of HA antigen-RiboTag- (Green) on F4/80 (Red)-marked KCs in
liver sections from RiboTag+/+(left) and Emr1Cre+/-::RiboTag+/-(right) mice. Nuclei:Cyan
(40Xmagnification). (D)Intracellular FACS analysis showing; the proportion of HA-labeled KCs(i), the
recombination efficiency of Emr1Cre driver in KCs(ii), the percent HA-labeled cells(green) and the percent
KCs(Purple) in the live cell population(iii). (E)Gene expression analysis of tissue resident macrophages in
brain and heart of Emr1Cre+/-::RiboTag+/- using RibolP. Data represent 3 independent experiments with
n=4 mice/group. B,E:bars represent the mean+S.D.
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Figure 3-2. Gating strategy for Kupffer cells. Representative FACS plots showing gating strategy to
identify KCs from a single cell non-parenchymal cell suspension isolated from the liver.
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Gene expression in sessile Kupffer cells versus bm-KCs

A recent study reports a comparison of transcriptome in sessile vs bm-KCs 8 weeks post
irradiation where the KCs were isolated using FACS sorting (83). In this study the LysM-Cre transgene
was used to activate a GFP reporter in KCs of either the host or the donor origin. We set out to compare
the gene expression of the two subsets using the RiboTag approach where only the translatome is
analyzed. We generated irradiation bone marrow chimeras of two types. In one CD45.1 WT bone marrow
was transplanted to lethally irradiated CD45.2+ Emr1Cre+/-::RiboTag+/- mice and in the other
Emr1Cre+/-::RiboTag+/- bone marrow was transplanted into lethally irradiated CD45.1+ WT mice (Figure
3-3). In these chimeras, the Emr1Cre and RiboTag transgenes were localized to either the sessile KCs or
the bm-KCs. Immunofluorescence image of cryo-preserved liver tissue indicated the host versus donor
derived KC subsets 8 weeks post irradiation (Figure 3-3B).

First we compared the expression of 94 genes in the two subsets 8 weeks post-lethal irradiation
(Figure 3-3C and Figure 3-4). Translatome analysis indicated that characteristic tissue macrophage
genes Emr1, MerTK, CD64 and phagocytosis related genes Clec4f, Vsig4, Msr1 were expressed to a
similar level in both subsets. Among the differentially expressed genes, sessile KCs showed a
significantly higher expression of phagocytosis related gene Marco, apoptotic cell engulfment related
gene Timd4, c-lectin family scavenger receptor Colec12, ion homeostasis related gene Hmox1 and cyclin
dependent cell cycle inhibitor Cdkn1a. The bm-KCs showed a significantly higher expression of MHC
Class Il genes H2-Ab1, and H2-Aa while the MHC Class | gene H2-K1 remained similar in the both
subsets. We further confirmed the protein level upregulation of TIMD4 and MHC Class Il molecules
(IA/IE) on the respective subsets (Figure 3-3D). While these data are consistent with previous findings on
differentially expressed genes in sessile KCs vs bm-KCs (83), we did not find the hemoglobin scavenger
receptor-CD163- and erythropoietin receptor-Epor- to be different between the two subsets. Possible
explanations for these discrepancies are the differences between dissociation and FACS-sorting versus
in situ mRNA capture, and the differences between transcriptome versus translatome analysis. A recent
study clearly documents the differences in gene expression in microglia in a side-by-side analysis of

sorted cell transcriptome versus Ribo IP translatome (86). Overall we confirmed the previous
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observations(74, 83) that sessile KCs and bm-KCs show similar expression in many macrophage genes,
but were not identical.

Since in a bone marrow chimera experiment only the sessile subset was exposed to 10Gy
irradiation, it is plausible that differentially expressed genes in the sessile subset were due to the
radiation, rather than to a subset distinction. To test this we compared the gene expression of non-
irradiated control mice, which received a bone marrow transplant to sessile KC subset post 8 weeks
irradiation. Among the upregulated genes in the sessile subset, Marco and Cdkn1a showed an irradiation
induced upregulation that persisted up to 8 weeks (Figure 3-3E). Next we wanted to see whether the
differential gene expression between sessile vs bm-KCs balanced out over time. Klein et al indicate the
continued existence of two subsets of KCs in irradiation chimera mice up to 13 weeks but the gene
expression of each subset has not been analyzed so far. We analyzed the gene expression in sessile KC
vs bm-KC subset 13 weeks post irradiation. While the level of Timd4, Colec12, Hmox1, Cdkn1a, H2-Ab1,
H2-Aa expression became comparable by 13 weeks, Marco expression remained 40 fold higher in sessile
KCs compared to the bm-KC subset (Figure 3-3F). Collectively our results along with previous findings

indicate that tissue environment is not the sole driver of gene expression in KCs.
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Figure 3-3. Gene expression analysis of radioresistant sessile KCs and bm-KCs. (A)Diagram
illustrates the generation of radiation chimeras between wild type and Emr1Cre+/-::RiboTag+/- mice.
(B)Immunofluorescence image demonstrating the sessile (white arrows) and bm-KCs (yellow arrows) in a
radiation chimera where sessile KCs express RiboTag(blue) and CD45.2(green). (C)Gene expression
analysis of sessile versus bm-KCs at 8 weeks post-irradiation of KC-associated genes(i), phagocytosis
and ion metabolism-associated genes(ii), antigen presentation-associated genes(iii) and cell cycle-
associated genes(iv). (D)FACS analysis of surface TIMD4 and MHC class Il protein levels in sessile
versus bm-KCs (E)Radiation-induced gene expression differences in sessile KCs compared to non-
irradiated mice at 8 weeks post-irradiation. (F)Gene expression differences at 13-weeks post irradiation
between the sessile and the bm-KCs. Data represent at least 3 independent experiments with n=4
mice/group. D:indicates Median Fluorescence Intensity (MFI). C,E,F:indicate the
mean+S.D.*P<0.05,**P<0.01,***P<0.001(Mann-Whitney test with P-values adjusted for multiple
comparisons using Holm-Bonferroni method)
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Figure 3-4. Gene expression analysis of sessile and bm-KCs in radiation chimera mice. Gene
expression analysis (A-D) 8 weeks and (E) 13 weeks post-irradiation. Either the Emr1 Cre”'::RiboTag”'or
WT CD45.1 adult mice were exposed to 10Gy irradiation and administered a congenic bone marrow
transplant. Ribo IP isolated either host or donor KC subset RNA. Gene expression was determined using
RT-PCR and normalized to Gapdh and Hprt. Data represent 3 independent experiments with n=3 mice
per group. Bars indicate the mean + S.D n.d: no detects, bm-KC: bone marrow monocyte derived KCs:
Sessile: radioresistant host derived KCs
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Cx3cr1-based lineage-tracing labels embryo-derived, long-lived Kupffer cells in the adult liver
While it is clear that a subset of KCs resist irradiation the origin of this sessile subset in non-
irradiated liver remains unclear. First we set to label the embryo-derived KCs in adult mice using a fate

mapping approach.

We devised a RiboTag reporter and inducible Cre recombinase based strategy to label embryo-
derived KCs immediately after birth. Fracktalkine receptor (Cx3cr1) driven Tamoxifen inducible Cre -
Cx3Cr1CreER- is used in tissue macrophage lineage tracing (34, 50, 51). Developmental studies in
embryo indicate that Cx3cr1 is expressed in yolk sac precursors that give rise to tissue macrophages and
maintain expression on microglia and a subset of cardiac macrophages all the way into adulthood (34, 51,
52, 89, 90). However in KCs, Cx3cr1 ceases expression after the early postnatal period (34, 50).
Furthermore Cx3cr1 is also expressed on a subset of dendritic cells and monocytes, thus a constitutive
Cx3cr1-Cre driver would not have been truly cell type-specific. Therefore to evaluate the extent of Cx3cr1
expression in KCs and monocytes post birth we analyzed 2-days old postnatal liver using intra cellular
FACS. In postnatal liver only 43% KCs expressed CX3CR1 while monocytes did not show expression
(Figure 3-6B and Figure 3-7). This indicates by day 2 at least 43% of embryo-derived KCs continue to
express Cx3cr1 while it is possible that some has already ceased expression. Furthermore there was no
Cx3cr1 expression on monocytes suggesting that Cx3cr1+ monocyte-derived macrophages were not
seeding the liver within the first 2 days. Thus the first 2 days after birth provides a window to label
embryo-derived KCs using the Tamoxifen inducible Cx3Cr1-eyfp-CreER model. We bred Cx3Cr1-eyfp-
CreER™* mice with RiboTag""* mice and the offspring were Tamoxifen-induced within the first two days of
birth (Figure 3-6A). When the mice were 8 weeks old we analyzed the liver tissue by immunofluorescence
and showed that only a subset of KCs were labeled with RiboTag, while others clearly showed no labeling
(Figure 3-6C). Intra cellular FACS analysis indicated that 37% of the total KCs in the adult mice are
RiboTag-labeled hence are Cx3cr1-marked, representing the embryo-derived KC subset (Figure 3-6D).

In contrast to KCs, microglia constitutively express Cx3cr1 thus we analyzed the percent RiboTag
labeling of microglia in adult mice post day 2 Tamoxifen induction and found it to be 80% (Figure 3-6D).

This indicates the labeling efficiency of Cx3cr1-eyfp-CreER promoter is about 80%. Furthermore
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intracellular FACS revealed that monocytes or dendritic cells in the adult liver do not carry RiboTag
labeling, indicating that any cell that may get labeled in the early postnatal period are turned over by 8
weeks (Figure 3-6D). We also induced labeling at 1 week and 6 weeks after birth, analyzed at 10 weeks
of age and found that the labeling has significantly reduced to 2% and <1% respectively (Fig 3f). This
further supports the previous observations that the Cx3cr1 expression ceases on embryo-derived KCs
early on and the Cx3cr1 fate-mapping strategy can be only used to label embryo-derived KCs within the

first days of birth.

To determine the turn over of Cx3cr1-marked KCs in the liver, we conducted a time course
analysis for percent HA+ KCs among the total KCs on postnatal day 2 induced mice at 2, 3, 10-weeks
and 4, 6, 9, 12-months post induction. Interestingly the Cx3cr1-marked KCs survived at least 12 months
and maintained their 37% frequency among total KCs up to 9 months before declining to 22% by 12
months (Figure 3-6E) making a strong case for their stability over time. This observation is consistent with
a previous report that postnatal labeled KCs survived up to 9 months (34) while our labeling strategy
indicated a third of the KCs surviving, compared to the previously reported 7%.

Next we examined the gene expression of the Cx3cr1-marked KCs using the Ribo IP approach
and showed that consensus tissue macrophage genes (Emr1,MerTK, CD64) and KC related genes
(Marco, Clec4f) were highly enriched while hepatocyte, sinusoidal endothelial cells, hepatic stellate cells
and other myeloid markers are either de-enriched or show no change (Figure 3-6F and Figure 3-8). We
also performed immunofluorescence to detect embryo-derived KCs in situ and showed that only a subset
of KCs carried the HA label (Figure 3-6C). Taken together these data show that Cx3cr1-eyfp-CreER
combined with RiboTag fate mapping allows both labeling and gene expression analysis of Cx3cr1-

marked, embryo-derived KCs following postnatal Tamoxifen induction.
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Figure 3-6. Cx3cr1-based fate mapping labels embryo-derived long-lived KCs in the adult liver.
(A)Diagram illustrates the irreversible labeling of KCs within the first 2-days of birth in Cx3cr1-eyfp-
CreER+/-::RiboTag+/- mice following Tamoxifen administration. (B)Percent cells expressing CX3CR1 in
KCs and monocytes in 2-days old mice determined by FACS. (C)Immunofluorescence image of adult
mouse liver, post D2-Tamoxifen induction, indicating the presence of F4/80+ KCs(red) and HA
antigen(green). Yellow arrows: postnatally Cx3cr1-marked KCs, White circles: non-labeled KCs.
(D)Intracellular FACS analysis of; adult mice post day-2 Tamoxifen induction compared to the control
showing the RiboTag-labeled KCs (i), the percent HA-labeled and Cx3cr1-marked KCs in the live cells(ii),
the percent HA-labeling in liver KCs, dendritic cells(DC) and monocytes(MO)(iii), percent HA-labeled
microglia following day2 induction(iv), percent HA-labeled KCs in 10 weeks old mice following Tamoxifen
induction at 2-days, 1-week or 6-weeks(v). (E)Following 2-days Tamoxifen induction, Cx3cr1-labeled KC
turnover up to 12 months analyzed using FACS. (F)Fold enrichment of KC-associated genes. Data
represents >3 independent experiments with n>5 mice/group. B,F:bars indicate the meantS.D.
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Figure 3-8. Gene expression analysis of Kupffer cells using RiboTag approach. (A-E) Gene
expression from total KCs (Emr1Cre”"::RiboTag”‘mice) and the embryo-derived long-lived KC subset
(Cx3cr1 CreER+"::RiboTag+" mice) was assessed in un-manipulated 10 week old adult male mice. Gene
expression was measured using mRNA isolated from immunoprecipitation of RiboTag bearing
polysomes. All genes are normalized to Gapdh and Hprt genes. Data represent 3 independent
experiments with n=3 mice per group. Bars indicate the mean = S.D
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Embryo-derived Cx3cr1-marked KCs resist irradiation and express sessile KC genes.

Next we wanted to determine whether the Cx3cr1-marked KCs resist lethal irradiation. We
generated irradiation chimeras in cx3cr1-marked KC bearing Cx3Cr1-eyfp-CreER+/-::RiboTag+/- mice
(Figure 3-9). Eight weeks post irradiation immunofluorescence analysis of cryo-preserve sections clearly

indicated the HA-label bearing Cx3cr1-marked KCs that persisted irradiation (Figure 3-9C).

Intracellular FACS analysis indicated that 19% of the host derived KCs in the irradiated group and
26% of the KCs in the non-irradiated control group were composed of Cx3cr1-marked KCs (Figure 3-9D).
These results indicate that Cx3cr1-marked, embryo-derived KCs are relatively radio resistant.
Furthermore there is a subset of non-labeled host derived KCs that also resisted irradiation. The current
fate mapping strategy does not allow the identification of this subset while it is possible that this
represents embryo-derived KCs that did not label due to ceased Cx3cr1 expression. Next we compared
the gene expression of Cx3cr1-marked radioresistant KC subset to the sessile KC subset and found that
at gene expression level, the two subsets resemble each other (Figure 3-9E). The genes that show
elevated expressions in the sessile subset (Marco, Timd4, Colec12, Cdkn1a) compared to bm-KC subset
were equally elevated in the radioresistant Cx3cr1-marked KCs. These observations demonstrate that the

sessile KCs consist of Cx3cr1-marked, embryo-derived, long-lived KCs.

39



>
ve)

WT CD45.1 Bore
marrow

& Wis post

—_— Analysis

% Donor T cells
b
X

CIICR14y-Cre€Rei- RibOTage/
Coes2

e T T
Bone marrow Blood

Taes 2t Ouy 2

B Sessile KCs [ cx3cr1*KC + IR
_ 40"
5 § 1000
= g
8 304 £ 100
-]

5 <
O % 10
¥ 20- e
- -

10- =
S E
o, © 01
# = AW 0 B AL B A 45 w A A®

= . - & < o O o b LN ) Q

Control Irradiated Ceo W e
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(C)Immunofluorescence image demonstrating the radioresistant Cx3cr1-marked embryo-derived
KCs(yellow arrows) in the chimeric liver 8 weeks post-irradiation. Red:F4/80, Green:HA antigen,
Cyan:Nucleus. (D)FACS analysis of the percent Cx3cr1-marked KCs among the total host KCs in
irradiated mice compared to non-irradiated controls 8 weeks after irradiation. (E)Gene expression
comparison between sessile KCs and embryo-derived Cx3cr1+KCs 8 weeks post-irradiation. Data
represent>3 independent experiments with n=3mice/group. B,E:bars indicate the mean+S.D. Red
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Bone marrow monocyte derived Kupffer cells are sensitive to lethal irradiation.

So far our results suggest that a subset of Cx3cr1-marked embryo-derived KCs both resist
irradiation and resemble sessile KCs in gene expression. While this observation links the sessile KCs to
embryo origin we cannot rule out the possibility that the long-lived bm-KCs also resist irradiation. Using a
diphtheria toxin based depletion strategy to deplete and repopulate KC compartment with monocyte-
derived KCs Scott et al indicate that repopulated KCs are long-lived through self-renewal and closely
resemble the resident KCs (49). Thus it is possible that bm-KCs also able to resist irradiation and be a

part of the sessile subset. Thus we next explored whether the bm-KCs also resist irradiation.

Clodronate liposomes are widely used to deplete liver phagocytes, and while the depletion is not
restricted to KCs it is effective in depleting >98% of KCs (91). Clodronate depletion kinetics indicate that
immediately after administration all F4/80™ KCs are depleted and over time blood monocytes differentiate
into F4/80+ macrophages that will slowly morph into F4/80™ KCs (37). To generate a KC compartment
that was solely derived from bone marrow monocytes and that also harbors the RiboTag reporter, we
performed Clodronate depletion in 3 weeks old Emr1Cre+/-::RiboTag+/- mice (Figure 3-10A). First we
performed a time course analysis to assess the repopulation kinetics of F4/80™ KCs (Figure 3-10B and
Figure 3-11). FACS analysis for F4/80™ KCs 2 days after Clodronate treatment indicated total ablation of
this population while 6 weeks post treatment the F4/80™ population was reestablished to the levels of the
control liposome treated group. To exclude the possibility that any remaining resident KCs may clonally
expand during emergency repopulation and contribute to the bm-KC compartment, we administered
Clodronate into Cx3cr1-marked KC bearing mice at 3 weeks and analyzed at 6 weeks post treatment.
Intracellular FACS analysis indicated that Cx3cr1-marked KCs were completely ablated in the Clodronate
group, while there was no effect in the control liposome treated group (Figure 3-10C). This confirmed that
following Clodronate treatment the repopulation of KCs only occurs from monocyte differentiation, and not

from clonal expansion of long-lived resident or sessile KCs.

While at 6 weeks post Clodronate treatment the F4/80™ KC population is re-established, we

wanted to verify that the cells resembled fully differentiated KCs in their gene expression. We found that
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both Clodronate and control liposome groups show similar level of expression in a panel of 46 genes,
which included consensus tissue macrophage genes (Emr1, CD64, MerTK), KC-associated genes
(Clec4f, Vsig4, C1q, Marco) and genes encoding antigen presenting molecules (H2-Aa, H2-Ab1) (Fig.
4d). In contrast to previous findings that show Timd4 and Colec12 genes are restricted to embryo-derived
KC (49) our data show that these genes are equally expressed in both un-depleted and repopulated KCs.
While our gene expression analysis was performed 6 weeks post repopulation, previous analysis were
done by 4 weeks of repopulation (49). Thus these data suggest that over time bm-KCs become more like

the KCs that they replaced.

Collectively these data indicate 6 weeks post Clodronate treatment, repopulated bm-KCs have
largely approximated to the original KCs at the gene expression level. To explore the radio sensitivity of
these bm-KCs we lethally irradiated either Clodronate or control liposome-treated Emr1Cre+/-
::RiboTag+/- mice post 6 weeks and reconstituted with WT CD45.1 bone marrow (Figure 3-10E). Eight
weeks post transplant we analyzed the donor vs host chimerism in blood and liver KCs (Figure 3-10E)
Clodronate-treated mice had significantly lower number of host KCs (<5%) compared to control liposome-
treated mice (~25%) suggesting that bm-KCs are sensitive to lethal irradiation. These data clearly indicate

that bm-KCs do not contribute significantly to the radioresistant sessile KC subset.
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Figure 3-10. bm-KCs are sensitive to irradiation.

(A)Diagram illustrates the Clodronate depletion of resident KCs and radiation chimera generation in
Emr1Cre+/-::RiboTag+/- mice. Control mice received liposomes without Clodronate. (B-C)FACS analysis
of depletion-repopulation kinetics of resident KCs (B), and embryo-derived Cx3cr1-marked (Cx3cr1+)
KCs(C) following Clodronate treatment compared to controls. (D)Gene expression analysis of KC-
associated genes in control and Clodronate-treated mice 6 weeks post-administration. (E)Percent donor
Tcell chimerism(i) and percent host KCs in control and Clodronate treated mice 8-weeks post-irradiation,
determined by FACS(ii). Data represent 3 independent experiments with n>3 mice/group. B-E:bars
indicate the mean+S.D. Dots:individual mice.****P<0.0001, Mann-Whitney test, IR:10Gy Irradiation,
D:days, Wk:Weeks.
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Figure 3-11. Representative FACS plots indicating the Kupffer cell depletion using Clodronate
liposome. KCs are gated as Cd45+, Tie2-, Ly6G-, Siglecf-,CD11b+,F4/80+ subset in the live single cells
non-parenchymal cell suspension. Clodronate or the control liposomes are given to 3 week old
Emr1Cre+/'::RiboTag+/' mice and the livers were harvested at the indicated time point for analysis. Data
represent 3 independent experiments with n=3 mice per group
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Immediate response of Cx3cr1-marked, long-lived sessile KCs and bm-KCs to radiation injury

So far our data indicate that bm-KCs do not resist irradiation while a subset of Cx3cr1-marked,
embryo-derived KCs resist irradiation and resemble sessile subset in their gene expression. Next we set
to explore the mechanisms that confer this unique radio-resistance in Cx3cr1-marked sessile KC subset.
A recent study indicates that embryo-derived Langerhans cells resist irradiation through a CDKN1A
mediated pathway while bone marrow-derived dermal dendritic cells undergo apoptotic death upon
irradiation (92). This could suggest that an embryonic origin confers radio-resistance on multiple myeloid
lineages. Thus we next explored the responses of the two KC subsets to irradiation following 24 hours.

First we assessed irradiation-induced damage in Cx3cr1-marked, embryo-derived KCs vs
repopulated bm-KCs after Clodronate treatment. Using intracellular staining and FACS we detected
phosphorylated histone variant H2AX protein, which is a marker of DNA double strand breakage (93) at
24 hours after lethal irradiation. The two KC subsets both showed similar (>2 fold) upregulation of the
gamma-H2AX protein, indicating that both subsets were equally susceptible to X-irradiation induced
double strand breaks (Figure 3-12A).

Next we compared the expression of genes in the two subsets 24 hrs post irradiation. We
analyzed gene expression in 92 genes that were previously implicated in the radiation response,
inflammation, macrophage functions and in cell death versus survival (94-96). Both subsets showed a
significant upregulation of p53 dependent radiation-induced genes Phlda3, Mdm2, Sens2 and Cdkn1a
while anti oxidant responsive gene Nrf2 was also elevated (Figure 3-12B,C and Figure 3-13). Cell cycle
progression genes Cdk1 and Ki67 were down regulated in both groups indicating cell cycle arrest while
Cdkn1b (encoding p27kip) remained unchanged (Figure 3-12B and Figure 3-14). Interestingly the Cdkn1a
up-regulation in Cx3cr1-marked KCs were 2.5 times higher than in bm-KCs (Figure 3-12B). We further

confirmed the elevated expression of p21P-"WAF!

protein in Cx3cr1-marked KCs using intracellular
staining and FACS analysis (Figure 3-12D).

We hypothesized that the increased upregulation of Cdkn1a provides a survival advantage to the
embryo derived KCs. To check this hypothesis we generated radiation chimeras in Cdkn1a -/- mice and

WT mice. Eight weeks post lethal irradiation and congenic bone marrow transfer, we analyzed for the

abundance of sessile KCs in each group of chimeras (Figure 3-12E). This experiment revealed that
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Cdkn1a-/- group had two third less sessile KCs compared to the control group. Overall these experiments
confirmed that elevated upregulation of the Cdkn1a gene and its protein product, p21°ip1/WAF1, in Cx3cr1-

marked KCs results in improved survival of radiation-induced damage.
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Figure 3-12. Immediate response of Cx3cr1-marked sessile KCs and bm-KCs to irradiation.
(A)Comparison of y-H2AX protein fold change compared to non-irradiated controls 24 hours post-
irradiation in bm-KC versus Cx3cr1-marked KCs using FACS analysis. (B-C)Gene expression analysis of
cell cycle associated- and radiation-induced genes. (D)Cell cycle inhibitor p21Cip1/WAF1 protein fold
change compared to non-irradiated control mice determined by FACS. (E)Donor CD11b+ chimerism in
blood(i), and percent host-derived KCs(ii) determined using FACS 8-weeks post irradiation. Data
represent at least 3 independent experiments with n>3 mice/group. C,Ei:bars indicate the mean+S.D.
Dots:individual mice.**P<0.01,****P<0.0001.A,B,D,Eii:Mann-Whitney test with P-values adjusted for
multiple comparisons using Holm-Bonferroni method. IR:10Gy Irradiation, Cx3cr1+KC:Day2 Tamoxifen
induced Cx3cr1-marked KC.
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Figure 3-13. Immediate response of bm-Kupffer cells and Cx3cr1-marked Kupffer cells to 10Gy
irradiation. (A-E) Gene expression was analyzed 24 hour post-irradiation on either the mice bearing bm-
KCs or the neonatally-Cx3cr1-marked long lived KCs, and compared to control non-irradiated mice. Gene
expression was normalized to Gapdh and Hprt. Data represent 3 independent experiments with n=3 or
more mice per group. Bars indicate the mean + S.D bm-KC: repopulated monocyte derived KCs following
Clodronate depletion, Cx3cr1+: neonataly labeled KCs, IR: 10Gy irradiation
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Figure 3-14. Kinetics of cell cycle related gene expression following irradiation. Emr1Cre::RiboTag
mice were exposed to 10Gy irradiation and the gene expression was analyzed at 24, 48, 72, 96 hours
and 1 week post irradiation compared to the non-irradiated controls for cell cycle inhibitor Cdkn1a (A) and
cell cycle progression genes Ki67 and Cdk1 (B) Gene expression was normalized to Gapdh and Hprt.
Data represent 3 independent experiments with n=3 or more mice per group. Bars indicate the mean +
S.D Significance is indicated by * and determined by Kruskal-Wallis test **P < 0.01 ****P < 0.0001.
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Discussion

Heterogeneity of KCs is evident both at the steady state and under stress conditions (63). At
steady state, multiple fate mapping studies, phenotypic studies, single cell RNA sequencing analyses and
irradiation-repopulation studies indicate the presence of two subsets of KCs, but the relationships and
functions of each of these subsets remain unclear. In this study we investigated the identity and the
radioresistance mechanism of the long-recognized radioresistant sessile KCs (56). Using fate mapping,
KC depletion and radiation chimeras we identified the sessile KCs as the postnatally Cx3cr1-marked,
embryo-derived subset while bm-KCs were eliminated by lethal irradiation. In contrast to bm-KCs, the

Cx3cri-marked subset showed a greater increase in Cdkn7a gene and p21°°"WAF!

protein following
irradiation. In a Cdkn1a null background the sessile KCs significantly lost the ability to survive irradiation
indicating that the enhanced upregulation of this cyclin-dependent kinase inhibitor provided greater
survival potential to the Cx3cr1-marked subset.

Fate mapping studies indicate that the KCs with Cx3cr1 expression in postnatal stage are derived
from embryonic precursors (50) specifically YS EMP (34). Our postnatal labeling strategy consistently
labeled at least a subset (~37%) of this YS-derived KCs based on the continued Cx3cr1 expression.
Using irradiation experiments and gene expression analysis, we clearly demonstrate that the sessile
subset is congruent with the YS-derived KC subset. In contrast, bm-KCs are sensitive and do not survive
irradiation. While YS-derived KCs are products of EMPs, the bm-KCs are products of hematopoietic stem
cells (HSC)-derived monocytes. This suggests that the KCs that originated from HSCs are predisposed to
radiation-induced death while radioresistance is a feature of YS EMP-derived KCs. In contrast to a recent
report that concluded YS-derived KCs are partially ablated in response to irradiation (83), we argue that
the radiosensitive subset is the HSC-derived KCs in unmanipulated mice. In fact some fate-mapping
studies indicate that KCs are derived from embryonic HSC (48), while analysis of post natal liver indicate
the possibility of bone marrow monocyte-derived KCs integrating into the KC niche (49). While our study
does not directly identify these early HSC-derived long-lived KCs, radiation experiments strongly suggest
the existence of a YS-derived and a HSC-derived KC subset. In support of this line of thinking microglia

that are solely derived from YS EMPs are also radioresistant.
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cip1/WAF1 .

The greater upregulation of the gene encoding cyclin-dependent kinase inhibitor p21- in

Cx3cr1-marked KCs, compared to bm-KCs, readily explains the greater survival of this subset. The p21-

oPIWAFT brotein is a p53-induced molecule, that exerts G1-cell cycle arrest in the context of radiation

damage, which may lead to cellular senescence or apoptosis (97, 98). However p21-7°""WAF!

expression
may also be regulated by p53-independent mechanisms, and in this context it is involved in promoting cell
survival (94, 99). The p21-""™AF" protein is recruited to DNA double strand breaks induced by radiation,
and initiates a major double strand break repair mechanism through the non-homologues end joining

Cip1/WAF1

pathway (100). Furthermore p21- regulates anti-oxidative response by directly interacting with Nrf2

cip1/WAF1

(101). An extensive body of research exists on the p21- protein’s pro-survival roles on human

cancer cells (99). Cytoplasmic accumulation of p21-“"""A""

has shown to resist Fas mediated apoptosis
(102) and prostaglandin A2 mediated apoptosis (103). In our study the upregulation of p21-°""A*"in both
subsets within 24 hours of irradiation conforms to the well-known p53 dependent radiation response.
However, it is possible that the 2.5 times higher level of Cdkn1a gene expression in the Cx3cr1-marked
subset compared to bm-KCs is due to p53 independent pathways, and this elevation confers radio-
resistance on the Cx3cr1-marked subset. While Cdkn1a expression decreased by 1-week post irradiation
in Cx3Cr1-marked KCs, it remains significantly high in the sessile subset compared to non-irradiated
controls for at least 8 weeks post irradiation, further suggesting a pro-survival role for p21—°i"”WAF1 in this
subset.

Gene expression analysis indicated that the macrophage-associated collagenous receptor Marco
expression remained 40-fold higher out to at least 13 weeks in sessile subset compared to bm-KCs.
Interestingly, when resident KCs were completely depleted, the repopulating bm-KCs show similar level
of Marco expression to the resident KCs. These observations suggest that the bm-KCs may assume
distinct transcriptional patterns during repopulation of a completely vs a partially empty niche, indicating
plasticity. This may also indicate the possible existence of two distinct niches where one is occupied by
the sessile KCs and the other by bm-KCs. Furthermore single cell RNAseq analysis indicate two subsets

of KCs based on Marco expression in mice (40) suggesting that Marco may distinguish the two subsets in

un-manipulated mice.
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Our studies offer an enriched picture of KC heterogeneity. If KCs are defined as long-lived
resident liver macrophages, they consist of a minimum of two subsets, distinguished by their ontogeny,
gene expression and radio-sensitivity. The inputs that determine their gene expression include the
progenitor cells from which they arise, the time during development when they colonize the liver, and
potentially also the micro-anatomic niche that they occupy. It is interesting that Clodronate depletion
creates short-lived gaps in the sinusoidal layer, suggesting that a subset of KCs is integrated into the
endothelium (104). Based on the restoration of Marco gene expression in bm-KCs post-Clodronate, we
suggest a model on which YS-derived KCs occupy these intra-endothelial niches early in ontogeny, which
directs their distinctive gene expression including high Marco expression. In emergency repopulation
after irradiation, these niches remain occupied by YS-derived sessile KCs; but after total KC depletion,

the niches are occupied by bm-KCs, which adopt some of the properties of the former occupants.
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CHAPTER 4: RESPONSE OF EMBRYO-DERIVED HEPATIC AND CARDIAC MACROPHAGES TO

ACUTE INFLAMMATION AND RESOLUTION

Abstract

Hepatic and cardiac macrophages are important innate immune sensors that play a key role in
maintaining tissue homeostasis. Fate mapping and parabiosis studies indicate that a subset of these
macrophages is embryo-derived and live into adulthood. While functions of these embryo-derived
macrophages are studied in organ specific inflammation models, their response to common inflammatory
stimuli has not been reported. Here we adopted an LPS model of acute systemic inflammation to study
the response of embryo-derived liver and cardiac macrophages to acute inflammation and followed them
into their resolution phase. Our data indicate that while the long-lived embryo-derived macrophages in the
liver and the heart show tissue specific gene expression, they are readily polarized to a pro-inflammatory
state in response to acute inflammation. Interestingly this polarization was completely reversed to the

steady state post resolution, indicating plasticity despite their tissue specificity.

Introduction

Tissue resident macrophages of the liver and the heart are important innate immune sensors that
are also essential for maintaining homoeostasis. While hepatic macrophages are located in the sinusoids
closely interacting with the blood borne matter, cardiac macrophages are dispersed among the
cardiomyocytes away from the vasculature. During steady state, both macrophages are involved in
scavenger function and lipid metabolism.

In adult mice, both the liver and the heart contain a resident macrophage compartment
constituting ontogenetically distinct macrophages. Recent fate mapping studies have shown that both in
the liver and the heart a subset of resident macrophages originate from fetal precursors, seed the
developing tissues before birth and continue to long live into the adult hood (35, 46, 51, 52, 105). After
birth, bone marrow monocytes can migrate into the tissues, differentiate into macrophages, and integrate
into the resident population in a context dependent manner. The neonatal liver and heart are both open to

monocyte-derived macrophage seeding (49, 51, 106) and these macrophages can also self-renew into
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adulthood. During stress, recruited monocytes can integrate into the macrophage compartment and
perform resident macrophage functions (83, 107).

Since the identification of the embryo-derived macrophage subset, their steady state dynamics
and the functions during stress within the tissue has been reported. Using a fate mapping strategy Molawi
et. al showed that bone marrow monocyte-derived macrophages replaced the embryonic subset over
time, while in liver the embryonic subset maintained at least up to an year(51, 66). In a model of blood
stage malaria infection, embryo-derived liver macrophages diminished and were replaced by monocyte-
derived macrophages, whereas during a helminth infection, embryo-derived liver macrophages expanded
through self-renewal(61). In the neonatal heart, during cardiomyocyte injury the embryo-derived
macrophage subset expanded and supported repair, whereas ablation of this subset limited cardiac
infarct healing in the adult mice(106, 107). These studies indicate that within a tissue the embryo-derived
subset respond to stress in a context dependent manner. Whether those responses are hardwired into
these macrophages or whether they possess the ability to polarize towards a functional state based on
the environment signals are not yet understood.

In vitro stimulation studies indicate that macrophages polarize towards diverse functional states in
response to diverse external stimuli, thus indicating plasticity(68, 108). While plasticity is considered a
hallmark of macrophages, it is not clearly demonstrated in in vivo settings for the tissue resident
macrophages. In a CCl, induced fibrosis model, recruited Ly6C'° monocyte-derived liver macrophages
showed a pro-inflammatory phenotype, but morphed into a reparative phenotype over the course of
resolution(109). This study indicates that the monocyte-derived macrophages are able to polarize into
distinct functions based on the environment. However, this is not demonstrated for macrophages of
embryonic origin in the liver. The existence of diverse immune functions such as pro-inflammatory and
anti-inflammatory in response to inflammation in tissue resident macrophages may suggest plasticity, but
the inability to distinguish between subsets of distinct origins within the resident population has limited
drawing any firm conclusions on plasticity. Thus we sought to understand how these long-lived
macrophages with a similar origin in distinct tissues respond to a common inflammatory stimulus.

Here we report the embryo-derived hepatic and cardiac macrophage subsets response to

lipopolysaccharide (LPS) induced acute inflammation and resolution. We used inducible Cx3cr1-driven
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RiboTag reporter expression system to label the embryo-derived long-lived hepatic and cardiac
macrophage subsets in the adult. Using translatome analysis we show that the two subsets have unique
gene expression during steady state. In response to LPS-induced inflammation both subsets mounted a
common response as well as tissue specific responses. Furthermore, both subsets maintained their
tissue specific identity during the acute inflammation. Once the acute inflammation was resolved, both
subsets reverted back to the pre-acute inflammation gene expression, however the cardiac subset was
slower to recover. Our data provide the first insight into how long-lived macrophages of embryo-origin

respond to acute inflammation and resolution in distinct tissues.

RESULTS
RiboTag reporter activation in total and embryo-derived cardiac macrophages

Macrophage specific gene expression is traditionally analyzed in cells isolated using FACS
method. Cardiac macrophages express the pan tissue resident macrophage marker F4/80 and are
traditionally FACS isolated using F4/80+ CD11b+ population among the CD45+ Autofluoresence+
leukocytes(52). Here we adopted the RiboTag approach first described by Sanz et. al. to label and
analyze gene expression in cardiac macrophages. Chapter 3 describes the use of RiboTag approach in
the liver macrophages. Briefly in RiboTag approach, the RiboTag reporter is activated using Cre mediated
recombination of a modified ribosomal gene- Rp/22- that has a hemagglutinin (HA) epitope tag. Once the
HA-tag is activated, the HA-labeled polysomes and the bound actively translating mRNA can be

immunoprecipitated (RibolP) to isolate mRNA for gene expression analysis.

We first used F4/80 (Emr1) driven Cre to activate the RiboTag reporter in total cardiac
macrophages. In adult mice we gated cardiac macrophages as CD45+, Autofluoresence+, CD11b+,
Ly6G-, CD11C-, F4/80+ subset in the single live cells. We also included the recently recognized pan
tissue resident macrophage gene CD64 to further verify the macrophage identity(39)(Figure 4-1A). Non-
inducible Emr1Cre driven labeling indicated ~70% labeling of the total cardiac macrophages. In the same

mice, brains and liver indicated ~60 % and ~80% labeling (Figure 4-1C). Thus the Emr1Cre driven
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RiboTag gene recombination efficiency is variable among the tissues. The variability in labeling could be
due to low levels of F4/80 expression or haploinsufficiency in a subset of macrophages.

The fracktalkine receptor Cx3cr1 is expressed on early YS-derived macrophages that seed the
developing tissues(34, 45). In the adult Cx3cr1 is expressed on LyGC'° monocytes, dendritic cells and in
some tissue macrophages including microglia and peritoneal macrophages. Fate mapping studies have
previously used Cx3cr1-driven tamoxifen inducible Cre to label embryo-derived cardiac macrophages in
adult mice(51, 52). These studies have used Tamoxifen before or after birth to induce fluorescence
reporter activation in cardiac macrophages. Here we administered Tamoxifen to 2 days old neonates to
activate RiboTag reporter in Cx3cr1 expressing embryo-derived cardiac macrophages. During this day-2
window a subset of liver macrophages that were embryo-derived also get labeled (Chapter 3).

Intracellular FACS analysis of 8-10 weeks old adult hearts revealed HA labeling in 45% of the
total cardiac macrophages, indicating the day 2 labeled long-lived, Cx3cr1-marked embryo-derived
cardiac macrophage subset (Figure 4-1B,D). In liver 37% of macrophages were Cx3cr1-marked (Chapter
3). Thus in both liver and heart at least a third of the macrophages are embryo derived and long-lived into
adulthood.

Phenotypic heterogeneity within the cardiac macrophage population is reported based on the cell
surface CX3CR1, MHC Class I, TIMD4 and CCR2 expression(51, 52, 107, 110). Among those, the
TIMD4" expressing subset is identified as the long-lived resident cardiac macrophage population while
the CCR2" subset has a monocytic origin and is continuously replenished by bone marrow-monocyte
derived macrophages(107). We first analyzed neonatal and adult mouse hearts for CX3CR1 expressing
cardiac macrophages (Figure 4-2A). The neonates and the adults showed ~90% and 80% CX3CR1
expression respectively confirming the previous reports(51), that vast majority of the cardiac
macrophages show CX3CR1 expression. Within the total cardiac macrophage population in the adult,
only a subset expressed MHC class Il, CCR2 and TIMD4 as previously reported (Figure 4-2B,C). Next we
analyzed the HA-labeled long-lived subset for CX3CR1, MHC class Il, CCR2 and TIMD4 expression
(Figure 4-2D). Most embryo-derived long-lived cardiac macrophages expressed CX3CR1, while ~80%
expressed MHC class Il. TIMD4 expression was limited to ~22%, while CCR2 expression was observed

on ~8% of the long-lived subset. Our results indicate that the embryo-derived long-lived subset is
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phenotypically heterogeneous in terms of expression of the above-analyzed surface markers, while none

of them are exclusive to the embryo-derived population.
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Figure 4-1: RiboTag reporter activation in total and embryo-derived tissue resident macrophages.
Representative FACS plots showing the gating strategy for total cardiac macrophages and HA-labeled
subset in (A) Emr1Cre” ::RiboTag™ and (B) Cx3cr1CreER"::RiboTag" mice. (C) Recombination
efficiency in RiboTag activation in brain, liver and heart macrophages in Emr1 Cre”'::RiboTag”' mice and
(D) in liver and heart macrophages of Cx30r1CreER”'::RiboTag”’ mice. (E) Percent HA-labeled cardiac
macrophages post day 2 tamoxifen induction in adult mice compared to corn oil control. A-E: HA-labeling
quantified using intracellular FACS analysis. All animals are 8-10 weeks old male mice. All data represent
n=3 independent experiments with 3 or more mice per group.
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Figure 4-2: Phenotypic diversity of cardiac macrophages. (A) FACS analysis of C-X3-C Motif
Chemokine Receptor-1 (CX3CR1) expression on day 3 old neonates and 8 weeks old adult wild type
mice. (B) Representative histograms illustrating the surface expression of CX3CR1, CCR2 and TIMD4 on
total cardiac macrophages in Cx3cr1 CreER”'::RiboTag”‘ mice. Percent macrophages expressing
CX3CR1, CCR2 and TIMD4 (C) within the total cardiac macrophages and (D) within the HA-labeled
embryo-derived long-lived cardiac subset in Cx3cr1CreER"::RiboTag"” mice. A-D: Data represent n=3
independent experiments with 3 or more mice per group.
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Steady state gene expression analysis of the liver versus heart macrophages

Resident macrophages are essential for maintaining steady state in their respective tissues(63,
110). Next we sought to analyze the steady state gene expression of total hepatic versus cardiac
macrophages. RiboTag reporter allows in situ gene expression analysis bypassing the FACS based cell-
sorting strategy. We isolated macrophage specific mMRNA using RibolP in Emr1Cre+/'::RiboTag+/' mice and
performed gRT-PCR (Figure 4-3 A-F). Both tissues indicated enrichment for the pan tissue resident
macrophage markers Emr1, Mertk, CD64 and myeloid marker CD11b while the normalized expression
levels were different among the tissues. Cx3cr? was only expressed in the cardiac macrophages as
previously described. Phagocytosis genes Marco, Clec4f, CD51 and Vsig4 all had 10 folds or higher
expression in hepatic macrophages compared to the cardiac macrophages while repair associated genes
Col1a1, Col3a1 and Mmp9 were significantly elevated in the cardiac macrophages. These differences
parallel known steady state functions such as exceptional phagocytic nature of liver macrophages and the

reparative roles of cardiac macrophages(63, 110).
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Figure 4-3: Steady state gene expression analysis of total cardiac versus hepatic macrophages.
Gene expression analysis of Emr1Cre™::RiboTag"" mice liver and heart macrophages for (A) Tissue
resident macrophage (B) phagocytosis associated (C) Repair associated (D) Antigen presentation
associated (E) Inflammation associated and (F) immunosuppressive genes. In all graphs gene expression
is normalized to the mean of Gapdh and Hprt. Each group indicate n=6 mice. Bar graphs indicate mean+

SD.
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Steady state gene expression analysis of the embryo-derived long-lived subset to the total
macrophages within the liver versus the heart

In both liver and heart tissues more than one third of the macrophages are embryo-derived and
long lived into adulthood (Figure 4-1 and Chapter 3). Next we sought to understand whether the embryo-
derived subset follow the same gene expression as the total macrophages within each tissue. We
compared the gene expression of the embryo-derived subset in the Cx3cr1 CreER”'::RiboTag”‘ model to
the total macrophage gene expression in the Emr1Cre+/'::RiboTag+/' model (Figure 4-4). In the heart, total
macrophages showed a higher expression level for phagocytosis genes such as CD68, CD36, Vsig4,
Mrc1, while the embryo-derived subset showed an elevated expression of repair-associated genes such
as Col1a1 and Col3a1 (Figure 4-4A-D). While these differences were not significant they do point towards
possible functional heterogeneity within the cardiac macrophages with distinct origins. However in the
liver, the embryo-derived subset tracked the total macrophage at the gene expression to a similar extent

(Figure 4-4E and F).
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Figure 4-4: Steady state gene expression analysis of embryo-derived subset to the total
macrophages within liver and heart. (A-F)Gene expression comparison of the embryo-derived subset
(emMQs) in day 2 tamoxifen induced Cx3cr1 CreER"/'::RiboTag"/' mice to total macrophages (Total MQs)
in Emr1Cre™ ::RiboTag"™ mice analyzed using qRT-PCR. (A) Tissue resident macrophage genes (B)
phagocytosis associated genes (C) Repair (D) antigen presentation associated genes in heart tissue. (E)
Tissue resident macrophage genes (F) phagocytosis associated genes in liver tissue. In all graphs gene
expression is normalized to the mean of Gapdh and Hprt. Each group indicate n=6 mice. Bar graphs
indicate meant SD.
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Steady state gene expression analysis of the embryo-derived long-lived macrophage subsets
within the liver and the heart

Cx3cr1 expressing YS-precursors seed developing tissues in the embryo and once seeded
acquire tissue specific gene expression through transcriptional changes(45). In our fate-mapping model
the Cx3cr1-marked hepatic versus cardiac macrophage subset represent these long-lived embryo-
derived macrophages in each tissue. We hypothesized that despite the common origin; the embryo-
derived subset will show a gene expression pattern specific to the tissue they reside at steady state. We
compared the translatomes of embryo-derived long-lived hepatic versus cardiac macrophage subsets
using RNAseq analysis (Figure 4-5). A heat map of the two subsets showed unique gene expression
patterns despite their similar origin (Figure 4-5A). Pathway analysis indicated that the cardiac subset is
enriched for genes important for muscle development and extra cellular matrix organization while the liver
subset indicated pathway enrichment for complement and coagulation cascades and lipid metabolism
(Figure 4-5B). While a previous study indicated that Egfr and Lifr gens are specific to cardiac
macrophages(111) our analysis of the embryo-derived subset only indicated elevated expression of Lifr
while Egfr was elevated in the liver subset. The previously identified liver specific gene(74) Clec4f was

more highly expressed as expected in the liver subset (Figure 4-5C).
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Embryo-derived macrophage subsets response to acute inflammation and their recovery in the
heart and the liver

Steady state gene expression comparison showed that despite the common origin embryo-
derived macrophage subsets perform functions that are unique to liver and heart. Next we sought to find
out how they respond to acute inflammation in a LPS induced inflammation model. LPS
administration initiates TLR4 signaling, which involves mitogen activated protein kinases (MAPK) and
nuclear factor kappa B (NF-kB) in different pathway branches and ultimately induces inflammatory
cytokine and chemokine expression, macrophage migration and phagocytosis. First we administered a
sub-lethal dose of LPS to wild type mice and analyzed the serum Aspartate Aminotransferase (AST)
levels, a marker of liver and heart damage, from 15 min to 2 weeks at various intervals (Figure 4-6A).
Compared to the control group, in the treatment group AST levels peaked at 24 hours and subsided to
baseline by 1 week. At 2 weeks the AST levels remained at baseline. Furthermore we observed the
animals for septic shock symptoms and all animals started showing visible lethargy by 4 hours and they
developed hypothermia by 12 hours. These symptoms were lost by 48 hours. Based on the time course
and the symptoms presented we picked 4 hours as the early time point to analyze the gene expression,
while 2 weeks post LPS was used as the post acute inflammation. Next we performed the LPS induction
on Cx3cr1 CreER”'::RiboTag”’ mice that were tamoxifen induced at day 2 to label the long-lived embryo-
derived macrophages (Figure 4-6B). We harvested tissues from PBS control and at 4 hours and 2 weeks
post LPS, performed Ribo IP to isolate subset specific mMRNA and analyzed the translatome using

RNAseq.

Translatome analysis revealed that as early as 4 hours, the global gene expression in the
embryo-derived subsets in both tissues changed drastically from steady state demonstrating their ability
to respond to LPS induced environmental changes (Figure 4-7 and 9). We identified 1531 and 1837
genes respectively in the liver and the heart subsets that were significantly upregulated by 2-fold or more
by 4 hours with another 1071 and 524 significantly downregulated 2-fold or more (visualized using
volcano plots in Figure 4-7A). Among the significantly upregulated genes in response to LPS, 862 were

common to both subsets while among the down regulated genes 246 were common to both subsets
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(Figure 4-7B). Pathway analysis identified GO terms such as inflammatory response, NF-kB signaling,
cytokine production and response to interferon beta among the upregulated pathways, while interleukin 6
production and kinase activity terms were enriched in the down regulated gene sets (Figure 4-7C). We
confirmed the expression of known LPS induced genes using gRT-PCR in both subsets (Figure 4-7D).
Pro-inflammatory genes 116, l/1b and Tnfa were several fold elevated compared to the control.
Furthermore genes involved in monocyte and neutrophil attraction — Ccl2, Cxcl1, Cxcl2- were also
upregulated at this early time point.

Analysis of the translatome at 2 weeks compared to PBS control revealed that only 182 genes
remained significantly upregulated in the liver subset at this time point, while another 139 were
downregulated (Figure 4-8A). However the cardiac subset indicated 456 genes that remained
upregulated by the end of 2 weeks with only 60 remaining downregulated (Figure 4-8B). The common
response due to LPS induced acute inflammation was completely gone by this time point and only a
handful of common genes still remained up or down regulated (Figure 4-8B). To demonstrate the global
changes in the translatome of the embryo-derived long-lived macrophage subset in liver and heart due to
LPS induced inflammation and its resolution we created a heat map of all genes for both tissues and
performed principle component analysis (PCA) (Figure 4-9A). The heat map of the LPS time course and
the PCA analysis clearly indicated that the embryo-derived subsets mounted a common response to LPS,
while tissue specific responses were also detected. The common LPS induced response was gone by 2
weeks in the both subsets while only the liver subset showed almost identical gene expression to the
control. At 2-weeks the heart subset still maintained differences but showed a trend towards becoming

more like the subset prior to LPS stimulation.
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the HA-labeled embryo-derived macrophages.
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Discussion

The liver and heart both harbor a subset of embryo-derived macrophages that are long-lived into
adult hood (112, 113). While the function of those macrophages in tissue specific injuries such as cardiac
infarct(107) and radiation injury(66) in the liver are documented, the response to common inflammatory
stimuli of these long-lived macrophages with similar origins in distinct tissue environments were not
assessed. Here, we report that despite their common origin, embryonic subsets assume gene expression
that is unique to the tissue of residence. This indicates that the tissue environment imprints their steady
state functions. The embryo-derived subsets respond similarly to systemic acute inflammation and then
resolve back to steady state gene expression post resolution. This indicates their intrinsic ability to
reverse polarization in the context of acute inflammation demonstrating plasticity.

To specifically label the embryo-derived macrophages in tissues we used an inducible
Cx3cr1CreER system combined with the RiboTag approach. We administered tamoxifen to neonates at
day two, to label the long-lived embryo-derived subset. Since ~90% of the neonatal cardiac macrophages
expressed CX3CR1, day 2 labeling should mark most of the macrophages. However in the adult, only a
subset was HA-labeled indicating that not all day two Cx3cr1-marked macrophages survived into the
adulthood. This observation parallels the previous report from Molawi et. al. that the embryo-derived
macrophage subset in the heart is progressively lost with age(51). These observations contrast with the
Cx3cr1-marked long-lived embryo-derived liver macrophages, since in the liver the embryo-derived
subset maintains the ~37% ratio and long-live up to 1 year(66). Together, these observations indicate the
organ specific dynamics of embryo-derived macrophages. In the adult mice, ~80% of the cardiac
macrophages expressed CX3CR1, thus CX3CR1 expression on cardiac macrophages is heart specific
and does not indicate the YS-origin. Our analysis showed that 80% of the Cx3Cr1-marked embryo-
derived cardiac macrophages expressed MHC class Il, indicating that they are a key subset involved in
antigen presentation. Previous reports indicated that TIMD4 and CCR2 are markers of long-lived resident
versus monocyte-derived cardiac macrophages, respectively (52). In contrast to this, our data showed
that ~20% and ~8% of the long-lived embryo-derived cardiac macrophages expressed TIMD4 and CCR2,

respectively. This indicates that neither of these markers exclusively identify cardiac macrophages with
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distinct origins. Future studies are required to find phenotypic markers that will exclusively identify
macrophage subsets with a specific origin.

Because more than a third of macrophages indicate embryonic origin in both tissues, it is possible
that they perform specific roles compared to the rest of the macrophages within a tissue. Comparison of
the embryo-derived subset to total macrophages in the liver did not show differences at gene expression
levels in gqRT-PCR analysis of small panel of genes. However, the embryo-derived subset in the heart
showed differences in gene expression compared to the total cardiac macrophages. This may indicate
that in the heart, the embryonic subset performs specific roles at steady state. A total translatome
analysis to compare the embryonic subset with the total macrophages in each tissue is needed to gain an
understanding of any functional differences.

A translatome comparison of the embryo-derived macrophage subsets in the liver and heart
revealed unique gene expression patterns despite their common origin. This observation is in line with the
previous observations that the tissue specific signals imprint resident macrophage functions (74, 75, 77,
114). However, our translatome analysis did not reveal any epigenetic imprinting that is specific to origin
that may play a role in immune functions. In response to LPS induced systemic inflammation, both
subsets showed notable changes in their global gene expression patterns that included a common
response through NF-KB and IRF transcription factor activation. This LPS specific response was
eliminated within two weeks. These results indicate that despite distinct tissue specific gene expression
patterns, these embryo-derived subsets are able to switch to a pro-inflammatory gene expression in
response to the inflammatory environment. Furthermore, this pro-inflammatory gene expression was
reversed back to a steady state expression pattern; this indicates their response to the reestablished
steady state environment and the functional plasticity of these embryo-derived macrophages. However, it
is important to note that at two weeks, the embryo-derived subset in the liver closely resembled the
steady state gene expression pattern, while the embryo-derived cardiac subset was not fully reversed,
indicating a slower recovery. It will be interesting to study if over time, the cardiac subset resembles the
steady state pattern. It may also indicate that embryo-derived subsets in the liver and the heart show
distinct kinetics in plasticity. Interestingly, the tissue specific gene expression signature observed in the

steady state remained unchanged throughout the time course. While our time course does not confirm
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that this tissue specific gene expression pattern remains unchanged throughout the course of the
inflammation and resolution, it does suggest the possibility that this tissue specific identity is maintained
despite the inflammatory environment.

Taken together, our data provides insight into how embryo-derived macrophages with specialized
tissue functions respond to acute inflammation and reestablished steady state. Generally speaking, these
embryo-derived subsets show plasticity and assume functional states dictated by the tissue environment.

These findings have implications in targeting resident macrophages as therapeutic agents.
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Table 1: List of antibodies used

Name Supplier Cat no. Clone no.
Anti-Tie2 Biolegend 124007 TEK4
anti-Ly6C BioLegend 128011 HK1.4
Anti-F4/80 BioLegend 123113 BM8
anti-CD11b BD bioscience 563015 M1/70
Anti-1A/1E BioLegend 107627 M5/114.15.2
Anti-Ly6G BioLegend 127611 1A8
Anti-Cx3cr1 BioLegend 149003 SA011F11
Anti-CD45.1 BioLegend 110739 A20
Anti-CD45.2 BioLegend 109819 104
Anti-CD11c BioLegend 117323 N418
Anti-HA BioLegend 682404 16B12
Anti-CD31 BioLegend 102421 390
Anti-Tim4 Biolegend 129907 F31-5G3
Anti-IA/IE Biolegend 107618 M5/114.15.2
Anti-SiglecF BD Bioscience 562068 E50-2440
Live/Dead ThermoFisher L10120
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS
Overview

The studies described in this dissertation explore the functions of long-lived embryo-derived
Kupffer cells. We used an inducible fate-mapping model to label the embryo-derived resident
macrophage subset in the liver, and studied their dynamics during irradiation stress and acute
inflammation. In chapter 3, we explored the embryo-derived subset’s response to radiation-induced
stress. Specifically, we asked the question “does the embryonic origin provide an advantage in surviving
the radiation-induced damage?”. We found that compared to bone marrow monocyte-derived Kupffer cell
subset, the embryo-derived subset has higher survival potential to lethal irradiation. Furthermore, this

enhanced survival is mediated through p21P"WAF"

protein expressed by the Cdkn1a gene. In Chapter 4,
we sought to understand whether the embryo-derived subset has the capacity to respond to acute
inflammatory stimuli. We used an LPS mediated acute inflammation model, analyzed gene expression
during early phase of response and during the regained steady state. We found that the embryonic
subset responds readily to the inflammatory environment with an elevated pro-inflammatory gene
expression (Tnf, 116, 1118), and this response was gone by post resolution indicating their ability to respond
to a changing environment. We compared the embryo-derived cardiac macrophage subset’s response in
the same mice, and found that they respond similarly, and reversibly, to acute inflammation. Our results

provide insights into the less known biology of embryo-derived Kupffer cells and tissue resident

macrophages in general.

Discussion

The liver is the central energy-processing unit in the body. Apart from this, liver induces
peripheral tolerance to harmless antigens and acts as a barrier to filter out any gut derived pathogens and
their products. An important resident immune cell type in the liver that plays a major role in peripheral
tolerance induction and scavenging are the resident macrophages. The liver constitutes the largest
source of resident macrophages in mice. Apart from their contribution to maintain steady state in the liver,
these resident macrophages, the Kupffer cells (KCs), provide immunity during stress conditions. Kupffer

cells are heterogeneous in terms of their phenotype, ontogeny, and function(25, 63). While this multi
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faceted heterogeneity is documented in post injury settings, it is understudied in the steady state KC
compartment. Furthermore, whether or how phenotype, ontogeny, and function relate to each other is
currently not understood.

In mice, a subset of KCs is originated during the embryonic stage and lives long into the adult
stage (112, 113, 115, 116). While the embryonic origin of at least a subset of KCs is well established
through a number of fate mapping models, the type of precursor, the time of tissue seeding, and the exact
proportion in the adult, remain to be resolved. Given that only a subset of KCs can be traced for their
embryonic origin using current fate mapping models, the ontogeny of the non-labeled subset remains to
be identified. While some evidence from neonatal stage adoptive transfers indicates that circulating
monocytes differentiate and integrate into the KC compartment, further fate mapping studies are needed
to confirm monocytic origin of KCs. Thus, the exact ontogenetic nature of the KC compartment still

remains a mystery.

Kupffer cells identified in pathogenic and non-pathogenic injury models, and in pathological
settings indicate that they can be pro-inflammatory, anti-inflammatory, reparative, or immunosuppressive
(117). How one type of cell performs all these functions has been a great interest in the field. Combining
these distinct immune functions with the distinct ontogenies, one can question whether a certain ontogeny
imprints a certain functional state on the KCs resulting functionally distinct subsets. The current challenge
to explore this question is that there are no phenotypic markers to distinguish the embryo or the
monocyte-derived KC subset. Thus it is critical to use fate-mapping tools to exclusively identify the
ontogenetically distinct subsets.

In this dissertation, we developed an inducible Cx3cr1 fate-mapping model to label at least a
subset of the embryo derived KCs in adult mice. We activated a reporter gene at day two, thus our model
labeled any Cx3cr1 expressing KC at day two and retained the label on long-lived KCs into the adult
stage. While this model may not distinguish between the KCs derived from distinct embryonic precursors
(EPMs, fetal monocytes), it does label KCs that were embryonically originated and continue to express
Cx3cr1 into early neonatal stages. This model consistently labeled at least 37% of the KCs and allowed

us to explore their response to irradiation and acute inflammation.
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It is long known that a subset of KCs resists lethal irradiation and continue to perform immune
functions in the radiation chimeric mice(56, 83). What makes only a subset resist irradiation, and how this
subset overcomes radiation induced stress, however, was unknown. Our studies indicated that the
embryo-derived KC subset was predominately radioresistant while the bone marrow monocyte-derived
subset was sensitive to radiation-induced depletion. The radioresistance of the embryo-derived subset

was mediated through the cell cycle inhibitor protein p21-°""WA!

. These findings indicate that in the liver,
embryo origin promotes the survival to radiation-induced stress. Interestingly in mice, the other tissue
resident macrophages that resisted irradiation included brain microglia and skin Langerhans cells (80,
82). Microglia have a near complete YS origin, while Langerhans cells are shown to derive mainly from

cPVWAF! mediated the survival to

fetal monocytes (80, 118). Furthermore in Langerhans cells, p21-
radiation-induced stress(92). These observations broadly indicate that despite the precursor type, the
embryonic origin imprints a greater survival to radiation injury. While the gene Cdkn1a that encodes p21-
Cip1/WAHprotein is commonly upregulated in response to radiation stress in most of the cell types, our work
and others show that the embryo-derived macrophage subset upregulate it to a greater extent(92). This
may indicate that Cdkn1a has distinct regulatory mechanisms in embryo-derived cells, thus it will be
interesting to study the mechanisms of Cdkn7a regulation, it's enhancer landscape in embryo- versus
bone marrow-derived macrophages before, and after radiation. This ability to survive in the face of heavy
ionization induced damage may be evolutionarily ingrained into these embryo-derived macrophages. This
embryo-derived subset stems from a limited amount of precursors generated in unique waves during the
embryonic stage, and thus maintenance depends solely on self-renewal, or longevity, but not on
replenishment. Since these macrophages are indispensable for proper organ development before birth,
they may be ingrained with unique mechanisms for survival. In contrast, once established post birth, bone
marrow hematopoiesis provides a replenishable source of monocytes that are available as precursors for
resident macrophage renewal. Thus the need for enhanced survival may not be an ingrained feature of
these monocytic-derived resident macrophages.

Our studies and others have shown that the survival to radiation-induced stress is determined by

the ontogeny of the tissue resident macrophages. This raises the question whether there is a relationship

between the origin and response to other stresses such as acute, or chronic, inflammation. To explore
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these questions, fate-mapping models that allow labeling of embryo- or the monocyte-derived subsets are
needed. While several fate-mapping models allow at least a subset of embryo-derived KC labeling, no
tools exist to label the monocyte-derived subset in the liver without using invasive strategies such as
Clodronate or diphtheria toxin mediated depletion. Thus exploring ontogeny versus functional
relationships of the KCs are still limited due to lack of tools.

Tissue resident macrophages show tissue specific transcriptomes(116, 119). This may suggest
that despite of the origin all macrophage subsets within a tissue may result in a similar transcriptome
assigned by their tissue environment. Our analysis of embryo-derived macrophage subset in liver and
heart supported this idea in that they were very distinct in their steady state gene expression. These
observations are further in line with the idea that once embryo-derived macrophages seed a tissue, they
undergo profound epigenetic changes, and activate tissue specific transcription factors in response to the
tissue specific cues (45). Translatome-based pathway analysis further suggests that these subsets are
involved in tissue specific functions such as extra cellular matrix maintenance in the heart, and lipid
metabolism in the liver. This raises the question to which extent that these embryo-derived macrophage
subsets respond to a changing environment. In other words “do they retain plasticity to reversibly polarize
in response to changing environment?”

A large body of literature exists on in vitro studies performed on bone marrow-derived
macrophages showing that they can be polarized to distinct functional states by changing their
environment (108). Specifically, LPS or IFNy polarize macrophages to a pro-inflammatory state to
produce pro-inflammatory cytokines (TNF, IL1b) while IL4 and IL13 polarize them to an anti-inflammatory
state(68). These studies broadly indicate plasticity in in vitro experimental settings, especially for the bone
marrow-derived macrophages. Some in vivo liver fibrosis models support the idea of monocyte-derived
macrophage plasticity in that they convert from pro-inflammatory to a reparative phenotype over the
course of inflammation and resolution(109, 120). Our translatome analysis of both embryo-derived liver
and heart macrophage subsets in an acute inflammation model and at regained steady state indicated
that they retain plasticity and respond to the changing environment readily. These results broadly suggest
that despite their tissue specialized functions, the embryo-derived subsets remains plastic. Further

studies using different acute inflammation models and chronic inflammation models are needed to solidify
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these observations. If this plasticity is an inherent quality of these embryo-derived macrophages, one can
envisage both benefits and drawbacks to it. A benefit will be to mount the right immune response to a
pathogen and eliminate it, and resolve back to the steady state levels. This might be the case in some
liver diseases that do not cause chronic iliness, like hepatitis A. However, it could be quite different in the
case of liver carcinomas, where the pro-tumor environment may alter the resident macrophage response
to benefit the tumor rather than to mount an anti-tumor response.

Collectively, the research work detailed in this dissertation suggests that the survival to ionization-
induced damage is ingrained by ontogeny of the macrophages, and that the embryo-derived subset
maintains plasticity and responds to the changing environment. Thus, the nurture versus nature response

of these embryonic macrophages may depend on the type of stress they encounter.

Conclusions

Liver diseases remain a major cause of morbidity and mortality globally. The role of immune
system in these pathological settings and development of cell-based therapy to intervene has been a
major focus in liver research. Kupffer cells, the abundant resident innate sensors in the liver, have shown
to play a role in mounting immunity or exacerbating liver pathologies. Thus they provide an attractive
target for cell-based therapy. The studies detailed in this dissertation advance understanding of the
biology of a recently identified embryo-derived Kupffer cell subset. Our findings provide insights into

developing macrophage-targeted therapy for liver diseases.
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