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ABSTRACT

Macrophages are immune cells that also participate in the development and
homeostasis of most tissues. Macrophages can originate during embryonic
development, first from the yolk sac and later from the fetal liver. Around birth, the
bone marrow also starts producing macrophages that can populate the tissues. Tissue
resident macrophages have specific functions, responding to cell interactions and
local stimuli within the tissue. Most adult resident macrophages are embryonic-
derived as these cells are able to self-maintain throughout aging.

Different fat deposits also known as fat pads, exist within the body and may have
specific functions. The mammary gland (MG) fat pad is essential for the
development of the whole gland, limiting the growth of the ductal network. In mice,
epididymal white adipose tissue (eWAT) acts as a cushion for the internal organs,
also providing them with energy. Brown adipose tissue (BAT) is a thermogenic
organ essential for maintaining the body’s core temperature, especially during the
perinatal stage. Adipose tissue resident macrophages have been implicated in the
development of different pathologies, such as breast neoplasia and obesity. The study
of adipose tissue resident macrophages in a developmental steady state may unravel
new targets for treating or preventing these pathologies.

This thesis aims to understand the ontogeny and roles of tissue resident
macrophages in the development and function of MG, eWAT, and interscapular
()BAT.

The results show that adult MG resident macrophages are mainly from an
embryonic origin, and are essential for the development of the ductal branches of the
gland. In eWAT, the embryonic-derived macrophages maintained steady numbers
throughout different dietary challenges, suggesting a function in tissue homeostasis
for these macrophages. Alternately, iBAT embryonic-derived macrophages are
readily replaced by bone marrow-derived macrophages during the first weeks of life.
Nevertheless, these macrophages may have a key role in perinatal thermogenesis.
Overall, embryonic-derived macrophages seem to have a role in the normal
development of different adipose tissues, having specific functions and kinetics
according to the fat pad they populate.

KEYWORDS: Macrophages, mammary gland, white adipose tissue, brown adipose
tissue, development, obesity
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TIVISTELMA

Makrofagit ovat elimiston puolustusjarjestelmin soluja, jotka osallistuvat myos
kudosten kehitykseen ja yllapitoon. Makrofagit voivat olla perdisin alkionkehityksen
ajalta, ensin ruskuaispussista ja myohemmin alkion maksasta.Vasta syntymén
aikoihin luuydin alkaa tuottaa makrofageja kudoksiin. Kudoskohtaisten makrofagien
tarkat tehtdvat madraytyvat kulloinkin kudoksessa vallitsevien solujen vilisten ja
paikallisten signaalien mukaan. Suuri osa aikuisen kudoskohtaisista makrofageista
on perdisin alkiokaudelta ja ne sdilyvit kudoksissa yksilon ikddntyessa.

Elimistdon eri rasvakudoksilla on omat tehtdvénsid. Rintarauhasten vaalea
rasvakudos on vilttdméton rintojen kehitykselle, koska se sditelee rintarauhasten
kasvua. Hiiren sukupuolirauhasten valkoinen rasvakudos suojaa sisdelimii ja tarjoaa
niille energiaa. Ruskea rasvakudos tuottaa 1ampod ja yllapitdd ruumiinlampod
etenkin vastasyntyneilld. Rasvakudoksen kudoskohtaiset makrofagit on yhdistetty
erilaisten sairauksien, kuten rintasydvén ja litkalihavuuden syntyyn. Rasvakudosten
kudoskohtaisten makrofagien tutkimus kehityksen aikana ja normaalitilassa voi
paljastaa uusia ladkekehityskohteita ndiden sairauksien hoitoon ja ennaltachkaisyyn.

Tamén viitoskirjatyon tavoitteena oli ymmartdd kudoskohtaisten makrofagien
alkuperd ja tehtdvit rintarauhasten ja sukupuolirauhasten valkoisen, ja lapaluiden
vilisen ruskean rasvakudoksen kehityksessa ja toiminnassa.

Tulosten mukaan aikuisen rintarauhasten kudoskohtaiset makrofagit ovat
padasiassa alkioperdisid ja oleellisia rintatichyiden haarautumiselle rauhasten
kehittyessé. Sukupuolirauhasten rasvakudoksessa alkioperdisten makrofagien mééra
pysyy samana erilaisten ruokavalioiden aiheuttaman lihavuuden aikana, mika viittaa
kyseisen solupopulaation konservoituneeseen tehtdvddn kudoksen ylldpidossa.
Lapaluiden vailisessd ruskeassa rasvassa alkioperdiset makrofagit korvautuvat
luuytimen makrofageilla jo ensimméisten elinviikkojen aikana. Téstd huolimatta
alkioperéisilli makrofageilla on mahdollisesti tirked tehtivd vastasyntyneen
lammontuotannossa. Kaiken kaikkiaan alkioperiisillda makrofageilla ndyttda olevan
rooli eri rasvakudosten normaalissa kehityksessd, mutta ndiden makrofagien tehtavat
ja kinetiikka ovat yksilollisid jokaisessa tutkitussa rasvakudoksessa.

AVAINSANAT: Makrofagit, rintarauhanen, valkoinen rasvakudos, ruskea rasva-
kudos, yksilonkehitys, liitkalihavuus
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1 Introduction

Adipose tissue, also known as fat, is a ubiquitous connective tissue distributed
throughout the body. It can be found under the skin (subcutaneous fat) as well as
between internal organs (visceral fat). In the case of the mammary gland (MG), the
size of the fat pad directly determines the volume of the breast. There are three types
of adipose tissue, white (WAT), brown (BAT) and beige. This thesis focuses on the
study of MG, epididymal (e)WAT and interscapular (i)BAT resident macrophages
Figure 1.

Macrophages have a central role in the immune system, and they are distributed
in various tissues and organs throughout the body, including adipose tissue.
Macrophages are traditionally associated with the process of inflammation, and are
frequently seen as harmful cells. Nevertheless, macrophages are also known to be
essential to the homeostasis, development and function of several tissues, being key
cells for the healthy development of the organism (Nobs and Kopf 2021; Smith et al.
2007). Moreover, macrophages have the capacity to populate various tissues at
different stages of embryonic development, originating from either the yolk sac or
fetal liver, and during postnatal growth, deriving from the bone marrow. Currently,
it is thought that the origin of tissue resident macrophages influences their
functionality within the tissue they seed. Thus, macrophages are potential targets for
developing therapeutic strategies for different diseases, like cancer or obesity.

The MG is based on a WAT fat pad, the mammary fat pad. The interaction
between macrophages and adipocytes appears to be essential in different stages of
MG development. As this organ is extremely plastic, it is predisposed to the
development of neoplasia. Notably, the incidence of breast cancer continues to
increase worldwide (Sung et al. 2021), meaning that the current therapies are not
enough to control the development of this disease. In this study, we examined the
origin and function of the different MG macrophages throughout development. The
majority of the macrophages found in steady state adult MG originate from the fetal
liver, and already populate the tissue at embryonic day E16.5, having a crucial role
in the development and function of the MG.

Additionally, obesity is escalating worldwide and is associated with several
health problems, like type 2 diabetes and cancer (Scully et al. 2021). Excessive

13
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energy storage associated with obesity is accumulated in WAT. The
pathophysiology of obesity has been widely studied, and macrophages were
connected to an aggravation of the symptoms (Cai, Huang, and He 2022). Here I
present a unified approach to the resident macrophage subtyping, and describe that
WAT resident macrophages have a conserved function within the tissue, and are not
responsive to diet changes. Moreover, I found that macrophages in WAT can have
both embryonic and bone marrow origins.

As BAT has a fat-burning capacity, it is an interesting target for treating obesity
(Poher et al. 2015). Macrophages in BAT have been described as crucial to the
functionality of the tissue (Gallerand et al. 2021; Pirzgalska et al. 2017; Wolf et al.
2017). However, the current literature has only studied BAT macrophages in the
mature tissue. Here I describe that the fetal liver-derived macrophages are the main
population found in BAT during embryonic development and the perinatal phase.

Brown Adipose Tissue

Mammary

% f% Adipose Tissue

Mammary
Adipose Tissue >
A White Adipose Tissue
=8,
5 .\<<,

White Adipose Tissue I & -~

Figure 1 Representative distribution of the fat pads of interest in mouse and human. This project
focuses on adipose tissues in the murine model, specifically: 4" mammary gland (1);
epididymal white adipose tissue (Il); interscapular brown adipose tissue (lll). Created
with BioRender.com
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2 Review of the Literature

2.1 The immune system

Life forms have evolved from unicellular to multicellular organisms, with different
cells having specific functions but working together to maintain life. Animals are
complex multicellular organisms with organs, tissues, and cells composing the
different functional systems that support the survival of the organism. The immune
system is one of the essential systems, as it confers an evolutionary advantage to the
organism to fight threats — the more complex the host organism, the more diverse
and intricate the immune response. The immune system not only recognizes and
destroys pathogens that are a threat to the animal but also allows for the survival of
an identified non-self-organism if it is beneficial to the host. Importantly, the
immune response can be triggered by foreign structures (such as, epitopes or
pathogen-associated molecular patterns - PAMPs), as well as by injured or tumorous
self-cells. This trigger can initiate a local immune response as well as a systemic one,
as immune cells have the ability to circulate throughout the body, which enables
them to reach and respond to injury in virtually any location. Moreover, the immune
response activates two different subsystems that are deeply interconnected, the
innate and the adaptive immune systems. The innate immune system will almost
immediately find the pathogen and eliminate it in an antigen non-specific manner.
Innate immune cells can also present epitopes from the pathogen to the adaptive
immune cells, initiating a more specific and efficient immune response. Selected
adaptive immune cells can generate immunological memory, which decreases the
time needed to initiate an adaptive immune response in case of a reoccurring
infection (Marshall et al. 2018).

2.1.1 Innate immune system

The innate immune system is the first line of defense of the organism, and it is
constituted by (1) a physical barrier — that protects against pathogens or physical
threats; (2) a chemical barrier — that inhibits pathogen growth, shields against invasion,
and destroys pathogens; and (3) immune cells — that recognize pathogens, induce an
immune response and recruit more cells to the site of infection (Gallo and Nizet 2008).
Epithelial cells constitute the primary barrier against pathogens. Apart from skin,
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several mucosal epithelial surfaces exist within the body — urogenital, digestive,
respiratory, and ocular. Mucosa produces not only mucins that act as a physical barrier
but also chemicals such as antimicrobial peptides that destroy pathogens and inhibit
pathogen-host cell interaction (Liévin-Le Moal and Servin 2006). Similarly, the
complement system acts as a chemical barrier, in this case in blood circulation, tissues,
cell surface, or intracellularly. The complement system is composed of several soluble
proteins that act in a cascade of events that culminate in pathogen lysis. The
complement system also opsonizes pathogens signaling to the immune cells to activate
their response, amplifying and modulating innate and adaptive immune systems
(Merle et al. 2015). Thus, the innate recognition system for pathogens or injured cells
is triggered not only by the innate immune cells but also by the previously mentioned
constituents of the innate immune system. This mechanism is essential for triggering
the immune response, and depends on pattern recognition receptors (PRRs). These
receptors distinguish healthy self-molecules from PAMPs, such as LPS
(lipopolysaccharides), as well as endogenous molecules released by cells in response
to stress or damage, known as damage/danger-associated molecular patterns
(DAMPs), such as extracellular HSP (heat shock proteins) (Amarante-Mendes et al.
2018). If a pathogen evades the physical and chemical barrier, it can still be detected
by the PRRs expressed not only by the patrolling immune cells, but also by the
epithelial cells that constitute the primary barriers. This initiates the immune response,
leading immune cells to migrate toward the infection/injury site.

Hematopoietic stem cell

Common lymphoid progenitor Common myeloid progenitor

@

A

1 [ 1
T cell B cell Natural killer Erythrocytes Platelets Myeloblast Mast cell

o0 ,n
“l ‘o’ @
1

Monocyte Dendritic cell Basophil Eosinophil Neutrophil

@ w @

Innate immune cell Macrophage

)
,\J’L\A
33‘”“3(,!“;
L

0 Adaptive immune cell

Figure 2 Hematopoiesis. Simplified tree of the development of the major lineages of blood cells.
Created with BioRender.com
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2.1.1.1 Hematopoiesis

All blood cells, including immune cells, are formed in a process called
hematopoiesis. The hematopoietic stem cell (HSC) is recognized as the mother of all
the cells from blood lineage, it has a multipotent profile, and it is able to self-renew
at a high rate. From the HSC, the lineage can be separated into myeloid or lymphoid.
The common lymphoid progenitor (CLP) is responsible for producing lymphocytes
T and B, as well as natural killer cells. In contrast, the common myeloid progenitor
(CMP) generates thrombocytes/platelets, erythrocytes, mast cells, and myeloblasts.
Myeloblasts further differentiate into basophils, eosinophils, neutrophils, dendritic
cells, and monocytes, which in turn, give rise to macrophages (Galloway and Zon
2003; Laurenti and Géttgens 2018) Figure 2.

The HSC is identified in murine embryonic development around embryonic day
(E)10.5, but circulating erythrocytes, macrophages, and platelets settle as early as
E7.5 (McGrath and Palis 2005). Thus, embryonic hematopoiesis is dependent on
different progenitor cells prior to the establishment of HSCs. Studies in mice have
identified distinct waves of hematopoiesis, characterized by differences in
complexity, progenitor cell types, and the hematopoietic organs involved. Primitive
hematopoiesis takes place in the blood islands of the extraembryonic yolk sac,
around E7.5 to E9.5. The primitive blood cells are primarily nucleated erythrocytes
and macrophages (McGrath and Palis 2005; Palis 2016). In parallel, transient
definitive hematopoiesis initiates in the yolk sac’s hemogenic endothelium around
ES, with the surge of erythromyeloid progenitors (EMPs) and lymphoid precursors
(Palis and Yoder 2001; Perdiguero and Geissmann 2015). EMPs are multipotent
progenitor cells that differentiate into the erythroid or myeloid lineage, having a
more restricted differentiation potential when compared to HSCs, and mainly
produce immature erythrocytes and macrophages (McGrath et al. 2015). EMPs
circulate in the embryo and transiently seed the fetal liver around E9, where they
expand and reach their differentiation potential until around E16.5 (Perdiguero et al.
2015). Definitive hematopoiesis overlaps with previous hematopoietic waves and
extends from late fetal development throughout postnatal life (Ivanovs et al. 2014;
Ng and Alexander 2017; Palis 2016). It begins with the influx of HSCs originating
from the hemogenic endothelium of the aorta-gonad-mesonephros region into the
fetal liver, around E10.5 (Ema and Nakauchi 2000). The fetal liver’s niche provides
HSCs nutrition, fomenting their expansion and regulating their functionality (Lewis,
Yoshimoto, and Takebe 2021). Accordingly, the fetal liver is the primary site for
embryonic definitive hematopoiesis. HSCs from the fetal liver enter the circulation
and begin to populate the spleen around E15.5, followed by colonization of the bone
marrow around E16.5, which coincides with the establishment of vascularization and
ossification. Hematopoiesis in the spleen is transient, occurring mainly around the
perinatal period. In the bone marrow, HSCs proliferate during the neonatal period
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and later become quiescent. Bone marrow is the major hematopoietic organ during
postnatal life, offering the microenvironment for the maintenance of HSCs and
regulating the differentiation process (Gao et al. 2018).

2.1.2 Macrophages

Macrophages, from the Greek “makro phagein” meaning “big eater”, have the
primary function of phagocytosing and destroying pathogens or damaged cells.
Macrophages exist in all tissues of the body and play a pivotal role in the
maintenance of tissue homeostasis (Hirayama, lida, and Nakase 2018).

2.1.21 Function

Macrophages are characterized as phagocytes, like dendritic cells and neutrophils.
Thus, their main function has been associated to their capacity of engulfing and
digesting pathogens or injured cells. The process of phagocytosis starts with the
detection of the foreign pathogen or injured cell, by the PRR. There are different
families of PRRs, some induce phagocytosis upon PAMP or DAMP detection, while
others prepare the macrophage for phagocytosis without directly inducing it (Uribe-
Querol and Rosales 2020). In the context of phagocytosis-inducing receptors,
macrophages express several distinct phagocytic receptors, classified in accordance
with the specific types of ligands they recognize (Hirayama et al. 2018). For
example, CD163 (cluster of differentiation 163) and CD206 (mannose receptor,
coded by Mrcl gene) are two scavenger receptors highly expressed by macrophages.
CD163 is also known as hemoglobin/haptoglobin scavenger receptor and it plays a
pivotal role on the removal of hemoglobin/haptoglobin complexes from circulation,
also promoting erythroblast growth and survival. CD206 is essential for the
clearance of several molecules as it binds to different kinds of ligands, being
described as a bona fide phagocytic receptor. Interestingly, CD206 is also involved
in the process of antigen presentation (Nielsen et al. 2020). Once the particle binds
to the receptors the process of phagocytosis starts as the cell membrane covers the
particle until it surrounds it and closes, creating a new intracellular macrophage
component, the phagosome. The phagosome merges with lysosomes and the
pathogens are digested by the action of different enzymes (Uribe-Querol and Rosales
2020).

Macrophages can also activate the adaptive immune system by acting as antigen-
presenting cells (APCs). Antigen cross-presentation is achieved when peptides from
the degraded pathogen proteins are processed via the major histocompatibility
complex (MHC) class I or II present on their cell surface, serving as effectors for
cell-mediated immunity (Cho et al. 2014; Morris et al. 2013). During the antigen
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presentation, T cell activation and survival is also dependent on costimulatory
molecules expressed on the cell surface of the macrophage, which interact with the
T cell receptor. Additionally, coinhibitory molecules are also found in macrophages,
which downregulate T cell activation. Furthermore, the existing cytokines produced
by macrophages and other cells also influence the success of the antigen
presentation, such as interleukin 12 (IL-12) or IL-6 (Guerriero 2019).

As well as their immune functions, macrophages also exhibit important roles
during the development of the tissues, the maintenance of homeostasis and in repair
and regeneration (Mosser, Hamidzadeh, and Goncalves 2020). During development,
for example, macrophages are crucial for the remodeling of the bone, establishing
the cavities where bone marrow settles and starts its hematopoietic function (Pollard
2009). Moreover, macrophages clear the tissues from injured, senescent or dying
cells, being crucial for tissue patterning, growth, and renewal. For example,
macrophages support erythropoiesis by engulfing the nuclei from the mature
erythroblasts originating the erythrocytes (Wynn, Chawla, and Pollard 2013). In
addition, macrophages play a crucial role in the branching of the mammary gland,
not only by clearing the developing tissue from apoptotic cells, but also by
interacting with the mammary stem cells, regulating the tissue remodeling (Gyorki
et al. 2009).

Macrophages interact with their surroundings by being sensitive to other cells’
cytokines, and also by producing several cytokines themselves. These cytokines can
be associated with the inflammatory process and the recruitment of leukocytes to
sites of infection, as well as to the homeostasis and repair of the tissues, (Fujiwara
and Kobayashi 2005; Mosser et al. 2020). Macrophages are able to rapidly increase
or decrease the transcription of these cytokines according to the appropriate stimuli,
as well as their degree of maturation and the surrounding microenvironment
(Cavaillon 1994).

Currently, macrophages are no longer perceived solely as having an immune
function, as they play a pivotal role in various physiological processes linked to
tissue health and homeostasis (Park et al. 2022). Macrophages have several functions
and are very plastic cells, rapidly shifting their phenotypes in response to cell
interactions, cytokines, hormones, and several other chemical signals (Das et al.
2015; Ovchinnikov 2008). The diversity of macrophage phenotypes and functions
has prompted extensive research that aimed the classification of the various types of
macrophages.

2.1.2.2 Macrophage classification in vitro

The tissue environment shapes the gene expression of macrophages, promoting the
specialization of different subsets within the same tissue, and from tissue to tissue
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(Gosselin et al. 2014). The characterization of macrophage phenotypes has
previously been based on the different polarizations exhibited in vitro, where the
dichotomy between pro- and anti-inflammatory cytokine release and response is
more obvious, see Figure 3A. Briefly, classically activated or M1 macrophages, are
stimulated by toll-like receptor ligands (e.g., LPS) and IFNy (interferon gamma,
produced by activated T cells and NKs), and produce high levels of pro-
inflammatory cytokines, like TNF (tumor necrosis factor — previously TNFa), IL-1
or [L-6. Whereas the alternatively activated or M2 macrophages are activated by IL-
4 or IL-13 and produce anti-inflammatory cytokines and growth factors, like IL-10
and TGFp (transforming growth factor beta). M1 macrophages are crucial for the
inflammatory process, promoting leukocyte chemotaxis at the site of infection, and
have strong microbicidal and tumoricidal activity. M2 macrophages are essential in
the resolution phase of inflammation by helping clearing debris, as they have high
expression of scavenging molecules such as CD163 and CD206. This scavenger
function promotes tissue regeneration, and restores tissue homeostasis (Mills et al.
2000; Sica and Mantovani 2012; Sindrilaru et al. 2011).

However, this division between M1 and M2 macrophage polarization is artificial
and is not a reliable categorization for in vivo purposes. According to dynamic tissue-
environment signals, macrophages can constantly change their phenotypes (Okabe
and Medzhitov 2014), see Figure 3B, which emphasizes the importance of an
improved classification system.

21.2.3 Macrophages classification systems

The macrophage landscape within a tissue is highly dynamic and does not conform
to the conventional M1/M2 paradigm. Other approaches to the macrophage
profiling/classification have been proposed. For example, as the surrounding
environment has a significant influence on macrophage function it is possible to
describe macrophages according to their location within the tissue and link it to their
function, such as vascular associated macrophages (VAMs) in a steady state adipose
tissue. These macrophages are located close to the vessels and actively survey the
tissue by scavenging macromolecules, readily responding to environmental changes
(Silva et al. 2019).

Moreover, macrophages adopt specific functions according to the tissue they
reside in, hence the name “tissue resident macrophages”. A noteworthy example are
microglia, specialized macrophages residing in the brain. Microglia engage with
neuronal cells not only by phagocytosing dying neurons or neuronal branches
through a process known as pruning, but also by controlling blood flow in the brain
parenchyma through the production of anti-inflammatory and angiogenic cytokines
(Cséaszar et al. 2022). Beyond adopting an M2-like phenotype, microglia can also
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manifest a pro-inflammatory profile, resembling an M1-like phenotype, which has
been implicated in the exacerbation of conditions such as Alzheimer's and
Parkinson's diseases (Lucin and Wyss-Coray 2009). This example supports the
notion that macrophages are very plastic cells, and that the surrounding
microenvironment is crucial for the phenotypic polarization of these cells (Park et
al. 2022), Figure 3. Interestingly, microglia originate from yolk sac and play a
pivotal role in the brain's early developmental stages, contributing significantly to its
overall well-being (Ginhoux et al. 2010). Overall, tissue resident macrophages can
have three different precursors: yolk sac, fetal liver, or bone marrow (Dick et al.
2022). It is known that the timing of macrophage seeding in tissues during
development may impact their functionality, as well as influence tissue function and
development (Park et al. 2022). Thus, it is imperative to consider that the
developmental origin of macrophages and the timing of their migration to the tissues
can also significantly impact their functionality and phenotype (Park et al. 2022).
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Figure 3 Macrophages in vitro vs in vivo — Representative illustration A. In vifro macrophages
behave either as M1 — pro-inflammatory or M2 — anti-inflammatory, expressing a specific
set of cell markers, in response to certain stimuli. B. In vivo macrophages are equipped
with multiple receptors that facilitate an appropriate response to the microenvironmental
stimuli. Macrophages exhibit a dynamic phenotype that adapts along a flexible spectrum,
instead of having a distinct set of inflammatory states. Adapted from “Macrophage
Polarization: M1 and M2 Subtypes”, by BioRender.com (2023). Retrieved from
https://app.biorender.com/biorender-templates and (Lucin and Wyss-Coray 2009) — Figure 1.
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21.3 Macrophage ontogeny

Tissue resident macrophages are long-lived cells with the remarkable ability to self-
renew within tissues without relying on circulating precursors. Thus, macrophages
originating from the first hematopoietic wave can persist and maintain themselves in
the tissues they populate throughout postnatal life, see Figure 4. There are three
hematopoietic waves: the primitive, the transient definitive and the definitive wave.
The first two waves happen during embryonic development and the last one starts
around birth. As mouse studies have paved the way to understand macrophage origin
and kinetics, particularly, with the use of fate mapping mouse models, the three
waves will be described from a murine perspective.

2.1.3.1 Fetal-derived macrophages

In mice, during early embryonic development in the extraembryonic yolk sac blood
islands, the first macrophages are formed between E7 and E9.5 in a CSF1 (colony
stimulating factor 1) -dependent manner and without a monocytic progenitor. With
the establishment of a circulatory system at E8.5, these macrophages enter into
circulation, seed the tissues and mature. Primitive macrophages populate the brain
as early as E9, and the fetal liver around E10.5 (Ginhoux et al. 2010; Palis 2016).
Interestingly, this first hematopoietic wave is short-term and by E9.5 no primitive
erythroid progenitors are detected. Concurrently, yolk sac hemogenic endothelium
provides the origin for the first EMPs that can differentiate already into macrophage
progenitors around E8.5. Yolk sac EMP-derived macrophages enter into circulation
and seed several tissues, see Figure 4. Meanwhile, EMPs also circulate and seed the
fetal liver around E10.5. The fetal liver niche provides the optimal signaling
environment for EMPs to achieve their differentiation potential. Consequently, the
first monocytes begin to appear in the bloodstream at E12.5, differentiating into
macrophages when migrating into the tissues (McGrath et al. 2015). Notably, fetal
liver monocytopoiesis is the main source of macrophages that populate most tissues.
These macrophages are also long lived and self-maintaining throughout postnatal
life, and in most tissues the yolk sac-derived macrophages are partially substituted
by E16.5. Another source of fetal liver hematopoiesis are HSCs from the aorta-
gonad-mesonephros (AGM) that seed the fetal liver at E10.5 and start producing
monocytes soon after, see Figure 4. This last wave of hematopoietic progenitors is
considered definitive, as all blood cells originate from HSCs (Ng et al. 2023).
Finally, around E16 the HSCs migrate from the fetal liver to the bone marrow, and
become functional progenitor cells around day E17.5 (Clapp et al. 1995; Lewis et al.
2021; Mikkola and Orkin 2006). The HSC pool expands within the bone marrow,
and even though the liver maintains its hematopoietic capacity for around two weeks
after birth, the bone marrow rapidly becomes the main hematopoietic organ
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throughout postnatal life (Christensen et al. 2004; Shevyrev et al. 2023; Wright et al.
2001).

21.3.2 Bone marrow-derived monocytes

After birth, the HSCs populate and self-renew in bone marrow during postnatal life,
see Figure 4. To give origin to a monocyte, a Myb (transcription factor involved in
cell cycle regulation, DNA replication, and maintenance of genomic integrity) -
dependent HSC (Soza-Ried et al. 2010) has to divide and differentiate in different
hematopoietic progenitor cells, losing its self-renewal capacity while committing to
the mononuclear phagocyte lineage. The known intermediate of monocyte
progenitors are the CMP, which provide the origin of erythrocytes and
megakaryocytes, and granulocyte and macrophage progenitors (GMP). GMPs
differentiate into macrophage and dendritic cell progenitors (MDP), but can also
commit to the neutrophil fate. MDPs are precursors to dendritic cells and to the
common monocyte progenitor (CMoPs), that then differentiate into pro-monocytes
and subsequently into monocytes that enter into the circulation (Pittet, Nahrendorf,
and Swirski 2014)

Differentiation into monocytes, from the common myeloid progenitor is also
driven by the CSF1 cytokine, and these cells are characterized by the expression
of CSF1R (macrophage colony stimulating factor 1 receptor - also known as
CD115) and CD117 (also known as c-Kit) (Hettinger et al. 2013). Once monocytes
enter into circulation, they are known to express Ly6C (lymphocyte antigen 6
family member C) surface membrane protein. Two subsets of circulating
monocytes have been described: one expressing high levels of Ly6C (Ly6CHieh)
and CCR2 (C-C chemokine receptor type 2) as this subset is dependent on CCL2
(C-C chemokine ligand type 2) chemoattractant for migration and tissue entry, and
low levels of CX3CR1 (C-X3-C motif chemokine receptor 1) (Boring et al. 1997;
Davies et al. 2013; Lu et al. 1998; Serbina and Pamer 2006; Tsou et al. 2007); and
another subset expressing low levels of Ly6C (Ly6C-"), but high levels of
CX3CRI, being mainly dependent on Nur77 transcription factor (nuclear receptor
subfamily 4 group A member 1 — NR4A1) (Hanna et al. 2011; Martinez-Gonzalez
and Badimon 2005; Mullican et al. 2007). The Ly6CHi€" subset is recruited to
inflammation sites, whereas the Ly6C"°¥ subset remains in the circulation as vessel
patrolling cells, not normally extravasating to the inflamed tissues (Hanna et al.
2011). The Ly6CHie" CCR2* monocyte subset is called into action during
inflammation (Xu et al. 2005), and once these monocytes perform diapedesis in
the tissue, they differentiate into macrophages in the presence of CSF1 (Yang et
al. 2014), or into monocyte-derived dendritic cells (Segura and Amigorena 2013).
Interestingly, Ly6CHi#" CCR2* monocytes can also enter the tissues in a steady
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state without differentiating, and keeping their monocytic signature while
patrolling the tissue (Jakubzick et al. 2013).

Bone marrow-derived macrophages are able to stay within the tissue and
resemble tissue resident macrophages, and are also able to reconstituting the resident
pool of macrophages. However, not all subsets of tissue resident macrophages are
able to be replenished by bone-marrow, as is the case of testicular and alveolar (van

de Laar et al. 2016) macrophages.
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Figure 4. Ontogeny of tissue resident macrophages throughout development. Macrophages
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arise to the tissues from 3 different waves of hematopoiesis. A first wave of primitive
macrophages from extraembryonic yolk sac blood islands will start populating tissues
without a monocyte intermediate. The second wave is erythromyeloid progenitor
(EMP) —dependent. It initiates in yolk sac hemogenic endothelium, still without a
monocyte progenitor. The EMPs then migrate to fetal liver where the differentiation
potential is achieved and monocytes start being produced. The monocytes infiltrate
the tissues and differentiate to macrophages. The last wave is hematopoietic stem
cell (HSC) —dependent, it starts with HSCs arising to fetal liver from the aorta-gonad-
mesonephro (AGM) region. Before birth, HSCs migrate from the fetal liver to the bone
marrow, where they mature and start producing monocytes. Created with
BioRender.com
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214 Tissue resident macrophages

Each adult tissue has its own particular composition of coexisting embryonic and
adult bone marrow -derived macrophages (Dick et al. 2022). These macrophages are
commonly called tissue resident macrophages, they self-maintain by proliferating
locally, and are sensitive to different cell stimuli, such as cytokines, being specialized
according to the tissue environment (Lavin et al. 2014).

Brain macrophages, microglia, settle in the tissue during the primitive wave of
hematopoiesis. Microglia are self-maintaining throughout postnatal life, and as the
blood-brain barrier forms, there is limitation to new macrophage waves. Only in the
context of injury will new monocyte-derived macrophages substitute microglia
Figure 4 (Ginhoux et al. 2010; Ginhoux and Guilliams 2016; Hoeffel et al. 2012,
2015; Hoeffel and Ginhoux 2015; McGrath et al. 2015; Squarzoni et al. 2014), see.
Importantly, during development, microglia support specific niche functions such as
synaptic pruning or angiogenesis (Fantin et al. 2010; Paolicelli et al. 2011).

Macrophages derived from fetal liver are mainly EMP-dependent and have a
monocytic precursor. This is the case, for example, of Kupfer cells in the liver
(Hoeffel et al. 2015; Perdiguero et al. 2015; Schulz et al. 2012; Sheng, Ruedl, and
Karjalainen 2015), Langerhans cells in the skin (Ginhoux and Merad 2010; Kaplan
2017; Romani, Schuler, and Fritsch 1986) or alveolar macrophages in the lung
(Evren, Ringqvist, and Willinger 2020; Guilliams et al. 2013), see Figure 4. Our
group has also described a fetal liver origin for specific subsets of macrophages in
MG (Jappinen et al. 2019), testis (Lokka et al. 2020) and ovary (Jokela et al. 2020).

A general distinction between the two macrophage subsets described during
embryonic development, is done according to the differential expression of the F4/80
(coded by adhesion G protein-coupled receptor E1 gene — ADGRET) membrane cell
marker. In summary, during embryonic development F4/80 is highly expressed by
yolk sac-derived macrophages, and fetal liver-derived macrophages have an
intermediate to low F4/80 expression. After birth, when bone marrow-derived
macrophages start to populate the tissues expressing intermediate levels of F4/80, fetal
liver macrophages increase their F4/80 expression, resembling the yolk sac-derived
subset, indicating a mixed origin of F4/80"¢" macrophages in adults (Ginhoux and
Guilliams 2016; Hashimoto et al. 2013; Perdiguero and Geissmann 2015; Schulz et al.
2012; Varol, Mildner, and Jung 2015; Yona et al. 2013), see Figure 4.

2.1.5 Mouse models to study macrophage ontogeny

Tissue resident macrophages are present in all body tissues and can originate from
three distinct waves of hematopoiesis, as illustrated in Figure 4. Therefore,
employing precise tools that target these diverse macrophage lineages is essential for
investigating their respective functions in each tissue.
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2.1.5.1 Fate mapping mouse models

Mouse models that allow the labelling of a certain cell type during a specific time of
development have assisted immunologists to unravel the developmental origins of
different immune cells, including macrophages. These mice are usually Cre-ER
(cyclization recombination - estrogen receptor) crossed with reporter LoxP (locus of
crossing [x-ing]-over of bacteriophage P1) mice.

Cre is an enzyme that facilitates genetic recombination by catalyzing the
rearrangement of DNA sequences known as LoxP. This process leads to the removal
of the DNA segments located between two LoxP sites. Typically, Cre recombinase
is positioned downstream of a specific gene's promoter. Consequently, Cre-
expressing cells are those that produce the protein of interest. To target specific
lineage cells, the Cre recombinase must be linked to the promoter of a gene that is
selectively active in cells of the desired lineage (Lee, Rudd, and Smith 2022).

Reporter mice have LoxP sites located downstream of a ubiquitous promoter
(active in all cell types, such as Rosa26). These LoxP sites flank a stop sequence,
preventing the expression of a fluorescent protein gene, such as EYFP (enhanced
yellow fluorescent protein) or tdTomato (tandem dimer tomato). When a Cre mouse
is bred with a reporter mouse, the Cre recombinase acts on the LoxP sites, removing
the stop sequence. This, in turn, enables the expression of the fluorescent protein in
cells that produce the protein under investigation (Lee, Rudd, and Smith 2022).

Additionally, an inducible Cre system has been developed to label specific
lineage cells at precise developmental time points. The Cre-ER recombinases are
ligand-dependent enzymes, remaining inactive until they are induced by tamoxifen,
a synthetic estrogen receptor ligand (Feil, Valtcheva, and Feil 2009).

In this project, we used four different tamoxifen-inducible models, with the Cre
enzyme associated with Csfir, Cx3crl, Ccr2, or Ms4a3 genes. The Csflr gene is
widely expressed in macrophages, as the differentiation and maturation of
macrophages is dependent on CSF1, which is the ligand for the CSF1r. Moreover,
macrophage migration, proliferation, and survival is also regulated by CSF1
(Auffray et al. 2009; Hume and MacDonald 2012). Interestingly, Csf1r is expressed
in the early macrophage progenitors from the primitive hematopoietic wave, thus,
this reporter model is used to study yolk sac-derived macrophages (Ginhoux et al.
2010; Hoeffel et al. 2015; Perdiguero et al. 2015). The Cx3crl gene codes the
fractalkine chemokine receptor — CX3CRI1, which is widely expressed in monocytes
and macrophages (Jung et al. 2000), and also known to be expressed in yolk sac-
derived macrophages (Yona et al. 2013). The Ms4a3 gene codes the membrane-
spanning 4-domains, subfamily A, member 3 (Ms4a3) protein; expressed in GMPs,
and this reporter is used to label bone marrow-derived macrophages (Liu et al. 2019).
Lastly, the Ccr2 gene is expressed in monocytes and macrophages, originating from
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fetal liver or bone marrow (Croxford et al. 2015; Dick et al. 2022; Hoeffel et al.
2015).

Accordingly, the Cre-LoxP system has important applications in the study of cell
lineages and cell tracing. However, this system can have limitations such as: the
variation of the labelling efficiency; the possibility of Cre cellular toxicity; Cre
leakage (background Cre activity without tamoxifen induction); deficient target gene
expression; the specificity of the gene of interest (most genes are not exclusively
expressed only by one cell type); side or off-target effects of tamoxifen; or the
discrepancy of the tamoxifen effects according to the administration route (Becher,
Waisman, and Lu 2018; Ilchuk et al. 2022). Therefore, it is essential to consider these
limitations when interpreting the data generated by mouse models and to employ
appropriate controls in experimental design.

2.1.5.2 Macrophage deficient mice

Genetically modified mice with deletions in genes crucial for monocyte or
macrophage function, migration, maturation, or survival are used to elucidate the
roles of specific macrophage subsets. This approach helps uncover the functions
associated with these subsets by evaluating the abnormalities in the mutant mice
compared to tissue homeostasis in WT mice. For example, because of their
specificity and strict influence in the monocyte subsets, either for production,
migration or tissue infiltration, Ccr2™or Nur77~~ mouse models are often used to
understand the function of the different monocytic subsets in the context of disease,
or to study the contribution of these bone marrow-derived subsets to the tissue
macrophage pool (Boring et al. 1997; Hanna et al. 2011; Serbina and Pamer 2006).
Furthermore, the osteopetrotic mice (Csf1°?), a CSF1-deficient mouse model, have
a systemic depletion of several macrophage subsets, particularly in osteoclasts,
leading to the development osteopetrosis (Hua et al. 2018).

Interestingly, Plvap™ mice show a diminished frequency of tissue resident
macrophages in several tissues, however the plasmalemma vesicle associated protein
(PLVAP) is a protein specific to the endothelial cells (Rantakari et al. 2016). PLVAP
is mostly associated to the blood vessel endothelium, but is also expressed in
lymphatic endothelial cells (Rantakari et al. 2015). This protein is involved in the
formation of the diaphragms that connect the endothelial fenestrae, and it is also
required for the formation of the stomata in endothelial caveolae (or plasmalemmal
vesicles) (Denzer et al. 2023). Thus, it has a critical role the microvascular
permeability, and leukocyte migration (Rantakari et al. 2015). PLVAP diaphragms
are found in the fetal liver sinusoidal fenestrae since E12.5, but Plvap™ mice lack
these diaphragms during embryonic development. The migration of EMPs from the
yolk sac to the fetal liver is normal in these mice, however, after maturation, the fetal
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liver monocytes are not able to exit the liver and seed the tissues, leading to the
diminished frequency of fetal liver macrophages in most tissues, and the
accumulation of mature macrophages in fetal liver (Rantakari et al. 2016).

To examine the ontogeny and function of tissue resident macrophages it is
essential to also understand developmental stages and the physiological function of
the tissue under study. The three tissues of interest are mammary gland, white
adipose tissue and brown adipose tissue.

2.2 Mammary gland (MG)

The MG, is one of the most distinctive evolutionary features of mammals. These
glands are responsible for the production of milk that nourishes the offspring; they
are well developed and undergo several functional changes during puberty,
pregnancy and lactation in females and have a rudimentary development in males.
The number of glands is species-specific, in the case of humans, one pair of glands
located in the thoracic area. In contrast, mice have 5 pairs of glands, three in the
thoracic and two in the ventral region. The first gland is the least developed and the
4™ gland (inguinal) is the most developed. Overall, the MG has an epithelial structure
constituted by a network of ducts, highly variable between individuals, terminating
in alveoli, where milk is produced (Cristea and Polyak 2018). The ducts are lined
with myoepithelial cells, which constitute a contractile epithelium that aids the
expulsion of milk from the nipple during suction. Notably, the inner layer of the duct
is constituted by luminal epithelial cells which differentiate into milk-producing
alveolar epithelial cells (Gudjonsson et al. 2005). Murine MG stroma is based on a
fat pad, being constituted by white adipocytes, epithelial cells, mesenchymal cells in
particular fibroblasts, vascular endothelium, multiple lineages of stem cells and
several immune cells. Interestingly, each fat pad has a draining lymph node
(McNally and Stein 2017). The human MG is composed of lobes all draining into
the nipple, and the branching of the lobes gives rise to lobules connected by ducts
(Dontu and Ince 2015).

Breast cancer represents 7 of all cancers diagnosed in women, and unfortunately
the incidence rates are still rising, particularly in Northern and Eastern Europe
(DeSantis et al. 2015). The murine model is one of the most common models to study
breast cancer as mouse and human MG have several conserved genes and pathways
(Lim et al. 2010).

2.21 MG development

The MG only fully develops after puberty being highly responsive to estrogens and
progesterone, and undergoes several growth phases until mature. Once matured,
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during pregnancy and lactation this gland responds to hormonal cues by developing
its alveoli where the milk is produced, and involuting at the end of lactation
(McNally and Stein 2017). To study MG function, it is important to understand the
tissue’s development and morphogenesis from the early embryonic stages to the fully
functional state. This requires studying the cellular and molecular mechanisms that
control the growth, branching, and differentiation of mammary tissue. I will focus
on the developmental stages of murine MG, as the development of human MG has
been described as somewhat similar to that of murine, being slightly more complex
and divided by ten different phases (Russo and Russo 2004).

2211 Prenatal development

The development of two milk lines initiates around E10, progressing to the formation
of five pairs of ectodermal placodes. The placodes are thickened layers of epithelial
tissue that subsequently invaginate into the dermal mesenchyme, forming the first
MG buds at E12.5, and increase in size up to E15 (Cowin and Wysolmerski 2010),
see Figure 5. In females, the mammary development is paused, but in males, the
mesenchyme is sensitive to testosterone, and around E13.5-E15.5, it surrounds the
bud leading to its degeneration (McNally and Stein 2017; Watson and Khaled 2008).
In females, at ~E15.5 the buds elongate, by the proliferation of mesenchymal cells,
from the tip, forming a sprout that invades the mesenchymal fat pad precursor. Each
sprout grows on its inside, creating a hollow lumen that opens to form the nipple by
epidermal invagination. Sprouts are already visible around E16 and their
development is guided by fat pad precursor cell signaling, and at E18.5 the small
glands that are present at birth are formed. At birth, there are 10-15 ductal branches
but their growth is slowed until puberty (Couldrey et al. 2002; McNally and Stein
2017). Regulation of MG development is mainly achieved by mesenchyme and
epithelium through canonical Wnt (wingless-related integration site) signaling,
which acts at E10.5 in the formation of the mammary line, and also contributes to
bud formation later in development. Many other factors contribute for the regulation
of MG development, such as: the fibroblast growth factor family which guides the
formation of the placodes; the parathyroid hormone related protein, expressed by the
epithelial cells from the mammary bud during the formation of the hollow lumen,
which is crucial for the mammary fate switch in mesenchymal cells, and for the
nipple opening (Chu et al. 2004; Inman et al. 2015; McNally and Stein 2017,
Veltmaat 2017).
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2.2.1.2 Postnatal development

After birth, the MG is responsive to systemic hormones like estrogens and
progesterone, which are regulated by the hypothalamus-pituitary-gonadal axis
(Hennighausen and Robinson 2001; McNally and Martin 2011). Nonetheless, the
mammary environment still plays a crucial role in regulating and guiding ductal
network development (Fata, Werb, and Bissell 2004). The gland growth is somewhat
quiescent until puberty and accompanies body growth (isomorphic) (Watson and
Khaled 2008). At this point, the stroma of the gland is mostly constituted by
fibroblasts and connective tissue, and the single ductal network is a rudimentary
structure occupying only a fraction of the mammary fat pad. In humans, the MG at
this stage is constituted of several small ductal networks that converge in the nipple
(McNally and Stein 2017).

The onset of puberty, around P (postnatal day) 25 in female mice (Ismail,
Garas, and Blaustein 2011), triggers the extensive proliferation of the terminal end
buds, which are the main drivers of ductal morphogenesis. At this stage, there is a
sudden growth not only of the gland, but also of the mammary stroma, comprised
of the fat pad with fully differentiated white adipocytes and fibroblasts. The
terminal end buds are club shaped structures at the end of the primary ducts that
are highly mitotic, proliferating, elongating and bifurcating into new primary ducts
that perform lateral branching invading further the fat pad, filling around 60% of
the gland with ductal tree (Macias and Hinck 2012). The fat pad delineates the
border of the branching expansion, and even though mice reach sexual maturity
around 5 weeks of age, the MG continues its ductal branching until 8-12 weeks
(McNally and Stein 2017; Watson and Khaled 2008). The MG reaches maturity
when the extremity of the fat pad is reached and the terminal end buds shrink and
stop proliferating. The murine MG ductal network is sensitive to the estrous cycle,
fluctuating according to the hormonal cues from the cycle. Pubertal MG
development is initiated by the production of estrogen by the ovaries, as the
mammary epithelium, but not its stroma, is estrogen-dependent. Ductal expansion
during puberty is maintained by both sexual and pituitary hormones, such as
growth hormone, local growth factors, and cytokines (McNally and Martin 2011;
McNally and Stein 2017), see Figure 5.

With every estrous cycle, there is the formation of lateral and alveolar buds
subdividing into undeveloped alveolar structures. During pregnancy the MG goes
through new ductal branch proliferation and alveolar bud formation, and one day
before delivery, the alveoli mature, and become capable of secreting milk. These
alveoli start involuting after weaning (McNally and Martin 2011), see Figure 5.
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Figure 5 Mammary gland developmental stages and macrophage location. The mammary bud
starts forming at E12.5 and macrophages were found to be close to the female
mammary epithelium but not interacting with it. At birth, the mammary gland is only a
rudimentary ductal structure, and the gland’s growth stays quiescent until the onset of
puberty. During pubertal mammary growth macrophages were described to be adjacent
to the terminal end bud’s head and also 