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SUMMARY

Macrophages are a specialized type of immune cells that reside within virtually
all organs of vertebrate organisms. Their main function is to remove foreign
material, dying cells and debris by engulfment and subsequent digestion, a
process called phagocytosis. Hence, they act as the clean-up crew and form the
first line of defence against pathogens. Macrophages are indispensable, as their
absence results in developmental abnormalities and disease. In many tissues
macrophages are resident, hence termed resident tissue macrophages (RTMs).
Their residency is maintained through self-renewal or constant refill by
circulating monocytes that enter the tissue and differentiate into RTMs.
Interestingly, unlike many other tissue-resident immune cells, macrophages
express highly tissue-specific gene programs that depend on their organ of
residence. This specialized gene signature is largely imprinted by local niche-
derived instructive signals and often correlates with specialized functions
adapted to each tissue. In addition to this tissue-specific identity, RTMs share a
conserved core macrophage gene program that defines their lineage and

supports fundamental functions such as phagocytosis.

Transcription factors (TFs) regulate immune cell differentiation by controlling
gene expression programs that determine lineage commitment, functional
specialization and long-term maintenance. In macrophages, this layered
regulation is particularly evident, as their differentiation and function rely on the
coordinated action of distinct but interconnected transcriptional networks.
Broadly, TFs establish and maintain the global macrophage program required for
lineage commitment and core functions, and integrate tissue-derived signals to
imprint tissue-specific identity and specialized functions within each organ. In
this thesis, we investigated how transcriptional regulation governs macrophage

maturation and the establishment of macrophage identity and function.
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In the first part of this thesis, we investigated how circulating monocytes
differentiate into RTMs in vivo and how successive transitional states are
regulated within the tissue niche. To address this, we established a model of
inducible lung interstitial macrophage (IM) depletion, allowing synchronized
niche refilling and enabling the capture of rare intermediate differentiation
stages under controlled conditions. Using time-resolved transcriptomic and
phenotypic analyses, we identified a proliferative transitioning monocyte
population that arises from classical monocytes during niche repopulation and
precedes the acquisition of mature IM identity. Proliferation of these cells was
shown to be dependent on signaling through colony-stimulating factor-1
receptor (Csflr). Concomitantly, we observed that MafB expression was initially
low in proliferating intermediates and progressively increased as cells acquired a
mature IM phenotype. Furthermore, mice with myeloid-intrinsic deficiencies in
the TF MafB exhibited severe impairments in IM development and identity,
suggesting that MafB functions as a molecular switch linking cessation of
proliferation to terminal macrophage differentiation and stabilization of tissue-

resident identity.

Building on this observation and the fact that MafB has been proposed as a
macrophage marker, in the second part of this thesis we aimed to determine the
global role of MafB in RTM development, identity and function across tissues.
We verified that MafB is broadly expressed across RTMs and progressively
upregulated during differentiation. Myeloid-specific absence of MafB led to
impaired macrophage maturation, altered transcriptional identity and defective
functional capacities in vivo. Single-cell transcriptomic, phenotypic and
epigenetic analyses further revealed that MafB directly controls core
macrophage gene programs through cis-regulatory elements while also

contributing to tissue-specific specialization. Importantly, MafB binding sites
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exhibited strong evolutionary conservation across vertebrates and substantially
overlapped between mouse and human macrophages, indicating that the MafB-
driven transcriptional network is deeply conserved. Together, these findings
identified MafB as a central and evolutionarily conserved transcriptional
regulator that integrates differentiation cues and stabilizes macrophage identity

and function across diverse tissue environments.
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RESUME

Les macrophages sont un type de cellules immunitaires spécialisées qui résident
dans pratiquement tous les organes des organismes vertébrés. Leur fonction
principale est d’éliminer les corps étrangers, les cellules mourantes et les débris
par un processus d’ingestion et de digestion appelé phagocytose. lls agissent
ainsi comme une équipe de nettoyage et constituent la premiére ligne de
défense contre les agents pathogénes. Les macrophages sont indispensables, car
leur absence entraine des anomalies du développement et des maladies. Dans
de nombreux tissus, les macrophages sont résidents ; on les appelle alors
macrophages résidents tissulaires (MRT). Leur maintien dans les tissus repose
soit sur leur auto-renouvellement, soit sur un apport continu de monocytes
circulants qui pénetrent dans le tissu et se différencient en MRT. Fait intéressant,
contrairement a de nombreuses autres cellules immunitaires résidentes des
tissus, les macrophages expriment des programmes géniques hautement
spécifiques au tissu, dépendant de leur organe de résidence. Cette signature
génique spécialisée est en grande partie fagonnée par des signaux instructifs
dérivés de la niche locale et est souvent corrélée a des fonctions spécialisées
adaptées a chaque tissu. En plus de cette identité spécifique au tissu, les RTM
partagent un programme génique central conservé des macrophages, qui définit

leur lignée et soutient des fonctions fondamentales telles que la phagocytose.

Les facteurs de transcription (FT) régulent la différenciation des cellules
immunitaires en controlant les programmes d’expression génique qui
déterminent I'engagement de lignée, la spécialisation fonctionnelle et le
maintien a long terme. Chez les macrophages, cette régulation a plusieurs
niveaux est particulierement évidente, car leur différenciation et leur fonction
reposent sur |'action coordonnée de réseaux transcriptionnels distincts mais
interconnectés. De maniere générale, les FT établissent et maintiennent le

programme macrophagique global requis pour I'engagement de lignée et les
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fonctions fondamentales, tout en intégrant les signaux dérivés des tissus afin
d’imprimer une identité spécifique au tissu et des fonctions spécialisées propres
a chaque organe. Dans cette these, nous avons étudié comment la régulation
transcriptionnelle gouverne la maturation des macrophages ainsi que

I’établissement de leur identité et de leurs fonctions.

Dans la premiere partie de cette thése, nous avons étudié comment les
monocytes circulants se différencient en MRT in vivo et comment les états
transitionnels successifs sont régulés au sein de la niche tissulaire. Pour cela,
nous avons établi un modéle de déplétion inductible des macrophages
interstitiels pulmonaires (Ml), permettant une recolonisation synchronisée de la
niche et la capture d’états intermédiaires rares de différenciation dans des
conditions controlées. Grace a des analyses transcriptomiques et phénotypiques
résolues dans le temps, nous avons identifié une population proliférative de
monocytes en transition qui apparait transitoirement a partir des monocytes
classiques lors de la repopulation de la niche et précéde I'acquisition d’'une
identité MI mature. La prolifération de ces cellules s’est révélée dépendante de
la signalisation via le récepteur du facteur de stimulation des colonies 1 (Csflr).
Parallélement, nous avons observé que |'expression de MafB était initialement
faible dans les intermédiaires prolifératifs, puis augmentait progressivement a
mesure que les cellules acquéraient un phénotype MI mature. De plus, des souris
présentant une déficience intrinseque myéloide du FT MafB ont montré des
altérations sévéres du développement et de l'identité des MI, suggérant que
MafB agit comme un interrupteur moléculaire reliant I'arrét de la prolifération a
la différenciation terminale des macrophages et a la stabilisation de leur identité

résidente tissulaire.

Sur la base de cette observation et du fait que MafB ait été proposé comme

marqueur des macrophages, la seconde partie de cette thése visait a déterminer
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le role global de MafB dans le développement, I'identité et la fonction des MRT
a travers différents tissus. Nous avons confirmé que MafB était largement
exprimé dans les MRT et que son expression augmentait progressivement au
cours de leur différenciation. L'absence spécifique de MafB dans la lignée
myéloide a conduit a une altération de la maturation macrophagique, a une
modification de I'identité transcriptionnelle et a des défauts fonctionnels in vivo.
Des analyses transcriptomiques, phénotypiques et épigénétiques ont en outre
révélé que MafB contréle directement les programmes géniques centraux des
macrophages via des éléments cis-régulateurs, tout en contribuant a la
spécialisation spécifique au tissu. Fait important, les sites de liaison de MafB
présentent une forte conservation évolutive chez les vertébrés et se
chevauchent largement entre les macrophages murins et humains, indiquant
gue le réseau transcriptionnel dépendant de MafB est profondément conservé.
Ensemble, ces résultats identifient MafB comme un régulateur transcriptionnel
central et évolutivement conservé qui intégre les signaux de différenciation et
stabilise I'identité et la fonction des macrophages dans divers environnements

tissulaires.
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INTRODUCTION A brief history of Macrophage

A brief history of Macrophages

In 1882, the zoologist llya llyich Mechnikov (Elie Metchnikoff) described the
process by which cells ingest and destroy foreign particles such as bacteria, a
phenomenon he termed phagocytosis (Figure 1.1)%2. This discovery is often
considered the birth of innate immunity, and Mechnikov is honoured as its
founding figure. Although Mechnikov
was the first to define these cells
capable of recognizing, engulfing,
and digesting foreign particles and
dead host cells, earlier observations
had hinted at similar cell types. In

1847, Rudolf Albert von Kolliker

described stellate (star-shaped) cells
Figure 1.1: Migration of phagocytes . . .
. . . in the connective tissue of the liver
around a splinter in starfish larvae. After
Metchnikoff, E. (1892). Lectures on the and spleen?, and in 1867 Emil Preyer
comparative pathology of inflammation,

by Elie Metchnikoff! observed splenic cells internalizing
y Elie Metchnikoff*.

erythrocytes and suggested this
occurred by an active process®. In 1876, Karl Wilhelm von Kupffer reported
“Sternzellen” (star cells) cells within the liver sinusoids, initially thought to be
endothelial cells®. Subsequent work by Wyssokowitch (1886) and Tadeusz
Browicz (1898) demonstrated that these Kupffer cells phagocytose bacteria and

senescent erythrocytes®.

It was, however, Mechnikov who truly established the significance of these
cells: he investigated the uptake of foreign materials across a wide range of
animals, from starfish to mammals, and highlighted the functional identity of the

cells responsible for engulfing such material. Moreover, he distinguished two

14



INTRODUCTION A brief history of Macrophage

types of phagocytic cells based on size: macrophages, large phagocytes with a
single, non-lobed nucleus, and microphages, smaller phagocytes with lobed or

fragmented nuclei—later recognized as neutrophils’.

The conceptual framework surrounding macrophages expanded notably
throughout the twentieth century as new technologies emerged. The
introduction of electron microscopy in the 1950s-1960s revealed the dense
lysosomal networks and phagolysosomes characteristic of macrophages,
providing a structural basis for their degradative and phagocytic functions®®
Early biochemical assays further demonstrated macrophage secretion,
metabolism, and enzymatic activity, highlighting that macrophages act as
dynamic and metabolically active players in tissue homeostasis rather than

passive scavengersi®ll,

\
BLOOD: TISSUES
|

BONE MARROW
erythrocytic
/ ‘/-/’ granulocytic } cell Lines
Q__, Lymphocytic
O--Q—CO—<0-0+

I
I |
|
|

\
|
I
|
megakaryocytic |
I
|
|
|
I

|
I
I
i
1
I

pluripotential committed monoblast promonocyte monocyte monocyte ! macrophage
stem cell stem cell | |

Figure 1.2: Schematic representation of the mononuclear phagocyte system. After van
Furth, R. (1976). Origin and kinetic of mononuclear phagocytes. Annals of the New York
Academy of Sciences, 278: 161-175%2,
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INTRODUCTION A brief history of Macrophage

The mononuclear phagocyte system

In the early twentieth century, experiments involving the injection of histological
dyes such as lithium carmine, trypan blue, neutral red, isamine blue, and other
colloids revealed that macrophages capable of ingesting these dyes in large
guantities are distributed throughout the entire body. Systematic studies of
tissue distribution and dye uptake led Karl Albert Ludwig Aschoff (1924) to
introduce the term “reticuloendothelial system” (RES) to describe this group of
cells capable of incorporating vital dyes from the circulation®®. The prefix
reticulo- referred to the tendency of these large phagocytic cells to form a
network or reticulum through their cytoplasmic extensions, while endothelial
reflected their close association with the vascular endothelium. The capture and
removal of unwanted particulate material from the blood and lymph were
regarded as the principal functions of the RES. The RES comprised a broad array
of cells, including reticular cells, endothelial cells, fibroblasts, histiocytes, and
monocytes. Aschoff proposed that RES cells were locally derived and that
histiocytes and reticular cells shared a common origin. Subsequent studies,
however, demonstrated that the RES also included cells of non-macrophage
lineage and did not constitute a true system with a shared origin. Consequently,
in 1969, Ralph van Furth and colleagues proposed to replace the RES by the
mononuclear phagocyte system (MPS), which encompasses tissue macrophages,
circulating monocytes, and their precursors in the bone marrow (Figure 1.2)*.

van Furth together with Cohn also proposed that tissue macroph-

ages originate from circulating adult blood monocytes!®. This view has
dominated for the next 20 years, despite evidence that tissue macrophages

populations are sustained even when circulating monocytes are depleted®'’,

16



INTRODUCTION A brief history of Macrophage

From the 1990s to 2010s, scientists realized that most resident tissue
macrophages (RTM) are able to self-maintain, at least partly. This was shown by
organ transplantation studies which revealed that donor macrophages can self-
maintain for years in transplanted tissues'®?2. In addition, these studies also
showed that circulating host cells can engraft the donor tissue and contribute to
the macrophage population. Experiments using parabiotic mice and monocyte
lineage-specific tracing mice have demonstrated that circulating monocytes can
be recruited to tissues and can differentiate into tissue macrophages®2°. The
contribution of circulating monocytes to the macrophage pool at steady state, in
mice raised in specific pathogen free conditions, seems to be tissue-intrinsic?°.
Despite this long-term persistence, RTMs are not intrinsically resistant to cell
death but are maintained through continuous exposure to niche-derived survival
signals, while retaining the capacity to undergo apoptosis in response to

inflammatory or tissue remodeling cues.

Macrophage activation and polarization

Another conceptual development occurred in the 1960s when George
Mackaness demonstrated that macrophages could be “activated” following
exposure to certain pathogens, acquiring enhanced microbicidal activity3°33,
This challenged the long-standing idea that macrophages were static cell types
and established them as highly responsive immune effectors. Over the following
decades, a broad range of microbial and cytokine stimuli were shown to
modulate macrophage behaviour. The identification of interferon-y (IFN-y) as a
macrophage-activating cytokine in the early 1980s provided a molecular basis for
this activation3*. Subsequent work highlighted the complexity of macrophage
activation induced by different microbial and cytokine stimuli®. In the late 1990s

and early 2000s, discoveries showing that IL-4 and IL-13 could drive an

alternative activation program led to the M1/M2 polarization paradigm3®%’. M1

17



INTRODUCTION A brief history of Macrophage

classical activated macrophages were characterized as pro-inflammatory and
microbicidal, whereas M2 alternatively activated macrophages were associated
with anti-inflammatory, tissue-repair, and remodelling functions. Although
modern single-cell analysis has revealed that macrophage activation exists along
a continuum rather than in discrete categories, the M1/M2 paradigm remains
historically important for illustrating that macrophage phenotype is shaped by

microenvironmental cues rather than being intrinsically fixed.

The role of macrophages in adaptive immunity

In addition to their phagocytic role, macrophages were later recognized as
critical contributors to adaptive immune responses. In the 1970s, macrophages
were shown to be essential for antigen presentation to T lymphocytes3®. The
discovery of MHC-restricted antigen recognition by T cells further illustrated this
role®®. Subsequent work established macrophages as professional antigen-
presenting cells capable of generating immunogenic peptides*®. They were also
shown to secrete cytokines and chemokines that shape T cell activation,
differentiation, and recruitment, positioning them as central orchestrators of

immune responses®!.

The macrophage niche

RTMs exhibit pronounced differences in their gene expression profiles and exert
specific functions inherent to their tissue of residence®?. Interestingly, postnatal
monocyte-derived RTM s exhibit similar characteristics as their embryonic-
derived counterparts in terms of self-maintenance, genetic and functional
specification, and spatial tissue distribution****. This indicates that key identity
features of RTMs are not only determined by origin but mostly by specific

properties of the tissue in which they reside (i.e. the macrophage niche)*. The

18
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Recruitment Differentiation Homeostasis
Macrophage
- Manocyle ~ Macrophage function-imprinting
indentity-imprinting transcription factors

transcription factors

Premacrophage
Macrophage

e

Recruitment
« factors A

P

Figure 1.3: The macrophage niche model. Embryonic macrophage precursors or adult
blood circulating monocytes are recruited to the niche by tissue-derived recruitment
factors. Niche-derived tissue instructive signals initiate the differentiation of
macrophage precursors through expression of core transcription factors, which drive
key transcriptional programs of differentiation (the core macrophage program), thus
imprinting macrophage identity. Additional signals imprint macrophage function during
late stages of differentiation through expression of transcription factors which drive key
transcriptional programs of macrophage function. Figure was created with BioRender.

macrophage niche model postulates that tissue-specific functions of
macrophages are imprinted by niche-derived tissue-instructive signals. These
signals trigger the expression of specific transcription factors (TFs), which drive
transcriptional modules responsible for RTM differentiation and specification,

thus tailoring a particular identity and function.
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Macrophage Origin

Evolutionary origin

Phagocytosis can be broadly defined as the cellular process in which a cell
surrounds, engulfs, and internalizes solid particles—such as food, microbes, or
debris—by forming membrane-bound vesicles called phagosomes®.
Phagocytosis begins when receptors on the cell surface bind to molecules
(ligands) on the target particle. This “tasting” allows the cell to detect what it is
interacting with, such as proteins, sugars, nucleic acids, or lipids on a
microorganism or debris. Once initial binding occurs, the phagocyte starts to
“feel” the particle by extending parts of its plasma membrane around it. When
the membrane extensions fully surround the target, they fuse together and pinch
off from the cell surface. This creates a new internal compartment called a
phagosome. The phagosome then undergoes “digesting”, a maturation process
involving a series of fusion and fission events with intracellular compartments.
Through this maturation, it becomes a phagolysosome enriched with
antimicrobial molecules and degradative enzymes such as proteases, lipases, and
nucleases. These enzymes break down the internalized particle, and reactive

oxygen species may also be produced to help kill microbes and degrade debris.

Phagocytosis is an ancient eukaryotic trait that predates multicellularity and
underpins both nutrient acquisition and innate immunity. In unicellular
eukaryote amoeba such as Dictyostelium and Acanthamoeba, phagocytosis is
driven mostly by cytoskeletal machinery, primarily actin polymerization,
membrane curvature generation, and dynamic rearrangements of the cortex

that permit engulfment of particles*’. These mechanisms are highly conserved
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across eukaryotes and represent the foundational molecular architecture upon

which animal immune phagocytes later evolved®®.

The emergence of multicellular organisms introduced new ecological
pressures, including the need for tissue homeostasis, apoptotic cell clearance,
and defence against microbial infections. Early metazoans therefore evolved
proto-phagocytes, cells that retained the cytoskeletal engulfment machinery of
single-celled eukaryotes but acquired novel phagocytic receptors, including
scavenger receptors, C-type lectins, and integrins®. These innovations enabled
selective recognition of microbial or apoptotic targets and represent a key

evolutionary transition toward immune specialization.

Within protostomes (e.g., arthropods, mollusks), proto-phagocytes diversified
into hemocytes, a broad category of circulating immune cells that perform
phagocytosis, encapsulation, coagulation, and wound healing. Hemocytes
exhibit the first clear integration of pattern-recognition receptors (PRRs),
including Toll, peptidoglycan-recognition proteins, and fibrinogen-related
proteins, which allows discrimination of microbial motifs®>*1. This marks the
emergence of innate immune specificity. Among deuterostomes, echinoderms
such as sea urchins possess coelomocytes, which include professional
phagocytes capable of robust particle uptake, oxidative responses, and clot
formation. Coelomocytes express C3 and Factor B homologs, establishing that
complement-assisted phagocytosis is an ancestral feature of deuterostome
immunity. This indicates that the alternative complement pathway predates the

vertebrate lineage by hundreds of millions of years>*%3,

The rise of vertebrates introduced a new degree of cellular specialization.
Macrophages derived from myeloid progenitors represent the most functionally

elaborate phagocytes in animals. Vertebrate macrophages integrate the full suite
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of mechanisms observed in earlier phagocytes (cytoskeletal engulfment,
phagocytic receptors, PRRs) with additional layers of immune regulation,
including complement receptors (Cr3, Cr4d) and Fc receptors, enabling high-
affinity uptake of antibody- or complement-opsonized targets®*. This cellular
complexity is supported by a conserved transcriptional program, prominently
regulated by colony-stimulating factor 1 receptor (Csflr) signalling, which are
essential for macrophage differentiation, survival, and identity. The receptor
tyrosine kinase Csflr originated early in vertebrate evolution and displays deep

functional conservation from jawless vertebrates through mammals>-®,

The origin of vertebrate lineage also coincides with the emergence of stable
RTM populations. RTM originate predominantly from embryonic progenitors
(e.g., yolk sac erythro-myeloid progenitors) and seed tissues before birth. They
undergo extensive self-renewal and persist for the lifetime of the organism,
maintaining specialized functions tailored to their local microenvironment.
Examples include microglia in the central nervous system, Kupffer cells (KCs) in
the liver, Langerhans cells (LCs) in the skin, and alveolar macrophages (AMs) in
the lung. These populations integrate Csflr signalling with tissue-specific cues
such as transforming growth factor B (TgfB), bone morphogenetic proteins
(BMPs), and local metabolic or structural signals to acquire distinct
transcriptional identities and functional specializations®>’-%°. Moreover, Guilliams
et al have demonstrated a significant overlap in KC transcriptomes from human,
macaque, mouse, hamster, pig, chicken, and zebrafish, suggesting that KC

signatures are conserved across species®?.
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Cellular origin

RTM s arise from a series of consecutive spatiotemporal developmental waves®3,
While the number of waves and progenitors that generate RTMs is still an
ongoing debate, two clear developmental waves can be defined (Figure 1.4).
RTMs can arise during embryogenesis, hence embryonically-derived, or be
generated postnatally from monocytes of hematopoietic origin, hence
monocyte-derived. At embryonic day 7.0 (E7.0), erythro-myeloid progenitors
(EMPs) emerge from blood islands and capillary endothelium in the yolk sac®. At
E8.5, during the first wave, EMPs begin to give rise to Cx3crl* pre-macrophages
(pre-Macs)®>%¢. pre-Macs proliferate in the yolk sac and migrate to the embryo

through newly formed blood vessels®®. During organogenesis, between E8.5 and

Eirst wave Birth Second wave Adult
E8.5 E9.5 E10.5 E115 post-natal “* e
Yolk sac Newly formed Developing %}9
blood vessels tissue

EMP pre-Mac Em-RTM *
HSC BMMo cMo Mo-RTM
-~ 0-0-9-9-%
' ‘
AMG BM

Fetal liver

Blood vessel Tissue

Figure 1.4. Developmental waves generating resident tissue macrophages. RTMs
originate from two consecutive developmental waves. During the first wave, yolk sac—
derived EMPs generate pre-Macs that seed embryonic tissues and differentiate into
RTMs. The second wave arises from HSCs formed in the AGM region, which expand in
the fetal liver, establish bone marrow hematopoiesis, and postnatally give rise to
circulating monocytes that can contribute to RTM pools. The relative replacement of
embryonic-derived RTMs (Em-RTMs) by monocyte-derived RTMs (Mo-RTMs) in
adulthood is tissue dependent and influenced by environmental perturbations. Figure
was created with BioRender. Inspired by Viola, M. F., Franco Taveras, E., & Mass, E.
(2024). Developmental programming of tissue-resident macrophages. Frontiers in
immunology, 15, 1475369.%2
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E9.5, pre-Macs seed and colonize the developing organs, where they
differentiate into RTMs®®7, Although the second wave does not generate RTMs
before birth, its origin lies in embryogenesis. At E10.0-E10.5, hematopoietic
stem cells (HSCs) arise from the hemogenic endothelium in the aorta-gonad-
mesonephros (AGM) region and subsequently seed the fetal liver at E11.5%87°,
Within the fetal liver, HSCs undergo extensive expansion and give rise to multiple
leukocyte lineages, but not macrophages. Prior to birth, HSCs migrate to the
bone marrow, where they are maintained throughout life and continuously
replenish the circulating monocyte pool®*. After birth, these circulating
monocytes contribute to the RTM compartment. The first wave gives rise to
functional RTMs that depending on the colonized tissue can be self-maintained
with minimal input of the postnatally second wave-derived monocytes.
However, in adults, embryonic RTMs are thought to be replaced by monocyte-
derived cells at rates that depend on the tissue of residence, its accessibility from

the bloodstream, and the nature and extent of perturbations.

Does origin matter?

“It doesn’t matter where you are coming from. All that matters is where you are

going.” — Brian Tracy

With the ongoing debate on macrophage ontogeny, one can ask the question:
does origin matter? In other words, do macrophages have discrete functions
depending on their origin? Current evidence suggests that it might not be the
case at steady-state, during homeostasis. For instance, alveolar macrophages
(AMs) are embryonically derived and self-maintained throughout life, with
minimal input from BM-derived monocytes. However, depletion of AMs
following intranasal administration of clodronate-loaded liposomes results in the

recruitment of monocytes that subsequently differentiate into BM-derived AMs.
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These BM-derived AMs display a strikingly similar transcriptomic profile to their
embryonically derived counterparts’®. Similarly, yolk sac-, fetal liver-, and BM-
derived monocytes adoptively transferred into neonatal Csf2rb-deficient mice
lacking AMs differentiate into a fully functional and stable AM population®3. KCs
are also embryonically derived, long-lived and self-renewing. Using a model of
diphtheria toxin-mediated depletion of KCs (Clec4f°™), Scott et al showed that
circulating monocytes engraft the liver and gradually adopt a transcriptomic
profile nearly identical to embryonically derived KCs**. Comparable findings have
been reported across multiple tissues, showing that after lethal irradiation and
reconstitution with congenically labeled bone marrow, newly generated
macrophages adopt transcriptomic profiles that closely match those of resident
macrophages’?. However, this convergence is not universal. Microglia (MG)
represent a notable exception, as monocyte-derived macrophages entering the
central nervous system (CNS) fail to fully recapitulate the transcriptional and
functional identity of embryonically-derived MG, even after long-term
engraftment’3. Notably, these cells fail to induce expression of Sall173, a key
transcription factor that is critical for establishing and maintaining microglial
identity’®. As a result, monocyte-derived macrophages retain a distinct
epigenetic and transcriptional profile, failing to fully acquire core microglial
features’®. Interestingly, adoptive transfer studies have shown that fetal liver
progenitors engrafting the central nervous system can differentiate into MG that
more closely resemble endogenously derived microglia, including expression of
Sall1 and other core microglial genes’. This may be explained by differences in
epigenetic priming, as the Sall1 locus remains accessible in fetal liver progenitors,
as revealed by single cell ATAC-seq, whereas it is largely inaccessible in adult
bone marrow-derived progenitors’®. These findings suggest that the inability of
monocyte-derived macrophages to fully acquire MG identity reflects intrinsic

epigenetic constraints established during development, rather than an absolute
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inability to respond to the tissue environment. This suggests that, in certain
tissues, ontogeny can impose lasting constraints on macrophage identity. Taken
together, these findings indicate that, while notable exceptions such as MG exist,
the tissue microenvironment remains the dominant driver of RTM subset-
specific gene expression in most contexts’®. Accordingly, the “macrophage
niche” concept posits that local environmental cues are the primary
determinants of macrophage identity and function. However, these
experimental systems introduce progenitors into niches that are empty or
altered by irradiation, potentially affecting niche accessibility, cell—cell
interactions, and competition with endogenous cells. Under physiological
conditions, macrophage recruitment is largely governed by niche accessibility
and timing, with progenitor identity reflecting availability at specific
developmental stages, as illustrated by the yolk sac origin of MG and the
perinatal establishment of AMs from fetal monocytes. Nonetheless, intrinsic
differences between progenitors exist, as fetal monocytes more efficiently
generate AMs, and resident macrophages can outcompete monocyte-derived
cells during niche replenishment. Thus, although multiple progenitors can give
rise to RTMs, their actual contribution under unperturbed conditions is shaped

by competition and niche constraints.

Does origin matter during non-homeostatic conditions?

The combined effects of developmental origin and local microenvironment are
especially critical for macrophage identity under non-homeostatic conditions
such as infection, injury, and inflammatory or fibrotic disease, where different
RTM subsets display highly variable responses’”’. Perturbation of tissue
homeostasis commonly triggers monocyte recruitment for effector functions
and can reduce resident macrophage numbers’®. In some contexts, macrophage

populations are replenished by the expansion of surviving resident cells’,
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whereas in others, partial replacement by monocytes reshapes the
developmental origins of the resident macrophage compartment?”2%81_ Although
these monocyte-derived macrophages can become phenotypically
indistinguishable from pre-existing residents**#*73, their imprinting may differ,
reflecting differentiation in a perturbed environment. Such cells may therefore
retain epigenetic “memories” that influence their responses to subsequent
insults. Indeed, mice in which influenza A infection induces monocyte-derived
replacement of AMs show improved resistance to subsequent Streptococcus
pneumoniae infection®. Moreover, these infection-experienced monocyte-
derived AMs exhibit persistent transcriptional reprogramming and produce
elevated levels of IL-6 upon secondary bacterial challenge. In contrast, influenza-
experienced embryonically-derived resident AMs remain largely similar to naive
AMs. Thus, the substitution of embryonically-derived resident macrophages with
trained, monocyte-derived macrophages confers a protective advantage, a
process widely referred to as “trained immunity”83. This illustrates how shifts in
macrophage ontogeny following tissue perturbation can have enduring

functional consequences for tissue immunity.
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Macrophage heterogeneity: How to study

macrophage diversity in practice?

After: Domien Vanneste & Thomas Marichal (2026). Guidelines for non experts:
How to study macrophage diversity in practice? As part of a consensus article on

macrophage diversity for the European journal of immunology.

“We are all the same, but different. We are all different, but the same.” —

Unknown

Macrophages display unexpected degree of diversity across tissues,
developmental origins, and physiological states. However, this growing
complexity also presents a major challenge, particularly for non-specialists:
which experimental systems, markers, and analytical approaches are most
appropriate for studying macrophage heterogeneity in a given context? In this
section, we provide practical guidance on model selection, methodological
strategies, and experimental considerations to help investigators design robust

and interpretable studies of macrophage diversity.
Choosing the right model

Understanding and investigating macrophage heterogeneity requires
experimental models that preserve tissue context, ontogeny, and environmental
cues. The choice of model therefore critically depends on the specific research
guestion, the required level of biological complexity, and the available technical

and logistical resources.

Human-based models offer the highest translational relevance. Primary human

RTMs directly reflect human macrophage heterogeneity and disease-associated
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states, retaining tissue-imprinted transcriptional and functional programs.
However, their use is limited by restricted availability, low cell numbers, inter-
donor variability, and the difficulty of performing longitudinal or genetic studies.
Human assembloid-based systems partially overcome these limitations by
enabling controlled manipulation and repeated experimentation while
preserving aspects of tissue architecture. Assembloids are self-organizing three-
dimensional cellular structures (organoids) co-cultured with macrophages, such
as peripheral blood monocyte-derived macrophages (MDMs) or induced
pluripotent stem cell (iPSC)-derived macrophages®:. Notably, when human iPSC-
derived primitive macrophages (iMacs) are cultured with brain organoids, they
acquire key microglial functions and express microglia-associated genes and
regulons, indicating that assembloids can support macrophage differentiation
and tissue adaptation®. Moreover, the presence of microglia promotes neuronal
maturation within organoids, making this a more physiologically relevant model
for studying human brain development. Nevertheless, assembloids still
incompletely recapitulate full tissue complexity, vascularization, and long-term
macrophage maintenance. In the context of cancer, tumor spheroids co-cultured
with MDMs provide a tractable system to study tumor-associated macrophages

(TAMs)z6.

Mouse models remain the most experimentally versatile systems for studying
macrophage heterogeneity. Analyses of primary RTMs across organs have been
fundamental in defining ontogeny- and niche-driven macrophage diversity. Key
advantages include extensive genetic tractability, the availability of reporter and
fate-mapping systems, and compatibility with single-cell, spatial, and intravital
imaging approaches. However, species-specific differences inimmune regulation
and macrophage differentiation can limit direct translation to human biology.

For example, although serous cavity-resident mononuclear phagocytes in
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humans and mice share common features, the relative abundance of various
macrophage subsets differs markedly between the two species®”. Humanized
mouse models help bridge this translational gap. Non-obese diabetic severe
combined immunodeficient //2rg7~ (NSG) mice possess a profoundly
compromised immune system that prevents xenogeneic rejection and allows
stable engraftment of human cells®. However, hematopoietic stem cell (HSC)
transfer into NSG mice predominantly results in human B- and T-cell
reconstitution, with very limited development of monocytes and macrophages®°.
Additional deletion of Fcy receptors in NSG mice increases human myeloid cell
representation, and human macrophages can be detected in the bone marrow
and liver of these animals®°. Despite these improvements, NSG-based models still
poorly support human macrophage development due to inefficient cross-species
cytokine signaling (e.g. M-CSF/Csf1 and GM-CSF/Csf2). MISTRG mice represent a
major advance for modeling human macrophage heterogeneity in vivo. In this
model, several key murine cytokine genes (M-CSF, IL-3, GM-CSF, and TPO) are
replaced by their human counterparts, and human SIRPa is expressed, enabling
efficient development and survival of human myeloid cells®®. Engrafted MISTRG
mice show a markedly increased proportion of myeloid cells, and their peripheral
blood composition more closely resembles that of humans. Notably, Willinger
and colleagues demonstrated that human CD34* fetal liver cells engrafted into
MISTRG mice populate the lung and differentiate into alveolar and interstitial
macrophages with human-specific characteristics®. Despite their advantages,
these models remain limited by incomplete immune reconstitution, residual

murine niche signals, high cost, and technical complexity.

Other vertebrate models provide additional, context-specific advantages. Rats
and pigs, for example, could offer closer anatomical and physiological similarity

to humans, making them attractive for translational and preclinical studies®*%,
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although genetic tools and immunological resources are less developed than in
mice. Zebrafish provide exceptional opportunities to study macrophages during
development, regeneration, and inflammation due to their optical transparency
and suitability for real-time imaging®*°>. However, differences in immune system
organization and the limited availability of species-specific antibodies constrain

deep phenotypic characterization.

Tools and markers to study and untangle macrophage heterogeneity

Form the discovery and description of macrophages by Elie Metchenikoff already
more than a century ago, the study of macrophage diversity has often been
technology-driven. For much of the century after their first description,
microscopy remained the primary technique for identifying and classifying
macrophages based on spatial localization, morphology, and the uptake of
certain colorimetric dyes. The emergence of monoclonal antibodies and flow
cytometry in the early 1980s has had a significant impact on macrophage

research even to this day.

Macrophage-specific monoclonal antibodies (e.g. CD11b and F4/80), combined
with flow cytometry, enable the identification, isolation, and characterization of
macrophages from a single cell suspension, as well as the discrimination of
macrophages subsets and activation states based on their marker expression.
Over time, advances in cytometry instruments and the expanding repertoire of
macrophage- and immune-associated antigens, have established flow cytometry
workhorse technology in many immunology labs to this day. At the present, the
availability of flow cytometers capable of detecting 15 or more parameters can
be considered standard for most research institutes. We therefore propose a
standardized panel of core markers to delineate macrophages in a robust and

reproducible manner across tissues.

31



INTRODUCTION How to study macrophages diversity

All cells

Live CD45" cells

Immune cells

|

Lineage™ cells
(B, T, NK exclusion)

Myeloid cells
7
CD26™ cells CD11b" cells
(cDC exclusion)
l SiglecF* Eos
| F4/80"CDB4 MerTK" cells .
| Ly6G™ Neu
+ + Ly6C*CD43™ cMo
Ly6C* / CCR2" cells Ly6C CCR2™ cells
- +
transMacs RTMs Ly6C CD43" pMo

Figure 1.5. Overview of markers and gating strategy to define RTMs. Eos, eosinophils;
Neu, neutrophils. Figure was created in Diagrams.net.

To study mouse RTMs, this panel includes several categories of markers with
complementary purposes (Figure 1.5). The pan-leukocyte marker CD45 is used
to discriminate CD45* immune cells from CD45~ non-immune cells. A lineage
marker is included to exclude other hematopoietic populations such as B cells, T
cells, and NK cells. However, caution is required when selecting lineage markers,
as certain macrophage subsets can express markers traditionally considered
restricted to other lineages. For example, some intestinal macrophages express
the T helper cell marker CD4%, and alveolar macrophages (AMs) highly express
the eosinophil marker SiglecF. Moreover, short-lived monocyte-derived
macrophages expressing the prototypical neutrophil marker Ly6G have recently
been described during the early recovery phase following viral-triggered lung
injury®’. To avoid misclassification, SiglecF and Ly6G are therefore included as
separate markers to specifically gate eosinophils and neutrophils, respectively.

The classical dendritic cell (cDC) marker CD26 is used to distinguish cDCs from
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macrophages®®. Monocyte populations are identified using CD11b, Ly6C, and
CD43, allowing discrimination between Ly6C*CD43" classical monocytes (cMo)
and Ly6C"CD43* patrolling monocytes (pMo). General macrophage identity is
supported by the expression of F4/80, CD64, and MerTK. Transitioning
macrophages (transMacs) represent intermediate differentiation states
between recruited monocytes and fully mature resident tissue macrophages.
These cells have already acquired core macrophage features, including
expression of markers such as F4/80 and CD64, but have not yet fully established
the tissue-specific transcriptional programs that define terminal RTM identity. As
such, transMacs are thought to be differentiating macrophages that still require
niche-derived cues to complete their specialization and functional imprinting.
transMacs are typically observed in tissues characterized by high monocyte
turnover and continuous replenishment, such as the intestine, but can also
emerge during inflammatory responses or following niche depletion, when
recruited monocytes undergo stepwise differentiation toward resident
macrophage states. They can be distinguished from fully differentiated
macrophages by the retention of monocyte-associated markers, most notably
Ly6C and/or CCR2, which gradually decline as differentiation proceeds®>%, In
the gut, these cells form the well-described “monocyte waterfall,” a stepwise
maturation continuum in which Ly6C* monocytes enter the tissue, acquire CD64
and F4/80, progressively downregulate Ly6C, and sequentially upregulate
markers such as MHC-Il, Cx3crl and CD11c as they transition into mature
resident macrophages'®. Optionally additional markers such as MHC-II, CD11c,
CD206, Tim4, Cx3crl, Lyvel can be incorporated to provide further phenotypic

resolution of macrophage subsets®102-104  For

example, Chakarov and
colleagues, unbiasedly identified two independent interstitial macrophage (1IM)
subpopulations that were conserved across tissues and species: CD206"

(LyvelMHCIIM) and CD206* (LyvelM™MHCII"®) IMs, displaying distinct gene
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expression profiles, phenotypes, functions, and localizations'®. The group of
Marichal independently confirmed the existence of these two IM subsets®,
Alternatively, Dick et al. describe three RTM subsets that can be stratified based
on expression of Tim4, Lyvel, Folr2, CCR2, and MHC-Il into: TLF+ macrophages
(expressing Tim4 and/or Lyvel and/or Folr2), CCR2* (Tim4 Lyvel Folr2")
macrophages, and MHC-II"" (Tim4 Lyvel Folr2"CCR2") macrophages®®. These
subsets were shown to be conserved across mouse organs and developmental
stages, as well as in human tissues. TLF* macrophages largely resemble CD206"
IMs, whereas MHC-II" macrophages resemble CD206" IMs. In contrast, CCR2*
macrophages are predominantly monocyte derived and express markers
associated with pre-Macs, such as CCR2 and CD52. These CCR2* macrophages
represent infiltrating monocytes undergoing differentiation into RTMs, and
should therefore be referred to as transMacs. Tissue-specific RTM markers can
be used to define distinct macrophage populations, including SiglecF, CD2, and
CD22 for AMs?%; Clecaf for Kupffer cells (KC)*; CD226 for small peritoneal
macrophages (SPM)'%; CD102 (ICAM-2) for large peritoneal macrophages
(LPM)7; CD207 for Langerhans cells (LC)'%; and Tmem119, P2ry12, and Fcrls for
microglia (MG)*’.

While flow cytometry provides high-dimensional phenotypicinformation at the
single-cell level, it often requires enzymatic digestion of tissues to generate
single-cell suspensions. This process inevitably leads to the loss of spatial
information, preventing the analysis of cellular localization, tissue architecture,
and cell—cell interactions. In addition, tissue digestion does not always result in
complete or unbiased recovery of all cell types, as certain populations may be
more fragile, tightly embedded in the tissue, or differentially sensitive to
enzymatic treatment. Microscopy-based techniques therefore provide an

essential complementary approach, enabling the study of RTMs within their
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native tissue context. Some markers and monoclonal antibodies that are
routinely used for flow cytometry can also be applied to immunofluorescence
microscopy; however, their performance is not automatically transferable.
Antibodies must always be carefully tested and validated for microscopy, as
epitope accessibility, fixation sensitivity, signal-to-noise ratio, and background
staining can differ substantially from flow cytometry conditions. In practice,
macrophages are most commonly identified in situ using markers such as F4/80,
CD68, Ibal, and CD64, often in combination with tissue- or subset-specific
markers including Tim4, Lyvel, or MHC-II to refine macrophage identity and

localization.

Microscopy is however limited by the number of markers that can be analyzed
simultaneously. On standard confocal microscopes, multiplexing is typically
restricted to approximately 4-5 fluorophores due to spectral overlap and
detector limitations. Spectral confocal or spectral unmixing microscopes
substantially extend this capacity, allowing the simultaneous detection of up to
12 markers, depending on fluorophore selection, tissue autofluorescence, and
unmixing performance. These technical constraints should be carefully
considered when designing microscopy panels to complement flow cytometry
analyses. To overcome these limitations, recent highly multiplexed imaging
technologies such as CODEX, MACSima, and COMET enable the simultaneous
detection of dozens of membrane and intracellular markers in intact tissue
sections, allowing accurate identification of macrophages, other immune cells

and structural cells while preserving spatial organization and tissue architecture.

Genetic reporter mouse models in which fluorescent reporters are expressed
under the control of endogenous regulatory elements, enable marker-
independent identification, fate mapping, and longitudinal tracking of

macrophage and monocyte populations by flow cytometry or fluorescent
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imaging. Moreover, these reporter mice are compatible not only with ex vivo
flow cytometry and fixed-tissue microscopy, but also with intravital imaging,
enabling real-time visualization of macrophage localization, migration, and

interactions within living tissues.

Cx3cr1®™ micel®, which label circulating monocytes and many RTMs, are
widely used for ex vivo and in vivo imaging of macrophage populations. Cx3crl
expression is maintained in multiple macrophage lineages but can also be used
to discriminate macrophage subsets in specific tissues. For example, in the lung,
Cx3crl expression is largely restricted to IMs, whereas AMs are Cx3cri'"/,

enabling segregation of these populations02-104110,

Ccr2°  reporter mice!!* highlight circulating and recently recruited
(inflammatory) monocyte, as well as differentiating transMac. The groups of
Guilliams and Scott crossed these mice with Clec4f®Rosa26-TdTomate myjce,
which specifically label KCs, to study the dynamics of monocyte recruitment and
subsequent KC differentiation by intravital imaging. These approaches have been
applied both in models of KC depletion®® and during liver injury!'?, providing

direct visualization of monocyte-to-macrophage differentiation in vivo.

Ms4a3®Rosa26tTdTemate mice  specifically label granulocyte-monocyte
progenitor(GMP)-derived cells and have rapidly become a standard tool to
distinguish RTMs from monocytic versus embryonic origin in steady state and
inflammation?. In tamoxifen-inducible Ms4a3“tR2Rosg26StdTomate mjce,
tamoxifen administration triggers tdTomato expression in GMP-derived, short-
lived circulating monocytes. These labeled cells persist in the circulation for
approximately six days before being replaced by newly generated tdTomato~

|ll

monocytes?®. This system enables temporal “time-stamping” of consecutive

waves of monocyte recruitment and subsequent macrophage differentiation,
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100 |n addition, Ms4a3™° mice are

particularly in inflammatory contexts
available, in which the FlpO recombinase is expressed under the control of the
Ms4a3 promoter. These models provide an alternative recombinase system for
selectively targeting monocyte-derived cells and can be combined with Flp-
dependent reporter or effector alleles, or intersected with Cre-based strategies,
for refined genetic labeling and fate-mapping of monocyte-derived
macrophages. The group of Mass crossed these mice to create a
Tnfrsf11a“°Rosa26-Y"; Ms4a3™P°Rosa26 5 TTomate double fate-mapping mouse,
which enables the simultaneous tracking of yolk sac-derived and bone marrow-
derived macrophages!'*!%, In this system, embryonically derived yolk sac
macrophages are labeled YFP*, whereas circulating monocytes, short-lived
macrophages, and differentiating macrophages are labeled tdTomato®.
Monocyte-derived macrophages that acquire long-term tissue residency express
both reporters (YFP*tdTomato*), allowing direct discrimination of macrophage
ontogeny and persistence within tissues. Ms4a3"P°Rosa267T¢Tomat mice can
also be combined with Cre-dependent gene deletion strategies to interrogate
origin-specific functions of target genes in RTMs, as well as assessment of how
genetic perturbations affect RTM self-renewal, monocyte replacement, and

long-term maintenance of macrophage populations within tissues®®.

The colony-stimulating factor-1 receptor (Csf1r) mRNA is highly expressed in
monocytes and all RTMs!®. Lower levels of Csf1r mRNA also have been reported
in cDCs, granulocytes and B lymphocytes!'”118 |n contrast, Csflr protein is
exclusively expressed by all committed progenitors, blood monocytes, and
RTMs, and is therefore considered as a macrophage lineage-restricted marker?®,
Anti-CD115 antibody can be used to assess Csflr surface expression on

macrophage progenitors in the bone marrow (BM), blood monocytes, and

peritoneal macrophages by flow cytometry?>11%120 However, CD115 staining is
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reduced or even completely abolished on monocytes and macrophages isolated
from solid organs after enzymatic digestion in order to obtain a single cell
suspension??!. This loss of detection is likely a consequence of competition with
endogenous ligands Csfl and IL-34 that are released during tissue processing, as

122 Mechanical

well as ligand-induced internalization and degradation of Csflr
disintegration and/or enzyme-based cold digestion at 4°C preserves Csflr
surface expression on tissue monocytes*?!. However, such dissociation might not
be sufficient to retrieve RTMs that reside deep within the tissue. Challenging
Csflr staining can be overcome by the use of available Csf1r reporter mice’123,
Notably, Csf1r™®Pe (MacApple) mice!?® were crossed with Csf1r4VP16;,yASECH
(MacBlue) mice!?, in which a 105-bp deletion in the Csflr promoter prevents

125 3s well as Cx3cr1°™

reporter expression in most mature tissue macrophages
mice, to generate triple reporter RGB-Mac mice'?®. Imaging and flow cytometry
analyses demonstrates that the combined use of these three markers enables
discrimination of tissue-associated monocytes, tissue-specific macrophages, and
three subsets of connective tissue-associated macrophages?. Since Csfir
reporter mice reflect transcriptional activity rather than protein expression; and
therefore also label other cells that express Csfir mRNA, the group of Hume
generated a Csflr protein reporter moue by inserting a FusionRed (FRed)
cassette in-frame with the C terminus of Csflr, separated by a T2A-self-cleavable
linker!®. Csf1red expression is restricted to monocytes and macrophages and

absent in granulocytes and lymphocytes, confirming that Csflr is a bona fide

monocyte/macrophage lineage marker.

For models involving other species there, some macrophage-specific

d?128 |n rats, several

antibodies are available, yet resources remain limite
reporter strains have been developed, including Csf1r™?® rats, enabling direct

visualization of macrophages in vivo'**'*, Due to the limited availability of fish-
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specific antibodies and the poor cross-reactivity of mammalian antibodies with
fish antigens, most zebrafish studies rely on transgenic lines expressing
fluorescent proteins under lineage-specific regulatory elements. These models
allow identification and analysis of zebrafish macrophages in vivo, on tissue
sections, and by flow cytometry. For example, the group of Wittamer described

156FP-ptprcPsRed double reporter strain, enabling the isolation of RTMs

a mpegl.
from different organs based on the combined expression patterns of mpeg1.1

(macrophage expressed gene 1, tandem duplicate 1) and ptprc (cd45)*3L,

Finally, even with recent advances in spectral flow cytometry and multiplexed
imaging, the resolution of antibody-based approaches remains constrained by
instrument capacity, the number of markers that can be measured
simultaneously, and the availability of high-quality reagents. Moreover, these
techniques are inherently biased by marker selection, highlighting the need for
more unbiased approaches such as single-cell and spatial transcriptomics to

complement marker-based analyses.

The current understanding on macrophage heterogeneity has been profoundly
shaped by advances in transcriptomic technologies. Early large-scale efforts
relied on DNA microarrays, which enabled the parallel measurement of
thousands of transcripts by hybridization of fluorescently labeled cDNA or RNA
to predefined probes. A landmark application of this technology in macrophage
biology was the Immunological Genome (ImmGen) Project!32. Using microarray-
based profiling, Gautier et al. compared macrophages isolated from multiple
mouse tissues and revealed extensive transcriptional diversity across tissue-
resident macrophage populations*?. Importantly, this work also identified a
conserved macrophage core signature, including genes such as Fcgrl (coding for
the high-affinity Fcy receptor CD64) and Mertk (coding for the tyrosine kinase

receptor MerTK), which distinguishes macrophages from other mononuclear
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phagocytes. Subsequent microarray studies led to the identification of tissue-
specific macrophage markers, such as Clec4F for KC**; CD226 for SPM°®; CD4 for

colonic macrophages®®133; and Tmem119, Ferls, and P2ry12 for MG*’.

The subsequent development of next-generation sequencing (NGS)
technologies paved the way for RNA sequencing (RNA-seq). Unlike microarrays,
RNA-seq directly sequences RNA molecules, providing digital readouts of
transcript abundance and enabling comprehensive transcriptome analysis
without prior knowledge of genomic sequences. RNA-seq quickly became the
gold standard for transcriptomic studies, offering unprecedented insights into
gene regulation, RNA processing, and functional genomics. While bulk RNA-seq
can provide valuable information about average gene expression levels within a
cell population, it lacks the ability to capture transcriptional heterogeneity

between individual cells.

Over the past decade, single cell RNA-seq (scRNA-seq) technologies, emerged
and became a powerful technique to dissect cellular diversity, characterize rare
cell populations, and unravel complex biological processes at the single-cell level.
Recent developments and commercialization of plate-, microfluidics- and
droplet-based platforms have made scRNA-seq available to a broader
community in academia and industry at a reasonable cost. Indeed, scRNA-seq
has been proven a powerful tool to study macrophage heterogeneity and to

99103104134~ Gince then scRNA-seq datasets of

uncover macrophages subsets
macrophages from different species, organs and contexts have increased
considerably®¥!3>, In parallel, the development of lineage-tracing models
together with the rapid emergence of spatial and single-cell multiomics
technologies has considerably expanded the landscape of macrophage research

and beyond. While the breadth of these technological advances is mind-blowing,

it may also represent a challenge for researchers, who must decide how to
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effectively harness these diverse tools and approaches to unravel the
heterogeneity of both homeostatic RTM and of non-homeostatic recruited
monocyte-derived macrophage subsets and states in health and disease. One
key element to take into consideration in addressing macrophage diversity is the
evidence for a distinct temporal and functional specification. While high-
dimensional data that can be obtained from the analysis of protein and RNA
expression within macrophage subsets can help to infer putative functions, they

remain descriptive and are not full conclusive.

More recently, the development of Cellular Indexing of Transcriptomes and
Epitopes by sequencing (CITE-seq) has further expanded the toolbox for marker
discovery. CITE-seq combines scRNA sequencing with the simultaneous
guantification of surface proteins using oligonucleotide-barcoded antibodies,
thereby linking transcriptomic states directly to protein expression at the single-
cell level. This multimodal approach overcomes the well-known disconnect
between mRNA and protein abundance and enables the robust identification of
cell type-specific and state-specific markers. In macrophage research, CITE-seq is
particularly valuable for validating transcriptionally defined subsets, refining
phenotypic definitions, and discovering surface markers that are amenable to
flow cytometry and imaging-based applications. For example, protein expression
from CITE-seq data can be used to design gating strategies for flow cytometry, as
elegantly demonstrated by Guilliams et al. who identity and gate KC and non-KC
macrophages in the liver macrophage compartment as Vsigd*Tim4* and
Vsigd Tim4~ cells, respectively®®. Similarly, CITE-seq identified CD2 and CD22 as

markers enabling discrimination of resident AMs by flow cytometry'®.

Spatial transcriptomics technologies have added a new dimension to the study
of macrophage heterogeneity by coupling gene expression profiling with spatial

context within intact tissues. Unlike dissociation-based scRNA sequencing,
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spatial transcriptomics preserves tissue architecture, enabling the localization of
transcriptionally distinct macrophage subsets within defined anatomical niches
and microenvironments. This is particularly important for macrophages, whose
identity and function are tightly shaped by local cues such as stromal
interactions, vascular proximity, neuronal signals, and gradients of cytokines and
metabolites. Spatial transcriptomics has revealed that transcriptionally similar
macrophages can occupy distinct spatial niches and, conversely, that neighboring
macrophages can adopt markedly different gene expression programs®!. These
approaches have uncovered zonation patterns, identified niche-specific
activation states in inflammation and cancer, and clarified how resident
macrophages interact with epithelial, endothelial, and immune cells in
sityl00112136-138 By integrating spatial transcriptomics with scRNA-seq,
multiplexed imaging, and genetic fate-mapping, it is now possible to link
macrophage ontogeny, phenotype, and function to precise tissue locations,

providing a more comprehensive and physiologically relevant understanding of

macrophage heterogeneity.

Together, the integration of scRNA-seq, CITE-seq, spatial transcriptomics,
multiplexed imaging, and genetic fate-mapping now enables macrophage
heterogeneity to be studied across dimensions of ontogeny, phenotype,
function, time, and space. Harnessing these complementary approaches will be
essential to move beyond descriptive atlases toward a mechanistic

understanding of macrophage specialization in health and disease.

Macrophage state vs subset

High-dimensional approaches such as scRNA-seq have greatly expanded the
number of transcriptionally-defined macrophage populations. However, not all

clusters represent bona fide subsets. Many transcriptional clusters instead
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reflect activation states superimposed on a stable subset identity®®,

Discriminating macrophage subsets from states therefore requires integrating
transcriptional data with ontogeny, temporal stability, spatial localization, and
functional assays. This distinction is essential to avoid overinterpreting context-
dependent macrophage activation programs as novel cell types and to achieve a

mechanistic understanding of macrophage heterogeneity in health and disease.

Macrophage subsets are stable populations defined by their ontogeny, long-
term tissue residency, and niche-specific transcriptional programs!®. These
subsets are typically conserved across individuals under homeostatic conditions.
Examples include MG, KCs, AMs, LCs, and LPMs. Such subsets are characterized
by persistent expression of core identity genes (e.g. Csf1r, Mafb, Mertk) together
with tissue-imprinted markers (e.g. Tmem119 in MG, Clec4f in KCs, Siglecf in
AMs) and occupy defined niches. Their identity is often reinforced by local

environmental cues and self-renewal capacity.

Macrophage states, by contrast, describe transient and context-dependent
functional programs adopted by macrophages within a given subset or lineage.
These states are driven by environmental signals such as infection, tissue injury,
metabolic stress, or tumor-derived factors and are often reversible. Examples
include inflammatory, interferon-responsive, tissue-repair, lipid-associated, or
proliferative states. Importantly, similar states can be observed across multiple
macrophage subsets and tissues, reflecting convergent responses to shared

stimuli rather than distinct lineages.
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Functional specialization of macrophages

“Macrophages are the Forrest Gump of immunology and are involved in almost

everything” — ldo Amit
Macrophages are indispensable

Macrophages are present in virtually all organs, often in large numbers. Globally,
they account for ~10% of immune cells yet contribute nearly 50% of total
immune cellular mass because of their large size'*!. They seed and expand within
tissues during organogenesis, and their populations are maintained through self-
renewal or continuous replenishment from circulating monocytes. When adult
macrophages are transiently depleted, vacant niches rapidly recruit monocytes
that differentiate locally and acquire transcriptional programs closely resembling

434458597273 '|n some contexts, a small fraction of surviving

resident macrophages
resident macrophages can also proliferate and contribute to niche
refilling®**>859142 Together, these observations indicate that macrophage pools

are actively established and dynamically maintained.

As noted above, Csflr protein expression is largely restricted to the
macrophage lineage, including progenitors, monocytes, and RTMs?, Csfir
signalling is essential for macrophage development, survival, recruitment, and
proliferation, as Csf1r”’~ mice display markedly reduced macrophage numbers
across tissues'?>143144 Csf1r signals through two ligands, Csfl and IL-34, whose
functions are partially nonredundant: loss of a single ligand selectively affects
particular macrophage populations. IL-34 deficiency primarily reduces LCs and
MG*>146 \whereas Csf1 deficiency leaves these populations intact but diminishes
most other RTMs!*3. Consistent with this specialization, IL-34 is not detected in

circulation and instead acts locally in tissues where it is produced:*%8, In the
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skin IL-34 is mainly expressed in the keratinocytes, while in the brain neurons are
the main source of IL-34, as demonstrated by Greter et al.1*°. Recently, the group
of Greter also showed that the maintenance of perivascular border-associated
macrophages (BAMs) is dependent on local production of IL-34 by mural cells

and perivascular fibroblasts'*.

Csfl is produced as both soluble and membrane-bound isoforms®*. Secreted
Csfl isoforms can enter the bloodstream and contribute to a circulating Csfl
pool, but their functional contributions differ from membrane-bound
forms®1152, Transgenic rescue experiments in Csfl-deficient mice show that
soluble Csfl restores most resident macrophage populations, whereas
membrane-bound Csfl only partially rescues certain tissue macrophages,
highlighting a key role for the soluble form in specific organs'>'™>3, Overall, these
findings indicate that circulating Csfl regulates macrophage homeostasis in
selected tissues, while other macrophages populations primarily rely on locally
provided Csfl. Supporting this concept, conditional deletion of Csfl in WT1* red
pulp fibroblasts selectively reduces splenic red pulp macrophages (RPMs)***, and
loss of Csf1 in Dpt* skin fibroblasts leads to a decrease in dermal macrophages®®>,
highlighting the critical role of local niche-derived Csfl in maintaining tissue-

resident macrophages.

Disruption of Csflr signalling, either genetically or pharmacologically, results
not only in widespread macrophage deficiency but also in major developmental
and physiological abnormalities®®®. Csflr-deficient mice exhibit impaired growth,
osteoclast defects, osteopetrosis, and reduced macrophage density across
multiple organs, and similar phenotypes are observed after blocking anti-
Csflr/CD115 antibody treatment®™. In humans, homozygous Csflr loss-of-
function mutations cause severe developmental defects including microglial

158-160

absence, skeletal dysplasia, and osteopetrosis , whereas heterozygous
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161,162 Moreover,

mutations lead to adult-onset leukoencephalopathy
therapeutic Csflr blockade to deplete tumour-associated macrophages can
induce systemic effects such as oedema and altered circulating matrix

163 Collectively, these findings indicate that macrophages are

components
indispensable for organ development, tissue function, and homeostasis, a
conclusion further supported by studies showing that tissue-specific

macrophage deletion disrupts local physiological processes?3:60:154164-168

Macrophages as regulators of tissue homeostasis and physiology

RTMs are integral components of organ physiology, where they perform diverse
functions that extend far beyond classical immune defense. In the steady state,
these cells act as local regulators of tissue homeostasis by clearing apoptotic cells
and debris, remodeling extracellular matrix, buffering inflammatory signals, and
supporting the function of neighboring parenchymal and stromal cells.
Importantly, these activities are not uniform across organs but instead reflect
niche-specific specialization shaped by developmental origin, local
environmental cues, and long-term tissue residency. As a result, macrophages
acquire transcriptional and functional programs tailored to the physiological
demands of each tissue, enabling them to contribute to a wide range of specific

processes.

Large serous cavity macrophages, characterized by high expression of F4/80,
ICAM-2 (CD102), and the transcription factor Gata6, constitute the dominant
resident macrophage population within the peritoneal (e.g. LPMs), pleural, and
pericardial cavities. Positioned at fluid-tissue interfaces, these cells maintain
serosal homeostasis by clearing apoptotic cells, immune complexes, and
particulate debris present in cavity fluids'°. Beyond their scavenging role, Gata6*

cavity macrophages are highly motile and form a reservoir of mature
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macrophages that can be rapidly mobilized upon tissue injury. Following sterile
damage, they migrate form the cavity to accumulate at lesion sites, where they
contribute to tissue repair and restoration of barrier integrity!’°. Moreover,
these macrophages can rapidly aggregate at sites of tissue disruption, forming

171 In

physical plugs that seal focal lesions and limit leakage of serosal fluids
addition to these repair functions, they produce anti-inflammatory mediators
and support local immune tolerance, underscoring their role as dynamic
guardians that couple immune surveillance with rapid tissue protection in serous

cavities.

KCs are the most abundant resident tissue macrophages in the liver. In adults,
KCs are strategically positioned within the liver sinusoids to filter blood-borne
pathogens, bacteria, immune complexes, and cellular debris’2. They also clear
aged erythrocytes through erythrophagocytosis and subsequently process,
store, and recycle iron bound to heme in hemoglobin!’®. Free hemoglobin
released into the circulation is toxic to multiple organs and must be rapidly
cleared. This is achieved through its binding to haptoglobin, after which the
complex is internalized by cells expressing the scavenger receptor CD163'73,
which is highly expressed by Kupffer cells®¥74175 KCs also contribute to
cholesterol homeostasis by recognizing and removing oxidized low-density
lipoprotein (LDL), often referred to as “bad” cholesterol, from the circulation and
recycling membrane lipids from dying cells'’2. Beyond scavenging functions, KCs
play a central role in maintaining hepatic immune tolerance by continuously
sensing gut-derived microbial products and producing immunoregulatory
mediators that restrain excessive inflammation?’®. They also participate in
hemostatic surveillance by clearing activated platelets and coagulation

177,178

components , and support tissue repair after injury by releasing growth

factors and coordinating recruitment and differentiation of monocyte-derived

47



INTRODUCTION Macrophage function

179 Interestingly, during development KCs do not reside within

macrophages
sinusoids but instead localize in the parenchyma®®®, where they interact with
fetal liver hematopoietic stem cells and support erythroblast maturation and

granulopoiesis'®182,

AMis, localized by definition in the alveoli, are the main resident macrophage
of the lung. AMs preserve pulmonary homeostasis by clearing inhaled particles,
dying cells, and excess surfactant. By metabolizing surfactant lipids and proteins,
they prevent alveolar dysfunction and maintain gas exchange efficiency. Indeed,
Csf27- or Csf2rb”~ mice, as patients carrying mutations that impair CSF2
signalling and lack AMs, develop pulmonary alveolar proteinosis (PAP), a disorder
characterized by pathological surfactant accumulation in the alveoli**®*1¢>, AMs
also dampen unnecessary inflammation in response to harmless environmental
stimuli while retaining the capacity to mount rapid antimicrobial responses when
pathogens are encountered®#, Lung IMs constitute a smaller population of
resident macrophages located within the lung parenchyma, between the
alveolar epithelium and vascular endothelium. Work from the groups of Bureau
and Marichal has shown that IMs exert immunoregulatory functions, notably
through IL-10 production, thereby promoting immune tolerance and limiting
allergic inflammation*®>8, |n contrast to AMs, IMs express high levels of MHC-
1102104186 consistent with antigen-presenting capacity, and we demonstrated
that they can process and present soluble antigens in an MHC-Il-restricted
manner®®’. More recently, we further showed that impaired IM differentiation
caused by disruption of TGF-B signaling leads to premature declines in lung
function resembling features of accelerated aging, highlighting their essential

role in maintaining pulmonary homeostasis®°.

MG serve as long-lived immune and homeostatic regulators of the central

nervous system. During development, they contribute to neurogenesis by
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regulating the pool of neuronal progenitor cells through phagocytic clearance®®®,
MG also interact with endothelial cells and developing neurons, thereby
influencing vascular formation and guiding interneuron migration within the
neocortex'®189 After birth, MG support neuronal survival in part through the
production of trophic factors such as insulin-like growth factor 1 (IGF-1)!%. They
further shape neural circuit formation by eliminating excess synapses through
complement-dependent synaptic pruning and by modulating synaptic

191-193

maturation and function . In the adult brain, MG continuously survey

194 and participate in the maintenance and turnover of

neuronal activity
myelin'®, highlighting their sustained role in preserving neural homeostasis.
Moreover, disruption of MG function is associated with several neurological
disorders, including Parkinson’s disease, Alzheimer’s disease, schizophrenia, and

amyotrophic lateral sclerosis!?®71%,

Splenic macrophages are highly specialized according to their anatomical
localization. RPMs like KCs are known to scavenge senescent erythrocytes and
recycle their hemoglobin iron, thus participating in iron metabolism2®. Indeed,
depletion of RPMs results in heme-bound iron accumulation localized specifically
in the red pulp®*1%, Marginal zone macrophages (MZMs) are strategically
positioned at the interface between the blood-filled marginal sinus and the white
pulp, where they act as specialized sentinels for blood-borne antigens. They
efficiently capture and clear pathogens, apoptotic cells, and immune complexes
through high expression of scavenger and pattern-recognition receptors,
including SIGN-R1 and MARCO?°+2%2, Beyond their scavenging role, MZMs play a
key immunological function by transferring captured antigens to B cells and
dendritic cells, thereby promoting rapid T-independent antibody responses and

facilitating the initiation of adaptive immunity?°>?%%, They also contribute to
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immune tolerance by clearing circulating self-antigens and immune complexes,

preventing aberrant activation of autoreactive lymphocytes?®.

RTM in other organs exhibit similarly specialized functions aligned with local
physiology. In the kidney they sample urine content and remove intratubular
particles to keep the tubular system unobstructed?®; in adipose tissue they
regulate lipid metabolism and insulin sensitivity?°’21% in bone they contribute to
remodeling and osteoblast support?'¥?1%; in the intestine they sustain epithelial
turnover and tolerance to microbiota?®®*2%%; and in the heart they influence
electrical conduction and tissue repair. These examples illustrate a unifying

principle: macrophages adopt tissue-imprinted programs that enable them to act

as local regulators of organ function rather than merely immune effector cells.
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Transcription factors and regulation of gene

expression

Gene expression is the fundamental process by which genetic information
encoded in DNA is converted into functional gene products such as proteins or
functional RNA molecules. Although virtually all nucleated cells in a multicellular
organism contain the same genome, they exhibit strikingly distinct phenotypes
and functions. This diversity arises not from differences in DNA sequence, but
from selective gene expression programs that define cellular identity and enable
context-specific responses. The regulation of gene expression is therefore
central to development, homeostasis, and adaptive responses to environmental

cues.

Gene expression can be regulated at multiple levels, including chromatin
organization, transcription, RNA processing, mRNA stability, translation, and
protein turnover. Among these, transcriptional regulation is a primary
determinant of cell-type specificity. At the transcriptional level, regulatory
information is embedded within cis-regulatory elements such as promoters,
enhancers, silencers, and insulators. These DNA elements function as platforms
for the binding of transcription factors (TFs), which interpret genomic
information and translate it into precise patterns of gene activation or
repression. The accessibility of these regulatory regions is itself controlled by
chromatin structure, which determines whether TFs can physically engage their

target sequences.

TFs are sequence-specific DNA-binding proteins that orchestrate gene
expression by integrating intrinsic developmental programs with extrinsic

environmental signals. By recognizing defined DNA motifs within regulatory
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elements, TFs influence the recruitment and activity of the transcriptional
machinery, including RNA polymerase Il and associated cofactors. In doing so,
they shape both the qualitative and quantitative aspects of gene expression.
Importantly, TFs rarely act in isolation; rather, they function within combinatorial

and hierarchical networks that confer regulatory specificity.

Functionally, transcription factors can be broadly categorized according to their
roles in gene regulation. Lineage-determining transcription factors (LDTFs)
establish and maintain cell identity by selecting and priming lineage-specific
enhancers?!®, These factors often possess pioneer activity, enabling them to bind
nucleosomal DNA and initiate chromatin remodeling?’’. Through cooperative
interactions with additional TFs and chromatin modifiers, LDTFs create a
permissive regulatory landscape that defines the core transcriptional identity of
a cell®®?8 This foundational architecture constrains and guides subsequent

transcriptional responses.

In contrast, signal-dependent transcription factors (SDTFs) are activated
downstream of extracellular stimuli such as cytokines, growth factors, or
pathogen-associated signals?!®. Upon activation, SDTFs translocate to the
nucleus and bind to regulatory elements that are either pre-established by LDTFs
orrendered accessible in response to stimulation’®. These factors modulate gene
expression programs in a context-dependent manner, enabling cells to

dynamically respond to environmental changes while preserving lineage identity.

At the mechanistic level, TFs regulate gene expression through multiple, non-
mutually exclusive mechanisms. They can directly recruit coactivator complexes
and the basal transcriptional machinery to promote transcriptional initiation?°,
They can also shape chromatin accessibility by engaging chromatin remodelers

and histone-modifying enzymes, thereby altering nucleosome positioning and
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histone modification states??’. Conversely, transcriptional repressors recruit
corepressor complexes and promote repressive chromatin modifications,
ensuring that inappropriate gene programs remain silenced???.

Collectively, TFs operate within interconnected regulatory networks that
integrate developmental history with ongoing environmental signals. Through
coordinated control of chromatin accessibility, enhancer activity, and
transcriptional initiation, TFs provide the molecular framework that enables
stable cellular identity while allowing functional plasticity. In macrophages, this
balance between stability and adaptability is particularly critical, as
transcriptional networks must simultaneously preserve lineage identity and

accommodate diverse tissue- and stimulus-specific programs.
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Transcriptional regulation of macrophage

specification and function
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Abstract

Tissue-resident and recruited macrophages are integral to organ development,
homeostasis, immunity and disease pathogenesis. Their remarkable diversity
arises from distinct developmental origins, differentiation trajectories and
microenvironmental cues that shape their identity and function. Central to these
processes is transcriptional regulation. In this review, we provide a
comprehensive overview of the transcription factor (TF) networks that
orchestrate resident tissue macrophage (RTM) differentiation from progenitor
cells, imprint core macrophage identity, and drive tissue-specific functions. We
first delineate the collaborative roles of lineage-determining TFs, such as PU.1
and C/EBPs, which prime macrophage progenitors for commitment. We then
examine identity-imprinting TFs that establish and maintain the core
macrophage program, and tissue-specific TFs that allow integration of local niche
signals to tailor RTM phenotypes across organs. While the focus is on RTMs at
steady state, we also highlight how RTMs can undergo transcriptional
reprogramming upon tissue perturbation, and how newly recruited
macrophages may engage distinct regulatory circuits upon entering diseased

tissues, with tumors serving as an example.
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Graphical abstract 1. This review highlights the hierarchical transcriptional networks
that govern macrophage specification and function. We describe how lineage-
determining, identity-imprinting, and tissue-specific transcription factors coordinate
macrophage differentiation and specialization across organs, emphasizing the
transcriptional regulation underlying macrophage diversity in health and disease.
Graphical abstract was created in BioRender.
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Introduction

More than a century ago, llya Mechnikov described macrophages as phagocytic
cells (termed phagocytes) able to recognize, ingest and digest foreign particles
as well as dead host cells through a process called phagocytosis?. Apart from their
well-studied role in host defense and clearance of dying cells, it is now clear that
resident tissue macrophages (RTMs) are an integral part of the tissues in which
they reside, where they play key roles in tissue development, homeostasis,
metabolism and repair??2. RTMs derive from the embryo and seed most tissues
before birth, where they are thought to exert specific functions inherent to the
tissue of residence®*?23, After birth, bone marrow (BM)-derived monocytes can
also contribute to the RTM pool in proportions that depend on the accessibility
of the niche and the level of perturbations they are exposed to. Interestingly,
BM-derived RTMs can exhibit similar characteristics as their embryonic-derived
counterparts in terms of self-maintenance, genetic profile, functional
specification and spatial tissue distribution****, supporting that key identity
features of RTMs can be determined by specific cues arising from the tissues in
which they reside (i.e. the macrophage niche)*. Besides homeostatic RTMs, non-
homeostatic macrophages can differentiate from monocytes and establish in
tissues when homeostasis is broken (e.g., following tissue damage, during
infection, cancer) and contribute to a wide array of disease-related processes.
They can adopt different identities that depend on the diseased tissue
microenvironment, the extent and the phase of inflammation, their activation

state and the time spent in the tissuel7%222224225,

A central mechanism by which macrophages acquire and maintain their
identity is via transcriptional regulation. Indeed, transcription factors (TFs) can

act as molecular switches that integrate external and internal signals, in concert
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Figure 1.6. Collaborative-hierarchal model of TF binding during macrophage
development. In macrophage progenitors, LDTFs bind cooperatively to actively open
chromatin and poise/prime enhancers of macrophage specific genes. When
macrophage progenitors seed the tissue, MITFs are recruited to poised enhancers to
rapidly initiate a core macrophage program common to most macrophages. Local niche-
derived factors than activate RITFs and RFTFs to adapt this core macrophage program
and to imprint tissue specific RTM identity and function. EMP, erythro-myeloid
progenitor; HSC, hematopoietic stem cell; LDTF, lineage-determining transcription
factor; Mac, macrophage; MITF, macrophage identity imprinting transcription factor;
Mo, monocyte; pre-Mac, pre-macrophage; RTM, resident tissue macrophage; RITF, RTM
identity-imprinting transcription factor; RFTF, RTM function-imprinting transcription
factor. Figure was created in BioRender.

with epigenetic modifications, to orchestrate cell fate decisions. In the context
of macrophage biology, TFs not only dictate macrophage lineage specification
during embryogenesis and postnatal hematopoiesis, but also the adaptation of

these cells to their local microenvironment and their functional identity.

58



INTRODUCTION Macrophage Transcription Factors

Understanding how TFs coordinate macrophage differentiation and function is
therefore crucial to decipher the mechanisms that govern macrophage diversity

across tissues and contexts.

Macrophage development is governed by three sets of distinct TFs:
macrophage lineage-determining, macrophage identity-imprinting and tissue
specific macrophage identity-imprinting TFs (Figure 1.6). These three groups of
TFs form a collaborative-hierarchal network that controls RTM differentiation
and specialization. First, macrophage lineage-determining TFs collaboratively
bind and open chromatin regions in macrophages progenitors (priming). Next,
macrophage identity-imprinting TFs bind these primed genomic regions to
establish a core macrophage program in pre-macrophages. Finally, macrophage
function-imprinting TFs integrate microenvironmental cues and adapt the core

program to perform tissue- or niche-specific functions.

Macrophage lineage-determining transcription factors

RTMs develop in embryo and adults in a series of consecutive waves of
differentiation®. At embryonic developmental day 7.0 (E7.0), erythro-myeloid
progenitors (EMPs) are formed from blood islands and capillary endothelia in the
yolk sac. EMPs give rise to pre-macrophages (pre-Macs), that from E8.5-9.5 seed
developing organs and differentiate into RTMs®>%7, At E10.0-10.5, hematopoietic
stem cells (HSC) arise from the hemogenic endothelium in the aorta-gonad-
mesonephros from where they seed the fetal liver at E11.5%7°. Within the fetal
liver, HSCs undergo significant expansion and give rise to different leucocyte
lineages. Before birth, HSCs migrate to the BM where they are maintained during
life and constantly give rise to the pool of circulating monocytes?®. After birth,
circulating monocytes also contribute to the RTM compartment at rates

depending on the tissue of residence and the nature and level of perturbations?.
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During the different stages of development, the fate of macrophage progenitors

is committed by macrophage lineage-determining TFs.

The Ets-domain transcription factor Purine-rich box1 (PU.1; encoded by Spi1)
is considered a master regulator of macrophage development and
hematopoiesis in general. EMPs, yolk sac-derived and fetal monocyte-derived
RTMs are absent in embryos of Spil-deficient mice. In addition, Spi1”~ mice also
lack T and B cells and die at E18.5, suggesting that PU.1 plays a major role in the
commitment to both myeloid and lymphoid progenitors2?¢. DeKoter and Singh
found that PU.1 could control myeloid or lymphoid progenitor fate in a
concentration-dependent manner??’. Low levels of PU.1 protein drives B cell
development, while a high concentration promotes macrophage differentiation
and inhibits B cell formation. In macrophage progenitors, PU.1 binds to the low-
affinity binding sites only when its concentration surpasses a specific threshold.
PU.1 binding initiates nucleosome remodeling resulting in open and active
chromatin regions?!®. Macrophage lineage fate is also determined by the
collaborative binding of PU.1, the CCAAT/enhancer binding proteins (C/EBPs;
C/EBPa and C/EBPPB), and activator protein 1 (AP1) to open and activate
macrophage-specific enhancers?®®, c¢-Myb is a master regulator of
hematopoiesis. While late yolk sac—derived EMPs express c-Myb?%#, genetic
studies indicate that this expression reflects their contribution to erythroid and
other non-macrophage lineages. Indeed, Myb”~ embryos lack late EMP-derived
lineages but still generate normal tissue-resident macrophages®”:?%°,
Consistently, Myb-deficient iPSC lines can differentiate into macrophages,
whereas Spil-deficient lines cannot, supporting that PU.1 but not c-Myb as a
non-redundant regulator of macrophage development?°. Thus, although c-Myb
expression is detected in EMPs, current evidence does not support a functional

requirement for macrophage differentiation. The TF Zeb2 is highly expressed in
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the hemogenic endothelium of the aorta-gonad-mesonephros where embryonic
HSC are formed and its expression is maintained in adult HSCs®!. The lack of
Zeb2 does not affect the migration of HSCs to the fetal liver, however, Zeb2-
deficient HSCs are unable to further differentiate into fetal monocytes. In
addition, inducible deletion of Zeb2 in adult mice with an Mx1¢ system results
in a reduction of B cell, dendritic cells and monocytes®%234 Mice lacking an
enhancer located 165 kilobases (kb) upstream of the Zeb2 transcriptional start
site (Zeb2°71%%), have reduced numbers of monocytes while RTM counts

d®*, However, RTMs in Zeb2*1% mice are entirely from

remained unaffecte
embryonic origin, suggesting that embryonic expression of Zeb2 depends on the

alternative +164-kb Zeb2 enhancer.

In conclusion, each differentiation wave giving rise to RTMs at different stages
of development are controlled by distinct TF that establish macrophage fate.
However, in all developmental stages, PU.1 plays a central role by acting as a
pioneer that actively opens up the chromatin at promoters and enhancers
(poising), allowing the binding of additional TFs that initiate and control the

expression of genes involved in macrophage differentiation.

Macrophage identity-imprinting transcription factors

RTMs are a heterogenous population with specific characteristics and functions
inherent to their tissue of residence. However, independent of their origin and
tissue location, RTMs are characterized by a core macrophage program that

4223 Such core

distinguishes them from other mononuclear phagocytes
macrophage program maintains macrophage survival, notably trough the
expression of Csf1r (encoding the Csfl receptor), and establishes core functions,
including efferocytosis (Timd4, Mertk and Sirpa, involved in apoptotic cell

clearance), non-opsonic phagocytosis (Cd14, Cd36, Clec7a and Mrcl, necessary
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for the direct recognition of foreign particles), opsonic receptor-dependent
phagocytosis (Fcgrl [coding for CD64]), Fcgr3, Fcgrd and Itgam [coding for
CD11b], essential for the ingestion of opsonized pathogens) and complement-
dependent tissue immunity (C1gb, C1gc and C3ar1, encoding key components of
the complement pathway)**®>. Of note, the establishment of this core
macrophage program is initiated early in macrophage progenitors upon tissue

seeding and is driven by a shared set of macrophage identity-imprinting

TF58,59,65,110

Discovered in 1994237, Maf basic leucine zipper transcription factor B (MafB) is
highly expressed in myelomonocytic cells, including macrophages, and can

contribute to monocytic differentiation?*®24°

. Moreover, overexpression of
MafB in transformed chicken myeloblasts results in the formation of
macrophages, suggesting that MafB is specific and essential for macrophage

t8, Different studies using reporter mice, lineage-tracing and

developmen
transcriptome analyses found that MafB was highly expressed in RTMs,
distinguishing them from other mononuclear phagocytes, including dendritic
cells (DCs) and monocytes*?238241-243 'yet, surprisingly, alveolar macrophages do

and is

not express MafB. In RTMs, MafB can regulate F4/80 expression?
involved in actin remodeling?**. In addition, MafB is thought to play a key role in
efferocytosis by directly regulating the expression C1g complement genes (C1qa,
Clgb, Clqc)*®. MafB, in concert with c-Maf, can also negatively control
proliferation of differentiated macrophages by repressing the expression of self-
renewal genes such as Myc, KIf2 and KIf4****%, MafB can indeed directly inhibit
active enhancers that drive the self-renewal program in RTM. In self-maintaining
RTM, such as AM that do not express MafB, it has been suggested that the
absence of MafB would stop the inhibition of self-renewal genes and allowing

243

RTM to re-enter cell cycle*>. However, other RTM known to self-maintain
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through proliferation, including Kupffer cells (KCs) and MG, express high levels
of MafB. In the lung, monocytes seeding an empty interstitial macrophage (IM)
niche can undergo a proliferation stage before differentiating in IM, a transition
that is regulated by MafB!°. Of note, expression of the core macrophage genes
CD64 and MerTK is substantially reduced in Mafb-deficient IM. In humans,
Goudot et al have shown that MAFB is highly expressed in monocyte-derived
macrophages compared to monocyte-derived DCs, while knockdown of MAFB
favors mo-DC differentiation?¥’. Even though it has been established that most
RTM highly express MafB, the precise role of MafB in imprinting macrophage

identity remains unclear and would require more investigations.

While other macrophage identity-imprinting TFs have been proposed,
including Zeb2, Batf3 and Irf8, their precise roles in macrophage differentiation
and core functions are less clear®. For instance, Zeb2 expression, which is
conserved in many RTMs, is required to imprint tissue-specific identities and
functions rather than a general macrophage identity?®®. Noteworthy, this was
demonstrated by Cre-mediated deletion of Zeb2 using Cre lines that are more
specific for terminally differentiated macrophages such as Clec4f“® and Itgax“®
for KCs and AMs, respectively. Targeting Zeb2 during macrophage differentiation
by using mice that express Cre in macrophage progenitors (e.g. Lyz2® or
Ms4a3) could provide more insight on the role of Zeb2 as macrophage identity-

imprinting TF.

Arguably, much remains to be explored regarding the transcriptional regulation
of macrophage core functions, particularly in defining the precise role of various

TFs.
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Figure 1.7. Transcriptional regulation of tissue specific macrophage identity and
function. AM, alveolar macrophage; BAM, border associated macrophage; DM, dermal
macrophage; IM, interstitial macrophage; KC, Kupffer cell; LC, Langerhans cell; LDTF,
lineage-determining transcription factor; LPM, large peritoneal macrophage; Mac,
macrophage; MG, microglia; MITF, macrophage identity imprinting transcription factor;
MMM, marginal metallophilic macrophage; Mo, monocyte; MZM, marginal zone
macrophage; pre-Mac, pre-macrophage; RTM, resident tissue macrophage; RITF, RTM
identity-imprinting transcription factor; RFTF, RTM function-imprinting transcription
factor; RPM, red pulp macrophage; SPM, small peritoneal macrophage. Figure was
created in BioRender

Tissue-specific macrophage identity-imprinting transcription

factors

The tissue microenvironment is considered as a major determinant of RTM
remarkable functional diversity, which is thought to be controlled by dedicated
TFs driving transcriptional modules responsible for RTM specification’%76:248
(Figure 1.7). In this section, we detail key TFs involved in shaping the identity and

function of RTMs across different organs, including the peritoneum, liver, lung,
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brain, spleen, and skin, illustrating how niche-derived signals converge on unique

transcriptional programs to guide RTM specification.

Serous cavity macrophages

Two distinct RTM subsets have been identified in the peritoneal cavity: small
peritoneal macrophages (SPM) and large peritoneal macrophages (LPM). LPM
are primarily embryonically derived and express prototypical macrophage
markers including F4/80 and MerTK, while the monocyte-derived SPMs are
characterized by the expression of MHC-Il, CD11c and CD22687:10624° Both
subsets express high levels of the TF CebpB. Notably, Cebpb” mice exhibit
increased numbers of SPMs but lack LPMs, while other RTM subsets in the
spleen, kidney, mesenteric lymph nodes, and liver are unaffected?®.
Interestingly, wild-type SPMs transferred into Cebpb-deficient mice can
differentiate into LPMs, highlighting an intrinsic role for Cebpp in LPM identity®°.
SPMs selectively express high levels of the TF Interferon regulatory factor 4 (Irf4)
in comparison with LPMs and RTMs form the spleen, lung and brain°. In the
absence of Irf4, SPM numbers are reduced, and the expression of the SPM
identity gene Cd226 is lost'°. Compared to other RTMs, LPMs are characterized
by the expression of the TF Gata6**197:251252 gnd Gata6 reporter mice have been
used to study LPM function’?, LPMs numbers are reduced in myeloid specific
Gata6-deficient mice and Gata6 plays a key role in LPM localization, proliferation,

survival and functional maturation0”.2>2%2,

Gata6 directly regulates the
expression of a number of LPM identity genes including Tgfb1, Cd62p, Cd49f, and
Cd73%1. Interestingly, ex vivo cultured LPM rapidly lose the expression of Gata6,
which can be partially rescued by the addition of peritoneal lavage fluid or
retinoic acid (RA)?*%?>2, RA, produced from vitamin A by peritoneal adipose

tissue??, can be taken up by LPMs and induces Gata6 via binding to the RA

nuclear receptor B (RARB), resulting in the formation of a heterodimer complex
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with the retinoid X receptor (RXR) binding to RA response element’®. Another
key TF, Kriippel-like factor 2 (KIf2), is highly expressed in LPM. Mice lacking KIf2
lack LPM, and KIf2-deficient bone marrow-derived macrophages (BMDM:s) fail to
acquire the expression of LPM identity genes, including Icam2, Timd4, Cebpb,
Mertk, and Gata6, when transferred into the peritoneal cavity?>. Interestingly,
in LPM, KIf2 binds to promoters and enhancers of Cebpb, Gata6 and genes
encoding the retinoic acid receptors (Rara, Rarg, and Rxra), and its
overexpression in BMDMs induces LPM identity in vitro. In humans,
transcriptional profiling has revealed that peritoneal macrophages also comprise
distinct subsets, although they differ from their murine counterparts. GATA6*
macrophages, abundant in mice, are far less prominent in adult humans and
virtually absent in children®’. Instead, Irf4-dependent mouse SPM
transcriptionally correspond with human CD1c*CD14°CD64" peritoneal cells that

express features of both macrophages and DCs.

Liver macrophages

The liver hosts the largest population of RTM in the body, consisting mostly of
KCs, alongside smaller populations of lipid-associated macrophages and capsule
macrophages®!. KCs reside in centrilobular and periportal regions, in close
contact with sinusoidal endothelial cells. KCs are involved in the clearance of
foreign particles, pathogens and apoptotic cells, as well as the metabolism of
iron, bilirubin and cholesterol. During KC differentiation, pre-Mac/monocytes
start expressing the transcriptional regulators /d1 and Id3, and the TFs Irf7, Nr1h3
and Spic upon entering the fetal liver, suggesting their role in imprinting of KC-
specific identity®>. Genetic deletion of inhibitor of DNA 3 (1d3) results in reduced
numbers of KC, while MG and kidney resident macrophages remain unaffected®®.
Compared to other RTM subsets, the motif of liver X receptor-a (LXRa, encoded

by Nr1h3) is enriched in KCs’? and even though the number of KCs is not affected
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in Nr1h3-deficient mice, the expression of many KC identity genes including
Clec4f, Tim4, Cdh5 and Folr2 are significantly reduced in Nr1h37~ KCs?3¢. The
groups of Glass and Guilliams independently showed that KC identity is induced
and maintained by Notch ligand DIll4 and Bmp9 produced by sinusoidal
endothelial cells and hepatic stellate cells, respectively, and endogenous derived
LXR ligands>®°%%1, |nteraction of DII4 with the Notch receptor on results in the
activation of PU.1 and recombination signal binding protein for immunoglobulin
kappa J (Rbpl) poised enhancers, allowing the expression of KC identity specific
TFs including Nr1h3 and Spic>®. These TFs reprogram the KC enhancer landscape
so that other signal-dependent TF such as Bmp9 induced Smads can drive the
expression of KC-specific genes. Of note, interactions of differentiating KC with
hepatocytes induces 1d3 expression®®. Human KCs also specifically express high

levels of NR1H3 and SPIC, consistent with findings in mice?>*.

Lung macrophages

Two main RTM populations have been identified in the lung: AM and IM??4, By
definition, IM are located in the lung interstitium, while AM reside in the airway
lumen. The main function of AMs is the phagocytosis of pathogens and dust
particles entering the lungs through inhalation, and clearing lipoprotein-
containing alveolar surfactant. Pparg is expressed in fetal liver pre-
Mac/monocytes that seed the alveoli and its expression is maintained in
differentiated Ams®>%>>, Pparg-deficient mice have reduced numbers of AM, and
develop pulmonary alveolar proteinosis (PAP)—a condition characterized by
surfactant accumulation due to the lack of AM?>2 |n contrast, Ppary is not
implicated in the development of RTMs in the peritoneum, liver, brain, heart,
kidneys, intestine and fat®*’. In humans, it has been shown that PAP is caused by
mutations in the CSF2 receptor subunit o or B'%*. Moreover, Csf27~ or Csf2rb™"

mice lack AM and develop PAP*164165 Csf2 is mainly produced by alveolar type
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165 while AMs themselves produce Tgfp in an autocrine

Il epithelial cells
manner®®, Mice deficient for the TgfB receptor Il (Tgfbr2) have decreased
numbers of AMs and have an increased levels of surfactant protein in the
bronchioalveolar lavage®®®. Interestingly, stimulation of BM-derived monocytes®®

257,258 with Csf2 or Tgfp induces the expression of Ppary.

or fetal monocytes
Additional TFs shown to be involved in AM identity are Bach2, Cebpf, Egr2 and
KIf4. Mice with a genetic deletion for Bach2 develop PAP-like accumulation of
surfactant proteins, independently of the Csf2—Ppary signaling axis*°. Apart
from the previously mentioned reduction in LPMs, Cebpb”~ mice also have
significantly lower AMs numbers?*°. Compared to other RTM, Egr2 is highly
expressed in AM and condtional deletion of Egr2 results in the loss of AM-specific
identity?®°. In addition, EGR2 expression in AMs is induced by Tgfp and Csf2 in a
Ppary—dependent manner. Like Ppary, compared to other RTM, Klf4 is also
exclusively expressed in differentiating AMs®®. A recent publication found a
reduction in both frequency and number of AMs in KIf4-deficient mice, while
other myeloid cells remained unaffected?>3. Moreover, AMs lacking KIf4 express
lower levels of AM markers CD11c, SiglecF, CD169, CD206 and PD-L1, and AM
identity genes Car4, Epcam and Mrc1. In humans, AMs display a transcriptional

profile broadly conserved with their murine counterparts, including high

expression of PPARG and KLF4261:262,

103,104,110,186 3nd encompass two

IM are slowly replaced by monocytes in adults
main subsets, namely CD206~ (Lyve1°MHCII") IM and CD206* (Lyvel"MHCII")
IM, which exhibit gene expression profiles and phenotypes, and occupy distinct
niches03104.263.264 |n1 are thought to exert immunoregulatory functions during
allergic asthma?®187.265 to modulate inflammatory responses upon exposure to
bleomycin!®, influenza virus®* or bacteria®®®, to coordinate the organization of

263

tertiary lymphoid structures®> and, more recently, to prevent premature aging
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of the lung®. Compared to other lung mononuclear phagocytes, IMs show high
expression and activity of the TF MafB!1%?2%, [IM numbers and the expression IM
identity genes (Pf4, Tmem119, Apoe, Clg, Cd63) were significantly lower in
Mafb-deficient mice, although it remains unclear whether this this reflects
general or IM-specific effects. We recently found that Tgfb1, released from blood
vessel endothelial cells, could act in concert with Csf-1 to trigger MafB, the IM
identity markers Tmem119, Cx3crl and Clgs, as well as IM development from
monocytes®®. We have generated a transcriptomic atlas of IM subset
differentiation and found that c-Maf was specifically expressed in the along the
lineage giving rise to CD206* IM*°, and Maf-deficient IMs exhibited decreased
expression of the CD206* IM identity genes Folr2 and Pf4. A recent study
proposed the existence of 10 distinct IM subsets, each defined by chemokine
expression and potentially governed by distinct TF networks, although this would

require further formal validation?®.

Brain macrophages

MG, the predominant population of RTM of the central nervous system (CNS),
are embryonically derived and are involved in maintaining CNS homeostasis by
continuously surveying neuronal synapses and contributing to the development
of neural circuits via synaptic pruning?®®. In addition to MG, the CNS harbors
other long-lived resident macrophages, collectively referred to as border-
associated macrophages (BAMs). BAMs are located at the interfaces of the CNS,
including the meninges, perivascular spaces, and choroid plexus, where they act
as sentinels regulating barrier integrity, cerebrospinal fluid dynamics, and
immune cell trafficking. The Spalt like transcription factor 1 (Salll) is specifically
expressed in MG®72 and Salll-deficient MG have a lower expression of MG
signature genes, while the expression of other RTM specific identity genes was

higher in Sall1-deficient MG’#. These observations suggest a key role for Salll in
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MG identity imprinting. Recently, the group of Glass identified a super enhancer
located 300 kb upstream of the Salll transcription start site which regulates the
expression of Salll in MG2%. This study also showed that Salll actively primes
enhancers of MG specific genes to allow binding of Smad4, which in turn drives
the expression of these genes. In addition, Smad4 also regulates the expression
of Salll by binding to the Salll super enhancer. Tgff signaling is thought to plays

a critical role in MG identity®”’*

, possibly by directly activating Smad4 and
inducing Sall1?®’. In parallel, Irf8 is indispensable for MG development and
maintenance. /rf87~ mice exhibit markedly reduced microglial numbers and

impaired maturation?¢®

. Mechanistically, Irf8 cooperates with PU.1 to shape the
microglial enhancer landscape and promote the expression of MG-specific genes
such as Cx3crl, Salll, Trem2, and P2ry12?%°%"1, Furthermore, compared MG
during embryogenesis and in neonates MafB is highly expressed in adult MG.
Deletion of MafB in MG revealed a reduced expression of genes associated with
the late adult stage of MG development, such as Ctsh and Pmepal, highlighting
its role in maintaining MG homeostasis?’2. Similar to their murine counterparts,

human microglia exhibit a gene regulatory network dominated by SALL1 and

IRF8%%4,

Splenic macrophages

The spleen consists of white pulp and the red pulp, separated by the marginal
zone. The red pulp harbors RPMs, which can degrade senescent red blood cells
(RBCs) and recycle Heme-associated iron, while marginal zone macrophages
(MZMs) and marginal metallophilic macrophages (MMMs) are located in the
marginal zone?’3. RPM exclusively express the TF Spi-C’>%*%%274 and Spic”~ mice
lack RPM, while monocytes and other RTM counts remain unaffected6®274, Of
note, senescent RBCs are normally captured in spleens of Spic”~ mice, but fail to

be cleared by RPMs resulting in Heme-bound iron accumulation localized
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specifically in the red pulp®. In monocytes, Spi-C expression is inhibited by the
transcriptional repressor Bach1%’%, but upon erythrophagocytosis, heme release
results in heme-dependent Bachl proteasomal degradation, enabling Spi-C
expression?’®, Mechanistically, heme directly binds to Bachl, inducing a
conformational change that promotes its nuclear export and ubiquitin-mediated
degradation via the proteasome?”®. 1133 together with heme induce the
expression of Spi-C in BMDMSs?’®. Moreover, mice lacking 1133 or its receptor
[11rl1 have reduced numbers of RPM, and exhibit impaired iron recycling and
elevated iron accumulation in the spleen. The TF Gata6 is downregulated in
II1rl1-deficient RPMs, suggesting that Gata6 is involved in the differentiation of
monocytes to RPMs. Noteworthy, RBCs serve as a main source of [133. RPM also
express Ppary and Pparg-deficient mice have reduced numbers of RPMs?>°, The
nuclear receptor LXRa is essential for the differentiation of macrophages in the

marginal zone of the spleen as LXR-deficient mice lack MZM and MMM?"7.

Skin macrophages

The skin consists of three layers: the epidermis, an outermost layer of stratified
epithelium; the dermis, the middle connective tissue-rich layer; and the
hypodermis, a bottom layer composed mainly of adipose tissue. Langerhans cells
(LCs), which are embryonically derived and reside in the epidermis, act as
antigen-presenting cells and were long considered a subset of dendritic cells. In
contrast, the dermis harbors several macrophage populations. Early studies
identified two main subsets of dermal macrophages (DMs), MHC-II" and MHC-II*
DMs?. Recent single-cell and fate-mapping studies have refined our

103278279 DMs can be segregated into distinct

understanding of DMs
transcriptionally defined subsets based on anatomical localization and functional
specialization. Lyvel"MHC-II'’Cx3cr1® DMs (MHC-II” DMs) reside in close

association with blood vessels and are therefore termed perivascular

71



INTRODUCTION Macrophage Transcription Factors

macrophages'®. In contrast, Lyve1°MHC-I1"Cx3cr1" DMs (MHC-II* DMs) sit near
sensory nerve fibers?’®, and sensory neurons can shape the identity of these
MHC-1I* DMs through TgfB signaling®. In turn, MHC-II* DMs contribute to nerve
regeneration after injury, highlighting the reciprocal communication between

the nervous system and DMs?’8,

During LC differentiation, macrophage
progenitors that seed the skin in both humans and mice highly express
RUNX3/Runx3%2%*, and Runx3”" mice are deficient for LCs?®°. Tgfp induces the
expression of Runx3 and, Tgfb”~ mice also lack LCs?%?8!, Furthermore, Tgfp
signaling regulates the expression of /d2, and LCs are absent in /d27~ mice,

suggesting that TgfB plays a key role in LC differentiation and maintenance.

Beyond steady-state: macrophage transcriptional dynamics

during tissue perturbation

In disease contexts such as infection, injury or cancer, RTMs can undergo
transcriptional reprogramming in response to altered environmental cues,
leading to functional adaptations that may support either recovery or pathology.
In parallel, circulating monocytes can be recruited into the affected tissue, where
they differentiate into macrophages. Such recruited cells exhibit high plasticity,
enabling them to integrate a wide array of local signals, including inflammatory
mediators, stress responses, oxygen and nutrient availability, as well as niche-
derived factors??>2827285 Accordingly, the transcriptional regulation of monocyte-
to-macrophage differentiation is thought to be finely tuned in a spatially and
temporally dynamic manner, tailored to the nature and evolution of the
perturbation. While this review does not aim to provide an exhaustive overview
of macrophage dynamics in disease, we discuss a few examples of resident and

recruited tumor-associated macrophage (TAM) transcriptional (re)programming
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to illustrate how transcriptional regulators can shape macrophage identity and

function in tumors%2%,

TAMs are the most abundant cell type in glioblastoma (GBM), the most
aggressive tumor in the central nervous system, and they encompass a
heterogeneous mixture of recruited macrophages and transcriptionally
reprogrammed MG?82%7_|n both in vitro and in vivo mouse models of GBM,
GBM-initiating cells can specifically activate mTOR signaling in MG, but not in
BMDMs. Such mTOR activation enhances the activity of Stat3 and NF-kB, driving
MG toward an immunosuppressive state. As a result, MG can limit the
infiltration, proliferation, and activity of effector T cells within the tumor, helping
the tumor escape immune surveillance and supporting its growth?®, Inhibiting
the mTOR pathway or Stat3 and NF-kB in MG may thus recondition them toward
a more pro-inflammatory, anti-tumor state. In addition, MG that engulf
glioblastoma-derived extracellular vesicles undergo profound transcriptional
changes, notably marked by the downregulation of homeostatic signaling
pathways such as TgfB and Smad32%. In human mesenchymal GBM, TAMs that
promote tumor progression are suggested to be regulated by TFs including
Ppary, Spil, and Batf?*°, Similarly, in melanoma brain metastasis, MG undergo
RELA/NF-kB—dependent transcriptional reprogramming that supports
metastatic progression, and targeting this pathway has been shown to enhance
antitumor immunity and improve responses to immunotherapy?l. These
findings highlight the extensive transcriptional reprogramming of MG in tumors
and the potential of targeting specific TFs to redirect their function in the tumor

microenvironment.

In the liver, specific targeting of KCs resulted in higher tumor engraftment in
the liver and metastasis, and the expression of KC-intrinsic 1d3 was shown to

control tumor cell phagocytosis by KCs and a KC peritumoral niche orchestrating

73



INTRODUCTION Macrophage Transcription Factors

anti-tumor immunity?®2. Analyses of human liver metastases supported high ID3
expression and engulfment of tumor material by peritumoral liver KCs,
supporting the translational relevance of these findings®2. In a model of liver
metastasis, loss of resident KCs within tumors impaired cancer control®®?, and
bacterial-mediated in situ gene editing to simultaneously disrupt c-Maf and MafB
in KCs promoted their expansion and reprogramming, leading to improved

control of metastatic liver cancer?®.

Several TFs have also emerged as regulators of recruited TAMs. Among these,
c-Maf has been shown to drive an immunosuppressive phenotype in BMDMs and
is highly expressed in TAMs sorted from subcutaneous Lewis Lung Carcinoma
tumors and in tumor-infiltrating monocytes and macrophages from non-small
cell lung cancer patients?®*. Knockdown of c-Maf reduced the tumor-promoting
activities of TAMs, and c-Maf conditional deletion in lung myeloid cells using the
Lyz2-Cre driver line triggered delayed tumor growth and enhanced antitumor
immunity in the same model?®*. Notably, pharmacological inhibition of c-Maf
using a small molecule inhibitor showed some therapeutic benefit for
overcoming resistance to anti-PD1 treatment. In a pancreatic ductal
adenocarcinoma model, monocytes were shown to differentiate into a transient
TAM population that could generate transcriptionally, phenotypically and
spatially distinct TAM subsets'®. One of these subsets, enriched in hypoxic tumor
regions, was regulated by c-Maf and associated with poor patient prognosis,
although c-Maf deletion did not affect tumor growth in mice!. Similarly, in lung
adenocarcinoma, a high density of c-Maf—positive macrophages correlated with

poor prognosis®.

The transcription factors Irf8 and Ets2 were also predicted to be active in c-
Maf-dependent monocyte-derived TAMs in pancreatic cancer'®. Irf8 has been

shown to drive an antigen-presenting cell program in TAMs recruited to a mouse
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mammary tumor virus—polyoma middle tumor-antigen breast cancer model,
thereby promoting cytotoxic T cell exhaustion and tumor progression. Deletion
of Irf8 in TAMs prevented cytotoxic T lymphocyte exhaustion and led to reduced
tumor growth?®, In the same spontaneous model, as well as in additional
orthotopic models, myeloid-specific deletion of Ets2 resulted in decreased lung
metastasis. Mechanistically, Ets2 was found to repress a transcriptional program
that includes several well-characterized inhibitors of angiogenesis?®®. Together,
these findings illustrate how transcriptional regulators such as c-Maf, Irf8, and
Ets2 cooperate to shape the pro-tumoral functions of recruited TAMs through

distinct but complementary mechanisms.

Conclusion

Macrophages exhibit extraordinary diversity in origin, phenotype, and function.
Central to this diversity is a dynamic and hierarchical network of TFs that
orchestrates macrophage development, core macrophage programs and
macrophage subset functional specification. From homeostasis to responses in
disease contexts, TFs act as critical molecular integrators of environmental
signals, directing context-specific gene expression programs. Future efforts to
unravel how individual and combinatorial TF activities regulate macrophage
states will deepen our understanding of macrophage biology but also inform

innovative strategies to modulate macrophage functions in health and disease.
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Resident tissue macrophages (RTMs) form the first line of defense against
invading pathogens. In addition to theirimmunological roles, RTMs are essential
for maintaining tissue homeostasis and perform specialized, tissue-specific
functions. Despite their diverse developmental origins and anatomical locations,
RTMs share a conserved core macrophage transcriptional program that
distinguishes them from other mononuclear phagocytes. This core program
sustains macrophage development, survival, identity and function, and is
established by a set of transcription factors (TFs), referred to as macrophage

140 These TFs are considered indispensable for

identity-imprinting TFs
macrophage differentiation, such that their loss results in impaired macrophage
identity and function. Although several candidate macrophage identity-
imprinting TFs have been proposed, their precise roles as transcriptional

regulators of macrophage development have not been formally validated in vivo.

Therefore, the overarching objective of this thesis is the in-depth
identification, functional testing, and validation of bona fide macrophage

identity-imprinting transcription factors.

In the first part of this thesis, we aimed to explore the distinct stages of
monocyte-to-RTM differentiation and to determine how the transitioning
between these states is regulated. Although RTMs can arise either from
circulating monocytes or through local self-renewal®®”?%, the relative
contribution of these pathways and the nature of intermediate transitional
states remain poorly defined in vivo. This limitation is largely due to the slow
steady-state turnover of RTMs and the rarity of monocyte-to-RTM
differentiation events. Lung interstitial macrophages (IMs) constitute a long-
lived RTM population that is gradually replenished in adult animals by circulating
Ly6C* classical monocytes and comprises phenotypically distinct subsets,

including perivascular CD206* IMs and nerve-associated CD206~ |Ms102-104186,299
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These characteristics make lung IMs an ideal model to investigate monocyte-to-
RTM differentiation trajectories. First, we aimed to generate a transgenic mouse
model enabling diphtheria toxin (DT)-inducible depletion of the IM niche,
thereby creating a vacant environment that accelerates and synchronizes IM
repopulation. Next, we used this model to perform time-resolved single-cell
transcriptomic analyses, combined with multiparameter flow cytometry and
chimeric approaches, to characterize transitional cell states in real time during
IM niche refilling. We then applied in silico regulatory network inference to
identify TFs that potentially govern transitions between successive
differentiation states. Finally, we used myeloid-specific genetic deletion
strategies to validate the functional roles of these transcriptional regulators
during distinct stages of monocyte-to-IM differentiation and to determine how

they imprint both core macrophage identity and IM-specific specialization.

In the second part of this thesis, we aim to investigate TFs that imprint global
macrophage identity and function across tissues and species. Although RTMs
display marked developmental and functional heterogeneity shaped by tissue-
specific niche signals and transcriptional programs, macrophages nonetheless
constitute a distinct and conserved cell lineagel10172224,297,298,300.301 ‘Thjs |ineage
is defined by shared characteristics, including the expression of core receptors
such as the colony-stimulating factor 1 receptor (Csf1r)3%23% and the high-affinity

)423%  as well as lineage-defining

immunoglobulin gamma Fc receptor 1 (Fcgrl
and identity-imprinting TFs such as PU.12%63% and Zeb2%¢, respectively. These
observations suggest that additional conserved transcriptional regulators
contribute to macrophage identity by coordinating both shared and tissue-
specific transcriptional programs across RTM populations. First, we compared

the transcriptomic profiles of RTMs with those of other mononuclear phagocytes

to identify transcription factors that are selectively expressed and
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transcriptionally active across RTMs. Next, we employed in vivo conditional gene
targeting, ex vivo macrophage differentiation systems, and bone marrow
chimeric models, combined with multiparameter flow cytometry, microscopy,
transcriptomic analyses, and functional assays, to validate the roles of these
transcriptional regulators in macrophage development and functional identity.
We then applied epigenetic profiling approaches in mouse and human
macrophages to gain mechanistic insight into how these TFs directly regulate
macrophage differentiation and identity at the level of cis-regulatory elements.
Finally, we used in silico comparative analyses to assess the evolutionary

conservation of macrophage identity-imprinting pathways across species.
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Part I: MafB-restricted local monocyte proliferation
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Abstract

Resident tissue macrophages (RTMs) are differentiated immune cells that
populate distinct niches and exert important tissue-supportive functions. RTM
maintenance is thought to rely either on differentiation from monocytes or on
RTM self-renewal. Here, we used a mouse model of inducible lung interstitial
macrophage (IM) niche depletion and refilling to investigate the development of
IMs in vivo. Using time-course single-cell RNA-sequencing analyses, bone
marrow chimeras and gene targeting, we found that engrafted Ly6C" classical
monocytes proliferated locally in a Csfl receptor-dependent manner before
differentiating into IMs. The transition from monocyte proliferation toward IM
subset specification was controlled by the transcription factor MafB, while c-Maf
specifically regulated the identity of the CD206" IM subset. Our data provide
evidence that, in the mononuclear phagocyte system, the ability to proliferate is
not merely restricted to myeloid progenitor cells and mature RTMs but is also a

tightly regulated capability of monocytes developing into RTMs in vivo.
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Graphical abstract 2. Using a DT-induced IM depletion model in Tmem119¢;Cx3cr1tt
DTR mice, called IMP™ mice, we found that the monocyte-to-IM trajectory encompasses
a MafB-restricted, Csflr-dependent local proliferation of transitioning monocytes (Tr-
Mo) that precedes the differentiation into CD206~ IM or c-Maf-dependent CD206" IM.
Graphical abstract was created by Adeline Deward — lllumineScience.
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Introduction

RTMs are self-maintaining immune cells that are integral parts of mammalian
tissues and exert important tissue-supportive functions. The original
understanding that RTMs arise from bone marrow (BM)-derived circulating
monocytes, as proposed by van Furth and Cohn®, has been challenged by
multiple reports showing that several RTM populations can arise from embryonic
yolk sac macrophages and fetal monocytes that seed the tissues before the
establishment of definitive hematopoiesis, and can self-maintain with minimal
contribution of monocytes?#673%307  Nevertheless, throughout adult life,
monocytes can give rise to RTMs in proportions that depend on the tissue
accessibility and on the nature and extent of perturbations leading to RTM

depletion29,282,300,297,308

Besides origin, the differentiation trajectories and the tissue cues are thought
to be essential determinants of RTM identity and function??%2%3%_|n 3 given
niche, RTMs can respond to local trophic factors, such as Csfl for their
maintenance, and are instructed by niche-derived signals that trigger the
expression of specific transcription factors and differentiation programs, thereby
tailoring a specific identity that fulfills the functional needs of a given

tiss Ue42'72'300'309

While currently the repopulation and maintenance of RTM niches is thought to
be achieved either through monocyte engraftment and differentiation or
through the self-renewal of mature RTMs2%”2%8 the slow turnover of RTMs at
steady state and the lack of models that allow the capture of rare events, such
as monocyte-to-RTM transitioning cells, have hampered investigations of RTM
dynamics in vivo. The lung IMs, which are long-lived RTMs that are slowly

replenished in adults by Ly6C" classical monocytes (cMo) and encompass
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- |M5102_104’186’299, can be

perivascular CD206* IMs and nerve-associated CD206
used as a model to study monocyte-to-RTM trajectories. Here, we developed a
transgenic mouse model of diphtheria toxin (DT)-inducible IM niche depletion
that allowed us to capture and explore at the single-cell resolution the dynamics
of events that occur during monocyte-to-IM differentiation. In this model, we
found that repopulated IMs arose from BM-derived Ly6C* cMo dependent on the
monocyte chemoattractant receptor Ccr2 that could undergo a transient Csfl
receptor (Csflr)-dependent proliferation in vacant tissue niches before their
differentiation into CD206* IMs or CD206~ IMs, a process that was regulated by
MafB. Our data support the idea that tissue monocyte proliferation might

represent an underappreciated process involved in monocyte-to-RTM

trajectories in vivo.
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Materials and Methods

Mice

The following mice on the C57BL/6 background were used in this study: CD45.2
wild-type C57BL/6 (The Jackson Laboratory), CD45.1 wild-type C57BL/6J (The
Jackson Laboratory, 002014), Cx3cr1®?* (ref.®>; The Jackson Laboratory,
005582), Tmem119 (see below), Rosa26"- " (ref 319, The Jackson Laboratory,
006148), Cx3cr1=tP™/* (ref.31%; The Jackson Laboratory, 025629), Ccr27- (ref.3'?;
The Jackson Laboratory, 004999), Nr4al”~ (ref.3!3; The Jackson Laboratory,
006187), Maf"! (ref.3'4; kindly provided by F. Andris), Maft™" (generated by D.P.
and the GIGA Mouse facility and Transgenics Platform, Liege University, Belgium,
see below), Lyz2“ (ref.31%; The Jackson Laboratory, 004781) and Ms4a3¢ (ref.?).
Myeloid-restriced Maf or Mafb depletion was achieved by crossing Maf"# or

Mafb”" mice with Lyz2¢ or Ms4a3°¢ mice.

C57BL/6 Tmem119¢ knock-in mice were generated using CRISPR/Cas-
mediated genome engineering by Cyagen Bioscience. In brief, the Tmem119
targeting vector was designed by cloning a genomic fragment encompassing
exon 2 of the Tmem119 gene from BAC clones RP23-187D5 and RP23-126P3. A
Cre-polyA cassette was introduced in the Tmem119 targeting vector upstream of
the ATG start codon between a 2.1-kb 5" homology arm and a 2.1-kb 3 homology
arm. Tmem119-gRNA (protospacer, CAGGGGACCATGTTGAGCTATGG), Cas9
mMmRNA and Tmeml119 targeting vector were co-injected into pronuclei of
C57BL/6J one-cell-stage zygotes, followed by implantation of the zygotes into
surrogate mothers to obtain targeted knock-in offspring. FO knock-in founder
animals were identified by PCR followed by sequence analysis. Tmem119<¢*
mice were then back-crossed to CD45.2 or CD45.1 C57BL/6J mice for at least four

generations. Tmem119“¢ mice were genotyped by PCR using the following
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primers: PCR primers 1 for mutant allele (annealing temperature, 60.0 °C):
forward primer: 5- TCCGTAACCTGGATAGTGAAACAG-3'; reverse primer: 5'-
ATATGTCCTTCCGAGTGAGAGAC-3’; product size: 270 bp (mutant). PCR primers 2
for wild-type allele (annealing temperature, 60.0 °C): forward primer: 5'-
ACCGAGGACAGAAATGAATAAGATG-3; reverse primer: 5'-
AGGGAACGAGGATGGGTAGTAG-3’; product size: 643 bp (wild type).

C57BL/6 Mafb™ mice were generated using recombination-mediated genetic
engineering. Briefly, the genomic segment covering the Mafb single exon was
retrieved to PL253 vector using BAC recombineering. The loxP-EM7-Neo-loxP
cassette was cloned by PCR from PL452 plasmid and ligated to the Mafb 5’
segment (PL253/Mafb/Neo 5') and the cassette was ‘popped out’ by
electroporating to SW106 cells expressing Cre and 5’ loxP left in the construct.
The FRT-Neo-FRT-loxP cassette was cloned from PL451 plasmid and ligated to
the Mafb 3' segment. The purified plasmid was electroporated into mouse
embryonic stem cells and the cells were selected under G418 treatment for 1
week. The bona fide clones with successful homologous recombination were
screened by Southern blot. Successfully recombined clones were injected into
blastocysts to make Mafb’-Neo mice. These mice were crossed to an FLP-
expressing line to remove the Pgk-Neo cassette and generate Mafb” mice. Mafb”
mice were genotyped by PCR using the following primers: forward primer: 5'-
TCCATCCATCTTGGGAAAAG-3'; reverse primer: 5-TCAGGACTGGGCTGCTAGTT-
3’; product size: 320 bp (Mutant), 220 bp (wild type).

Tmem119“¢ and  Rosa26't"  mice were crossed to create
Tmem119“¢Rosa26 """ mice. Tmem 119 and Cx3cr1*:°™* mice were crossed
to create Tmem119eCx3cr1®C™* mice, referred to as ‘IMP™ mice. Since we
observed some YFP labeling in CD45  cells in the testis and ovaries of

Tmem119“¢Rosa26" 5" mice, we did not use Tmem119“¢Rosa26 " or
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Tmem119“¢Cx3cr1'P™ mice as breeders to avoid any issues arising from
germline recombination. CD45.1/CD45.2 IMP™ mice were generated by crossing

CD45.1 Tmem119¢ with CD45.2 Cx3cr1P™ mice.

No sex-specific differences were observed in pilot experiments. A mix of male
and female mice between 6 and 10 weeks of age were used for each experiment,
except for chimera experiments where mice between 11 and 15 weeks of age
were used. The mice were bred and housed under specific-pathogen-free
conditions at the GIGA Institute (Liége University, Belgium), maintained in a 12-
h light-dark cycle, and had access to normal diet chow and water ad libitum. Mice
were identified according to genotype and all experiments were performed with
age-matched and sex-matched littermates. For Csflr-blocking experiments, mice
were randomly assigned to vehicle or isotype antibodies and anti-Csflr
treatments. For experiments using IMP™ mice that were treated or not with DT,
mice were randomly allocated to DT treatment or not. Investigators were not
blinded during the collection and analysis of the data, except for the

quantification of microscopy lung sections, where investigators were blinded.

All animal experiments described in this study were reviewed and approved by
the Institutional Animal Care and Use Committee of the University of Liege
(ethical approval no. DE1956). The ‘Guide for the Care and Use of Laboratory
Animals,” prepared by the Institute of Laboratory Animal Resources, National
Research Council, and published by the National Academy Press, as well as
European and local legislations, was followed carefully. Accordingly, the

temperature and relative humidity were 21 °C and 45-60%, respectively.
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Reagents and antibodies

A complete list of the reagents, antibodies and commercial assays used in this

paper can be found in Supplementary table 2.1.

In vivo treatments with chemicals and antibodies

For DT-induced depletion of IM, IMP™ mice were injected i.p. with a single dose
of 50 ng DT (List Biological Labs, 150), unless otherwise stated. Control mice were
either untreated IMP™ mice, or Tmem119“¢* littermate control mice injected
with DT. For EdU incorporation experiments, IMP™ mice were injected i.p. with
1 mg EdU (Santa Cruz Biotechnology, sc-284628) in 200 pl PBS 4 h before killing,
unless otherwise stated. For all experiments involving EdU incorporation, 1 ug of
PerCP-Cy5.5-conjugated anti-mouse CD45 (clone 104, BD Biosciences, 552950)
was i.v. injected 10 min before killing to distinguish blood circulating (CD45-
PerCP-Cy5.5%) and tissue leukocytes (CD45-PerCP-Cy5.57). For Csflr-blocking
experiments, 250 pg of anti-mouse Csflr-blocking antibody (clone AFS98, Bio X
Cell, BE0213) or isotype control (clone 2A3, Bio X Cell, BEO089) was injected i.v.
6 and 28 h after DT injection. For experiments with Csflr inhibitors, 100 mg per
kg body weight of pexidartinib (PLX3397; MedChemExpress, HY-16749) was
injected i.p. 24 and 48 h after DT injection.

Bone marrow, blood and tissue leukocyte isolation

Blood was collected by retro-orbital plexus bleeding of terminally anesthetized
mice. Mice were then euthanized by cervical dislocation. Peritoneal lavage was
obtained by injecting 10 ml HBSS (Lonza, BE10-508F) into the peritoneal cavity
and collecting the washout. Mice were then perfused with 10 ml PBS via the left

ventricle, and lungs, brain, liver, spleen, intestine and colon were dissected.
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For BM cells, femurs and tibias were dissected and cleaned of soft adhering
tissue. Distal and proximal ends were opened, and BM cells were flushed out.
After centrifugation, cell pellets were resuspended in ice-cold PBS (Thermo
Fisher, 14190094) containing 10 mM EDTA (Merck Millipore, 1084181000) and
cell suspensions were filtered using a cell strainer (70 um, Corning, 352350) to

obtain a single-cell suspension.

Lungs, brains, liver and spleen were cut into small pieces with razor blades, and
digested for 1 h at 37 °C in HBSS containing 5% vol/vol FBS (Thermo Fisher,
10270098), 1 mg/ml collagenase A (Sigma, 14190094) and 0.05 mg/ml DNase |
(Sigma, 11284932001). After 45 min of digestion, the suspension was flushed
using a 18-gauge needle to dissociate aggregates. Ice-cold PBS (Thermo Fisher,
14190094) containing 10 mM EDTA (Merck Millipore, 1084181000) was added
to stop the digestion process and cell suspensions were filtered using a cell
strainer (70 um, Corning, 352350). Mononuclear leukocytes from lungs and livers
were enriched using a Percoll density gradient (GE Healthcare, 17089101) and by

harvesting cells from the 1.080:1.038 g/ml interface.

For the isolation of leukocytes from the small intestines and colons, small
intestines and colons were dissected from the pylorus and the rectum, were
separated from the mesenteric tissue from Peyer’s patches and from fat and
were placed in ice-cold HBSS with 2% FBS. Intestinal content was removed with
PBS, and the small intestines and colons were opened by a longitudinal cut and
washed three times in ice-cold HBSS with 2% FBS. To remove mucus and
epithelial cells, small intestines and colons were incubated with HBSS with 2%
FBS and 1 mM 1,4 dithiothreitol (Sigma, 10197777001) for 20 min with constant
shaking followed by an incubation with HBSS containing 2% FBS and 1.3 mM
EDTA for 40 min. Tissue pieces were then cut into small pieces and incubated for

1h at 37 °C with RPMI containing 2% FBS, 2 mg/ml collagenase IV (Thermo
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Fisher, 17104019) and 40 U/ml DNase I. At the end of incubation, the suspension

was homogenized with a 19-gauge syringe and filtered through a 70-um strainer.

Generation of bone marrow (competitive) chimeras

Eighteen-week-old CD45.2 or CD45.1/CD45.2 IMP™ mice were anesthetized by
i.p. injection of 200 ul PBS containing ketamine (75 mg per kg body weight;
Dechra, 804132) and xylazine (10 mg per kg body weight; Bayer, 0076901). The
thoracic cavity was protected with a 0.6-cm-thick lead cover and mice were
lethally irradiated with two doses of 6 Gy 15 min apart. Once recovered from the
anesthesia, mice were reconstituted by i.v. administration of 107 BM cells from
congenic CD45.1 wild-type mice. For mixed BM chimeras, mice were injected i.v.
with 107 BM cells consisting of a 1:1 mix of cells obtained from CD45.1 wild-type
and CD45.2 Ccr2”~, Nr4al”~ or Ms4a3“*Mafb™" mice. From the day of
irradiation, mice were treated for 4 weeks with 0.05 mg/ml of enrofloxacin
(Baytril, Bayer) in drinking water. Chimerism was assessed by flow cytometry in

the blood 4 weeks after irradiation.

Adoptive transfer of bone marrow monocytes

BM Ly6C" monocytes were isolated from congenic CD45.1 wild-type mice using
the Monocyte Isolation Kit (Miltenyi Biotec, 130-100-629). Around 2 x 106 BM
Ly6C* monocytes were administered i.v. into CD45.1/CD45.2 IMP™ mice that
were injected i.p. with 50 ng DT 24 h before monocyte transfer to deplete

endogenous IMs.

Flow cytometry

Cells (0.5-5 x 10°) were pre-incubated with Mouse BD Fc Block (BD Biosciences,

553142) to avoid unspecific binding to Fc receptors and stained with appropriate
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antibodies at 4 °C in the dark for 30 min. For EdU staining, extracellular-stained
cells were permeabilized and stained using Click-iT EdU Alexa Fluor 488 Flow
Cytometry Assay Kit (Thermo Fisher, 10632), according to the manufacturer’s
instructions. For DAPI cell cycle analyses, extracellular-stained cells were
permeabilized and stained with 1 ug/ml DAPI (BioLegend, 422801) in the dark for
30 min at room temperature (RT). For Ki67 staining, extracellular-stained cells
were permeabilized and stained using either FITC Mouse Anti-Ki67 Set (BD
Biosciences, 556026) or PerCP-eFluor710 Mouse Anti-Ki67 (Thermo Fisher, 46-
5698-80). Cell viability was assessed using LIVE/DEAD Fixable Near-IR (775) stain
(Thermo Fisher, L34976) and the cell suspensions were analyzed with an
LSRFortessa (BD Biosciences). Results were analyzed using FlowJo software (Tree
Star). For scRNA-seq and bulk RNA-seq, lung myeloid cells were sorted using a
FACSAria Ill (BD Biosciences). The full list of antibodies used can be found in the

Supplementary table 1.

MCP-1/Ccl2 quantification

IMP™ and littermate control mice were euthanized at indicated time points after
DT administration. Blood was collected and lungs were perfused through the
right ventricle with 10 ml PBS and isolated. Blood samples were left undisturbed
for 30—45 min at RT to allow clot formation. The serum was separated from the
blood clot by centrifugation for 10 min at 2,000g at 4 °C. Serum was stored at
-80 °C. Dissected lungs were snap frozen and homogenized in 360 ul ice-cold
lysis buffer (40 mM Tris-HCI (pH 7.4), 150 mM NacCl, 10% glycerol and cOmplete
Protease Inhibitor Cocktail (Sigma, 11697498001) using a tissue homogenizer
(IKA) with the addition of 1% NP-40 (Sigma, 74385) after homogenization.
Samples were then rotated for 20 min at 4 °C, followed by a centrifugation to
pellet debris. Protein concentration of cleared lysates was determined using

Pierce BCA Protein Assay Kit (Thermo Fisher), according to the manufacturer’s
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instructions. Cleared lysates were stored at —80 °C. Ccl2 levels in serum and lung
homogenates were determined using MCP-1/Ccl2 Mouse Uncoated ELISA Kit

(Thermo Fisher), according to the manufacturer’s instructions.

Bulk RNA-seq: sample preparation and analysis

Native IM subsets, cMo and AMs were isolated from uninjected IMP™ mice, while
repopulated IM subsets were isolated from IMP™ mice that had been treated i.p.
with 50 ng DT 14 days earlier. Cell populations were FACS sorted using the gating
strategy shown in Fig. 1c into TRIzol reagent (Thermo Fisher, 10296010). Total
RNA was extracted with the standard TRIzol RNA extraction protocol. RNA quality
and quantity were evaluated using a 2100 bioanalyzer (Agilent) and the Quant-
iT RiboGreen RNA Assay Kit (Thermo Fisher, R11490). One hundred nanograms
of RNA was used to generate the libraries using the TruSeq Stranded mRNA kit
(Ilumina, 20020594). These libraries were sequenced on an lllumina NovaSeq
sequencer on an SP flow cell. Sequence alighnment with the mouse genome
(GRCm38), sequence counting and quality control were performed using the nf-
core/rnaseq pipeline. RNA-seq data were analyzed using R Bioconductor (3.5.1)

and DESeq?2 package (version 1.26.0)328,

scRNA-seq

To compare lung monocytes and IMs from untreated IMP™ mice (group ‘no
treatment’) with those from IMP™ mice treated with 50 ng DT i.p. 96 h before
(group ‘DT96h’), five mice from each group were killed and lung single-cell
suspensions were obtained after enzymatic digestion. CD11b* cells were
enriched by MACS using CD11b MicroBeads (Miltenyi Biotec, 130-049-601). Lung
monocytes and IMs were then FACS sorted separately as

CD45*SSC'°CD11b*F4/80* CD64~ and CD64" cells, respectively (Figure 1C), and the
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10x Genomics platform (Single Cell 3’ Solution) was used for scRNA-seq. The IM
pool was then enriched in the final single-cell suspension to reach a
monocyte/IM ratio of 1:1. For each sample, an aliquot of Trypan blue-treated
cells was examined under the microscope for counting, viability and aggregate
assessment following FACS sorting. Viability was above 90% for all samples and
no aggregates were observed. Cell preparations were resuspended in calcium-
free and magnesium-free PBS containing 0.4 mg/ml of UltraPure BSA (Thermo

Fisher Scientific, AM2616).

To analyze lung monocytes (CD45'SSC°CD11b*F4/80*CD64) and IMs
(CD45*SSC'°CD11b*F4/807CD64*) from IMP™® mice treated 12 h (group ‘DT12h’),
24 h (group ‘DT24’) and 48 h (group ‘DT48h’) before with 50 ng DT i.p., and to
analyze lung monocytes (CD45*SSC°CD11b*F4/80*CD64) and CD64* cells
(CD45*SSC'°CD11b*F4/80*CD64*) from  Lyz29°Mafb™f (group ‘Mafb-KO’),
Lyz2Maf""" (group ‘cMAF-KO’) and littermate control (group ‘control’) mice, a
similar protocol was applied, but cells from each group were barcoded with
different anti-mouse Hashtag antibodies (BioLegend) before being pooled for
encapsulation and library construction. To obtain a higher resolution in analyzing
lung myeloid cells in myeloid-restricted Mafb-deficient and Maf-deficient mice,
the pooled Mafb-KO/cMAF-KO/control samples were composed of a ratio of

monocytes:CD64* cells of 3:7 instead of 1:1.

For library preparation, approximately 3,000 cells per sample (for ‘DT96h’ and
‘no treatment’), or 20,000 cells for pooled hashtag-labeled samples, were loaded
into the Chromium Controller, in which they were partitioned, and their polyA
RNAs captured and barcoded using Chromium Single Cell 3' GEM, Library & Gel
Bead Kit v3 (10x Genomics). The cDNAs were amplified and libraries compatible
with [llumina sequencers were generated using Chromium Single Cell 3’ GEM,

Library & Gel Bead Kit v3 (10x Genomics). For Hash Tag Oligonucleotide (HTO)

94



EXPERIMENTAL SECTION Part I

library, 1 ul HTO additive primer v2 (0.2 uM stock) were added to the mix at the
cDNA amplification step. The libraries were sequenced on an lllumina NovaSeq
sequencer on an SP100 cell flow (read 1, 28 cy; read 2, 76 cy; index 1, 10 cy; index
2,10 cy) at a depth of 50,000 reads per cell.

The Cell Ranger (v3.0.2) application (10x Genomics) was then used to
demultiplex the BCL files into FASTQ files (cellranger mkfastqg), to perform
alignment (to Cell Ranger mouse genome references 3.0.2 GRCm38/build 97),
filtering and unique molecular identifier counting and to produce gene-barcode

matrices (cellranger count).

Filtered matrix files were used for further scRNA-seq analyses with R
Bioconductor (3.12) and Seurat (3.2.1)%'". The cells from pooled hashtag-labeled

samples were demultiplexed with the barcode detected in each cell.

Filtered matrices containing cell IDs and feature names in each sample were
used to build a Seurat object. We performed quality control by filtering out the
cells with less than 200 detected genes, the genes detected in less than three
cells and the cells exhibiting more than 10% of mitochondrial genes. Gene counts
in each sample were normalized separately by default method LogNormalize
with a scale factor of 10,000 and log transformation. Two thousand highly

variable features were identified with the vst method.

After merging cells from all samples, cell contaminants were removed based
on the expression of specific genes. Four clusters were identified in the
remaining cells using the FindClusters function and the DEGs were calculated

using the FindAlIMarkers function (Seurat package).
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Single-cell RNA velocity estimation

The counts for unspliced and ambiguous transcripts were calculated from
CellRanger output using the velocyto command-line tool

(http://velocyto.org/)**® and saved in loom files. The single-cell RNA velocities

were estimated using scVelo toolkit (https://scvelo.readthedocs.io/)3*. Briefly,

the loom files were used as input for scVelo analysis. Genes with a minimum of
20 of both unspliced and spliced counts and on the top list of 2,000 genes were
filtered, normalized and log transformed (scv.pp.filter_and_normalize with
default parameters). Thirty principal components and 30 neighbors obtained
from Euclidean distances in principal-component analysis space were used for
computing first-order and second-order moments for each cell. We used
generalized dynamical modeling to recover the full splicing kinetics of spliced
genes, and the single-cell RNA velocities were plotted with the same cluster

labels and embedding as in Figure 2.4A.

Gene Ontology enrichment analysis with differentially expressed gene

signatures

The DEG lists for enrichment analyses were calculated using Seurat function
FindMarkers with only.pos = TRUE to output only positively regulated genes.
Thresholds logfc.threshold of 0.2 and adjusted P value of 0.01 were applied to
filter the gene lists. Gene Ontology (GO) enrichment analyses were made using
enrichGO functions from clusterProfiler package (ref.3?°) with default arguments.

Only biology process terms of ontology were shown in the final results.

Immunofluorescence

For lung immunofluorescence staining, lungs were perfused with 10 ml PBS via

the left ventricle and lungs were collected. Lungs were fixed for 4h in 4%
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paraformaldehyde (Thermo Fisher, F/1501/PB15) at 4 °C. Fixed lungs were then
cryoprotected in 30% sucrose (VWR, Avantor, 57-50-1) in PBS for 4 h at 4 °C,
followed by embedding in optimal cutting temperature compound (OCT; Tissue-
Tek, 4583) at —80 °C overnight, and lung OCT sections were cut (7-um-thick
sections) and blocked in methanol 100% (Merck, 67-56-1) at —20 °C for 20 min.
Samples were stained in blocking buffer (PBS with 0.3% Triton X-100 (Merck,
648466) and 2% donkey serum (Sigma Aldrich, D9663)) with rat anti-mouse
antibodies directed against MHC class Il (I-A/I-E; 1:100 dilution in blocking buffer;
clone M5/114.15.2, eBioscience, 14-5321-82) overnight at 4 °C. After washing
samples with PBS, secondary donkey anti-rat IgG antibodies conjugated with
Alexa Fluor 594 (1:1,000 dilution in blocking buffer; Thermo Fisher, A21209) were
added in blocking buffer and incubated for 1 h in the dark at RT. Samples were
washed with PBS and incubated with Alexa Fluor 488-conjugated rat anti-mouse
antibodies directed against CD206 (clone C068C2, BioLegend, 141710; 1:50
dilution in blocking buffer), eFluor 570-conjugated rat anti-mouse antibodies
directed against Ki67 (1:200 dilution in blocking buffer; clone SolA15,
eBioscience, 41-5698-82), APC-conjugated rat anti-mouse antibodies directed
against CD11b (1:50 dilution in blocking buffer; clone M1/70, eBioscience, 17-
0112-83) in blocking buffer for 6 h at 4 °C. Finally, samples were washed one last
time with PBS and were mounted with 10 pul ProLong Antifade reagent
(Invitrogen, P36961) containing 0.1% Sytox blue nucleic acid stain (Invitrogen,

$11348) on glass slides and stored at RT in the dark overnight.

All samples were analyzed by spectral fluorescence microscopy. Images of full
lung sections were acquired on an LSM 980 with Airyscan 2 inverted confocal
microscope (Zeiss) using a LD C-Apochromat x40/1.1 W objective and Zen Black
software. All fluorophores were excited simultaneously, and the emission

spectra were collected with a spectral detector 32-channel GaAsP
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photomultiplier tube in lambda mode at 8.8-nm bins from 411 to 694 nm. A
spectral unmixing was performed based on the monospectral spectra. Images
were processed with the Zen Blue software. For quantification, the numbers of
CD11b*CD206°MHC-II" IMs (CD206~ IMs), CD11b*CD206"MHC-II/M |Ms
(CD206* IM) and CD11b*CD206 MHC-II'®Ki67" cells were counted blindly and
manually on a total surface of 12-16 mm? per mouse section. The results were

expressed in cell number per mm? of lung section.

Single-cell regulatory network inference and clustering analysis

To predict the potential active transcription factors, Ly6C* cMo, Tr-Mo, CD206"
IMs and CD206" IMs were subjected to SCENIC analysis using the SCENIC
package®’l. The normalized counts, nFeature_RNA and nCount_RNA in merged
Seurat object were used for the initial SCENIC analysis. The genes expressed with
a value of 3 in 0.5% of the cells and detected in 1% of the cells were kept for
following SCENIC analysis. Coexpression network analysis was made with GENIE3
in the SCENIC package. To represent the SCENIC results, the results of the
‘3.4 regulonAUC’ output were added to the metadata of Seurat object so that
regulon AUC scores could be plotted using the FeaturePlot function. The top 50

regulons with highest variance are shown with their z-scores in the heat map.

Monocle, tradeSeq and pseudotime analysis during interstitial macrophage

development

To evaluate trajectory-based differential expression analysis during M
development in IMP™ mice, Ly6C* cMo, Tr-Mo, CD206™ IMs and CD206" IMs were
subjected to Monocle analysis®22. The Monocle CDS object was built with counts
and metadata from Seurat object and converted using SeuratWrappers package.

Cells were clustered with the cluster_cells function using calculated UMAP
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coordinates and a resolution of 0.51 x 1073. The trajectories along pseudotime
were built using learn_graph and order_cells functions. The DEGs across
trajectories were calculated using Moran’s | test (graph_test function) and only
the genes with a g value of 0 and Morans’s | value over 0.25 were kept as

significant DEGs and subjected to further analyses.

To compare the expression patterns of DEGs across pseudotime, the counts
matrix, pseudotime and cell weights calculated above were then used as input in
fitGAM function (tradeSeq package)3?. The association of average expression of
each gene with pseudotime was tested using associationTest and the DEGs
between CD206 IM and CD206" IM trajectories were calculated with the
diffEndTest function. The value of the estimated smoother on a grid of
pseudotimes was estimated for each DEG using predictSmooth. The DEG with
waldStat >70 and |log fold change| >2 were annotated as ‘changed genes’,
meaning that their expression patterns were different in CD206™ and CD206* IM
trajectories, while the rest of the DEGs were considered as ‘unchanged genes’,
meaning that the expression patterns were similar in both trajectories. Finally,
the scaled estimated smoothers calculated by predictSmooth were used to build

heat maps with the ComplexHeatmap package3%.

Interstitial macrophage and monocyte signature scoring

The IM-specific, cMo-specific and CD16.2* Mo-specific gene signatures were
calculated using previously published scRNA-seq data (ref.1%*) by comparing |M,
cMo or CD16.2* Mo populations to all other cell types in the dataset using the
FindMarker function (Seurat). The genes with |log fold change| >1 and only
positively regulated ones were considered as the IM, cMo or CD16.2* Mo
signature. The signatures were then used to calculate the scores for each cell

using the VISION package®®® (Figure 2.8l) or with AddModuleScore function
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(Seurat; Supplementary figure 2.4E). The scores were stored in Seurat object and

plotted with Seurat package.

Statistical analysis

Graphs were prepared with Prism 9 (GraphPad) or R Bioconductor (3.5.1), and
ggplot2 for data in Figure 2.3B. No statistical methods were used to
predetermine sample sizes, but our sample sizes are similar to those reported in
previous publications!0#186326 Data distribution was assumed to be normal when
parametric tests were performed, but this was not formally tested. Data from
independent experiments were pooled for analysis in each data panel, unless
otherwise indicated. No data were excluded from the analyses. Statistical
analyses were performed with Prism 9 (GraphPad), and with R Bioconductor
(3.5.1)**” and DESeq23!® or Seurat (3.2.1.)*Y for bulk and scRNA-seq data,
respectively. The statistical analyses performed for each experiment are
indicated in the respective figure legends. We considered a P value lower than

0.05 to be significant (*, P<0.05; **, P<0.01; ***, P <0.001; **** P <0.0001).

Data availability

Single-cell RNA-seq and bulk RNA-seq data have been deposited at the Gene
Expression Omnibus and are publicly available under accession GSE194021. A
complete list of the data generated and used in this paper can be found in

Supplementary table 2.2.

Code availability

All original codes have been deposited at GitHub and are available at:

https://github.com/BlanQwall/Lung IM differentiation.
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Results

Lung interstitial macrophages express high levels of Tmem119 and

Cx3cril

132

We uploaded microarray data from the ImmGen database™* and published

18 into the Gene Expression Commons platform3?® and found that IMs,

datasets
as well as microglia, had high expression of the genes encoding the fractalkine
receptor (Cx3crl1) and the transmembrane protein 119 (Tmem119; Figure 2.1A
and 2.1B). Flow cytometry of myeloid cells isolated from the lungs of Cx3cr1°*/*
mice indicated that lung CD45*SSC'°CD11b*F4/80*CD64* IMs (called IMs
hereafter) expressed high levels of GFP (Figure 2.1C—E and Supplementary figure
2.1A). Next, we used CRISPR/Cas9-mediated engineering to generate C57BL/6
mice expressing Cre recombinase under the control of endogenous Tmem119
(hereafter Tmem119“® mice). Quantification of intracellular expression of Cre
protein by flow cytometry indicated elevated Cre expression in the CD206™ IM
and CD206" IM subsets, but no detectable Cre in other lung myeloid cells (Figure
2.1F and 2.1G), BM progenitors, blood leukocytes and RTMs in the peritoneum,
liver, spleen and gut, with the exception of microglia (Supplementary figure
2.1B-1 and Supplementary figure 2.2) in Tmem119“¢ mice. We crossed
Tmem119“¢ mice with the Rosa26'E"F reporter strain3®, resulting in
Tmem119“¢Rosa26tP mice in which persistent enhanced YFP protein
expression is induced in Tmem119-expressing cells and their progeny. Less than
25% of multipotent, myeloid lineage-committed and common lymphoid
progenitors in the BM of Tmem119“°Rosa26“-E" mice were YFP*
(Supplementary figure 2.3A-C). B cells, T cells, neutrophils and eosinophils in the
blood exhibited almost no YFP labeling, while 10-30% of cMo and Ly6C™

patrolling monocytes (pMo) were YFP* (Supplementary figure 2.3D and 2.3E).
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Figure 2.1. Lung interstitial macrophage subsets can be defined as Cx3cr1"Tmem119"
cells. (A) Heat map showing gene activity in the indicated myeloid cell populations,
inferred from microarray data uploaded on the Gene Expression Commons platform.
Alv, alveolar; CNS, central nervous system; Int, interstitial; LN, lymph node; Mo,
monocyte; Mac, macrophage; PC, peritoneal cavity; Sl, small intestine; SLNs, skin-
draining lymph nodes; SP, spleen. (B) Gene activities of Cx3cr1 and Tmem119 in the
indicated myeloid cell populations, as in A. The arrow indicates lung IMs. (C)
Representative flow cytometry gating strategy showing CD45*F4/80*CD11c* AMs, AM-
excluded CD45*SSC°CD11b*F4/80*Ly6C*CD64~ cMo, AM-excluded CD45*SSC'°CD11b*
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F4/80*Ly6C"CD64 pMo, AM-excluded CD45*SSC'°CD11b*F4/80*CD64* bulk IMs further
divided into CD206* IMs and CD206" IMs in lungs of wild-type mice at steady state. (D
and E) Representative flow cytometry histograms (D) and normalized MFI (E) of GFP
expression in lung cMo, pMo, AMs and IMs, as in C, and in CD45'CD11c*MHC-
[I"CD26*CD64°CD172aXCR1* type 1 conventional DCs (cDC1) and CD45*CD11c*MHC-
II*CD26*CD64"CD172a*MAR1™ (cDC2) from Cx3cri®*/* and Cx3cr1** mice. (F and G)
Representative histograms (F) and normalized MFI (G) of intracellular Cre protein in lung
myeloid cells, as in D and E, from Tmem119¢* and Tmem119** mice. Data show the
mean *s.e.m. and individual values (B, E and G: n =3 replicates, 3 mice and 3 mice,
respectively). P values were calculated using a one-way analysis of variance (ANOVA)
with Tukey’s post hoc test and compared bulk IMs with cMo, pMo, AMs, cDC1 and cDC2
(Eand G). **P<0.01; ****P <0.0001. MFI, mean fluorescence intensity.

While lung CD45" structural cells exhibited very low YFP expression, ~50% of lung
cMo, pMo, alveolar macrophages (AMs) and dendritic cells (DCs) were YFP*
(Supplementary figure 2.3F and 2.3G). IMs had the highest YFP labeling (92%)
among all lung myeloid cell populations tested (Supplementary figure 2.3F and
2.3G). RTMs in other tissues exhibited variable expression of YFP, with microglia
(89%) and small (80%) and large (84%) peritoneal macrophages displaying a
similar pattern as lung IMs (Supplementary figure 2.3H and 2.3l). Combined with
the Cre staining, these results indicated that IMs actively expressed Cre, while
YFP labeling observed in lung monocytes, DCs and other RTMs, except microglia,

reflected a history of transient Tmem119 expression in progenitor cells.

Classical monocytes give rise to interstitial macrophage subsets upon

niche depletion

Like for most RTM populations, monocyte engraftment and differentiation into
IMs are rare events at steady state!®*#, Hence, to investigate the dynamics of
IM development in vivo, we sought to accelerate this process by creating a vacant
44,298

niche that would presumably be rapidly refilled, as shown for other RTMs

To this end, we generated a transgenic model of DT-induced lung IM depletion
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by crossing Tmem119“¢ and Cx3cr1™P™ mice3!. In Tmem119“¢Cx3cr15-0™R
mice, referred to as IMP™ mice hereafter, cells that express both Cx3cr1 and
Tmem119 should express the diphtheria toxin receptor (DTR) and be sensitive to
DT-induced death. Intraperitoneal (i.p.) injection of IMP™ mice with 50 ng DT led
to the efficient depletion of both CD206* IM and CD206™ IM subsets 24 h after
injection compared with untreated IMP™ mice, while lung AMs, cMo and DC
subsets were not affected (Figure 2.2A—E). Injections (i.p.) with DT in doses
ranging from 0.1 to 500 ng showed a dose-dependent depletion of IMs in IMP™®
mice 24 h after injection, but also a partial depletion of lung cMo and pMo at the
highest dose (Figure 2.2D). Of note, 50 ng DT i.p. did not trigger the recruitment
of lung eosinophils or neutrophils at 24 h after injection (Figure 2.2F), indicating
that the DT-mediated death of IMs did not trigger overt inflammation. We found
no significant effect of 50 ng DT on the numbers of BM progenitors, blood
monocytes, microglia and RTMs in the peritoneum, spleen and gut, except for an
increase in numbers of Kupffer cells in the liver 24 h after injection in IMP™ mice
compared to untreated counterparts (Figure 2.2G and 2.2H). Of note, 500 ng DT
triggered a significant depletion of microglia 72 h after DT in IM®P™ mice as
compared to controls (Supplementary figure 2.3J). As such, both IM subsets

were specifically depleted by 50 ng DT i.p. in IMP™® mice.

To assess whether the empty IM niche was repopulated by newly differentiated
IMs, we performed flow cytometry time-course studies of lung myeloid cells
after DT treatment in IMP™ and control littermates. IM depletion occurred as
early as 12 h after DT (Figure 2.3A and 2.3B). IM numbers were still low in IMP™
mice at day 2 and day 3 after DT compared to controls and this was associated
with a significant increase in the numbers of lung cMo (Figure 2.3A and 2.3B).
From day 3 onwards, the numbers of IMs increased gradually to reach levels

similar to the ones in control littermates at day 7 after DT (Figure 2.3A and 2.3B).
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Figure 2.2. Efficiency and specificity of diphtheria toxin-induced interstitial
macrophage depletion in IMP™ mice. (A) Representative merged UMAP plots of lung
single live CD45*CD11b* or CD11c* mononuclear cells analyzed by flow cytometry 24 h
after 50 ng DT i.p. injection or no treatment in IMP™® mice (merged data from four mice
per group). Cell clusters (left) and heat map plots depicting the expression of Ly6C,
CD11c, CD11b, F4/80, CD64 and CD206 (right). (B) Representative UMAP plot, as in a,
showing cells from either untreated IMP™® mice or DT-treated IMP™® mice. (C)
Representative contour plot of Ly6C and CD64 expression within lung single live AM-
excluded CD45*SSC'°CD11b*F4/80* cells from untreated and DT-treated IMP™® mice, as in
A. (D) Absolute numbers of the indicated lung myeloid cell populations quantified by
flow cytometry in IMP™ mice, at 24 h after i.p. injection with DT in doses ranging from
0.1to 500 ng. Horizontal dotted lines represent the average number of cells in untreated
IMP™®  mice. (E and F) Absolute numbers of lung CD45*CD11c*MHC-
II"CD26*CD64°CD172a"XCR1* ¢DC1, CD45*'CD11c*MHC-II*CD26*'CD64 CD172a*MAR1”
cDC2, CD45*CD11c*MHC-II*CD26'CD64CD172a*MAR1* DCs (MAR1* DC) and
CD45*CD11c*MHC-II*CD26°CD64*CD172a* macrophages (CD64* Mac) (E) and lung
CD45*CD11b*Ly6G" neutrophils (Neu) and CD45*CD11b*SiglecF* eosinophils (Eos) (F)
quantified by flow cytometry 24 h after 50 ng DT i.p. injection or no treatment in IMP™
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mice. (G and H) Numbers of BM Lin"Ly6A/E*CD117* LSK,
Lin"CD16/32°CD117*CD135*CD34*CD115~ common myeloid progenitors (CMP),
Lin"CD16/32°CD117*CD135*CD34*CD115* monocyte-DC progenitors (MDP),
Lin"CD16/32*CD117*CD135°CD34*CD115Ly6C-  granulocyte-monocyte  progenitors
(GMP), Lin"CD16/32*CD117*CD135°CD34*CD115 Ly6C* granulocyte progenitors (GP),
Lin"CD16/32*CD117*CD135°CD34*CD115*Ly6C* monocyte  progenitors  (cMoP),
Lin"CD16/32*CD117°CD115*Ly6C* monocytes (LyeC* BMMo),
Lin"CD16/32°CD117°CD135*CD115*CD347Ly6C~ common DC progenitors (CDP) (G),
blood CD45*CD3°CD19 Ly6G SiglecF"CD115* Ly6C* cMo or Ly6C" pMo,
CD45*Ly6G SiglecFLy6C CD115*CD11b* F4/80" large (LPM) or F4/80'" small peritoneal
macrophages (SPM), liver CD45*CD31°F4/80*CD11b™CD64* Kupffer cells (KC), spleen
Lin"F4/80"CD11b~ red pulp macrophages (RPM), small intestinal (SI) and colon (C)
CD45*Ly6C"CD11b*F4/80*CD64* lamina  propria  macrophages (LPM) and
FSC'°CD45™F4/80*CD11b*CD64*Ly6C microglia (H), as in E. Data show the mean £ s.e.m.
and are pooled from 2-4 independent experiments (D-H: n=6-15, 10, 8-10, 7, 8-10
mice per group, respectively). P values were calculated using a two-way ANOVA with
Tukey’s post hoc test. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001; ns, not
significant.

The influx of cMo into the lungs of DT-treated IMP™ mice at day 2 after DT was
preceded by a significant increase in the amount of the monocyte
chemoattractant Ccl2 in the lung and serum 12 and 24 h after DT in IMP™ mice
compared to controls (Figure 2.3C), suggesting that cMo were attracted to the

lung in a Ccr2-dependent manner.

To investigate whether cMo contributed to IM replenishment, we performed
three sets of experiments. First, we generated chimeric mice in which lethally
irradiated, thorax-protected CD45.2 IMP™ mice were reconstituted with CD45.1
wild-type BM cells. At week 4 after transfer, the donor chimerism of blood cMo
was 87%, while the donor chimerism of AMs and IMs was very low (Figure 2.3D
and 2.3E), indicating efficient BM donor reconstitution and thorax protection,
respectively. When the chimeric IMP™ mice were injected or not with DT at week
4 after transfer, the donor chimerism of IMs was significantly increased in the

DT-treated chimeric IMP™ mice (92%) compared to untreated counterparts at
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day 7 after DT, and reached levels similar to those observed in blood cMo (Figure
2.3D and 2.3E), consistent with a major contribution of BM cells to the
replenishment of the IM niche. Second, we generated BM competitive chimeras
in thorax-protected CD45.1/CD45.2 IMP™ mice engrafted with a 1:1 mix of
CD45.1 Ccr2** and CD45.2 Ccr2”~ BM cells. At week 4 after reconstitution, only
a few blood cMo were of donor Ccr2”~ origin, as expected3?® (Figure 2.3F and
2.3G). When such competitive chimeras were injected or not with DT at week 4
after transfer, the majority of IMs (70%) were of donor Ccr2*/* origin at day 7
after DT, comparable to the blood cMo (59%; Figure 2.3F and 2.3G), indicating
their dependency on Ccr2. Previous single-cell RNA-sequencing (scRNA-seq)
analyses of lung CD64"* cells indicated, based on trajectory RNA velocity analyses,
that Nr4al-dependent CD16.2* monocytes might represent precursors of
CD206™ IMs4, BM competitive chimeras in thorax-protected CD45.1/CD45.2
IMP™ mice engrafted with a 1:1 mix of CD45.1 Nr4a1”* and CD45.2 Nr4al”~ BM
cells showed that donor Nr4a1”- chimerism of IMs (43%) was similar to donor
Nr4al1** chimerism of IMs (44%) at day 7 after DT (Supplementary figure 2.4A),
indicating that IM replenishment was independent of Nr4al (ref.®) and
suggesting that CD16.2* monocytes contributed minimally to IM repopulation as
compared to Ccr2-dependent cMo. Third, we transferred CD45.1 wild-type BM
Ly6C* cMo intravenously (i.v.) into CD45.1/CD45.2 IMP™ mice 1d after DT.
CD45.1°CD45.2" cMo were mainly detected as Ly6C*'CD64™ cells at day 2 after DT
in the lung, while some CD45.1*CD45.2" cells were detected as Ly6C"CD64" cells
at day 14 after DT in the lung (Figure 2.3H), indicating that Ly6C* cMo could

differentiate into IM.
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Figure 2.3. A vacant interstitial macrophage niche is repopulated by Ccr2-dependent
classical monocyte differentiating into interstitial macrophages. (A) Representative
plots of Ly6C and CD64 expression within lung AM-excluded CD45*F4/80*SSC'°CD11b*
cells at days 0, 0.5, 1, 2, 3, 7 and 14 after 50 ng DT i.p. in IMP™® mice. (B) Time course of
absolute numbers of cMo, pMo, AMs, bulk IMs, CD206" IMs and CD206* IMs quantified
by flow cytometry in IMP™ and littermate controls, as in A. Data show the mean
(centerline) £ s.e.m. (colored area) and are pooled from >2 independent experiments
(n=8-10 mice per time point). (C) Amount of Ccl2 in the lung and serum of IMP™® and
littermate controls at 0, 12, 24 and 48 h after DT i.p. injection. (D and E) Representative
CD45.1 and CD45.2 contour plots (D) and bar graphs showing the percentage of CD45.1
donor and CD45.2 host chimerism (E) in the indicated cell populations from lethally
irradiated thorax-protected CD45.2 IMP™ mice reconstituted with CD45.1 wild-type BM
donor cells, injected or not with 50 ng DT i.p. 4 weeks later and evaluated at day 7 after
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DT. (F and G) Representative CD45.1 and CD45.2 contour plots (F) and bar graphs
showing the percentage of Ccr2** donor, Ccr2”~ donor and host chimerism (G) in the
indicated cell populations from lethally irradiated, thorax-protected CD45.1/CD45.2
IMP™ mice transplanted with a 1:1 mix of CD45.2 Ccr2”~ and CD45.1 Ccr2*/* BM cells,
injected with 50ng DT i.p. 4 weeks later and evaluated at day 7 after DT. (H)
Representative contour plot of Ly6C and CD64 expression within lung single live AM-
excluded CD45*F4/80*SSC'°CD11b* cells in CD45.1/CD45.2 IMP™ mice treated with
50 ng DT i.p., transferred with CD45.1 BM wild-type cMo i.v. 24 h after DT and
evaluated at days 2 and 14 after DT. Plots are representative of 5 mice, each of them
giving similar results. Data show the meants.e.m. and are pooled from two
independent experiments (C, E and G: n=4-8, 4-8 and 6 mice per group,
respectively). P values were calculated by likelihood ratio tests (B), two-way ANOVA
with Tukey’s post hoc tests (C and E) or one-way ANOVA with Sidak’s post hoc tests
(G). *P<0.05; **P<0.01; ***P<0.001; ****P < 0.0001.

Finally, we analyzed lung cMo, AMs, CD206* IMs and CD206~ IMs from
untreated IMP™ mice and repopulated lung CD206* IMs and CD206™ IMs from
DT-treated IMP™ mice at day 14 after DT by bulk RNA-seq. Repopulated CD206*
IM and CD206" IM subsets were largely similar to native IMs, with only 30 and 28
differentially expressed genes (DEGs) between native and repopulated CD206*
IMs and CD206™ IMs, respectively (log; fold change + 1, adjusted P value < 0.05;
Supplementary figure 2.4B and 2.4C). Although Tmem119 mRNA expression was
lower in repopulated CD206" IM and CD206™ IM subsets as compared to native
CD206* IM and CD206™ IM subsets, respectively (Supplementary figure 2.4C),
they could still be efficiently re-depleted by DT at day 14 after first DT treatment
(Supplementary figure 2.4D). Thus, similar to the steady-state situation03104186,

Ccr2-dependent cMo could give rise to differentiated CD206* IM and CD206 IM

subsets in DT-treated IMP™® mice.
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scRNA-seq captures interstitial macrophage development from classical

monocytes

Lung monocytes and IMs were sorted from five IMP™® mice at 0, 12, 24, 48 and
96 h after DT and were subjected to single-cell droplet encapsulation with the

%, scRNA-seq and quality-control filtering. A total of

10x Genomics platform33
15,941 myeloid cells were analyzed and projected to global and time-specific
uniform manifold approximation and projection (UMAP) plots (Figure 2.4A and
2.4B), which led to the identification of seven distinct cell clusters (Figure 2.4A-
C). Based on differential expression analysis, we identified clusters
corresponding to cMo (Ccr2, Ly6c2; cluster (C) 1), pMo (Ace, Nrd4al; C2), CD206~
IM (H2-Ab1, Cd74; C3) and CD206* IM (Lyvel, Mrc1; C4; Figure 2.4D and 2.4E).
C3 not only encompassed CD206 IM but also contained nonclassical CD16.2*
monocytes (Fcgr4, Ace)!® (Supplementary figure 2.5). C5 upregulated
apoptosis-related genes (Bax, Trp53, Tnf), was almost uniquely present 12 h after
DT and disappeared afterwards (Figure 2.4B-E), likely representing DT-targeted
native IM undergoing cell death, while C7 encompassed few contaminating DCs
(Zbtb46, Ccr7; Figure 2.4D and 2.4E). C6 encompassed cells expressing Ccr2 and
Ly6c2 that were rare at steady state but enriched between 24 and 96 h after DT
and made a transient bridge between cMo and a branching point leading to
CD206* IM and CD206~ IM subsets (Figure 2.4B-E), which we named
transitioning monocytes (Tr-Mo). RNA velocity analysis indicated that Tr-Mo
moved from cMo toward IM subsets (Figure 2.4F). These experiments thus

captured the full pattern of monocyte-to-IM trajectory at the single-cell

transcriptomic level.
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Figure 2.4. Time-course scRNA-seq analyses of interstitial macrophage niche refilling
reveal discrete transitioning cells. (A) Three-dimensional UMAP plot depicting the
transcriptional identity of sorted lung CD45*SSC'°CD11b*F4/80*CD64~ monocytes and
CD45*SSC'°CD11b*F4/80*CD64* IMs merged from IMP™® mice injected with DT i.p. at 0,
12, 24, 48 and 96 h before the analysis (n=5 pooled mice per time point). (B) UMAP
plots from the five separate time points after DT, as in a. Inset indicates the number of
cells analyzed (A and B). (C) Histogram showing the frequency of each cluster at each
time point after DT. (D) Heat map depicting the single-cell expression of the ten most
upregulated genes within each cluster. (E) Dot plots show average expression of the
indicated genes and the percentage of cells expressing the genes within each cluster. (F)
Prevalent pattern of RNA velocities substantiated by arrows and visualized on the same
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UMAP plot as shown in A. The square on the right shows a higher magnification of the
area in the left square.

Transitioning monocytes transiently express cell cycling genes

Next, we applied Monocle single-cell trajectory analysis®?? to the scRNA-seq data
encompassing cMo, Tr-Mo, CD206* IMs and CD206™ IMs, and identified two main
trajectories, both starting from cMo, moving across Tr-Mo until a branching
point, and then bifurcating toward either CD206™ IMs or CD206" IMs, in line with
the real-time analysis (Figure 2.5A and 2.5B). Genes that exhibited the same
pattern of regulation along pseudotime in both CD206" IM and CD206" IM
trajectories, as analyzed using tradeSeq3??, encompassed three main classes of
genes. First, cMo expressed genes enriched in cellular extravasation, leukocyte
migration and chemotaxis (Figure 2.5C and 2.5D), in line with tissue recruitment.
Second, we observed a time-restricted upregulation of genes associated with cell
proliferation (Ube2c, Aurkb, Racgap1, Cdk1, Ccnb2, Mki67; Figure 2.5C and 2.5D)
that peaked between 5 and 10 pseudotime units and corresponded to Tr-Mo, as
attested by their elevated S and G2/M cell cycle score (Figure 2.5E), indicative of
DNA replication and mitosis, respectively. Such a state was then followed by
increased expression of genes enriched in cell adhesion (Figure 2.5C and 2.5D),
supporting the idea of cell engraftment into their niche?*1%, By mapping cMo
signature, S and G2/M phases, as well as IM signature scores along pseudotime,
we could sequentially observe the downregulation of cMo signature
accompanied by an upregulation of cell division-related genes, which then
decreased concomitantly to the acquisition of an IM signature that became
predominant at the end of the trajectory (Figure 2.5F). These data suggested that
cMo, once in a vacant niche, became Tr-Mo that could re-enter the cell cycle and

expand before differentiating into CD206* IM or CD206™ IM subsets.
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Figure 2.5. Trajectory analyses of interstitial macrophage development identify
transient proliferating monocytes. (A) Two-dimensional UMAP plot depicting the
transcriptional identity and cell trajectories of lung cMo, Tr-Mo, CD206" IMs and CD206*
IMs, as in Figure 2.4A, evaluated by Monocle analysis. (B) Two-dimensional UMAP plot
depicting the pseudotime trajectory values of lung cMo, Tr-Mo, CD206" IMs and CD206*
IMs, as in A. (C) Heat map plot depicting the DEGs along pseudotime evaluated by
tradeSeq in the common trajectory starting from cMo (middle) and ending in CD206™ IM
and CD206"* IM subsets. DEGs are divided into three classes, and examples of genes and
the main biological responses enriched in each class are represented on the left and
right, respectively. (D) Gene expression of the indicated genes along pseudotime
evaluated by tradeSeq in both trajectories leading either to CD206~ IM or CD206* IM
subsets. (E) S and G2/M cell cycle scores of single cells within cMo, Tr-Mo, CD206™ IMs
and CD206" IMs, as depicted by violin plots (height: score; width: abundance of cells).
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(F) cMo and IM signatures, and S and G2/M scores depicted along pseudotime, as in B.
P values were calculated by one-way ANOVA with Tukey’s post hoc tests (E).
***p < 0.001.

Transitioning monocytes proliferate locally in a Csflr-dependent way

Next, we aimed to detect the Tr-Mo in vivo during the time of IM niche refilling.
IMP™ mice i.p. injected or not with DT were i.p. injected with 5-ethynyl-2'-
deoxyuridine (EdU) 4 h before the analysis, at day 2 after DT, a time point when
the IM niche was depleted and Tr-Mo were detected by scRNA-seq. Mice were
treated with CD45 antibodies i.v. 10 min before killing to discriminate blood from
tissue cells by flow cytometry. Under these experimental conditions, virtually no
EdU* cells were detected in the intravascular and extravascular cMo (Figure
2.6A-C), indicating that the EdU signal did not reflect a history of proliferation in
the BM. Notably, we detected a significant increase in the percentage of EAU"*
cells in the lung extravascular CD45*SSC°CD11b*F4/80*CD64™/" cells (CD64* cells
hereafter; Figure 2.6A), at day 2 after DT in IMP™ mice as compared to non-
treated IMP™ mice (Figure 2.6C and 2.6D). Moreover, staining with 4’,6-
diamidino-2-phenylindole (DAPI) showed an increase in the percentage of CD64*
cells in the S phase at day 2 after DT in IMP™ mice as compared to non-treated

IMP™ mice (Figure 2.6E and 2.6F).

Because RTMs can self-renew through proliferation, we tested whether the
EdU*CD64" cells corresponded to Tr-Mo or to differentiated IMs that were not
depleted by DT treatment and underwent local proliferation. The expression of
IM-associated markers such as MerTK, class Il major histocompatibility complex
(MHC-I1), CD206 and C1gA!® on EdU*CD64"* cells was intermediate between that
detected in cMo, which was significantly lower, and that detected in EdU"CD64*
cells, which was significantly higher than on EdU*CD64" cells (Figure 2.6G and
Supplementary figure 2.6A), suggesting that EJU*CD64" cells corresponded to
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Figure 2.6. Transitioning monocytes can proliferate via Csflr-dependent mechanisms.
(A) Representative plots of Ly6C and CD64 expression within lung CD45 i.v.* and CD45
i.v.” AM-excluded CD45*F4/80*SSC'°CD11b* cells from EdU-pulsed IMP™ mice treated or
not with 50 ng DT i.p. 2 d before. (B) Representative histograms of EdU levels in lung
cMo and pMo, as in A. (C) Representative histograms of EdU levels in lung CD64* cells,
as in A. (D) Bar graphs showing the percentage of EdU* cells in lung cMo and pMo, and
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in lung CD64" cells, as in A. (E) Representative histograms of DAPI signal in lung CD64*
cells, as in A. (F) Bar graph showing the percentage of lung extravascular CD64"* cells in
G1, S and G2/M phases, as in E. (G) Expression of the indicated markers in lung cMo,
EdU*CD64" cells and EAU"CD64"* cells from EdU-pulsed IMP™ mice at day 2 after DT and
in lung cMo and IMs from untreated IMP™ mice, as depicted by violin plots (height: MFI;
width: abundance of cells). (H) Representative plots of MHC-Il and CD206 expression
within lung CD64" cells from untreated IM®™® mice and EdU~/EdU*CD64" cells from DT-
treated EdU-pulsed IMP™ mice, asin G. (1) Percentage of MHC-II" CD206" cells and MHC-
II* or CD206* cells within lung CD64* cells from untreated IMP™ mice and EdU~/EdU*
CD64" cells from DT-treated EdU-pulsed IMP™® mice, as in H, as depicted by violin plots
(height: percentage; width: abundance of cells). (J) Representative images of AMs,
CD206™ IMs, CD206* IMs and CD11b*CD206 MHC-II'Ki67" cells, identified by confocal
microscopy on lung sections from untreated and DT-treated IMP™® mice, at day 2 after
DT. (K and L) Number of CD206™ IMs and CD206* IMs (K) and CD11b*CD206 " MHC-
['°Ki67" cells (L) per mm?, as in J. (M) Representative histograms of EdU levels in lung
CD64* cells from DT-treated IMP™ mice, as in A, and treated i.v. with Csflr antibodies
(Ab) or isotype control 6 and 28 h after DT. (N) Bar graph showing the percentage of
EdU* cells in lung CD64* cells, as in M. Data show the mean * s.e.m. and are pooled from
two independent experiments (D, F, G, |, K, L and N: n =4-5, 4-5, 4-10, 7-10, 6, 6 and
7-8 mice per group, respectively). P values were calculated using a two-way ANOVA with
Sidak’s post hoc tests (B and K), a two-tailed Mann—Whitney test (E, L and N) or one-way
ANOVA with Tukey’s post hoc tests (G and ). *P<0.05; **P<0.01; ***P<0.001;
*¥**%¥P < 0.0001. Scale bar, 10 um.

the Tr-Mo transcriptional subset. While CD64" cells from DT-untreated IMP™
mice contained more than 90% of IMs (either as MHC-11"CD206™/° I[M or MHC-
[1°CD206" IM subsets'31%%), the EAU*CD64* cells from IMP™® mice at day 2 after
DT were significantly enriched in MHC-1I"CD206™ monocytes (Figure 2.6H and
2.61). Conversely, like in DT-untreated IMP™ mice, EJU"CD64"* cells from IMP™
mice at day 2 after DT were mainly composed of MHC-1I"CD206™"° IM or MHC-
11°CD206" IM subsets (Figure 2.6H and 2.6l).

Next, we generated chimeric mice in which lethally irradiated, thorax-
protected CD45.2 IMP™ mice were reconstituted with CD45.1 wild-type BM
donor cells. At day 2 after DT and 4 h after EdU i.p. injections, EQU*CD64" cells

were almost uniquely detected among donor cells, and not among host cells
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(Supplementary figure 2.6B). Confocal microscopy of lung sections from IMP™
mice at day 2 after DT indicated efficient depletion of CD206* IMs and CD206~
IMs and a significant increase in CD11b*CD206 MHC-II'°Ki67"" monocytic
proliferating cells compared to untreated IM°™ mice (Figure 2.6J-L and
Supplementary figure 2.6C). Altogether, these data suggested that EAU*CD64*
cells represented BM-derived monocytes that proliferated locally and were in

transition between cMo and differentiated IMs.

Csfl receptor (Csflr) signaling has an important role in the regulation of cell
proliferation in the mononuclear phagocyte system?64297:298331332 Tq agsess the
contribution of Csfir to the proliferation of EAU*CD64* cells in our model, IMP™
mice were injected with DT i.p. and treated i.v. with 250 ug mouse Csflr
antibodies or isotype control 6 and 28 h after DT. The percentage of EdU* cells
within CD64" cells was significantly decreased in Csflr antibody-treated mice as
compared to isotype-treated DT-injected IMP™ mice (Figure 2.6M and 2.6N). We
also treated DT-injected IMP™ mice with the Csflr small-molecule inhibitor
pexidartinib (PLX3397) or vehicle i.p. at days 1 and 2 after DT and found that EdU
incorporation was almost completely abrogated at day 3 after DT in CD64" cells
from PLX3397-treated mice compared to vehicle-treated counterparts
(Supplementary figure 2.6D and 2.6E). In conclusion, EdU*CD64" cells
proliferated in the tissue through Csflr-dependent mechanisms before

differentiating into IMs.

MafB restricts the proliferation and mediates interstitial macrophage

development

To gain insights into the transcriptional control of the balance between Tr-Mo
proliferation and IM differentiation, we applied the single-cell regulatory

network inference and clustering (SCENIC) algorithm3?! to our scRNA-seq data to
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map gene regulatory networks and predict transcription factor activities at the
single-cell level. MafB was one of the high activity score transcription factors in
CD206* IMs (Figure 2.7A). MafB restricts Csfl-dependent proliferation of

333, as well as the self-renewal ability of

myeloid progenitor cells in vivo
macrophages?**?*¢,  TradeSeq trajectories showed that the transient
upregulation of the cycling gene Mki67 was followed by an increase in the
expression of Mafb between 10 and 15 pseudotime units in both CD206™ and
CD206* IM trajectories (Figure 2.7B), suggesting that MafB activation might
restrict Tr-Mo proliferation and facilitate IM development from Tr-Mo. MafB
intracellular staining of lung myeloid cells from wild-type C57BL/6 mice indicated
an elevated expression of MafB in lung IMs, especially in CD206" IMs, as
compared to lung cMo, pMo, AMs and DCs (Figure 2.7C and 2.7D). We also
assessed the expression of MafB in lung CD64" cells in EdU-pulsed IMP™ mice at
day 2 after DT. MafB expression was significantly lower in EAUKi67* and
EdU*Ki67* CD64* cells as compared to cMo (Figure 2.7E), supporting that the

proliferation of CD64" cells required low expression of MafB.

Next, we generated C57BL/6 Maft™ mice and crossed them with mice
constitutively expressing Cre recombinase under the control of the lysozyme M
promoter (Lyz2“¢) or the Ms4a3 promoter (Ms4a3“¢) to generate mice with
myeloid-restricted Mafb deficiency. To assess whether MafB mediated IM
development from cMo in vivo, we generated BM competitive chimeras in
thorax-protected CD45.1/CD45.2 IMP™ mice engrafted with a 1:1 BM cell mix
from CD45.1 wild-type and CD45.2 Ms4a3“*Mafb™ mice. At day 7 after DT,
evaluation of myeloid cell chimerism in the lung indicated that myeloid-
restricted Mafb deficiency strongly impaired the ability of cMo to repopulate the
niches of both IM subsets (Figure 2.7F and 2.7G). MafB protein was absent in
CD64* cells from Lyz2“Mafb™f mice (Figure 2.7H) and the numbers of CD64*
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Figure 2.7. MafB restricts proliferation and mediates interstitial macrophage
development. (A) Heat map depicting predicted transcription factor (TF) activities across
lung myeloid cells analyzed by scRNA-seq, as in Figure 2.4A, as assessed by SCENIC. (B)
Expression of Mki67 and Mafb along pseudotime evaluated by tradeSeq in both CD206~
IM or CD206" IM trajectories, as in Figure 2.5D. (C and D) Representative histograms (C)
and bar graphs showing normalized MFI (D) of MafB expression in the indicated lung
myeloid cell populations from wild-type mice. (E) Bar graphs showing expression of MafB
in lung cMo and IMs from untreated IMP™ mice, and in lung cMo, EdUKi67*, EdU*Ki67*
or EdUKi67 CD64* cells from EdU-pulsed IMP™ mice at day 2 after DT. (Fand G)
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Representative CD45.1 and CD45.2 plots (F) and bar graphs showing the percentage of
wild-type donor, Ms4a3“*Mafb™f donor and host chimerism (G) in the indicated cell
populations from lethally irradiated, thorax-protected CD45.1/CD45.2 IMP™ mice
transplanted with a 1:1 mix of CD45.2 Ms4a3“°Mafb™f and CD45.1 wild-type BM cells,
injected with 50 ng DT i.p. 4 weeks later and evaluated at day 7 after DT. (H) Efficiency
of Mafb depletion within lung CD64* cells from Lyz2Mafb™ mice evaluated by MafB
intracellular staining. Data are representative of five mice, each of them giving similar
results. (I) Representative UMAP plots of lung CD45*CD11b* or CD11c* mononuclear
cells analyzed by flow cytometry in Lyz2*Mafb™? and Mafb™? littermate controls
(merged data from four mice per group). (J-L) Absolute numbers of lung cMo, pMo and
CD64" cells (J), bar graphs showing the percentage of EdU* cells within cMo and CD64*
cells (K) and bar graph showing the percentage of dead cells within CD64"* cells (L) from
Lyz2*Mafb™f and Mafb™? mice. Data show the mean + s.e.m. and are pooled from 2-3
independent experiments (D, E, G, J, Kand M: n=9, 5-6, 4-7, 7, 7-8 and 12 mice per
group, respectively). P values were calculated using a one-way ANOVA with Tukey’s post
hoc tests (d, e and g), a two-way ANOVA with Sidak’s post hoc tests (j and k) or a two-
tailed Mann—Whitney test (M). In D, P values compare bulk IM versus every other
population, or CD206* IM versus CD206™ IM. In G, P values compare the percentage of
donor CD45.1 wild-type chimerism. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
AUC, area under the curve.

cells were significantly decreased in Lyz2°Mafb™ mice compared to Mafb™"
mice, while the numbers of cMo and pMo were identical (Figure 2.71 and 2.7)).
Ki67 staining indicated an increased proliferative ability of the few CD64" cells
present in Lyz2*Mafb™" mice compared to Maft™f mice (Supplementary figure
2.7). Similarly, i.p. EdU treatment 4 h before killing indicated a significant
increase in the percentage of EdU* cells within CD64* cells from Lyz2“¢Mafb™"
mice compared to littermate controls (Figure 2.7K). Finally, we found that the
percentage of dead cells was significantly higher in CD64* cells from
Lyz2*Mafb™" mice compared to littermate controls (Figure 2.7L), suggesting
that the higher proliferative rate observed in MafB-deficient CD64* cells did not
lead to an increase in the number of CD64* cells because of the increased cell
death. Altogether, these data suggested that MafB could restrict the

proliferation of lung CD64" cells and mediate IM development.
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MafB and c-Maf differentially control lung interstitial macrophage

identity

Next, we investigated to what extent the identity of CD64" cells was impacted by
myeloid-restricted MafB deficiency, as well as the contribution of myeloid-
restricted c-Maf to IM maintenance and identity. MafB and c-Maf are b-ZIP

334 and

transcription factors that belong to the same family of large Maf proteins
can cooperate together in some contexts, such as in the regulation of
macrophage self-renewal®*®. Maf activity (Figure 2.7A), Maf gene expression
(Supplementary figure 2.8A and 2.8B) and Maf protein expression
(Supplementary figure 2.8C and 2.8D) were elevated in CD206" IMs compared
to CD206™ IMs. Nevertheless, unlike in Lyz2*Mafb™f mice, IM numbers were

normal in Lyz2*Maf”" mice (Supplementary figure 2.8E and 2.8F).

Hence, we performed scRNA-seq analysis of lung cMo, pMo and CD64* cells from
Lyz2*Mafb™?, Lyz2*Maf”" and control littermates. Compared to the lungs of
Mafb™" or Maf”" control mice, which contained cMo (C1), pMo (C2) and CD206*
IMs and CD206™ IMs (C3), Lyz2Mafb™" mice lacked all IMs in the lung (C3), while
atranscriptionally distinct cluster of cells (Clec4b1, Mgl2, Tnip3; C4) was enriched
instead (Figure 2.8A-D), suggesting that the few CD64* cells present in
Lyz2*Mafb™" mice had a completely different transcriptional profile than wild-
type IMs. Of note, we found 216 DEGs (log, fold change £ 0.5, adjusted P
value < 5 x 1072) between the wild-type IM cluster (C3) and the cluster enriched
in Lyz2*Mafb™" mice (C4; Figure 2.8E). The expression of prototypical IM
identity genes (Mrcl, Adgrel, Pf4, Tmem176a, Tmem176b, Tmem119, Apoe,
C1q, Mafb, Cd63)*** was significantly decreased in C4 as compared to wild-type
IMs (C3; Figure 2.8F). Flow cytometry of CD64* cells from Lyz2*Mafb™" mice

indicated that they exhibited decreased expression of CD64 and MerTK protein
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Figure 2.8. Interstitial macrophage identity is severely impaired in myeloid-restricted

Mafb-deficient mice. (A) UMAP plots depicting the transcriptional identity of lung
CD45*SSC'°CD11b*F4/80* CD64~ monocytes and CD64* cells from Lyz2°Mafb™f mice
and littermate controls (n=5 pooled mice per group). (B) UMAP feature plots

representing single-cell expression of Mrc1 and Lyvel in lung myeloid cells merged from

Lyz2¢Mafb™" mice and littermate controls, as in A. (C) Histogram showing frequency of
each cluster in Lyz2*Maft™f mice and littermate controls. (D) Heat map depicting the
single-cell expression of the ten most upregulated genes within each cluster. (E) Volcano

plot depicting DEGs between C3 and C4 clusters. Transcripts significantly upregulated in

C3 and C4 are colored in green and orange, respectively (log> fold change + 0.5 and

adjusted P value < 0.05). (F) Expression of the indicated genes within C3 and C4 clusters,
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as depicted by violin plots (height: expression; width: abundance of cells). (G) Surface
expression of CD64 and MerTK in lung AMs and CD64" cells, evaluated by flow cytometry
in Lyz2Mafb™? and littermate controls. (H) GO enrichment analysis performed on the
upregulated genes in C4 as compared to C3. (I) IM and cMo signature scores within C1,
C3 and C4 clusters, as depicted by violin plots (height: scores; width: abundance of cells).
Data show the mean +s.e.m. and are pooled from two independent experiments (G;
n = 6—7 mice per group). P values were calculated using a Wilcoxon rank sum test (E and
F), a two-way ANOVA with Sidak’s post hoc test (G), a two-tailed Mann—Whitney U test
with Benjamini—Hochberg false discovery rate correction (H), or a one-way ANOVA with
Tukey’s post hoc test (I). ***P < 0.001; ****P < 0.0001.

compared to those from Mafb™” control littermates (Figure 2.8G). In addition,
the profile of C4 in Lyz2“*Mafb™" mice was enriched in biological responses
similar to those found at the beginning of the cMo-to-IM trajectory, such as
leukocyte migration and chemotaxis (Figure 2.8H) and was intermediate
between cMo and IMs (Figure 2.8l). Conversely, we found only a few DEGs
between IMs from Maf"f and Lyz2“*Maf"f mice (Supplementary figure 2.8G-l).
Folr2 was among the genes significantly downregulated in c-Maf-deficient IMs
compared to wild-type IMs (Supplementary figure 2.8l), suggesting that the
identity of the CD206" IM subset was regulated by c-Maf'®, In line with this,
CD206 protein expression was significantly decreased in IMs from Lyz2“*Maf"/
mice compared to those from Maf! controls (Supplementary figure 2.8)),
suggesting that c-Maf had a specific role in the CD206"* IM subset. Altogether,
these data showed that CD64* cells from Lyz2°Mafb™" mice shared similarities
with Tr-Mo, and indicated a severe impairment of IM development and identity

in the absence of MafB.
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Supplementary Information

Supplementary tables

Supplementary table 2.1. List of reagents, antibodies and commercial assays

used in this study. (Appendix 1)

Supplementary table 2.2. List of the deposited data generated and used in this

study. (Appendix 1)
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Supplementary figure 2.1. Flow cytometry gating strategies to delineate lung DCs, BM
progenitors, blood immune cells and RTM. Flow cytometry gating strategy used to
delineate lung CD45*CD11c*MHC-II*CD26*CD64 CD172a XCR1* type 1 conventional DC
(cDC1), CD45*CD11c*MHC-II*CD26*CD64"CD172a*MAR1™ type 2 conventional DC (cDC2),
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CD45*CD11c*MHC-II*CD26*CD64°CD172a*MAR1* DCs (MAR1* DC) and
CD45*CD11c*MHC-II*"CD26°CD64*CD172a* macrophages (CD64* Mac) (A), BM
Lin"Ly6A/E*CD117* LSK (B), Lin"CD16/32°CD117*CD135*CD34*CD115~ common
myeloid progenitors (CMP), Lin"CD16/32"CD117*CD135*CD34*CD115* monocyte-DC
progenitors (MDP), Lin"CD16/32*CD117*CD135°CD34*CD115Ly6C”~ granulocyte-
monocyte progenitors (GMP), Lin"CD16/32*CD117*CD135°CD34*CD115 Ly6C*
granulocyte  progenitors (GP), Lin"CD16/32*CD117*CD135°CD34*CD115*Ly6C*
monocyte progenitors (cMoP), Lin"CD16/32*CD117-CD115*Ly6C* monocytes (Ly6C*
BMMo), Lin"CD16/32°CD117°CD135*CD115*CD34 Ly6C~ common DC progenitors
(CDP) (C), blood CD45'CD3*CD19" T cells, CD45'CD3°CD19* B cells,
CD45*CD3°CD19 Ly6G SiglecF-CD115* LyeC* cMo or LyeC™ pMo,
CD45*CD3°CD19 Ly6G*CD11b* neutrophils (Neu), CD45*CD3°CD19°CD11b*SiglecF*
eosinophils (Eos) (D), CD45*Ly6G SiglecF Ly6C"CD115*CD11b* F4/80" large (LPM) or
F4/80'° small peritoneal macrophages (SPM) (E), liver
CD45*CD317°F4/80*CD11bi"™CD64* Kupffer cells (KC) (F), spleen Lin"F4/80*CD11b™ red
pulp macrophages (RPM) (G), small intestinal CD45*Ly6C"CD11b*F4/80"CD64* lamina
propria macrophages (SI LPM) (H) and colon CD45*Ly6C CD11b*F4/80*CD64* lamina
propria macrophages (C LPM) (I). Mac, macrophage.
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Supplementary figure 2.2. Assessment of intracellular Cre protein expression in BM
progenitors, blood leukocytes and RTM. (A-C) Representative histograms of Cre
intracellular expression in BM progenitors (A), in blood leukocytes (B), and in small
and large peritoneal macrophages (SPM and LPM, respectively), Kupffer cells (KC), red
pulp splenic macrophages (RPM), small intestinal (SI) and colon (C) lamina propria
macrophages (LPM) (C) from Tmem119** (blue) and Tmem119*/* (red) mice. (D) Flow
cytometry gating strategy to show brain FSC'°CD45™F4/80*CD11b*CD64*Ly6C"
microglia. (E) Representative histograms of Cre intracellular protein expression in
microglia from Tmem119** (blue) and Tmem119¢* (red) mice. (F-H) Bar graphs
showing normalized Cre expression in the indicated cell populations from the BM (F)
and the blood (G), and in tissue RTM (H). Data show mean +SEM (n =4 mice per
group). In H, P values compare microglia vs. every other population and were
calculated using a one-way analysis of variance (ANOVA) with Tukey’s post hoc tests.
Raw data and P values are provided as a source data file. ****, P <0.0001. CDP,
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common plasmacytoid and dendritic cell progenitor; cMoP, common monocyte
progenitor; CMP, common myeloid progenitor; GMP, granulocyte-monocyte
progenitor; GP, granulocyte progenitor; LSK, lineage(Lin) Sca-1*cKit" multipotent
progenitor; MDP, monocyte-dendritic cell progenitor.
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Supplementary figure 2.3. Assessment of YFP labeling in Tmem119¢Rosa26-€¥F?
mice and of microglia depletion in IMP™ mice. (A) Flow cytometry gating strategy to
show Lin“Sca-1*c-Kit* (LSK) multipotent progenitors, Lin“Sca-17c-Kit"”" myeloid
lineage-committed progenitors (MyP) and Lin Sca-1"c-Kit™ common lymphoid
progenitors (CLP). (B and C) Representative histograms of YFP expression (B) and bar
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graphs showing % of YFP* cells (C) in BM LSK, MyP and CLP from Tmem119**Rosa26""
EYPP (blue) and Tmem119“¢*Rosa26" " (red) mice. (D and E) Representative
histograms of YFP expression (D) and bar graphs showing % of YFP* cells (E) in blood
CD45*CD3*CD19” T cells, CD45*CD3°CD19* B cells,
CD45*CD3°CD19 Ly6G SiglecF-CD115* LyeC* cMo or LyeC™ pMo,
CD45*CD3°CD19°Ly6G*CD11b* neutrophils (Neu), CD45'CD3°CD19 CD11b*SiglecF*
eosinophils (Eos) from Tmem119**Rosa26"LEYP (blue) and Tmem119“¢/*Rosa26S-EYFP
(red) mice. (F and G) Representative histograms of YFP expression (F) and bar graphs
showing % of YFP* cells (G) in lung cMo, pMo, cDC1, cDC2, AMs, IMs and CD45"
structural cells from Tmem119**Rosa26E¥P (blue) and Tmem119¢/*Rosa26SLEYFP
(red) mice. (H and I) Representative histograms of YFP expression (H) and bar graphs
showing % of YFP* cells (1) in small and large peritoneal macrophages (SPM and LPM,
respectively), Kupffer cells (KC), red pulp splenic macrophages (RPM), small intestinal
(SI) and colon (C) lamina propria macrophages (LPM) and microglia from
Tmem119**Rosa26"EF  (blue) and Tmem119“¢*Rosa26EF (red) mice. (J)
Numbers of microglia quantified by flow cytometry in IMP™® and littermate control
mice injected i.p. with 50 or 500 ng DT and evaluated 24 or 72 h post-DT injection.
Data show mean + SEM and are pooled from 2 independent experiments (C, E, G, |, J)
(C, E, G, I: Tmem119/*Rosa26" Y, Tmem119“/*Rosa26-E¥P: n=4:6 mice per
group, respectively; J: n = 3-4 mice per group). P values were calculated using a two-
way (C, E, G, I) or a one-way (J) analysis of variance (ANOVA) with Tukey’s post hoc
test. In G, P values compare IMs vs. every other population. Raw data and P values are
provided as a source data file. *, P <0.05; ****, P <0.0001. ns, not significant.
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Supplementary figure 2.4. IM niche refilling is independent of Nr4al and repopulated
IMs are largely similar to native IMs 14 days post-DT in IMP™ mice. (A) Bar graphs
showing % of Nr4a1** donor, Nr4a1”~ donor and host chimerism in the indicated cell
populations from lethally-irradiated, thorax-protected CD45.1/CD45.2 IMP™® mice
transplanted with a 1:1 mix of CD45.2 Nrd4al”~ and CD45.1 Nr4al** BM cells, injected
with 50 ng DT i.p. 4 weeks later and evaluated at day 7 post-DT. (B) Principal Component
(PC) analysis plot with % indicating the variability explained by each PC component,
obtained by bulk RNA-seq analysis of lung cMo, AMs, CD206™ IMs and CD206* IMs from
untreated IMP™ mice, and of lung CD206" IMs and CD206* IMs from DT-treated IMP™
mice at day 14 post-DT (n = 3 pooled mice per replicate, 3 replicates per condition). (C)
Volcano plots depicting the DEG between native and repopulated CD206™ IMs (left) and
native and repopulated CD206* IMs (right). Transcripts significantly upregulated in
native and repopulated IM subsets are colored in blue and red, respectively (log> fold-
change + 1 and adjusted P value < 1072). (D) Bar graph showing lung IM numbers assessed
by flow cytometry in IMP™ mice treated or not with DT i.p. at day 0 and 14, and analyzed
24 h after the last DT treatment (day 15). Data show mean + SEM and are pooled from 2
independent experiments (A, D) (A, D: n =4,7-8 mice per group, respectively). P values
were calculated using a one-way ANOVA with Tukey’s post-hoc tests, and compare
donor CD45.1 Nr4a1** chimerism between cell populations in a. Raw data and P values
are provided as a source data file. **, P <0.01; **** P <0.0001. ns, not significant.
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Supplmentary figure 2.5. Identification of non-classical CD16.2+ monocytes in scRNA-
seq data of monocyte-to-IM trajectory. UMAP feature plot depicting the transcriptional
identity of  sorted lung  CD45*SSC'°CD11b*F4/80*CD64™ monocytes  and
CD45*SSC'°CD11b*F4/80*CD64* IMs merged from IMP™® mice injected with DT i.p. at O,
12, 24, 48 and 96 hours before the analysis (n = 5 pooled mice per time point), according
to their CD16.2* monocyte (Mo) signature score (A) and to the expression of the
indicated genes (B-E).(F) Two-dimensional UMAP plot, as in A, identifying
CD16.2" monocytes.
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Supplementary figure 2.6. Tr-Mo are BM-derived cells in transition between cMo and
IMs and whose proliferation is inhibited by Csflr antagonists. (A) Expression of the
indicated markers in lung cMo, EdU*CD64* and EdU CD64" cells from EdU-pulsed
IMP™ mice at day 2 post-DT. Values obtained from individual mice are connected with a
dashed line. (B) Bar graph showing the % of EdU" cells in CD45.1 donor and CD45.2 host
cells from lung cMo and CD64* cells from lethally irradiated, thorax-protected CD45.2
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IMP™ mice reconstituted with CD45.1 BM wild-type cells, injected i.p. with DT and
evaluated 2 days post-DT and 4 hours after EdU i.p. treatment by flow cytometry. (C)
Representative pictures of CD11b"CD206"MHC-II'Ki67* AMs, CD11b*CD206"°MHC-
1M 1ms (CD206™ IM), CD11b*CD206MMHC-II'"""t |Ms (CD206™ IM) and
CD11b*CD206 " MHC-II'Ki67" cells, identified by confocal microscopy on lung sections
from untreated and DT-treated IMP™® mice, at day 2 post-DT. (D) Representative
histograms of EdU levels in lung extravascular CD64* cells from DT-treated IMP™® mice
that were treated with DT i.p. 3 days before, with the Csflr antagonist PLX-3397 or
with vehicle i.p. 1 and 2 days before, and with EdU i.p. 8 h before. (E) Bar graph
showing the % of EdU" cells in lung extravascular CD64" cells, as in D. Data are pooled
from 2-3 independent experiments and show individual values (A) (n =8 mice), or
mean + SEM (B, E) (b,e: n=10,5-8 mice per group). P values were calculated using a
two-way ANOVA with Tukey’s post hoc tests (B) or a two-tailed Student’s t test (E).
Raw data and P values are provided as a source data file. *, P<0.01; ™", P<0.0001;
ns, not significant. Scale bar: 10 um.
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Supplementary figure 2.7. Lung CD64* cells from Lyz2*Mafb™/" mice exhibit a higher
proliferative potential as compared to those from littermate controls. (A)
Representative histograms of Ki67 stainings within lung lung extravascular
CD45*SSC'°CD11b*F4/80*CD64™/M cells (CD64* cells) from Lyz2*Mafb™ and littermate
controls. Insets indicate the % of Ki67* cells within CD64"* cells. (B) Bar graph showing the
% of Ki67* cells within lung CD64* cells. Data show mean + SEM and are pooled from 2
independent experiments (B) (n = 7 mice per group). P values were calculated using an
unpaired two-tailed Mann-Whitney test. Raw data and P values are provided as a source

ko

data file. ", P<0.001.
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Supplementary figure 2.8. c-Maf specifically controls the identity of the CD206* IM
subset. (A) Heatmap plot depicting the DEG along pseudotime evaluated by tradeSeq in
the subset-specific trajectories starting from cMo (middle) and ending in CD206" IM and
CD206* IM subsets. (B) Gene expression of the indicated genes along pseudotime
evaluated by tradeSeq in both trajectories leading either to CD206™ IM or CD206"* IM
subsets. (C) Representative histograms of c-Maf protein expression in the indicated lung
myeloid cell populations from wild-type mice. (D) Bar graphs showing normalized MFI of
c-Maf expression, as in C. P values compare bulk IMs vs. every other population, or
CD206*IMs vs. CD206° IMs. (E) Efficiency of Mafdepletion within lung IMs
from Lyz2*Maf"f mice evaluated by c-Maf protein intracellular staining. Data are
representative of 5 mice, each of them giving similar results. (F) Absolute numbers of
lung cMo, pMo and IMs quantified by flow cytometry in Lyz2¢Maf"f and. Maf"f mice.
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(G) UMAP plot depicting the transcriptional identity of lung CD45*SSC"
CD11b*F4/80* CD64™ monocytes and CD64* cells from Lyz2¢°Maf”# mice and
littermate controls (n =5 pooled mice per group). (H) Histogram showing frequency
of each cluster in Lyz2*Maf”f and Maff”# mice. (1) Volcano plot depicting the DEG
between lung IMs (C3) from Lyz2*Maf”# and Maf”# mice. Transcripts significantly
upregulated in IMs from Maff and Lyz2*Maf"f mice are colored in red and blue,
respectively (log: fold-change + 0.5 and adjusted Pvalue < 0.05).(J) Surface
expression of MerTK and CD206 in lung AMs and IMs, quantified by flow cytometry
in Lyz2*Maf”" and Maf”# mice. (D, F, J) Data show mean + SEM and are pooled from
3 independent experiments (n =9 mice per group) (D) or 2 independent experiments
(n =4-5 mice per group) (F, J). P values were calculated using a one-way ANOVA with
Tukey’s post-hoc test (for bulk IMs) or a two-tailed Mann-Whitney test (for IM
subsets), or a two- way ANOVA with Tukey’s post-hoc test (F, J). Raw data and P values
are provided as a source data file. ¥, P<0.05; ™, P <0.0001; ns, not significant. Ab,
antibody.
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Abstract

Homeostatic resident tissue macrophages (RTMs) exhibit diversity across tissues
but also share common features that are driven by conserved transcriptional
programs. While the transcription factor MafB is highly expressed in
macrophages, its role in establishing RTM identity and functions remains unclear.
Here we show that MafB was required for the development of bone-marrow-
derived macrophages (BMDMs) and most RTMs in vivo. MafB deficiency retained
RTM in a CD52"&" immature stage and disrupted global and tissue-specific
identities and functions, impairing phagocytosis, splenic iron recycling, and lung,
kidney and gut physiology. Epigenetic profiling revealed that MafB directly
regulated key RTM genes in mouse and humans, including Csflr, Mertk, Fcgrl,
Cd163 and Zeb2. In silico analyses further demonstrated strong evolutionary
conservation of MafB binding sites across vertebrates. Together, these findings
establish MafB as a crucial regulator of RTM development and functional
identity, linking MafB-dependent transcriptional programs with defining

features of RTMs and tissue homeostasis.
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Graphical abstract 3. Resident macrophage maturation and tissue-specific identity
depend on transcriptional programming, yet how conserved regulators universally drive
these programs remains unresolved across tissues. Vanneste et al. identify MafB as a
key transcriptional regulator that directly orchestrates conserved gene network from
mouse to human, thereby sustaining macrophage function and multi-organ tissue
homeostasis. Graphical abstract was created in BioRender.
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Introduction

Macrophages (Macs) are integral parts of most mammalian tissues and exhibit a

72,298300309  Homeostatic tissue macrophage

remarkable functional diversity
populations present at steady-state, called resident tissue macrophages (RTMs)
hereafter, act as professional phagocytes and are gatekeepers of homeostasis by
deploying important functions, including clearance of cells and foreign bodies
and defense against pathogens, as well as context-specific duties inherent of
their tissue of residence®*1°3222_ While most RTM populations seed tissues before

d24,67,306,307

the establishment of definitive hematopoiesis and are long-live , bone

marrow(BM)-derived monocytes can also contribute to RTM maintenance

throughout adult life2%:282:297.300,

RTM developmental and functional heterogeneity has been a subject of intense
investigations, which has led to the discovery of tissue-specific niche-instructive
signals and transcriptional programs dictating such
diversity140:172,222,224,297,298,300,301 ‘lq\wever, Macs represent above all, a distinct cell
lineage that is defined by common characteristics, including expression of
receptors, such as the Csfl receptor (Csf1r)3°3%% and the high affinity receptor
for the immunoglobulin gamma Fc region 1 (Fcgr1l)**3%, and Mac-defining

1226305 gnd Zinc finger E

transcription factors (TF), such as the Ets family TF PU.
box binding homeobox 2 (Zeb2)?%. Additional conserved factors arguably
contribute to RTM identity and regulate shared and tissue-specific

transcriptional programs across RTM populations.

First discovered in 1994%*’, Maf basic leucine zipper transcription factor B
(MafB) has been found to be highly expressed in myelomonocytic cells, including
Macs, and contributes to monocytic differentiation?*®24!, Of note, MafB

overexpression can induce Mac differentiation from chick myeloblasts?3,
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suggesting a link between MafB and Mac development. Subsequent genome-
wide and lineage-tracing studies support elevated MafB expression in RTMs,
distinguishing them from dendritic cells (DCs) and monocytes?*?7%242,

Initial studies investigating MafB contributions to Mac development in vivo
have used a Mafb”~ mice *' or mice reconstituted with MafB-deficient
hematopoietic cells?*#?* and have found no marked defects in Mac
numbers?#244246 | vitro, MafB-deficient Macs retain phagocytic and nitric
oxide—producing capacities, but display enhanced actin remodeling and
membrane protrusions upon macrophage Csfl stimulation?**. When both MafB
and c-Maf are deleted, differentiated Macs remain phenotypically and
functionally intact yet acquire an unusual capacity for self-renewal, driven by
KIf4- and c-Myc—dependent pathways?*®. Additional analyses of MafB-deficient
mice reveal context-specific roles of MafB in the regulation of F4/80%*' and

245

complement components C1g**, the suppression of antiviral responses in

335

microglia (MG)?’?, the regulation of brown adipose tissue thermogenesis3*® or

the restriction of lung monocyte proliferation prior to interstitial mac (IM)

differentiation°.

Nevertheless, the potentially conserved role of MafB in
governing RTM development and identities across tissues and species remains

elusive.

Here, we addressed this question using in vivo conditional Mafb targeting!!°,
ex vivo Mac cultures and in silico analyses combined with flow cytometry,
microscopy, RNA-sequencing (RNA-seq), functional assays as well as epigenetic
profiling of MafB binding sites. We found that MafB was highly expressed and
active in all tested RTM populations, at the exception of alveolar Macs (AMs).
Myeloid-restricted MafB deficiency profoundly impaired the full development
and the identities of mature RTM across mouse tissues, with important

consequences for RTM functions and tissue homeostasis. Among more than
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conserved 4,000 MafB binding sites identified, we found that MafB directly
regulated key differentiation and identity genes, including Csf1r and Fcgrl, both
in mice and humans. Finally, we provided evidence that MafB-dependent
regulation of Mac identity was highly conserved across species, thereby revealing
MafB as a critical and evolutionarily conserved regulator of RTM development

and identity.
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Materials and Methods

Reagents and antibodies

A complete list of the reagents, antibodies and commercial assays used in this

paper can be found in Supplementary Table 3.1.

Mice

The following mice on the C57BL/6 background were used: CD45.2 WT C57BL/6)J
(The Jackson Laboratory), CD45.1 WT C57BL/6J (The Jackson Laboratory,
002014), Maf"? (ref3'), Mafb™’ (ref.’%), Lyz2¢ (The Jackson Laboratory,
004781)%%, Clec4f (ref.®®), and Tmem119“¢tR"2 (The Jackson Laboratory,
031820)%*. Myeloid-restricted Mafb depletion was achieved by crossing Mafb™"
mice with Lyz2¢ mice. The corresponding littermate control mice were Mafb™”
mice. KC-specific Maf/MafB-deficient mice were generated by crossing
Maf"Mafb™ mice with Clec4f“¢ mice, with Maf"Mafb™" littermates serving as
controls. MG-specific MafB-deficient mice were obtained by crossing
Tmem119¢tR™2 mice with Mafb™f mice, with recombination induced by oral
gavage of tamoxifen (5 mg/day for 5 consecutive days); corn oil-treated
littermates were used as controls. CD45.1.2 mice were generated by crossing

CD45.1 with CD45.2 mice.

No differences between sexes were observed in pilot experiments. Each
experiment included both male and female mice aged 6 to 10 weeks, except for
chimera experiments, which used mice aged 11 to 15 weeks. The mice were bred
and housed under specific-pathogen-free conditions at the GIGA Institute (Liege
University, Belgium), maintained on a 12-hour light-dark cycle, with access to

standard chow and water ad libitum. Mice were identified by genotype, and all
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experiments were conducted using age- and sex-matched littermates.

Investigators were not blinded during data collection and analysis.

All animals and experimental procedures, except experiments involving
Clec4fMaf""Mafb"f mice, were reviewed and approved by the Institutional
Animal Care and Use Committee of the University of Liege (ethical approval no.
1956 & 2462). Clec4’Maf""'Mafb™f mice were bred and maintained at the VIB
(Belgium) in accordance with the ethical committee of the Faculty of Science,
UGent and VIB (ethical approval no. LN1691). The study adhered to the “Guide
for the Care and Use of Laboratory Animals” from the Institute of Laboratory
Animal Resources, National Research Council, published by the National
Academy Press, as well as relevant European and local legislation. Temperature

and relative humidity were maintained at 21°C and 45-60%, respectively.

Isolation of blood, bone marrow and tissue leukocytes

Blood was collected through retro-orbital plexus bleeding from terminally
anesthetized mice. Red blood cells were lysed in ACK lysis buffer (155 mM NH,CI
[VWR, 21235.297], 10 mM KHCO3 [Sigma-Aldrich, 60338], 0.1 mM EDTA [Merck
Millipore, 1084181000]). Mice were then sacrificed by cervical dislocation.
Peritoneal lavage was obtained by injecting 10 ml PBS (Thermo Fisher Scientific,
14190094) containing 10 mM EDTA into the peritoneal cavity and collecting the
washout. Mice were then perfused with 20 ml PBS though the left ventricle, and

liver, kidney, lung, small intestine, colon and brain were dissected.

For BM cell preparation, femurs and tibias were dissected and cleaned of
muscle tissue. Bones were opened at the knee joint with a razor blade, and BM

was spun out by centrifugation. Cell pellets were resuspended in ice-cold PBS
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containing 10 mM EDTA and cell suspensions were filtered using a cell strainer

(70 um, Corning, 352350) to obtain a single-cell suspension.

Spleen leukocytes were isolated by crushing the spleen through a 70 um cell

strainer with a syringe plunger. Red blood cells were lysed in ACK lysis buffer.

Liver, kidney, lung and brain were diced into small pieces with razor blades, and
digested for 1 h at 37 °Cin RPMI (Thermo Fisher Scientific, 21875034) containing
10% vol/vol FBS (Thermo Fisher Scientific, A3160802), 1 mg/ml collagenase IV
(Thermo Fisher Scientific, 17104019) and 0.05 mg/ml DNase | (Sigma-Aldrich,
11284932001). After 45 min of digestion, the suspension was homogenized using
an 18-gauge needle. Ice-cold PBS containing 10 mM EDTA was added to stop the
digestion process and cell suspensions were filtered using a 70 um cell strainer.
Red blood cells were lysed in ACK lysis buffer. Lung mononuclear leukocytes were
enriched by Percoll (GE Healthcare) density gradient centrifugation and
collecting cells from the 1.080:1.038 g/ml interface. Brain leukocytes were
enriched by Percoll density centrifugation and harvesting cells at the 80%:40%

interface.

For gut leukocyte collection, small intestine and colon were washed in ice-cold
PBS and remaining fat tissue and Peyer’s patches were removed. The intestines
were opened longitudinally, cut into segments of 3—4 mm and washed in ice-cold
HBSS (Thermo Fisher Scientific, 14025-050) with 2% FBS. To remove mucus and
epithelial cells, intestines were incubated with HBSS containing 2 mM EDTA and
1 mM 1,4-Dithiothreitol (DTT) (Sigma-Aldrich, 10708984001) at 37°C with
agitation for 20 min followed by an incubation in HBSS supplemented with 2 mM
EDTA at 37°C with agitation for 40 min. The remaining tissue was washed in ice-
cold PBS and digested for 1 h at 37 °C with agitation in RPMI containing 5% FBS,
1 mg/ml collagenase VIII (Sigma-Aldrich, C2139) and 0.05 mg/ml DNase |I. Ice-
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cold PBS containing 2 mM EDTA was added to stop the digestion process and cell

suspensions were filtered using a 70 um cell strainer.

For skin preparation, ears were dissected, separated in dorsal and ventral
sections, and digested for 90 min at 37 °C in HBSS supplemented with 5 U/ml
Dispase (Sigma-Aldrich, D4693). Dorsal and ventral sections were cut into small
pieces using scissors, and further digested for 1 h at 37°C in RPMI containing 10%
FBS, 1 mg/ml collagenase IV and 0.05 mg/ml DNase |. After 45 min of digestion,
the suspension was homogenized using an 18-gauge needle. Ice-cold PBS
containing 10 mM EDTA was added to stop the digestion process and cell

suspensions were filtered using a 70 um cell strainer.

Flow cytometry and cell sorting

Cells (0.5-5 x 10°) were pre-incubated for 10 min at 4 °C with Mouse BD Fc Block
(BD Biosciences, 553142) to block unspecific binding to Fc receptors. Cells were
then stained with fluorophore-conjugated antibodies for 30 min at 4°C. Lineage
markers used RTM analysis included CD3e, CD19, CD49b, Ly6G and SiglecF. For
MafB staining, extracellular-stained cells were permeabilized using FoxP3
Transcription Factor Staining Kit (eBioscience™, 00-5523-00), stained with anti-
MafB antibody (Bethyl, A700-046) and secondary AF488 Goat anti-Rabbit 1gG
(H+L) (Thermo Fisher Scientific, A11008) or AF647 Donkey anti-rabbit IgG
(Biolegend, 406414). Stained cell suspensions were maintained at 4 °C and
analyzed with an LSR Fortessa (BD Biosciences). For scRNA-seq, RTM were sorted
using a MA900 (Sony). Dead cells were excluded using by LIVE/DEAD Fixable
Near-IR (775) stain (Thermo Fisher Scientific, L34976). The full list of antibodies
used for flow cytometry can be found in the Supplementary table 3.1. Flow

cytometry data were analyzed using FlowJo software (TreeStar).
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Wanderlust pseudotime

On flow cytometry data, CD45*Lin"F4/80*CD64* colon cells and
CD45*Lin"CD11b*CD115* peritoneal cells were gated, down sampled (1 x 10*
cells/ sample) and concatenated using FlowJo. Wanderlust pseudotime®’ was
calculated on concatenated flow cytometry data based on Ly6C and MHC-II
expression or Ly6C and F4/80 expression for colon and peritoneal cells,

respectively.

Bone marrow-derived macrophage differentiation

BMMos were isolated from BM using Monocyte Isolation Kit (BM) (Miltenyi
Biotec, 130100629) and were seeded in tissue culture-treated plates and
cultured for 4 days in RPMI supplemented with 10% FBS, 1 mM Sodium Pyruvate
(Thermo Fisher Scientific, 11360070), 1X Minimum Essential Medium Non-
Essential Amino Acids (MEM NEAA; Thermo Fisher Scientific, 11140050), 50 uM
B-mercaptoethanol (Thermo Fisher Scientific, 31350010) and 40 ng/ml Csf-1
(Peprotech, 31502) to differentiate them into BMDMs.

Scanning electron microscopy

Fifty thousand BMMos from Mafb™" or Lyz2*Maft™’ mice were isolated,
seeded on discoid coverslips in tissue culture-treated 24-well plates (Greiner,
662160) and differentiated into BMDMs, as described above. After 4 days, the
cells were washed with PBS and fixed for 2 hours in 2.5% glutaraldehyde
prepared in 0.1 M sodium cacodylate buffer (pH 7.2). Following fixation, the cells
were rinsed in 0.2 M cacodylate buffer and MilliQ water, then post-fixed for 1
hour in aqueous 1% osmium tetroxide. The cells were washed three times with
MilliQ water and subsequently dehydrated through a graded ethanol series
(30%, 50%, 70%, 90%, and 100%). After three rinses in absolute ethanol, the glass
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coverslips containing the cells were dried with CO, using a critical point dryer
(Leica EM CPD300). The dried coverslips were fixed to glass slides using double-
sided carbon tape and coated with a 20 nm layer of gold using a Balzers SCD 004
sputter coater (Balzers). Imaging was performed using a Tescan Clara FEG-SEM
(Tescan) equipped with an Everhart-Thornley secondary electron detector under

an accelerating voltage of 15 kV.

Cell morphology

Fifty thousand BMMos from Mafb™" or Lyz2*Maft™" mice were isolated,
seeded in a CELLview™ Advanced TC™ petri dish (Greiner, 627975) and
differentiated into BMDMs, as described above. After 4 days, differential
interference contrast (DIC) images of BMDM cells were acquired using a Zeiss
Axio Observer microscope equipped with a 25x/0.8 DIC oil immersion objective
and an AxioCam 506 monochromatic camera. For cell segmentation in DIC
images, the pre-trained LC2 model of Cellpose 2.0 was retrained with a set of
annotated images to enhance its performance and better capture the
morphological characteristics of the cells. Predictions were automated using FlJI
(1.54) with an Image) macro and the BIOP plugin. Morphological characteristics
of the segmented cells, including area, perimeter, circularity, roundness, solidity
and Feret diameter, were extracted from the masks generated by Cellpose 2.0.
One hundred cells were analyzed per biological replicate and three biological

replicates were analyzed per group.

Bulk RNA sequencing library preparation

Two hundred fifty thousand BMMos from Mafb™" or Lyz2“Mafb™ mice were
isolated, seeded in tissue culture-treated 6-well plates (Greiner, 657160) and

differentiated into BMDMs, as described above. After 4 days, non-adherent cells
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were washed off with ice-cold PBS and total RNA was isolated with the standard
TRIzol (Thermo Fisher Scientific, 15596018) RNA extraction protocol. Total RNA
was further purified and concentrated using a RNA Clean & Concentrator Kit
(Zymo Research, R1013) according to manufacturer’s instructions. RNA quality
and quantity were evaluated using a 5200 Fragment Analyzer (Agilent). Samples
with a RIN > 9.9 were selected for sequencing. One hundred nanograms of RNA
was used to generate the libraries using the TruSeq Stranded mRNA kit (lllumina,
20020594). These libraries were sequenced on an NovaSeq 6000 (lllumina)

sequencer on an S4 flow cell.

Bulk RNA sequencing analysis

Preprocessing, alignment to the mouse genome (GRCm38/mm10), sequence
counting, and quality control of the bulk RNA-Seq data were carried out with the
nf-core/rnaseq pipeline. RNA-Seq data were further analyzed using R
Bioconductor (4.2.3) and the DESeq2 package (1.38.3)3'%, DEGs were calculated
using the DESeq function. Gene Ontology (GO) enrichment analyses on DEGs was

performed using the dag_enrich_on_genes function from the simona package33®.

Gene Set Enrichment Analysis

For bulk RNA-Seq, GSEA was performed using GSEA software (4.1.0). In brief,
genes from gene sets were ranked according to their expression levels in Mafb™/
BMDM and Lyz2“*Mafb™”” BMDMs using the Signal2Noise method. The
Normalized Enrichment Score (NES), False Discovery Rate (FDR), and nominal P-
values were determined through 1000 sample permutations across different

phenotypes.
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Monocyte signature genes and mac signature genes were retrieved by
comparing gene expression levels between monocytes and macs in the ImmGen

database using the ImmGen Population Comparison data browser.

Bone marrow chimeras

For mixed bone marrow competitive chimeras, CD45.1.2 mice received two
doses of 5.5 Gy lethal irradiation, 15 minutes apart, and were reconstituted by
intravenous injection of 107 bone marrow cells, consisting of a 1:1 mix of cells
from CD45.1 WT and CD45.2 Lyz2“*Maft™ mice. Starting from the day of
irradiation, mice were treated with enrofloxacin (0.05 mg/ml; Baytril, Bayer) in
their drinking water for 4 weeks. Four weeks after irradiation, blood chimerism

was evaluated by flow cytometry.
Single-cell RNA sequencing library preparation

Two independent scRNA-seq experiments were performed. In the first
experiment, peritoneal macrophages and liver macrophages were isolated. In
the second experiment, colonic and brain macrophages were isolated. For each
experiment, cells were FACS-sorted from Lyz2“*Mafb™" mice and Mafb™"

littermate controls.

Specifically, in the first experiment we sorted 5 x 10°
CD45*Lin"Ly6C"CD11b*CD115* live cells from the peritoneal lavage and 5 x 10*
CD45*Lin"Ly6C"CD11b™™/*F4/80"CD64"* live cells from the liver. In the second
experiment we sorted 5 x 10* CD45*Lin"CD11b*F4/80*CD64" live cells from the
colon and 5 x 10* CD45*Lin"Ly6C"CD11b*F4/80*CD64" live cells from the brain.
Sorting was performed in PBS with 5% FBS. Sorted cells were barcoded with
TotalSeq™-B anti-mouse Hashtag antibodies (Biolegend). Hashtag barcoded cells

were washed, pooled per genotype, spun down and resuspended in PBS with
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0.04% UltraPure™ BSA (Thermo Fisher Scientific, AM2616) at an estimated final
concentration of 1000 cells/pl. Cell suspensions were loaded into the Chromium
iX (10x Genomics) at a target recovery of 2 x 103 cell per sorted population and
scRNA-seq libraries were prepared using Chromium Single Cell 3' GEM, Library &
Gel Bead Kit v3.1 (10x Genomics, 1000128) according to demonstrated 10x
Genomics protocol “Next GEM Single Cell 3’ Reagent Kits v3.1 with Feature
Barcoding technology for Cell Surface Protein” (CG000206 Rev D). In brief, single-
cell Gene Expression Matrices (GEMs) were generated by combining barcoded
Single Cell 3’ v3.1 Gel Beads, a Master Mix, and hashtag-labeled cells with
Partitioning Oil on a Chromium Chip G (10x Genomics). Reverse transcription was
performed using a Veriti Thermocycler (Thermo Fisher Scientific) at 53°C for 45
minutes, 85°C for 5 minutes, and holding at 4°C. Next, GEMs were disrupted, and
pooled fractions were purified using DynaBeads MyOne Silane Beads (10x
Genomics, No. 2000048). Full-length cell-barcoded ¢cDNA and hashtag were
amplified via PCR with a 12-cycle reaction module at 98°C for 3 minutes, 11 cycles
at 98°C for 15 seconds, 63°C for 20 seconds, and 72°C for 1 minute, followed by
a final extension at 72°C for 1 minute. Feature cDNA Primer 2 (PN2000097, 10x
Genomics) was used to amplify both cDNA and hashtag. The cDNA reaction was
purified and size-selected for library preparation using SPRI Beads (Beckman
Coulter). The supernatant, containing Cell barcoded hashtag amplicons, was
separated and purified again for hashtag library preparation. For 3’ Gene
Expression library construction, amplified cDNA was fragmented and size-
selected. Adaptors (read 2 sequences) were added through End Repair, A-tailing,
and partial Adaptor Ligation. Libraries were then amplified by PCR (indexing PCR)
using different dual index primers per sample (PN-3000431 Dual Index Plate TT
Set A). Purified hashtag amplicons were processed in an indexing PCR using
Feature SI Primers 2 (PN2000099, 10x Genomics) with single index primers (PN-
2000240 Single Index Plate T Set A, 10x Genomics). Both the 3’ Gene Expression
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and hashtag libraries were quality-checked on QlAxel and quantified by qPCR
using Kapa SyberFast (Roche). Libraries were sequenced on an NovaSeq 6000
(IHumina) using an 54 flow cell for paired-end 150 cycles, but demultiplexed with
read 1: 28 cycles; read 2: 91 cycles; index i7: 10 cycles; index i5:10 cycles, with a
sequencing depth of 20,000 reads per cell for cDNA and 5,000 reads per cell for

hashtag libraries.

Single-cell RNA sequencing analysis

Demultiplexing, alignment to the mouse genome (GRCm38/mm10), filtering,
unique molecular identifier counting and construction of gene-barcode matrices
of the scRNA-seq data were performed using Cell Ranger (7.1.0). SCRNA-seq data
were further analyzed using R Bioconductor (4.2.3) and the Seurat package
(4.3.0). Filtered matrices containing cell IDs and feature names for each sample
were used to construct a Seurat object. Datasets from both experiments were
merged and integrated with previously published scRNA-seq data containing
CD45*SSC'°CD11b*F4/80*CD64* lung IM cells of Lyz2¢*Mafb™" mice and Mafb™"
littermate controls (GSE193891). Quality control was performed by excluding
cells with fewer than 200 detected genes, genes detected in fewer than three
cells, and cells with more than 10% mitochondrial gene content. Gene counts for
each sample were normalized using the default LogNormalize method, with a
scale factor of 10,000 followed by log transformation. The top 2,000 highly
variable features were identified using the vst method. Contaminating and
actively proliferating cells were removed based on the expression of specific
genes. Cells were clustered using the FindClusters function and the macrophage
subsets were identified based on the expression of Hashtag barcodes and known
macrophage subset specific genes. DEGs between macrophages subsets from
Mafb™ and Lyz2“*Mafb™f mice were determined using the FindMarkers

method.
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Signature scoring

For scRNA-seq, gene set signature scores were calculated using the
AddModuleScore function (Seurat). The scores were saved within a Seurat object
and visualized using the Seurat package. Differences in gene set signature scores
between macrophages subsets from Maft™" and Lyz2°Mafb™" mice were

determined using a Wilcoxon rank sum test.

Mac subset-specific signature scores were calculated using the scRNA-seq data
of RTMs from Mafb™ mice by comparing each RTM subset to all other subsets

in the dataset using the FindAlIMarker function (Seurat).

EMP, preMac and Mac signature genes have been previously described®.

Confocal microscopy

Confocal microscopy was performed as described previously®®. Immediately
after euthanizing mice with CO,, the inferior vena cava was cannulated, and the
liver was perfused with Antigenfix (Diapath, P0014) at 5 ml/min for 5 min at room
temperature. Liver slices (2—3 mm) were then fixed by immersion in Antigenfix
for 1 h at 4 °C, washed in PBS, cryoprotected overnight in 34% sucrose, and
embedded in Tissue-Tek OCT compound (Sakura Finetek). Cryosections (20 pum)
were cut using a Microm HM 560 cryostat (Thermo Fisher Scientific), rehydrated
in PBS for 5 min, permeabilized with 0.5% saponin (Sigma-Aldrich, 4521), and
blocked for 30 min with 2% bovine serum albumin, 1% fetal calf serum, and 1%
donkey serum (Abcam, ab7475). Sections were incubated overnight at 4 °C with
primary antibodies, followed by incubation with DAPI (Thermo Fisher Scientific,
D3571) and secondary antibodies for 1 h at room temperature. Slides were
mounted with ProLong Diamond (Thermo Fisher Scientific, P36970), imaged on

a Zeiss LSM980 confocal microscope equipped with a spectral detector using
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spectral unmixing. For image analysis, Z-stacks were converted to single-plane,
per-channel images by mean projection along the Z axis. The projected 2D
images were imported into QuPath (0.5.1), where a pixel classifier was first
trained and then applied to all images and class-specific binary masks were
exported. Each mask was cleaned in scikit-image (0.20.0) using binary opening
(disk radius = 2 px), filling of small holes (< 64 px), and removal of very small
objects (< 100 px). Masks were resized with nearest-neighbor interpolation to
match the measurement-image resolution and converted to labeled objects via
connected components (skimage.measure.label; connectivity = 2). A final size
filter retained objects with area = 1,500 px for analysis. For each labeled object
(cell), solidity and Tim4 expression were quantified using scikit-image
(skimage.measure; regionprops/regionprops_table): solidity was defined as the
ratio of the object area to the area of its convex hull, and Tim4 expression was

measured as the mean intensity of the Tim4 channel within the object mask.
In vivo phagocytosis assay

pHrodo™ Red S. aureus Bioparticles (Thermo Fisher Scientific, A10010) were
prepared in PBS according to the manufacturer’s instructions. Mafb™" or
Lyz2*Mafb™" mice received 50 pg Bioparticles either intraperitoneally (i.p.) to
assess uptake by LPMs or intravenously (i.v.) to assess uptake by KCs. Mice were
sacrificed 20 min (i.p.) or 30 min (i.v.) post-injection, followed by collection of
peritoneal lavage or dissection of the liver, respectively. As a negative control,
one mouse was sacrificed immediately after injection. Bioparticle uptake by

LPMs and KCs was analyzed by FACS.

In vivo erythrophagocytosis assay
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C57BL/6) wild-type mice were terminally anesthetized and perfused via the left
ventricle with 20 ml PBS containing 10 mM EDTA. Perfusate was collected via a
small incision in the right atrium using fine scissors, and cells were pelleted by
centrifugation at 800 x g for 10 min. CD45* immune cells were depleted using
MACS with CD45 MicroBeads (Miltenyi Biotec, 130052301), the flowthrough
containing red blood cells (RBCs) was recovered and centrifuged at 800 x g for

10 min.

Senescent RBCs (sRBCs) were generated by mild heat treatment for 20 min at
48 °C under continuous agitation. For labeling, a total of 1 x 10’ sRBCs were
resuspended in 1 ml Diluent C and incubated with an equal volume of Diluent C
containing 4 uM PKH26 (Sigma-Aldrich, MIDI26) for 5 min at room temperature
in the dark. The reaction was quenched with 10 ml PBS supplemented with 0.5%
BSA and 2% FCS, followed by two washes with PBS. PKH26-labeled sRBCs were

resuspended in PBS at a final concentration of 1 x 10 cells/ml.

For the erythrophagocytosis assay, Mafb™" or Lyz2*Mafb™" mice were injected
i.v. with 1 x 10° PKH26-labeled sRBCs. After 30 min, mice were sacrificed, spleens
were harvested, and RPM uptake of PKH26-sRBCs was analyzed by flow

cytometry.

Iron stain

Spleens from Maft™" or Lyz2*Mafb™" mice were dissected, weighed, fixed
overnight in 4% formaldehyde (Fisher, BP531500) in PBS, paraffin-embedded,
cut into 5-um sections, stained with Perl’s Prussian blue solution and
counterstained with Nuclear Fast Red. Images were acquired on a Axioscan 7

(Zeiss) and analyzed by QuPath (0.5.1).
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Lung function measurements

Mice were anesthetized via i.p. administration of 50 mg/kg sodium pentobarbital
(Nembutal). Following a midline incision in the neck, the trachea was exposed
and intubated with an 18-gauge blunt metal cannula with a resistance of 0.18
cmH,0-s/ml. The cannula was secured in place using nylon suture and connected
to a computer-controlled small animal ventilator (flexiVent, SCIREQ) through FX
adaptor Y-tubing. Ventilator settings were adjusted to standard murine
parameters: tidal volume of 10 ml/kg, respiratory rate of 150 breaths/min,
positive end-expiratory pressure (PEEP) of 3 cmH,0, and a fraction of inspired
oxygen (FiO,) of 0.21 (room air). Respiratory system mechanics were then
quantified using the forced oscillation technique (FOT) with flexiWare software

(8.1.3).

Whole gut transit time assay

Whole-gut transit time was measured using carmine red gavage. After an
overnight fast, Maft™" or Lyz29*Mafb™" mice were orally gavaged with a 6%
(w/v) solution of carmine red (Sigma-Aldrich, C1022) prepared in sterile 0.5%
methyl cellulose (Sigma-Aldrich, 423181) and subsequently single-housed.
Animals were observed at 15-minute intervals, and the time from gavage to the
appearance of the first red-colored fecal pellet was recorded as the total whole-

gut transit time.

Kidney stone model

Maft™" or Lyz2*Mafb™" mice were injected i.p. with sodium oxalate (NaOx,
Sigma-Aldrich, 223433) at 40 mg/kg daily for 7 days. Twenty-four hours after the
final injection, mice were sacrificed and perfused with cold PBS followed by 4%

formaldehyde in PBS. Kidneys were dissected fixed overnight in 4%
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formaldehyde, paraffin-embedded, sectioned at 5 um, and stained with 0.2%
Alizarin Red S (pH 6.8) for 10 min at 37 °C. Images were acquired on a Axioscan

7 (Zeiss) and analyzed by QuPath (0.5.1).

Human monocyte-derived macrophages differentiation

Buffy coats from healthy volunteers were obtained through the Belgian Red
Cross. Peripheral blood mononuclear cells were isolated by density gradient
centrifugation on Lymphoprep (1.077 g/ml; StemCell Technologies). Classical
monocytes were negatively selected using the Classical Monocyte Isolation Kit
(Miltenyi Biotec, 130117337) according to the manufacturer’s instructions.
Monocytes were seeded in Petri dishes (10 x 10° cells/dish) in RPMI
supplemented with 10% FBS, 1x MEM NEAA (Thermo Fisher Scientific,
11140050), 50 uM B-mercaptoethanol, and 50 ng/ml recombinant human CSF-1
(Immunotools, 11343115). Fresh differentiation medium was added on day 3. On
day 7, monocyte-derived macrophages (MDMs) were detached using cold PBS

containing 0.25 mM EDTA.

CUT&RUN library preparation

CUT&RUN was performed using the CUTANA ChIC/CUT&RUN Kit (EpiCypher,
141048) according to the manufacturer’s instructions, with minor modifications.
BMDMs or LPMs from Mafb™ or Lyz29*Mafb™ mice, as well as human MDMs
from healthy donors, were washed with ice-cold PBS and fixed with 0.1%
formaldehyde in PBS for 2 min at room temperature. Fixation was quenched with
0.125 M glycine (Merck, 104691000). For each CUT&RUN sample, 0.5 x 10° fixed
cells were incubated with 0.5 pg antibody. The following antibodies were used:
anti-MafB (Cell Signaling Technology, 41019), anti-H3K27ac (Thermo Fisher
Scientific, MA5-23516), and IgG negative control (EpiCypher, 13-0042).
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CUT&RUN libraries were prepared using the CUTANA CUT&RUN Library Prep Kit
(EpiCypher, 141001) following the manufacturer’s instructions and sequenced
on a NovaSeq 6000 (Illumina) with an S4 flow cell at a depth of 10 million reads

per sample.

CUT&RUN analysis

Raw reads were processed using the nf-core/cutandrun pipeline for adapter
trimming, alighment to the mouse reference genome (GRCm38/mm10), and
quality control. For MafB CUT&RUN, peaks were called using SEACR (Sparse
Enrichment Analysis for CUT&RUN) in stringent mode®°. Normalized tag counts
were calculated with the annotatePeaks.pl function from HOMER. MafB binding
sites were defined as peaks with higher normalized tag counts in wild-type
compared with Mafb-deficient cells. MafB binding sites were assigned to target
genes based on proximity to transcription start sites (2 kb) using HOMER.
CUT&RUN signal tracks were visualized with the Integrative Genomics Viewer

(IGV).

Evolutionary conservation scoring

Multiple alighments of 60 vertebrate species to the mouse genome (mm10) and
measurements of evolutionary conservation based on the alignment (phastCons
and phyloP) were retrieved from the UCSC Genome Browser. A phylogenetic tree
from the multiple genome alignment was constructed using ETE Toolkit (3.1.3).
Evolutionary conservation at MafB and PU.1 binding sites was quantified by
calculating the mean phastCons and phyloP score around -500 to +500 bp from
peak center. Global evolutionary conservation was quantified by subdividing the
mouse genome in fragments of 1 kbp and calculating the mean phastCons and

phyloP score of each fragment.
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Analysis of published scRNA-seq data

To create a single-cell transcriptomic myeloid cell atlas, we selected myeloid cell
clusters form the Tabula Muris Senis atlas3*°, based on the combined expression
of Ptprc (CD45) and Lyz2. Cells were reclustered using the FindClusters function
from the Seurat package (4.3.0). Clusters of contaminating and actively
proliferating cells were removed and myeloid cells clusters were identified based
on the expression of specific genes. To infer TF activity, we ran a Univariate Linear
Model using the decoupleR package (2.10.0)3*!. Briefly, for each TF, a linear
model is fitted, which predicts the observed gene expression based TF -target
gene interaction weights. The t-value of the slope from the fitted linear model is
extracted as TF enrichment score. A TF with a positive score is interpreted as

active, while a TF with a negative score is considered inactive.

To generate a single-cell transcriptomic map of macrophage differentiation, we
selected clusters of mac and mac progenitors from recently published scRNA-
seq data of FACS-sorted CD11b"“/* fetal liver cells at embryonic day of
development E14.5'2, based on the expression EMP, preMac and Mac signature
genes®. Cells were reclustered using the FindClusters function from the Seurat
package (4.3.0). To evaluate trajectory-based pseudotime analysis, we used the

Slingshot package (2.14.0) with EPM as starting cluster and mac as ending cluster.

To quantify the correlation between Mafb expression and the expression of
mac signature genes or MafB target genes in single-cell atlases across different
species, genes were converted into species-specific orthologs using g:Profiler.
Mac signature genes or MafB target genes scores were calculated using the
AddModuleScore function from the Seurat package. Correlation between Mafb
expression and the expression of mac signature genes or MafB target genes was

calculated using Pearson correlation.
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Quantification and statistical analysis

Data was visualized with Prism 9 (GraphPad) and R Bioconductor (4.2.3) using
packages ggplot2 and ComplexHeatmap. Data are presented as mean * SEM
unless stated otherwise. Sample sizes were not pre-determined by statistical
methods but are consistent with those used in previous
publications®7:104110186326 naty were assumed to follow a normal distribution
for parametric tests, though this was not formally tested. Results from
independent experiments were combined for analysis in each panel, unless
otherwise specified, and no data were excluded. Investigators were not blinded
during data collection and analysis. Statistical analyses were carried out using
Prism 9 (GraphPad), and R Bioconductor (4.2.3) with DESeq2 (1.38.3) for bulk
RNA-seq and Seurat (4.3.0) for scRNA-seq data. Detailed statistical methods for
each experiment are provided in the figure legends. A P-value of less than 0.05
was considered statistically significant (*, P<0.05; **, P<0.01; ***, P<0.001;

**** P <0.0001; ns, not significant).

Data and code availability

Bulk RNA-seq, scRNA-seq and CUT&RUN data have been deposited at GEO and

are publicly available under accession GSE287347.

All codes for analysis of sequencing data have been deposited at GitHub and

are publicly available at: https://github.com/dovneste/MafB Mac.
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Results

Elevated MafB expression and activity are conserved in mouse RTMs

To identify transcriptional regulators of Mac identity, we analyzed ImmGen
microarray data from monocyte, DC, and RTMs3#2, Core Mac genes, such as Csf1r,
Clqg and Mertk, as well as the gene encoding Mafb TF, ranked among the top
genes upregulated in RTMs versus DCs and monocytes (Figure 3.1A). Mafb
expression was low in AMs, consistent with previous findings!'®2*3, Using the

340, we found high MafB expression and

Tabula Muris Senis scRNA-seq datase
predicted TF activity based on the co-expression of target genes**! in brain MG,
liver Kupffer cells (KCs), lung IM and other tissue Macs, but not in AMs (Figures
3.1B-F). Intracellular flow cytometry confirmed higher MafB protein levels in
RTM populations from C57BL/6 wild-type (WT) mice, except in AM, compared
with blood monocytes and DCs from the same tissues (Figures 3.1G, 3.1H, and
Supplementary figure 3.1). In the colon, where colonic Macs (CMs) are
continuously renewed through the “monocyte waterfall”!??, MafB expression
gradually increased along this trajectory (Figures 3.1l and 3.1J). A similar pattern
was observed in the peritoneal cavity, where Ly6C* monocytes progressively
differentiate into F4/80* large peritoneal Macs (LPMs) via F4/80"° small
peritoneal Macs (SPMs)** (Figures 3.1K and 3.1L). Hence, MafB is highly and
exclusively expressed in RTM populations across tissues and its expression is

upregulated during Mac differentiation from monocytes.

MafB deficiency impedes the full differentiation of macs in vitro

To examine the role of MafB in Mac differentiation ex vivo, BM monocytes
(BMMos) from myeloid-intrinsic Mafb-deficient (i.e., Lyz2*Mafb")*1° or control

(Mafb™") mice were cultured with Csf1 to generate BM-derived macs (BMDMs)
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Figure 3.1. Elevated MafB expression and activity define mature RTMs in mice. (A)
Heatmap showing the top 50 genes upregulated in Macs compared with monocytes
(Mo) and DCs, inferred from microarray data on the Gene Expression Commons
platform. (B) UMAP of myeloid cell transcriptional identity from the Tabula Muris Senis
(TMS) dataset. (C) Feature plot of Mafb expression, as in B. (D) Violin plot of Mafb
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expression across myeloid cell clusters, as in C (height, expression; width, cell
abundance). (E) Feature plot of MafB activity inferred with decoupleR, as in B. (F)
Violin plot of MafB activity across myeloid cell clusters, as in E. (G) Bar graphs of MafB
expression in blood Mo (blue) and RTM (red) populations, measured by flow
cytometry (n = 4). (H) Bar graphs of MafB expression in DC and RTM populations from
indicated organs, measured by flow cytometry (n = 4). (1) Scatter plot of Ly6C and MHC-
Il expression in colon CD45*Lin"F4/80*CD64" cells colored by Wanderlust pseudotime
(merged from 4 mice). (J) MafB expression along pseudotime, as in I. (K) Scatter plot
of Ly6C and F4/80 expression in CD45*Lin"CD11b*CD115" peritoneal cells colored by
Wanderlust pseudotime (merged from 4 mice). (L) MafB expression along pseudotime,
as in K. Data are mean = SEM (G and H). P values were calculated using one-way
ANOVA with Tukey’s post hoc test (G), two-tailed Student’s t test (H, spleen, kidney,
and colon), or one-way ANOVA with Dunnett’s post hoc test (H and other organs). *,
P<0.05; **, P<0.01; *** P<0.001; ****, P<0.0001. cDC, conventional DC; C LPM,
colonic lamina propria Macs; cMoP, common Mo progenitors;DM, dermal Macs; GMP,
granulocyte-monocyte progenitors; LC, Langerhans cells; LCM, liver capsular Macs;
LN, lymph node; MFI, mean fluorescence intensity; MLN, mesenteric lymph nodes;
Neu, neutrophils; pDC, plasmacytoid DC; pMo, patrolling Mo; RM, resident Mac; SI
LPM, small intestinal lamina propria Macs; SI MM, small intestinal muscularis Macs;
SLN, skin-draining lymph nodes. See also Supplementary figure 3.1.

(Figure 3.2A). Although BMMos from Lyz2“*Mafb™" and control mice both
produced CD11b"F4/80" cells (Supplementary figure 3.2A), Mafb-deficient
BMDMs did not adopt a typical amoeboid spindle-like cell shape with distinct
lamellipodia and remained smaller, spherical and with few filopodia (Figures
3.2B, 3.2C, and Supplementary figure 3.2B; Supplementary video 1 and 2),
suggesting impaired differentiation. Bulk RNA-seq analyses identified 808
differentially expressed genes (DEGs) (log, fold change>1 or < -1, adjusted P
value <5 x 1072) between control and MafB-deficient BMDM (Figures 3.2D and
3.2E; Supplementary table 3.2), with reduced Mafb and prototypical Mac genes,
such as Mertk and C1q complement genes (C1ga, C1gb and Clqc), and increased
monocyte genes (Ly6c, Ccr2) in MafB-deficient BMDMs compared to control

BMDMs (Figure 2D). We generated monocyte and Mac signature scores by
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comparing monocytes and RTMs in the ImmGen database (Supplementary table
3.3) and found, using Gene Set Enrichment Analysis (GSEA), that the monocyte
signature was significantly enriched in MafB-deficient BMDMs, while the Mac
signature was enriched in control BMDMs (Figure 3.2F). In addition, BMDMs
from Lyz2Mafb™ mice exhibited significantly higher protein expression of the
classical monocyte markers Ly6C, CD62L and CD1la and lower protein
expression of the Mac markers MerTK, C1gA and FR-B compared to those from
control mice (Figures 3.2G and Supplementary figure 3.2C). Gene ontology (GO)
analyses revealed an enrichment of developmental processes (e.g., cell-cell
differentiation, development) in control BMDMs, and of stimulus response (e.g.,
communication, activation) in MafB-deficient BMDMs (Supplementary figures
3.2D and 3.2E), reminiscent of a plastic monocyte phenotype. These findings

indicate that MafB regulates Csf1-dependent Mac differentiation ex vivo.

MafB controls RTM development and transcriptional identity in vivo

Next, to assess whether MafB could also mediate monocyte-to-RTM
development in vivo, we generated BM competitive chimeras in which CD45.1.2
mice were irradiated and reconstituted with a 1:1 BM cell mix from congenic
CD45.1 WT and CD45.2 Lyz2*Mafb™" mice (Figure 3.3A). At week 5 after
transfer, the ratio of WT donor chimerism over total donor chimerism of blood
neutrophils and monocytes, as well as of SPMs, was between 20 and 45%, while
in all other RTMs, such ratio was between 80 and 100% (Figures 3.3B and 3.3C),
demonstrating that, in this competitive setting, myeloid-restricted MafB
deficiency impaired the ability of monocytes to differentiate in RTMs, at the

exception of SPMs.

Next, we asked whether MafB deficiency altered the transcriptional identity of

RTMs. Live peritoneal lavage CD45*Lin"Ly6C"CD11b*CD115" cells, liver CD45* Lin~
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Figure 3.2. MafB deficiency impedes monocyte-to-mac development and mac
functional identity ex vivo. (A) Experimental outline. (B) Representative phase-contrast
images of BMDM (n = 3). Scale bar, 100 um. (C) Representative scanning electron
microscopy images of BMDM, as in B (n = 3). Scale bar, 20 um. (D) Volcano plot of DEGs
between BMDM from Maft™ and Lyz2*Mafbf mice (n = 4 mice/group). Transcripts
enriched in Maft™ and Lyz2¢Maft# BMDM are shown in blue and red, respectively
(logz fold change > 1 or < -1; adjusted P < 0.05). (E) Heatmap of DEGs, as in D. (F) GSEA
of Mo and Mac signature genes in DEGs, as in D. (G) Bar graphs of mRNA and protein
expression of Mo and Mac markers (n = 4-7). Data are mean + SEM, pooled from two
independent experiments (G). P values were calculated using a Wald test with
Benjamini—Hochberg correction (D and G [mRNA]) or a two-tailed Student’s t test (G
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[protein]). **, P < 0.01; ***, P < 0.001; **** P < 0.0001. FDR, false discovery rate; NES,
normalized enrichment score; TPM, transcripts per kilobase million. See also
Supplementary figure 3.2 and Supplementary tables 3.2 and 3.3.

Ly6C CD11b™/*F4/80*CD64" cells, colon CD45*Lin"CD11b*F4/80*CD64" cells and
brain CD45'Lin"Ly6C CD11b*F4/80*CD64* cells were FACS-sorted from
Lyz2*Mafb”" and Mafb™" littermate controls, were hashtag-barcoded and
subjected to single cell (sc)RNA-seq (Figure 3.3D). Curated data were integrated
with previously published scRNA-seq data containing
CD45*SSC'°CD11b*F4/80*CD64* lung IMs from Lyz2*Mafb™" mice and Mafb™"

littermate controls®?

and were projected in UMAP plots (Figure 3.3E and
Supplementary figure 3.3A). Based on the expression of hashtag barcodes and
known RTM-specific genes, we identified Mac populations corresponding to
SPMs (Cd226, Retnla) and LPMs (Gata6, Icam2) in the peritoneal lavage; KCs
(Clec4f, Cdh5) in the liver; IMs (Mgl2, Ccl2) in the lung; and MG (Tmem 119, Sall1)
in the brain (Figure 3.3F). In the colon, we identified two clusters of CMs
characterized by high expression of Plac8 and Ly6c2 or of Cd4 and H2-M2,
respectively (Figure 3.3F). Signature scoring based on DEGs between Ly6C* cells
and MHC-II* cells from the monocyte waterfall (Supplementary table 3.4)'3

showed that these clusters corresponded to Ly6C* CMs and MHC-II* CMs,

respectively (Supplementary figure 3.3B).

Mafb mRNA was not detected in SPMs, LPMs, KCs, IMs and CMs from
Lyz2*Mafb™" mice, while Mafb depletion was only partial in MG from
Lyz2*Mafb™" mice (Supplementary figure 3.3C). Next, we conducted
differential gene expression analysis between RTMs from Lyz2*Mafb™" mice
and Mafb™ littermate controls and identified 92 DEGs in SPMs, 535 DEGs in
LPMs, 262 DEGs in KCs, 287 DEGs in IMs, 723 DEGs in Ly6C* CMs, 150 DEGs in
MHC-II' CMs and 299 DEGs in MG (Supplementary figures 3.3D-J;

Supplementary table 3.5). Of note, RTM-specific identity genes such as Retnla
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Figure 3.3. Global and subset-specific RTM signatures are disrupted upon myeloid-
intrinsic MafB depletion in vivo. (A) Experimental outline. (B) Bar graphs of donor WT,
donor Lyz2Mafb™?, and host chimerism in blood Neu, Mo, and RTM populations, as in
A (n = 5-8). (C) Heatmap of the percentage of WT donor cells relative to total donor
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chimerism, as in B. (D) Experimental outline. (E) UMAP plot of RTM transcriptional
identity from Mafb™f and Lyz2Maft™" mice. (F) Dot plot of average expression and
percentage of cells expressing the indicated genes within RTM populations, as in E. (G)
Violin plots of RTM subset-specific signature scores in Maft™? and Lyz2¢Mafb™”# RTMs
(height, score; width, abundance). (H) Violin plots of EMP, pre-Mac, and Mac signature
scores in RTM populations from Mafb™ and Lyz2¢®Mafb™ mice. (1) UMAP of
transcriptional identity (top) and pseudotime trajectory (bottom) of fetal liver EMP, pre-
Mac, and Mac at embryonic day E14.5. (J) Gene expression of Cd52 (top) and Mafb
(bottom) along pseudotime, as in I. (K) Violin plot of Cd52 expression across RTM
populations of Mafb™? and Lyz2*Mafb”? mice (height, expression; width, abundance).
(L) Bar graphs of CD52 expression in SPM, LPM, KC, and IM, assessed by flow cytometry
in Mafb™? and Lyz2¢*Mafb™ mice (n = 5). Data are mean = SEM and are pooled from
two independent experiments (B and L). P values were calculated using a one-way
ANOVA with Sidak’s post hoc test (C), a Wilcoxon rank-sum test (G, H, and K) or a two-
tailed Student’s t test (L). *, P < 0.05; **, P <0.01; ***, P<0.001; **** P <0.0001. See
also Supplementary figure 3.3 and Supplementary tables 3.3-3.7.

for SPMs, Vsig4 for LPMs, Cd163 for KCs, and Fcrls for MG were significantly
lower expressed in MafB-deficient cells. Next, we created RTM subset-specific
scores based on the DEGs of each control RTM subset compared to other RTMs
in our scRNA-seq data and found that each RTM subsets from Lyz2“*Mafb™"
mice, except for IMs, exhibited a significantly lower score for RTM-subset specific
signatures as compared to their respective controls (Figure 3.3G; Supplementary
table 3.6). To examine whether MafB deficiency also affected global Mac
differentiation, we mapped previously identified signatures of erythro-myeloid
progenitors (EMP), pre-Mac and Mac comprising different stages of Mac
differentiation (Supplementary table 3.7)%. EMP signatures were low in all
subsets between MafB-deficient and control RTMs (Figure 3.3H). Interestingly,
all MafB-deficient RTMs exhibited a significantly higher pre-Mac score as
compared to control RTMs (Figure 3.3H). Moreover, global Mac signature scores
were all significantly lower in MafB-deficient RTMs as compared to their WT
counterparts (Figure 3.3H). To explore this further, we built a macrophage

differentiation atlas from published scRNA-seq data containing CD11b""/* fetal
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liver cells at embryonic developmental day E14.5 (Figure 3.31 and
Supplementary figure 3.3K)'82, Using Slingshot pseudotime, we identified Cd52
as highly expressed in pre-Mac but downregulated at the pre-Mac to Mac
transition, coinciding with increased Mafb expression (Figure 3.3) and
Supplementary figure 3.3L). Interestingly, Cd52 was higher expressed in most
MafB-deficient RTMs as compared to their WT counterparts, with the exception
of Ly6C* CMs (Figure 3.3K), and surface expression of CD52 was elevated in
SPMs, LPMs, IMs and KCs from Lyz2“*Mafb™ mice as compared to controls
(Figure 3.3L). Together, these findings show that MafB mediates RTM
differentiation and identity across embryonically-derived and monocyte-derived
RTMs, and its absence leads to incomplete differentiation with a persistent

CD52"e" immature signature and loss of subset-specific programs.

Loss of MafB profoundly alters RTM phenotype across tissues

Next, we assessed how MafB deficiency affected RTM abundance and
phenotype. MafB deficiency did not alter blood monocyte numbers or
proportions, CD62L expression on classical monocytes (cMos), nor the
proportion of GMP- or MDP-derived cMos (Supplementary figures 3.4A-D)3**,
In, peritoneal lavages, Lyz2*Maft™ mice displayed higher proportion and
numbers of LPMs (Figures 3.4A and 3.4B). MafB-deficient SPMs expressed lower
MHC-Il and Relma, while LPMs had reduced F4/80,

MerTK and Vsig4 expression (Figures 3.4C and 3.4D). In livers of Lyz2*Mafb™"
mice, KC proportions decreased while F4/80°CD11b" monocyte-macrophage
intermediate cells (Mo-Macs) increased (Figures 3.4E and 3.4F). In addition, KC
markers FR-PB, Tim4, Vsig4, CD163 were reduced in KCs from Lyz2*Mafb mice

as compared to controls (Figure 3.4G). Similar decreases in Tim4, Vsig4, CD163

170



EXPERIMENTAL SECTION

A Peritoneal live CD45'Lin"Ly6C-

Part II

CD11b°CD115" cells B
o Mafb™ Lyz2° Malt™ - 100 * LPM
T g @ sPm 6 4 © Mafb*
o 8 L N & L OLyz2*Mafb™
310t 3 'E 4 g o
I 3 % jg' E 5 3
100 £
3 £ E2 E
£0 £ o = L
3 | 3 3
100 104 Maf* ;{:ﬁ S 0
F4/80-BV650 ——————————————
C SPM LPM
MHC-II RELMa F4/80 MerTK Tim4 Vsigd
o Maft™ ( o Maf™
o Lyz2*"Marb™ / o LyzzoMaty™
TS o| coif &Bo Fifo ‘éﬂ«go‘ns o or{;g:l
[ Beo . ) -] G ) —
T T 1 T T T 1 L L | T T T 1 T T 1 T T T 1
2 3 0005101520 024681 0 2 4 6 8 00 05 10 15 0 2 4 & 8
MFI (x10%) MFI (x10%) MFI (x10%) MFI (x10%) MFI (x10%) MFI (x10%)
‘E Liver live CD45Lin Ly6G- cells
- .
) Mafb™ Lyz2™Mafb™ 100 MF4/80 CD116° calls Mo-Mac
T‘“ Ke877 KG448 EMo-Mac 15 o Maft™
10t : < © Lyz2°"Mafo™"
KC s, . Y22 Ma
2 50 = =2 10 o
< 10 =2 So
@ e
2 £g
< ofd 5205
[ril 232 0 Zg
0 10° e g
CO1bBUVIS — Mal™  Mafirs © oo
G KC
MerTK ClecaF FR-B Tim4 Vsigd cD163
\ 2N © Mafb™
\ r © Lyz2c"Maf™
HE ‘ns B 3o B o B © odpicoo
N ane s [ e
oo o [ o |80 [ o 3
T T T T T 1 T T T T T T 1 T T T 1 T T T 1
024681 0 1 2 3 0005101520 0 2 4 & ©0 1 2 3 4 0 2 4 6 8
MF1 (x10%) MF1 (x10%) MFI (x10%) MFI (x10%) MF1 (x10%) MF1(x10%)
H Brain Cods LinLysc-
CD11b*F4/80°CD64" cells
Mafb™ Lyz2°=Mafb™ = ns MG
i £ 100 Eve 25 "
T 1 ) Waan - ]2 - o Mafb™
E-. JgL 2 20 2 8 © Lyz2°"Mafo™
L 50 =c ==
£ B 3 I 5s°
°
8 : Eglo 5y
8 g 2 2
5 g o = o5 i
5 100 100 107 Lyz2ee 8 4o L&
MHC-II-PerGP-Cy5.5 ————p Mafb™ - pgapen .
MG BAM Ewrcr manca L
P2RY12 FCRLS Mafo™™ Lyz2="Mafb™ -
‘ m © Maft? T HC1 386 WHCI 16.3 100 .
Lyz2™ 104 -
ma 5 g T,
- S qgguol' 2w g 50 X
% =g L 58,
"‘ ? 1 |Q T : 1 § ¢ E‘;
a s o ER-S
0 4 6 0 2 4 & 8 o M}:(C{\ 806 MHC-II* 83.0 0 £ 1
MFI (x10%) MF1 (x10%) 0 0 107 Mo L2 8
MHC-II-PerCP-Cy5.5 ———————p Mafb™ 0
M Spleen CD45'Lin"Ly6C~ N 0
F4/80°CDB4" cells RPM
Marb™ Lyz2°=Mafb"" s RPM CD11b* Mac
i 5a 2 P 857 - 100 ERrePM D163 © Maf™™
= 08 © Mafb™ afby
A b WcCD1ib Mac Lyz2o
=1 g 2 06 o Lyzz o )T
3 2 50 =5 Maft™ Maf™
5 2 Ee 04 —
g0 ; ] £f %
o - @ L 02
o CD11b” Mac 4.31 CD11b' Mac 12.2 0 = T T 1
o 100 10 Mafon V2™ 8 00 00 05 10 15
CD11b-BUV385 Mafb" MF1 (x10%)

Figure 3.4. Myeloid-specific Mafb-deficient mice exhibit drastic changes in the
proportion and phenotype of tissue RTMs. (A) Representative contour plots of MHC-II
and F4/80 expression in peritoneal CD45*Lin"Ly6C"CD11b*CD115" cells from Maft™ and
Lyz2Mafb™ mice (left) and percentages of SPM and LPM, as gated on the contour.
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plots (right) (n = 7-9). All subsequent panels compare Mafb™? and Lyz2*Mafb"" mice.
(B) Absolute numbers of SPM and LPM, as in A. (C) Histograms (top) and bar graphs
(bottom) of MHC-Il and RELMa expression in SPM, as in A. (D) Histograms (top) and bar
graphs (bottom) of F4/80, MerTK, Tim4, and Vsig4 expression in LPM, as in A. (E)
Representative contour plots of F4/80 and CD11b expression in liver CD45*Lin"Ly6C~
cells (left) and percentages of F4/80"CD11b" cells, CD11b" Mo-Macs, and KCs, as gated
on the contour plots (right) (n = 8). (F) Absolute numbers of CD11b" Mo-Macs and KCs,
as in E. (G) Histograms (top) and bar graphs (bottom) of MerTK, Clec4F, Tim4, Vsig4, FR-
B, and CD163 expression in KCs, as in E. (H) Representative contour plots of CD206 and
MHC-II expression in brain CD45*Lin"Ly6C"F4/80*CD64" cells (left) and percentages of
MG and BAM , as gated on the contour plots (right) (n = 6-8). (I) Absolute numbers of
MG and BAM, as in H. (J) Histograms (top) and bar graphs (bottom) of P2RY12 and FCRLS
expression in MG, as in H. (K) Representative contour plots of CD206 and MHC-II
expression in BAM (left) and percentages of MHC-II" and MHC-II* BAM, as gated on the
contour plot (right) (n = 6-8). (L) Absolute numbers of MHC-II" and MHC-II* BAM, as in
K. (M) Representative contour plots of CD206 and CD11b expression in spleen
CD45*Lin"Ly6C F4/80*CD64" cells (left) and percentages of RPM and CD11b* mac, as
gated on the contour plots (right) (n = 6-7). (N) Absolute numbers of RPM and CD11b*
macs, as in M. (O) Histograms (top) and bar graphs (bottom) of CD163 expression in
RPM, as in M. Data are mean = SEM and are pooled from two independent experiments.
Pvalues were calculated using a two-tailed Student’s t test. *, P<0.05; **, P < 0.01; ***,
P <0.001; **** P < 0.0001. ns, not significant. See also Supplementary figure 3.4 and
3.5

expression were seen in KCs from Clec4f*Maf"""Mafb™ mice as compared to
controls (Supplementary figure 3.5A). Of note, confocal microscopy analyses
revealed that KCs from Lyz2“°Mafb™" and from Clec4fMaf"""Mafb™" mice
displayed a less stellate morphology and lower Tim4 expression compared to
control KCs (Supplementary figures 3.5B—E). In lungs, as reported!®,
Lyz2*Mafb™" mice showed an imbalance between CD64* monocytes and IMs
with fewer IMs (Supplementary figures 3.4E and 3.4F). MafB-deficient IMs
expressed more CD11b but less F4/80, MHC-Il and CD206, while IM subset
proportions were unchanged (Supplementary figures 3.4G-l). In the colons of

Lyz2“*Mafb”" mice, Ly6C* CMs increased while Ly6C*MHC-II* CMs decreased

(Supplementary figures 3.4) and 3.4K). MHC-II* CM numbers were unchanged,
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but MafB-deficient MHC-II* CMs expressed more CD1lb and less CD163
(Supplementary figure 3.4L). CD163 expression in MHC-II* CMs has been
proposed to distinguish CD163~ colonic lamina propria Macs (C LPMs) and
CD163" muscularis Macs (MMs)3**. Nevertheless, the proportions and counts of
C-LPMs and MMs were unaffected in Lyz2*Mafb™" mice (Supplementary
figures 3.4M and 3.4N). In Lyz2“*Mafb™" brains, MG and border-associated Mac
(BAM) numbers were unchanged (Figures 3.4H and 3.4l), but MG showed
reduced P2ry12 and Fcrls expression (Figure 3.4J)). Lower MG-intrinsic P2ry12
expression was also observed in tamoxifen-treated Tmem1195* 2 Mafb/" mice
compared to controls (Supplementary figure 3.5F). Higher percentage and
numbers of MHC-II* BAMs were also found in the brains of Lyz2“*Mafb™f mice
(Figures 3.4K and 3.4L). In Lyz2°Mafb™" spleen, red pulp Macs (RPMs) tended
to decrease while CD11b* Mac increased, and RPMs showed decreased CD163
expression, similar to KCs (Figures 3.40-Q). In kidneys of Lyz2“*Mafb™f mice,
kidney resident Mac (KRM) proportions decreased among CD11b"* cells, with
reduced F4/80 and increased Ly6C expression (Supplementary figures 3.4N-P).
These results support that MafB deficiency profoundly disrupts RTM abundance

and phenotype across tissues.

MafB mediates key RTM phagocytic and homeostatic functions

Next, we examined the functional consequences of MafB loss on RTMs. First, we
focused on the core function of macs, phagocytosis. Upon intraperitoneal
injection of S. aureus pHrodo-Red particles, both the proportion of positive LPMs
and the particle load per cell were significantly reduced in Lyz2“Mafb™f mice
compared to controls (Figures 3.5A and 3.5B). KC phagocytosis was even more
impaired after intravenous (i.v.) injection (Figures 3.5C and 3.5D). Given the key
role of splenic RPMs in erythrocyte recycling and iron homeostasis!®®, we

injected PKH26-labeled senescent red blood cells (sRBCs) i.v. and found that
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Figure 3.5. MafB deficiency impacts essential core and tissue-specific RTM functions.
(A) Experimental outline. (B) Representative histograms (left) and bar graphs (middle,
right) of S. aureus pHrodo-Red Bioparticle uptake in LPMs from Maft™? and
Lyz2*Mafb™ mice, depicting the percentage of pHrodo* cells (middle) and MFI (right),
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asin A (n = 6-7). (C) Experimental outline. (D) Representative histograms (left) and bar
graphs (middle, right) of S. aureus pHrodo-Red Bioparticle uptake in KCs from Mafb"#
and Lyz2“*Mafb™" mice, depicting the percentage of pHrodo+ cells (middle) and MFI
(right), as in C (n = 5). (E) Experimental outline. (F) Representative histograms (left) and
bar graphs (middle, right) of sRBC-PKH26 uptake in RPMs from Maft"f and
Lyz2eMafb™ mice, depicting the percentage of PKH26* cells (middle) and MFI (right),
as in E (n = 5-6). (G) Representative images (top) and bar graphs of spleen weight
(bottom) from Maft™ and Lyz2*Maft™" mice (n = 6). Scale bar, 0.5 cm. (H)
Representative images of spleens from Maft™f and Lyz2“*Mafb™? mice stained with
Perl’s Prussian blue to examine iron deposition (left; overview, scale bars 1 mm; bottom,
magnified views, scale bars 200 um) and bar graphs of Prussian blue* area (right) (n = 6).
(I) Experimental outline. (J) Bar graphs of lung compliance (left) and elastance (right)
from Mafb™! and Lyz2¢*Mafb™" mice measured by FlexiVent assay, as in | (n = 5-9). (K)
Experimental outline. (L) Bar graphs of WGTT, as in K (n = 3—4). (M) Representative
images (left) and bar graphs of colon length (right) from Maft™ and Lyz2*Mafb™f mice
(n=6-8). Scale bar, 2 cm. (N) Experimental outline. (O) Representative images of kidneys
from Mafb™? and Lyz2*Maft™? mice stained with Alizarin Red S to examine CaOx
crystal deposition (left; overview, scale bars 1 mm; inset, magnified views, scale bars
500 um) and bar graphs of Alizarin Red S* area (right), as in N (n = 4-6). Data are mean
+ SEM and are pooled from two independent experiments. P values were calculated
using a two-tailed Student’s t test. *, P < 0.05; **, P < 0.01; **** P < 0.0001.

MafB-deficient RPMs showed reduced erythrophagocytosis (Figures 3.5E and
3.5F). These observations were also reflected at the tissue level without sRBC
injection, with Lyz2*Mafb™’ mice suffering from splenomegaly and abnormal
iron accumulation in the spleen red pulp, as revealed by Perl’s Prussian blue
staining (Figures 3.5G and 3.5H). Since IMs and CMs have been shown to support

346 respectively, we measured these functions

lung mechanics® and gut motility
in Lyz2*Mafb™" mice. We observed increased lung compliance and decreased
elastance (Figures 3.51 and 3.5J), along with delayed whole gut transit time
(WGTT) and increased colon length (Figures 3.5K and 3.5L), consistent with
impaired mucosal RTM functions. Finally, given the role of KRM in preventing
kidney stone formation?®, we tested this function using sodium oxalate

injections and found abnormal oxalate crystal accumulation within the renal

medulla of Lyz2“*Mafb™! mice, as revealed by Alizarin Red S stain (Figures 3.5N
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and 3.50). Altogether, our data support that MafB deficiency disrupts RTM
phenotypes across multiple tissues and leads to impaired phagocytosis, defective
tissue clearance functions, and compromised RTM-mediated homeostatic

functions.

MafB directly regulates mac differentiation and identity through cis-

regulatory elements

Although our data so far position MafB as a key regulator of mac functional
identity, its direct targets and the underlying mechanisms remain unclear. To
address this, we performed cleavage under targets and release using nuclease
(CUT&RUN) for MafB on BMDMs from Mafb™" and Lyz2*Mafb"" mice. We
identified 7,242 reproducible MafB binding sites in WT BMDMs, whereas MafB-
deficient BMDMs yielded only 14 sites (Figures 3.6A, 3.6B, and Supplementary
figures 3.6A—C; Supplementary table 3.8). These sites were distributed across
introns (33%), promoters or transcription start sites (TSS) (31%), intergenic
regions (26%), exons (6%), and transcription termination sites (TTS) (2%) (Figure
3.6C). To connect MafB binding with transcriptional activity, we also performed
CUT&RUN for histone H3 lysine 27 acetylation (H3K27ac), a histone mark of
active enhancers and promoters. MafB-deficient BMDMs showed reduced
H3K27ac tag counts at MafB binding sites compared with controls, supporting
that MafB promotes transcriptional activation from these regions (Figures 3.6D

and 3.6E).

By linking MafB binding sites to genes within £2 kbp of TSSs, we identified 3,511
MafB targets in BMDMs, including 303 core mac signature genes
(Supplementary table 3). These included known targets (C1qa, Cigb, Ciqc) and
key mac markers (Csf1r, Fcgrl, Mertk) (Figures 3.6F and 3.6G). MafB also bound

regulatory regions for TFs central to mac differentiation and identity, such as
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Figure 3.6. MafB binds to cis-regulatory elements to promote transcription of key mac
differentiation and identity genes. (A and B) Histograms (left) and heatmaps (right) (A)
and scatterplot (B) of normalized tag counts at MafB peaks in BMDMs from Mafb™ and
Lyz2eMafb™ mice, as quantified by CUT&RUN. (C) Pie chart showing the genomic
distribution of MafB binding sites in BMDMs. (D and E) Histograms (D) and scatterplot
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(E) of normalized H3K27ac tag counts at MafB binding sites in BMDMs from Maft™” and
Lyz2¢Mafb™ mice, as quantified by CUT&RUN. (F) Venn diagram showing the overlap
between mac signature genes and MafB target genes in BMDMs. (G) CUT&RUN tracks
depicting MafB binding around representative mac signature genes in BMDMs from
Mafb"? and Lyz2eMafb™" mice, visualized with the integrative genome viewer (IGV).
Horizontal red bars, MafB binding sites in BMDMs. (H) GSEA of mac-specific MafB target
genes using bulk RNA-seq data from BMDMs of Mafb™ and Lyz2*Mafbf mice. (I and
J) Histograms (left) and heatmaps (right) (1) and scatterplot (J) of normalized tag counts
at MafB peaks in LPMs from Maft™" and Lyz2Mafb™f mice, as quantified by CUT&RUN.
(K) Pie chart showing the genomic distribution of MafB binding sites in LPMs. (L and M)
Venn diagrams showing the overlap between MafB binding sites (L) and target genes (M)
in LPMs and BMDMs. (N and O) CUT&RUN tracks depicting MafB binding around
indicated mac (N) and LPMs (O) signature genes in LPMs, visualized with IGV. Horizontal
green bars, MafB binding sites in LPMs. P values were calculated using a Wilcoxon signed
rank test (E) or a permutation test (H). See also Supplementary figure 3.6 and
Supplementary table 3.8.

Zeb2, Mafb itself, Maf, Spil (PU.1), and Cebpb?3*3*:3*® (Figure 3.6G and
Supplementary figure 3.6D), as well as Cd163, consistent with its reduced
expression in KCs, RPMs and MHC-II* CMs. To test whether MafB regulated mac
signature genes, we performed GSEA and found significant enrichment of MafB
target genes in control BMDMs compared to MafB-deficient BMDMs (Figure
3.6H). Consistently, RTMs from Lyz2Mafb™" mice showed reduced MafB target

scores (Supplementary figure 6E).

Next, to assess whether MafB also regulates mac identity in primary RTMs, we
performed CUT&RUN for MafB on LPMs from Mafb™ or Lyz2*Mafb™" mice. We
identified 10,858 reproducible binding sites in WT LPMs, whereas Mafb-deficient
LPMs yielded fewer than 150 sites (Figures 3.6l, 3.6J, and Supplementary figures
3.6F—H; Supplementary table 3.8). MafB sites were largely intronic, intergenic,
or at promoters (Figure 3.6K), and ~70% sites and target genes overlapped
between BMDMs and LPMs, including core mac identity genes, supporting a

conserved MafB program (Figure 3.6N). In addition, MafB bound LPM-specific
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genes such as Pf4 and Vsig4, suggesting that MafB also contributes to tissue-

specific Mac specialization (Figure 3.60).

Given the importance of Csflr signaling to RTM biology4*1443% we assessed
its regulation and found Csf1r and surface CD115 reduced in multiple RTMs, but
not blood monocytes, from Lyz2“*Mafb™’ mice as compared to controls
(Supplementary figures 3.6l and 3.6J). Altogether, these data suggest that MafB
directly imprints Mac differentiation and identity though regulation of enhancer

and promoter programs.

MafB-driven mac programs are conserved from mouse to human and

across vertebrates

We first examined the evolutionarily conserved FIRE enhancer in the second
intron of Csflr, which regulates mac-specific Csf1r transcription®>3%0, MafB
bound FIRE (Figure 3.7A), consistent with predictions of conserved MafB

! and with studies showing that FIRE deletion impairs Csflr

occupancy®®
expression and RTM development®*°. Genome-wide, 91% of MafB binding sites
overlapped with cis-regulatory elements (cREs) that together represent only 3%
of the mouse genome (Figures 3.7B and 3.7C). Conservation analysis across 60
vertebrates revealed elevated phastCons and phyloP scores at FIRE (Figure 3.7A
and Supplementary figure 3.7A) and broadly at MafB sites (Figures 3.7D and

3.7E), which were more conserved than those of PU.1 (Figures 3.7D and 3.7E).

To extend these findings to humans, we performed CUT&RUN for MafB on
monocyte-derived Macs (MDMs). We identified 24,577 reproducible binding
sites, which, similar to mouse BMDMs and LPMs, were predominantly located in
introns, intergenic regions, and promoters/TSS (Figures 3.7F-3.7H and

Supplementary figures 3.7B-3.7D; Supplementary table 3.8). Importantly,
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Figure 2.7. MafB binding sites and MafB-dependent regulation of mac identity are
highly conserved across species. (A) CUT&RUN tracks depicting MafB binding at the
FIRE enhancer within the second intron of the Csfir gene in BMDMs from Maft™" and
Lyz2*Mafb™f mice (top), and phastCons and phyloP conservation scoring tracks around
the FIRE enhancer (bottom), visualized with IGV. Horizontal red bars, MafB
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binding sites in BMDMis; horizontal blue bar, FIRE enhancer. (B) Genomic distribution of
CREs in mice. (C) Overlap between MafB binding sites in BMDMs and cREs. (D and E)
Distribution of mean phastCons (D) and phyloP (E) scores around PU.1 and MafB binding
sites (-500 to +500 bp from peak center). (F and G) Histograms (left) and heatmaps
(right) (F) and scatterplot (G) of normalized tag counts at MafB peaks in MDMs, as
quantified by CUT&RUN. (H) Pie chart showing the genomic distribution of MafB binding
sites in MDM:s. (I and J) Venn diagrams showing the overlap between MafB binding sites
(I) and target genes (J) in human MDMs and mouse BMDMs. (K) CUT&RUN tracks
depicting MafB binding around representative mac signature genes in MDMs, visualized
with IGV. Horizontal purple bars, MafB binding sites in MDMs; horizontal red bars,
conserved MafB binding sites in human MDMs and mouse BMDMs, as in I. (L) Overview
of cross-species single-cell RNA-seq datasets from mouse (TMS), human (TS), mouse
lemur (TM), pig (PCA), clawed frog (XCL), and zebrafish (ZCL), used to calculate
correlations of Mafb expression with mac and conserved MafB target gene signature
scores, as in Supplementary figure 3.7E-3.7). (M and N) Heatmaps of Pearson
correlations between Mafb expression and either mac (M) or conserved MafB target
gene (N) signature scores across species, as in L. P values were calculated using a
pairwise Wilcoxon signed-rank test with Benjamini-Hochberg correction (D and E) or a
Wilcoxon signed rank exact test (M and N). **, P < 0.01; ****P<0.0001. See also
Supplementary figure 3.7 and Supplementary table 3.8.

MafB binding sites and target genes in human MDMs overlapped with 55% of
those identified in mouse BMDMs, including at core mac identity genes such as
C1Qs, CSF1R, FCGR1, MERTK, CD163, and ZEB2, indicating a conserved MafB-

driven regulatory program between mouse and human (Figures 3.71-3.7K).

Finally, across diverse vertebrate single-cell atlases, MafB expression positively
correlated with both Mac signature genes and conserved MafB target genes
(Figures 3.7L-3.7N and Supplementary figures 3.7E-3.7J), supporting a deeply
conserved role for MafB in Mac development and the establishment of a core

mac identity program.
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Supplementary Information

Supplementary tables

Supplementary table 3.1. Key resources table. (Appendix 1)

Supplementary table 3.2. Differentially expressed genes between BMDM from
Lyz2*Mafb™ mice and Mafb™" littermate controls, related to Figure 2.

https://1drv.ms/x/c/0583cd016ca78380/ETXeA6pCz79ImIVn8cOthxMBNQhXH

mAscYy48U-TSI9kuA?e=KeaydS

Supplementary table 3.3. Monocyte and macrophage signature genes, related
to Figure 2.
https://1drv.ms/x/c/0583cd016ca78380/Eb1imDvDBtLZPp9l)cifPgcccBFMVISEGZ

DGOBz3UeSHuUOSA?e=uGcfrl

Supplementary table 3.4. Ly6C* CM and MHC-II* CM signature genes, related to
Figure 3.
https://1drv.ms/x/c/0583cd016ca78380/EZVgRUjealRKinnGw1XVbEOB3xi7XM

GekMtnWQXW-GseMg?e=069zWr

Supplementary table 3.5. Differentially expressed genes between RTMs from
Lyz2*Mafb™f mice and Mafb™” littermate controls, related to Figure 3.

https://1drv.ms/x/c/0583cd016ca78380/EQgbRPQANMS5LNK54fMXa3soBm3zo

470XgGogWaD MaxRhQ?e=903ulC

Supplementary table 3.6. RTM subset specific signature genes, related to Figure
3.
https://1drv.ms/x/c/0583cd016ca78380/EQZ GiplEu9Lpy0D8gVFL4AB180INk7

ZGI6L1PIDjFgA9g?e=TmtEyG

182


https://1drv.ms/x/c/0583cd016ca78380/ETXeA6pCz79ImIVn8cOthxMBNQhXHmAscYy48U-TSI9kuA?e=KeaydS
https://1drv.ms/x/c/0583cd016ca78380/ETXeA6pCz79ImIVn8cOthxMBNQhXHmAscYy48U-TSI9kuA?e=KeaydS
https://1drv.ms/x/c/0583cd016ca78380/Eb1mDvDBtLZPp9JcjfPqcccBFMvJsEGZDG0Bz3UeSHuOSA?e=uGcfrI
https://1drv.ms/x/c/0583cd016ca78380/Eb1mDvDBtLZPp9JcjfPqcccBFMvJsEGZDG0Bz3UeSHuOSA?e=uGcfrI
https://1drv.ms/x/c/0583cd016ca78380/EZVgRUjeaLRKjnnGw1XVbE0B3xi7XMGekMtnWQXW-GseMg?e=o69zWr
https://1drv.ms/x/c/0583cd016ca78380/EZVgRUjeaLRKjnnGw1XVbE0B3xi7XMGekMtnWQXW-GseMg?e=o69zWr
https://1drv.ms/x/c/0583cd016ca78380/EQgbRPQQNM5LnK54fMXq3soBm3zo47OXgGoqWaD_MaxRhQ?e=9o3uIC
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https://1drv.ms/x/c/0583cd016ca78380/EQZ_GipIEu9Lpy0D8gVFL4AB18oINk7ZGI6L1PIDjFqA9g?e=TmtEyG
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Supplementary table 3.7. EMP, preMac and Mac signature genes, related to
Figure 3.
https://1drv.ms/x/c/0583cd016ca78380/EavPtOsjxcRItgHt4112stkBgyDW1jqCZ)

yOePjceuxaTQ?e=BxGRGq

Supplementary table 3.8. MafB binding sites in BMDM, LPM and MDM, related
to Figure 6 and 7.
https://1drv.ms/x/c/0583cd016ca78380/Ec9Zg2EembpCshlqV2JkZe0B0Ox5aqgEj

mkfc6yNT5yRSSYg?e=RZCm8f
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Supplementary figures
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Supplementary figure 3.1. Flow cytometry gating strategies to delineate RTM and
blood monocytes, related to Figure 3.1. (A-I) Flow cytometry gating strategy used to
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delineate blood CD45*Lin"Ly6G"CD11b*CD115*Ly6C" classical monocytes (Ly6C* cMo)
or Ly6C™ patrolling monocytes (Ly6C™ pMo) (A), CD45*Lin"Ly6C"CD11b*CD115*MHC-
II'F4/80 small peritoneal macs (SPM) and CD45*Lin"Ly6C"CD11b*CD115*MHC-
II"F4/80* large peritoneal macs (LPM) (B), spleen
CD45*Lin"Ly6C F4/80"CD64*CD11c CD11b~ red pulp macs (RPM) (C), liver
CD45*Lin"CD64*CD11b™™F4/80 Ly6C MHC-II"°Tim4* Kupffer  cells (KC) and
CD45*Lin"CD64*CD11b™™F4/80 Ly6C MHC-I"Tim4~ liver capsular macs (LCM) (D),
CD45*Lin"Ly6C"CD11b*F4/80*CD64*MHC-II*'CD11c™ kidney resident macs (KRM) (E),
CDA45*Lin"F4/80*CD64*Ly6C"MHC-I1*CD163" colonic lamina propria macs (C LMP) or
CD163* muscularis macs (MM) (F), brain CD45*Lin"Ly6C F4/80*CD64*CD206 MHC-II~
microglia (MG), CD45*Lin"Ly6C F4/80*CD64*MHC-1I"CD38* border associated macs
(CD38* BAM) and CD45*Lin"Ly6C F4/80*CD64*MHC-I1*CD38" border associated macs
(MHC-1I* BAM) (G), skin CD45*Lin"Ly6C"F4/80"CD64 CD24*MHC-II*CD11c* Langerhans
cells (LC), CD45*Lin"Ly6C F4/80*CD64*MHC-II* dermal macs (MHC-II* DM) or MHC-II-
DM (H), lung CDA45*Lin"Ly6C F4/80*CD64'SiglecF*CD11b~ alveolar macs (AM),
CDA45*Lin"Ly6C"F4/80*CD64*SiglecF-CD11b*CD206" interstitial macs (CD206* IM) or
CD206™ IM (1). (J) Representative histograms of intracellular MafB expression in the
indicated blood monocyte (Mo) and resident tissue mac (RTM) populations from wild-
type (WT) mice, as in A—l (n = 4).
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Supplementary figure 3.2. Differential morphology and Gene Ontology enrichment
in BMDMs from myeloid-restricted MafB-deficient mice, related to Figure 3.2. (A)
Representative contour plots of F4/80 and CD11b expression in bone marrow
monocytes (BMMo) from WT mice and bone marrow-derived macrophages (BMDM)
from Mafb™? and Lyz2®Mafb™# mice (n = 6). (B) Violin plots of BMDM morphology
quantified by differential interference contrast microscopy (n = 3). Height indicates
morphological parameter; width indicates abundance of cells. One hundred cells were
analyzed per biological replicate; dots represent mean values from each replicate. (C)
Representative histograms of Mo (top) and Mac (bottom) marker protein expression
in BMDM from Mafb™f and Lyz2*Mafb™# mice (n = 6=7). (D) Circular directed acyclic
graphs (DAG) of biological process (BP) gene ontology (GO) terms connected by
hierarchical relations. Significant BP GO terms from a GO enrichment analysis of
differentially expressed genes (DEGs) upregulated in BMDMs from Mafb™f (left) and
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Lyz2*Mafb™# (right) mice are highlighted as colored nodes. (E) Bar graphs of the top
enriched GO terms on DEGs upregulated in BMDMs from Mafb™" (left) and
Lyz2*Mafb™ (right) mice, as in D. P values were calculated using a two-tailed
Student’s t test (B). *P < 0.05; **P < 0.01.
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Supplementary figure 3.3. Transcriptional identity differential gene expression
across RTM subsets in myeloid-restricted MafB-deficient mice, related to Figure 3.3.
A) UMAP of RTM populations from Mafb™ (left) and Lyz2*Mafb™F (right) mice. (B)
Dot plots of Ly6C* colonic mac (CM) and MHC-II* CM signature scores within each CM
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subset from Mafb™? and Lyz2*Mafb™ mice. (C) Violin plots of Mafb expression
within RTM populations from Mafb™" and Lyz2*Mafb™" mice, as in A (height:
expression; width: abundance of cells). (D-J) Volcano plots and heatmaps of DEGs
between Maft™ and Lyz2¢eMafb™ RTMs, shown for SPM (D), LPM (E), KC (F), IM (G),
Ly6C* CM (H), MHC-II* CM (1), and MG (J). Transcripts significantly upregulated in RTM
Mafb™f and Lyz2¢*Mafb™" mice are shown in bold and light colors, respectively (log:
fold change >0.25 or < -0.25; adjusted P <0.05). (K) Feature plots of EMP (left),
preMac (middle) and Mac (right) signature scores, as in Figure 3.3I. (L) EMP, preMac
and Mac signature scores along pseudotime, as in Figure 3.3l. P values were calculated
using a Wilcoxon rank-sum test (C and D-J).
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Supplementary figure 3.4. Impact of MafB deficiency on blood monocytes and lung,
colon and kidney RTM subsets, related to Figure 3.4. (A) Bar graphs of blood Mo
shown as absolute number per mL of blood (left) and percentage of live CD45* cells

(right) from Mafb™ and Lyz2*Mafb™ mice (n

5-10). All subsequent panels

compare Mafb™ and Lyz2*Mafb™" mice. (B) Representative contour plots of Ly6C
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and CD11b expression within blood live CD45*Lin"Ly6G"CD115*CD11b* cells (left) and
bar graphs of the percentage of cMo, intermediate Mo (intMo), and pMo, as gated on
the contour plots (right) (n = 5-8). (C) Histograms (top) and bar graphs (bottom) of
CD62L expression in cMo, as in B. (D) Representative contour plots of CD319 and
CD177 expression within cMo (left) and bar graphs of the percentage of double
negative (DN), CD177%, and CD319* cMo, as gated on the contour plots (right) (n = 5—
8). (E) Representative contour plots of MHC-II and CD206 expression within lung live
CD45*Lin"Ly6C F4/80"CD64*CD11b* cells (left) and bar graphs of the percentage of
CD64* Mo and IM, as gated on the contour plots (right) (n = 6-8). (F) Bar graphs of
absolute numbers of CD64" Mo and IM, as in E. (G) Histograms (top) and bar graphs
(bottom) of CD11b, CD11c, F4/80, MHC-II, and CD206 expression in IM, as in E. (H)
Representative contour plots of CD11c and CD206 expression within IM (left) and bar
graphs of the percentage of CD206™ and CD206"* IM, as gated on the contour plots
(right) (n = 6-8). () Bar graphs of absolute numbers of CD206™ and CD206* IM, as in H.
(J) Representative contour plots of Ly6C and MHC-II expression within colon live
CDA45*Lin"F4/80*CD64* cells (left) and bar graphs of the percentage of Ly6C*,
Ly6C*MHC-II*, and MHC-II* CM, as gated on the contour plots (right) (n = 6-8). (K) Bar
graphs of absolute numbers of Ly6C*, Ly6C*MHC-II*, and MHC-II* CM, as in J. (L)
Histograms (top) and bar graphs (bottom) of CD11b and CD163 expression in MHC-II*
CM, as in J. (M) Representative contour plots of CD163 and CD11b expression within
MHC-II* CM (left) and bar graphs of the percentage of CD163~ C LPM and CD163* MM,
as gated on the contour plots (right) (n = 6-8). (N) Bar graphs of absolute numbers of
CD163 C LPM and CD163* MM, as in M. (O) Representative contour plots of F4/80
and CD64 expression within kidney live CD45*Lin"CD11b* cells (left) and bar graphs of
the percentage of F4/80°CD64" cells and KRM, as gated on the contour plots (right) (n
=4). (P) Bar graphs of absolute numbers of KRM, as in O. (Q) Histograms (top) and bar
graphs (bottom) of F4/80 and Ly6C expression in KRM, as in O. Data are mean = SEM
and are pooled from two independent experiments. P values were calculated using a
two-tailed Student’s t test. *, P<0.05; **, P<0.01; ***, P<0.001; **** P<0.0001.
MFI, mean fluorescence intensity; ns, not significant.
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Supplementary figure 3.5. Impact of RTM-specific MafB deficiency on Kupffer cell
and microglia phenotypes, related to Figure 3.4. (A) Histograms (top) and bar graphs
(bottom) of Tim4, Vsigd, and CD163 expression in KCs from Maf"Mafb™ and
Clec4f*Maf/"Mafb™? mice (n = 7-9). (B) Representative confocal images of KCs from
Mafb™? and Lyz2Mafb™? mice (n = 3). Scale bar, 50 pm. (C) Violin plots of Tim4
expression (top) and solidity (bottom) in CD64* KCs from Maft™f and Lyz2Mafb™f
mice, as in B. (D) Representative confocal images of KCs from Maf"Maft™f and
Clecaf*Maf/"Maft™” mice (n = 3). Scale bar, 50 um. (E) Violin plots of Tim4
expression (top) and solidity (bottom) in CD64* KCs from Maf”"Mafb™ and
Clec4f*Maf”"Mafb™? mice, as in D. (F) Histograms (top) and bar graphs (bottom) of
P2RY12 expression in MG from Tmem119¢5R2Mafb/f mice orally gavaged with 5 mg
tamoxifen or corn oil (control) for 5 days and analyzed 2 months after the last dose (n
= 9-10). Data are mean + SEM and are pooled from two independent experiments (A
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and F). P values were calculated using a two-tailed Student’s t test (A, C[Tim4
expression] and E[Tim4 expression], F) or a two-tailed Mann—Whitney test (C[Solidity]
and E[Solidity]). *, P < 0.05; ***, P<0.001; ****, P <0.0001.
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Supplementary figure 3.6. MafB binds to cis-regulatory elements to promote
transcription of key mac differentiation and identity genes, related to Figure 3.6. (A—
C) Quality control of MafB CUT&RUN peak calling in BMDMs. (A) Histograms of
normalized tag counts at MafB peaks for two replicates, with corresponding numbers
of called peaks and false discovery rates (FDRs) indicated. (B) Bar graphs of the fraction
of reads in peaks (FRiP) for each replicate. (C) Scatterplot of normalized tag counts at
overlapping MafB peaks in both replicates. (D) CUT&RUN tracks depicting MafB
binding around representative transcriptional regulators of mac differentiation in
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BMDMs from Maft™" and Lyz2“*Mafb™’ mice, visualized with the Integrative
Genomics Viewer (IGV). Horizontal red bars, MafB binding sites in BMDMs. (E) Violin
plots of mac-specific MafB target gene signature scores in RTMs from Mafb™# and
Lyz2*Mafb™f mice, as in Figure 3.3 (height, score; width, abundance). (F-H) Quality
control of MafB CUT&RUN peak calling in LPMs. (F) Histograms of normalized tag
counts at MafB peaks for two replicates, with corresponding numbers of called peaks
and FDRs indicated. (G) Bar graphs of FRiP for each replicate. (H) Scatterplot of
normalized tag counts at overlapping MafB peaks in both replicates. (1) Violin plots of
Csf1r expression within RTM populations from Maft™’ and Lyz2*Mafb™ mice, as in
Figure 3 (height, expression; width, abundance of cells). (J) Histograms (top) and bar
graphs (bottom) of CD115 expression in blood Mo (left) and peritoneal macs (right)
from Mafb™’ and Lyz2Mafb™? mice (n = 5-9). Data are mean + SEM and are pooled
from two independent experiments (J). P values were calculated using a Wilcoxon
rank-sum test (E and 1) or a two-tailed Student’s t test (J). *P<0.05; ***P <0.001;
****P <0.0001.
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Supplementary figure 3.7. MafB binding site conservation across species, related to
Figure 3.7. (A) Phylogenetic tree derived from the multiple sequence alignment of 60
vertebrate genomes with mouse as the reference genome. (B—D) Quality control of
MafB CUT&RUN peak calling in human monocyte-derived macrophages (MDMs). (B)
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Histograms of normalized tag counts at MafB peaks for two replicates, with
corresponding numbers of called peaks and FDRs indicated. (C) Bar graphs of FRiP for
each replicate. (D) Scatterplot of normalized tag counts at overlapping MafB peaks in
both replicates. (E-J) Correlations between Mafb expression and either mac or
conserved MafB target gene signature scores across species, as in Figure 7J, using the
Tabula Muris Senis (E), Tabula Sapiens (F), Tabula Microcebus (G), Pig Cell Atlas (H),
Xenopus Cell Landscape (1), and Zebrafish Cell Landscape (J) datasets. P values were
calculated using a Pearson correlation test.
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Part I: Dynamic regulation of monocyte-to-

macrophage differentiation in vivo

A key unresolved question in macrophage biology is how circulating monocytes
differentiate into resident tissue macrophages (RTMs) and how transitions
between successive states are regulated in vivo. This issue remains difficult to
address due to the slow turnover of RTMs and the rarity of observable
differentiation events under steady-state conditions. To answer this question in
the first part, we used lung interstitial macrophages (IMs), a long-lived RTM
population gradually replenished by Ly6C* monocytes?310418352 a5 3 model to
define the stages of monocyte-to-RTM differentiation and the transcriptional
programs that govern these transitions. We aimed to generate a transgenic
mouse model enabling diphtheria toxin (DT)-inducible depletion of the IM niche,
thereby creating a vacant environment that accelerates and synchronizes IM
repopulation. DT-based depletion strategies are widely used in mice to achieve
rapid and cell type-specific ablation by expressing the human diphtheria toxin
receptor (DTR) under a cell specific promoters, enabling precise temporal control
over niche clearance®'%334 This approach provides a powerful means to
transiently remove defined cell populations in vivo and to study their subsequent
replacement and differentiation within a controlled and synchronized setting.
However, despite their high temporal control and potential specificity, DTR-
based systems also have important practical and conceptual limitations. They
require the generation and validation of dedicated transgenic mouse lines, which
is time-consuming and costly, particularly when intersectional strategies are
needed to achieve sufficient selectivity. Moreover, the specificity of depletion is
not intrinsically guaranteed by the genetic design and must be empirically

assessed in each model and tissue context, as low-level or transient expression
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of the driver genes in unintended cell types can result in off-target ablation.
Other complementary approaches have been developed to deplete
macrophages in vivo. For instance, whole-body irradiation followed by bone
marrow transplantation has historically been used to ablate resident
macrophage populations and to study their replacement by donor-derived
monocytes, thereby providing important insights into macrophage ontogeny and
turnover. However, irradiation induces broad tissue damage, inflammation and
niche perturbation, and often fails to completely eliminate radio-resistant

)33%7 or Langerhans

embryonically derived macrophages such as microglia (MG
cells (LCs)*°, complicating the interpretation of differentiation dynamics.
Another widely used method is the administration of clodronate-loaded
liposomes (CLL), which are phagocytosed by macrophages and induce
apoptosis®®. This approach enables rapid depletion of phagocytic macrophages
in multiple tissues but lacks specificity, as it also targets monocytes, neutrophils
and some dendritic cells, and its efficiency depends on liposome uptake and
tissue accessibility®>”2%8, In addition, repeated injections are often required, and
off-target effects or inflammatory responses may occur due to the sudden
release of intracellular contents from dying cells. Another strategy relies on
genetic targeting of macrophage survival pathways, most notably through
blockade or deletion of the Csf1/CSfir axis, which is essential for macrophage
maintenance®®°. Pharmacological Csflr inhibitors or anti-Csflr antibodies can
efficiently reduce macrophage numbers systemically, but they typically affect
multiple mononuclear phagocyte populations simultaneously and may also
impact progenitors, thereby complicating the interpretation of niche-specific
effects®®°. In principle, CLL or anti-Csflr-mediated depletion can be delivered
locally to restrict macrophage ablation to a given organ or tissue compartment.
For example, intratracheal administration of CLL is commonly used to deplete

alveolar macrophages (AMs)”%, and local injection of anti-Csf1r (AFS98) into the
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muscularis externa, particularly when combined with systemic anti-Ccr2 (MC21)
to prevent rapid monocyte replacement, has been used to deplete resident
macrophages in that niche®!. However, translating such local approaches to lung
IMs is less straightforward. IMs reside within the lung parenchyma, positioned
between the alveolar epithelium and the vascular endothelium, which makes
them far less accessible and complicates attempts to achieve efficient and
selective depletion by local administration. Hence, these anatomical constraints
provided a strong rationale for adopting a DT-mediated depletion strategy to
selectively and acutely ablate IMs in vivo. It should be noted that all currently
used depletion strategies, including DT administration, irradiation, CLL or Csflr
blockade, ultimately eliminate resident macrophages through cell death. This
inevitably perturbs the tissue niche, induces local remodeling signals and may
even exert systemic effects, which need to be considered when interpreting the

dynamics of niche refilling and macrophage differentiation.

RTMs exhibit distinct tissue-specific gene expression profiles*?, which has
opened up the possibility of detecting unique markers for the respective
macrophage populations. For example, Clec4f was identified as a unique marker
for Kupffer cells (KCs) and an inducible KC-specific DTR mouse model (Clec4f°™
or KCP™) was generated to specifically deplete these cells**. Nevertheless, in the
majority of cases, genes or markers that are exclusively expressed in one
macrophage population are exceedingly rare. In this regard, intersectional
strategies in which a specific RTM population is defined by the combined
expression of two different genes offer very interesting opportunities for the
specific targeting of such population in vivo. The strategy we envisioned was to
generate a mutant mouse encoding a DTR preceded by a loxP-flanked
transcriptional Stop element under the control of a promoter that is uniquely

expressed by mononuclear phagocytes, but not in other cell types of the body
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(e.g., Csf1r, Cx3crl). The presence of the Stop cassette will prevent expression of
DTR, except in cells that express the Cre recombinase, in which Cre-mediated
excision of the Stop cassette will trigger DTR and fluorescence expression. Thus,
to specifically target IMs, such transgenic mouse should be crossed with mice
expressing the Cre under the control of a gene promoter that is uniquely
expressed within the IM compartment, but not in other cells of the mononuclear

phagocytes.

Transcriptomic comparisons between IMs and other mononuclear phagocytes
indicated that IMs can be defined by the combined expression of Cx3cr1 and
Tmem119. Cx3crl (C-X3-C motif chemokine receptor 1) is a G protein-coupled
receptor expressed predominantly by monocytes, macrophages, and dendritic
cells, and serves as the receptor for the chemokine Cx3cl1 (fractalkine). Through
this interaction, Cx3crl regulates cell adhesion, migration, and survival during
development, immune responses, and tissue homeostasis3¢?3%4 Notably, during
embryogenesis, yolk sac-derived pre-macrophages (pre-Macs) already express
Cx3crl, and their colonization of embryonic tissues has been shown to depend
on Cx3crl signaling®®. Cx3crl expression is largely absent from AMs, the

dominant lung RTM population, a pattern we and others confirmed using

102,104,110 1 LSL-DTR

Cx3cr1® reporter mice . In addition, Cx3cr mice have been
previously generated and in combination with a specific Cre line allow efficient
depletion of  Cx3crl-expressing  macrophages?6#311:365366  Tmem119
(Transmembrane protein 119) is primarily know as a homeostatic marker of
MG®>73%7 but our data indicate that it is also specifically expressed in lung IMs.
Although the precise function of Tmem119 remains unclear, several studies have
reported that IMs, or a subset thereof, can localize in close association with

103,104,264

nerves , reminiscent of the neuro-immune positioning observed for MG.

Based on this expression pattern, we generated Tmem119“ mice to be crossed
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with Cx3cr1™“°™ mice in order to selectively target lung IMs. We first assessed
Cre activity in these mice and confirmed that Cre expression was restricted to
IMs and MG, with no detectable activity in macrophage progenitors, circulating
monocytes, or other RTM populations. To further characterize the specificity and
developmental history of Tmem119-driven recombination, we analyzed
Tmem119“°Rosa26"“Y"" reporter mice. In this system, irreversible YFP
expression marks cells that currently express, or have previously expressed,
Tmem119. Our results revealed limited YFP labeling in bone marrow progenitors,
indicating that Tmem119 expression is largely absent at early hematopoietic
stages, although a small fraction of progenitors already displayed recombination.
In peripheral blood, the near absence of YFP in lymphoid and granulocytic
populations contrasted with the partial labeling observed in classical and
patrolling monocytes, suggesting that transient Tmem119 expression may occur
in a subset of monocyte precursors or during early differentiation. In the lung,
IMs showed the highest proportion of YFP* cells, consistent with active Cre
expression and sustained Tmem119 transcription in this population. In contrast,
the intermediate YFP labeling observed in monocytes, dendritic cells, alveolar
macrophages and other RTMs likely reflects past, rather than ongoing, Tmem119
expression, resulting in permanent reporter activation in their progeny.
However, this pattern could also be partially explained by germline
recombination, as Cre expression was detected in both testes and ovaries (data
not shown). Additionally, we also generated Tmem119®T2Rosg26" S\ tdTomato
reporter mice and confirmed that inducible Tmem119-driven labeling efficiently
marks IMs in vivo (data not shown), further supporting the specificity of this

strategy for tracking and targeting this population.

To minimize this potential confounding effect like germline deletion, when

generating Tmem119*Cx3cr1™“P™ mice we systematically crossed Tmem119®
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15YPTR mice, rather than using Tmem119¢Cx3cr1tP™®

animals with Cx3cr
double-transgenic mice as active breeders. By crossing Tmem119“® with
Cx3cr1®°™ mice, we generated IMP™ animals in which cells co-expressing
Cx3crl and Tmem119 (i.e. IMs) become selectively susceptible to DT-induced
ablation. Administration of DT resulted in an efficient and rapid depletion of both
CD206* and CD206" IM subsets, while sparing AMs, lung monocytes and lung
dendritic cells, demonstrating the high specificity of this intersectional targeting
strategy. Dose response analysis further indicated that moderate DT doses
(50 ng) achieve robust IM ablation with minimal off-target effects, whereas
higher doses led to partial depletion of lung monocytes and, at later time points,
MG, consistent with their shared expression of Tmem119 and Cx3cr1. This might
be due to lower access of DT to the brain, due to the blood-brain barrier, or a
lower sensitivity of microglia to DT-induced cell death, or both. The lack of major
effects on bone marrow progenitors, blood monocytes and most RTM
populations in other tissues supports the notion that this model enables
relatively selective manipulation of the lung IM niche. The transient increase in
KC numbers may reflect compensatory systemic responses to macrophage
depletion. Indeed, we detected a rapid upregulation of Tnf expression in IMs as
early as 12 h after DT treatment, suggesting that dying IMs actively contribute to
the local cytokine milieu (Figure 2.4E). Similar observations have been reported
in models of specific KC depletion (KC®™) and in specific alveolar macrophage
(SPAM) deleter mice, in which dying macrophages upregulate TNF
expression®®195368 |n the liver, Bonnardel et al. showed that TNF released from
dying KCs activates hepatic stellate cells and endothelial cells, which in turn
promote monocyte recruitment and adhesion to restore the macrophage
niche®®. But, a transient systemic increase in TNF following IM ablation could also
369

exert distal effects, potentially stimulating proliferation or expansion of KCs

This mechanism may therefore explain the modest increase in KC numbers
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observed after DT-mediated IM depletion, reflecting a broader systemic
response. However, it is important to note that IM depletion at the selected dose
of 50 ng did not elicit overt inflammatory responses, as evidenced by the absence
of neutrophil or eosinophil recruitment, suggesting that DT-mediated cell death
was largely immunologically silent. Notably, a similar lack of inflammatory cell

recruitment has been reported in KCP™

mice, supporting the idea that targeted
RTM ablation can occur without triggering acute inflammatory responses®. This
lack of inflammation may be explained by both the sterile nature of DT-induced
cell death and the transient character of IM depletion in this model. Indeed, DT-
mediated ablation represents a form of sterile cell death that does notinherently
trigger inflammatory responses. In addition, the IM compartment is rapidly
repopulated following DT administration, thereby limiting the duration of IM
absence and preventing a sustained disruption of local immune homeostasis.
Consequently, the temporary loss of IM-derived anti-inflammatory signals,
including IL-10, is unlikely to be sufficient to induce spontaneous inflammation
under steady-state conditions. Overall, these results validate the IMP™ model as
a powerful tool to specifically and acutely clear the IM compartment, thereby
providing a synchronized framework to investigate monocyte engraftment and
differentiation into IMs in vivo. It is important to mention that devising a strategy
that efficiently and specifically targets lung IMs was far from being ‘quick and
easy’. No fewer than eight different strains of mice were generated and tested
in total, by crossing Psd3“¢, Cxcl13°¢, Tgfb3"¢, Tmem119¢ or Lyz2¢ mice with
Cx3cr1tPTR or Csf1rtP™R mice, and only one of them, the Tmem119“¢Cx3cr1t

TR line, turned out to be successful (data not shown).

We employed time-course analyses following DT-mediated niche clearance in
IMP™ mice to demonstrate that IM depletion was rapidly followed by a transient

accumulation of classical monocytes (cMo) in the lung, preceding the gradual
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restoration of both CD206* and CD206~ IM subsets, which returned to baseline
levels within approximately 1-2 weeks after depletion. Very similar repopulation
kinetics have been reported in KC°™ and SPAM deleter mice?*°8105368 syggesting
that the timing of niche refilling after targeted macrophage ablation is largely
conserved across distinct RTM compartments. Just before cMo recruitment we
observed a rapid increase in Ccl2 levels in the lung very shortly after IM
depletion, which also became detectable in the circulation, strongly suggesting
that niche vacancy triggers a chemokine-driven recruitment of Ccr2-dependent
Ly6C* monocytes. This mechanism is consistent with previous reports describing
Ccl2/Ccr2-mediated monocyte mobilization following tissue macrophage
depletion®*°8, In the liver, Bonnardel et al. showed that hepatic stellate cells are
the main source of Ccl2 and that its production is rapidly and transiently induced
following KC depletion. Of note, we also performed time-course scRNA-seq
analyses of niche cells, including endothelial cells, epithelial cells and fibroblasts
(Figures 4.1A and 4.1B), and found that Cc/2 expression was rapidly induced in
fibroblasts shortly after IM depletion (Figures 4.1C and 4.1D), highlighting these
cells as the main local source of Ccl2. Interestingly, this coincided with an
increased production of Cx3c/1 by endothelial cells (Figures 4.1C and 4.1E),
suggesting a coordinated chemokine response in which fibroblast-derived Ccl2
promotes cMo recruitment, while endothelial Cx3cll may facilitate their
adhesion, retention and extravasation within the lung IM niche. However, this
hypothesis remains to be formally validated. One approach would be to generate
mixed bone marrow chimeras using Cx3cr1-deficient (e.g. Cx3cr1°/¢7) and wild-
type donor cells in thorax-protected IMP™ recipients and assess their relative
contribution to IM niche refilling following depletion. Such experiments would
directly test whether Cx3cl1-Cx3crl interactions provide a selective advantage

for monocyte recruitment and engraftment within the refilling IM niche.
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Contradictory, Nr4al-dependent CD16.2" monocytes have been suggested to be
putative precursors of CD206 IMs, but this was uniquely based on scRNA-seq
trajectory analyses!®. While a contribution of CD16.2* monocytes to CD206™ IMs
cannot be ruled out, no definitive proof exists so far, and their contribution
would arguably be minimal as compared to the one of Ccr2-dependent cMo.
Importantly, repopulated IMs acquired a transcriptomic profile nearly identical
to that of resident IMs, in line with previous findings showing that tissue niches
imprint macrophage identity and drive convergence of precursors toward

resident RTM programs*34473

. Hence, this model provides a powerful and
tractable system to study the dynamics and regulatory mechanisms of

monocyte-to-IM differentiation in vivo.
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Figure 4.1. Time-resolved scRNA-seq of lung niche cells reveals coordinated induction
of Ccl2 in fibroblasts and Cx3cl1 in endothelial cells following IM depletion. (A) UMAP
plot depicting the transcriptional identity of sorted lung CD45"CD31*EpCAM"™ endothelial
cells, CD45"CD31EpCAM* epithelial cells, and CD45°CD31 EpCAM" fibroblasts from
IMP™ mice injected with DT i.p. at 0, 12, 24, 48 and 96 h before the analysis (n = 3—-4
pooled mice per time point). (B) Histogram showing the percentage of each cell type at
each time point after DT. (C) Dot plots showing average expression of the indicated
genes and the percentage of cells expressing the genes within each cell type. (D) Ccl2
expression in fibroblasts along different time points post-DT. (E) Cx3c/1 expression in
endothelial cells along different time points post-DT.
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By sampling lung myeloid cells at multiple time points after DT-mediated
depletion and subjecting them to scRNA-seq and trajectory analyses, we were
able to reconstruct the continuum of IM differentiation states emerging during
repopulation. We identified a transient population of “transitioning monocytes”
(Tr-Mo) that arise from classical monocytes and give rise to both CD206* and
CD206" IM subsets. Notably, the transcriptional profile of Tr-Mo suggested a
proliferative state, characterized by the upregulation of cell cycle—associated
genes. This was experimentally validated by increased EdU incorporation in
CD64* cells two days after IM depletion. Furthermore, in bone marrow chimeric
mice, the highest EdU incorporation was observed in monocyte-derived donor
cells compared to residual host cells, indicating that recently recruited
monocytes locally proliferate during the repopulation phase. Tr-Mo proliferation
occurred before the branching toward CD206™ IMs or CD206* IMs and the
phenotype of EAU*CD64" cells was intermediate between those of cMo and IMs.
We found that the majority of EAU*CD64" cells did not express the IM markers
MHC-Il or CD206 and were transient tissue monocytes (Tr-Mo). The high
variability observed in the expression levels of IM markers in EAU*CD64* Tr-Mo
further suggested that this cell state was highly dynamic. The current view was
that, in the myeloid compartment, the ability to proliferate is limited to
progenitor cells and mature RTMs3’°, RTM maintenance is thus thought to be
achieved through either the self-renewal of differentiated RTM, or the
recruitment of monocytes that differentiate into RTMs in a tissue-specific
manner?4298:300305307.305 gy r results showed that monocytes can also proliferate
in vacant tissue niches to contribute to RTM development in vivo. By blocking
Csf1/Csf1r signaling we demonstrate that Tr-Mo proliferate transiently in the
tissue through Csflr-dependent mechanisms. Our data are thus consistent with
the idea that a limited number of cMo can give rise to a larger number of RTMs

in tissues through a sequence of events involving first a proliferation in response
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to local Csflr ligands, followed by the activation of common and subset-specific
transcriptional programs that drive RTM differentiation. This can be explained by
a model proposing two thresholds of Csfl activity: a lower “survival threshold”
required to maintain macrophage longevity and a higher “proliferation
threshold” that triggers macrophage division?®®. Following macrophage
depletion, Csfl is no longer consumed, leading to a transient local increase in
available Csfl. This surplus growth factor may allow newly recruited or
neighboring macrophages to surpass the proliferation threshold, thereby
promoting their expansion and accelerating niche repopulation. While the
relative contribution of the Csflr ligands Csfl and IL-34 to monocyte proliferation
remains to be determined, reports indicating that IM maintenance requires Csfl
rather than IL-34 would be consistent with a preferential contribution of the
Csf1/Csflr axis to this process'#>146:24 However, through a recent collaboration
with the group of Willinger, we show that fibroblasts in the empty IM niche
actively attract monocytes in a Gprl83-dependent manner and subsequently
provide local Csfl, thereby coordinating both the recruitment, proliferation and

differentiation of incoming monocytes during IM niche refilling3®8,

Mafb expression slightly increased in CD206~ IM and CD206" IM trajectories
after the upregulation of cycling genes, and MafB expression was decreased in
proliferating monocytes and increased in IMs compared to cMo. MafB restricts

239333 35 well as the self-

Csfl-dependent proliferation in myeloid progenitor cells
renewal ability of differentiated macrophages?*, linking MafB activity with Csfl
responsiveness and the balance between proliferation and differentiation. Our
data are consistent with the hypothesis that low MafB expression is required for
monocyte proliferation, while subsequent increased MafB expression would

restrict proliferation and drive their differentiation into IMs. Supporting this

claim, Mafb-deficient CD64" cells exhibited an increased proliferation potential
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compared to wild-type IMs and seemed to be held in a transitioning state. Our
results emphasized a differential requirement for MafB and c-Maf in lung IM
development, as c-Maf deficiency was uniquely associated with changes that
were restricted to CD206" IMs, which have been shown to be preferentially
associated with the vasculature'®. Of note, c-Maf was reported to regulate

perivascular RTM phenotypes across different tissues*’.

In conclusion, here we found that tissue cMo that transitioned toward IMs had
the ability to proliferate locally in a vacant niche, in a MafB-restricted fashion,
before undergoing differentiation into distinct IM subsets. We used a model of
lung IM niche depletion and refilling that allowed us to characterize the
transient, Csfir-dependent, proliferation of monocytes, which would be difficult
to capture in a steady-state setting. These observations shed new light on the

complex regulation of monocyte proliferation versus RTM differentiation.

Despite these advances, several important questions remain. For example, the
precise signals that instruct the bifurcation of transitioning monocytes into
CD206* versus CD206~ IM subsets remain to be fully defined. While our data
suggest that local niche-derived cues and differential transcription factor activity,
including MafB and c-Maf, contribute to this process, the upstream
environmental factors and spatial cues that drive subset-specific specialization
are still unclear. In a follow-up study we found that Tgff1 derived from lung

t%°. More specifically, Tgfp1

endothelial cells plays a key role in IM developmen
may act synergistically with Csfl to induce expression of Mafb and IM signature
genes (i.e., Cx3crl, Tmem119, and Clg), and disruption of TgfB1/TgfBRII-
signaling resulted abrogated differentiation of both CD206™ IMs and CD206" IMs.
On the other hand, a recent study using adoptive transfer of GMP- or MDP-
derived monocytes reported that, although most IMs are replaced by MDP-

derived cells, GMP-derived IMs preferentially adopt a transcriptomic profile
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closer to CD206* IMs, whereas MDP-derived IMs more closely resemble CD206~
IMs3%, These findings suggest that, in addition to local niche signals, the
ontogeny of incoming monocytes may also imprint biases in their differentiation

potential and thereby contribute to shaping tissue macrophage subset identity.

One key question is whether the transient proliferative phase we observed
represents a lung IM-specific feature of monocyte-to-macrophage
differentiation or whether similar proliferative intermediates also occur in other
tissue macrophage niches during repopulation. Addressing this will be important
to determine whether local monocyte expansion constitutes a general principle
of RTM development or a context-dependent adaptation of the lung
environment. In this regard, the groups of Guilliams and Glass independently
demonstrated that monocyte-derived differentiating KCs also undergo a
proliferative phase, as evidenced by increased expression of cell cycle-associated
genes (e.g. Mki67) (Figure 4.2) and elevated EdU incorporation peaking 2—3 days
after KC depletion, suggesting that proliferation of monocyte-derived precursors
may be a shared feature of niche refilling across tissues®®°. Moreover, the group

of Guilliams further showed that this proliferation of monocyte-derived KCs
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Figure 4.2. Transient proliferation during monocyte-to-Kupffer cell differentiation
after niche depletion. (A) Experimental outline. (B) Mki67 and Mafb expression in
sorted circulating monocytes (Circ Mo), KCs and differentiating repopulating liver
macrophages at different indicated time points post-DT, as quantified by bulk RNA-seq.
After Sakai et al. Liver-Derived Signals Sequentially Reprogram Myeloid Enhancers to
Initiate and Maintain Kupffer Cell Identity. Immunity, 51(4), 655—670.e8.%°
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occurs in a Csflr-dependent manner, reinforcing the idea that local growth
factor-driven expansion of recruited monocytes may represent a conserved
mechanism during RTM niche regeneration®®. However, it remains unclear
whether this proliferative phase is similarly regulated by MafB, as newly
recruited monocytes already begin to express high levels of Mafb soon after

entering the niche (Figure 4.2)>°.

In addition, the precise nature of monocyte proliferation within the niche
remains to be clarified. It is currently unclear whether recruited monocytes
divide symmetrically, generating two equivalent monocyte-like progeny that
subsequently differentiate, or asymmetrically, directly producing one
differentiated IM and one monocyte precursor. Resolving this question will be
essential to understand how proliferative intermediates quantitatively and
qualitatively contribute to niche refilling. One way to address this could be using
clonal lineage tracing (e.g., lentiviral barcoding combined with time-resolved

scRNA-seq) to quantify clonal expansion and differentiation output in situ.

Finally, it will be important to determine how these differentiation dynamics
operate under non-homeostatic conditions. RTM depletion is commonly
observed in various inflammatory contexts, and this creates vacant niches that
need to be refilled?’2. Indeed, transient mo-macs and/or macrophage
proliferation have been described in different homeostatic and non-homeostatic

co nteXtSZ3'25'99'371_374

. However, inflammatory cues, tissue injury or chronic
remodeling may profoundly alter chemokine production, growth factor
availability and transcriptional programming, thereby reshaping monocyte
recruitment, proliferation and specialization. Further understanding the
molecular mechanisms underlying Csflr-dependent monocyte proliferation in

peripheral organs, both at homeostasis and during inflammation, will be crucial
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to enable the rational manipulation of these pathways for preventive or

therapeutic purposes.
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Part Il: MafB as a central regulator of macrophage

maturation, identity and function

Resident macrophage maturation and tissue-specific identity depend on
transcriptional programming, yet how conserved regulators universally drive
these programs remains unresolved across tissues. In the first part of the thesis,
we focused on the transcriptional regulation, as well as the cellular and
environmental dynamics, governing monocyte-to-RTM differentiation, using a
model of inducible IM depletion to synchronize niche refilling and capture
intermediate developmental states in vivo. Using this model, we identified MafB
as a key transcriptional regulator dynamically modulated along the monocyte-
to-IM differentiation trajectory and potentially involved in controlling the
balance between proliferation and terminal macrophage differentiation. These
observations prompted us to investigate whether MafB acts more broadly as a

central regulator of RTM development and identity across tissues.

Consistent with this hypothesis, MafB is known to be highly expressed in
myelomonocytic cells, including macrophages, and to play a key role in
monocytic differentiation?3¥2%, Genome-wide expression analyses revealed that
Mafb is among the most strongly upregulated transcription factors in RTMs
compared to monocytes and DCs, and is broadly expressed across multiple tissue
macrophage populations, with the notable exception of AMs, consistent with
previous reports**’2, Querying the Tabula Muris Senis dataset, a comprehensive
single-cell transcriptomic atlas of adult mouse tissues, showed that indeed in
adult mice Mafb is highest expressed in RTMs. However, other cell types showing
notable Mafb expression include keratinocytes and kidney podocytes, in which
MafB has also been implicated in their differentiation®”>3’¢. During development

and in adulthood, MafB is also expressed in specific neuronal populations377738,
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particularly in hindbrain and brainstem neurons involved in respiratory
control®®, as well as in pancreatic islets where it contributes to B-cell
formation3®2. Consistent with these roles, MafB-deficient mice are embryonically
lethal and die at birth due to severe defects in respiratory rhythm generation38?,
The preferential expression of MafB in macrophages was confirmed at the
protein level and was further shown to progressively increase along monocyte-
to-macrophage differentiation trajectories, such as the “monocyte waterfall” in
the gut. By generating Mafb“® reporter mice, Wu et al. demonstrated that Mafb
expression distinguishes macrophages from classical DCs, neutrophils, and B cells
across multiple organs?*2. Moreover, they observed progressively increasing

|II

Mafb expression along the “monocyte waterfall” in the gut, suggesting that cells
acquiring macrophage identity accumulate MafB until reaching a steady-state

concentration at late stages of differentiation.

Having established that MafB is highly and preferentially expressed in RTMs and
upregulated during monocyte-to-macrophage differentiation, we next sought to
directly assess its functional role in macrophage development. Since germline
MafB deficiency is embryonically lethal and MafB is also expressed in other cell
types, albeit at lower levels, we used the Lyz2“*Mafb™" mice described in the
first part to achieve conditional myeloid-specific MafB depletion. Lyz2 is
predominantly expressed in myelomonocytic cells, including monocytes,
macrophages and granulocytes in mice, and Lyz2-driven Cre is therefore widely
used to conditionally delete genes in the macrophage lineage3#-3%, In most RTM
populations, Lyz2®-mediated recombination reaches high efficiency (>90%),
although some subsets, such as MG and certain splenic macrophages, display
lower recombination rates of around 40%3>38¢ Of note, Mafb is a relatively
small single-exon gene (~3.4 kb), and in the first part we were able to efficiently

delete Mafb using Ms4a3“" mice, a line notoriously known for its relatively low
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recombination efficiency of floxed alleles (unpublished observations from
multiple labs), further supporting the feasibility of achieving robust Mafb
deletion in the myeloid compartment. Based on gene expression analyses and
western blotting (data not shown), we confirmed efficient Mafb deletion in ex
vivo-derived macrophages as well as in multiple RTM populations of
Lyz2°*Mafb"" mice. Alternatively, other monocyte/macrophage-lineage-specific
Cre lines, such as Csf1r‘, could have been used, as shown to efficiently delete
Mafb in MG272, Subset-specific Cre drivers, for example Clec4f“ for KCs, might
also allow targeted deletion in individual RTM populations, however, such genes
are typically expressed at later stages of differentiation. As our aim was to assess
the role of MafB during macrophage differentiation process, we first opted for
an early myeloid-targeting strategy to delete Mafb prior to terminal macrophage

specialization.

Having established an efficient myeloid-specific MafB deletion model, we next
examined the consequences of MafB loss on macrophage differentiation ex vivo.
MafB-deficient BMDMs exhibited impaired differentiation, as reflected by
altered morphology together with an immature transcriptomic profile and
phenotype. A previous study reports that MafB-deficient macrophages display
increased membrane protrusions?**, a phenotype opposite to our observations.
This discrepancy may arise from differences in experimental models, as that
study used in vitro-derived macrophages from fetal liver cells of globally MafB-
deficient mice, whereas we analyzed BMDMs from conditionally targeted mice.
Of note, in our study, MafB-deficient KCs in vivo also showed reduced
pseudopods, validating the phenotype observed in BMDMs. Although BMMo
were not directly analyzed, comparison of lung classical monocytes between WT
and MafB-deficient mice revealed very few differentially expressed genes (data

not shown), suggesting that MafB loss has minimal impact at the monocyte
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stage. This supports the notion that the observed defects primarily arise during

macrophage differentiation rather than in precursor cells.

In competitive bone marrow chimeras, MafB-deficient monocytes showed a
markedly reduced capacity to contribute to most RTM compartments,
demonstrating that MafB intrinsically promotes monocyte-to-RTM
differentiation across tissues. Notably, this competitive disadvantage was not
observed in SPMs. One possible explanation is that SPMs are considered an
intermediate stage in the differentiation of LPMs and express only intermediate
levels of MafB, suggesting that their development may be less dependent on
MafB than that of fully mature RTMs. In addition, Wu et al. using
Mafb®Rosa265-"PZbtb46°" mice reported that the conventional flow
cytometric gating strategy used to define SPMs can be contaminated by YFP~GFP*
dendritic cells, which do not express MafB%*2, Consistent with this, our scRNA-
seq analyses of similarly sorted SPM populations also revealed the presence of
contaminating DCs, which could further mask a potential competitive defect of
MafB-deficient cells within the bona fide SPM compartment. In contrast, AMs
displayed an unexpected phenotype. Although mature AMs do not express
detectable MafB, MafB-deficient monocytes exhibited a clear competitive
disadvantage in contributing to the AM compartment, indicating that MafB is
nevertheless required during their postnatal differentiation from monocytes in
this genotoxic model. This suggests that MafB may be transiently expressed and
functionally important in monocyte-derived precursors in some contexts.
Alternatively, MafB might act during earlier developmental stages of AM
ontogeny and subsequently be silenced in fully differentiated cells to permit their
self-renewal capacity, as proposed by Soucie et al?*3. Supporting this
interpretation, lineage tracing in Mafb“®Rosa26-19T°ma° mice revealed that a

substantial fraction of AMs are tdTomato*, indicating a history of MafB
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expression despite the absence of MafB in the mature steady-state

population3®’,

Single-cell transcriptomic profiling further revealed that MafB-deficient RTMs
exhibited diminished expression of subset-specific identity genes and lower
global macrophage signature scores, accompanied by increased preMac
signatures. Of note, in IMs we did not observe a decrease in IM-specific identity
genes, which appears in contradiction with the findings from the first part of this
work. However, this discrepancy likely reflects differences in how the identity
signatures were defined. In the present analysis, the IM-specific signature was
based on DEGs distinguishing IMs from all other RTM populations, thereby
emphasizing genes uniquely enriched in IMs. In contrast, the IM signature used
in the first part was derived from comparisons with lung monocytes and alveolar
macrophages, and therefore included a broader set of genes related to general
macrophage differentiation and activation. These data indicate that MafB not
only supports terminal macrophage differentiation but also reinforces the
transcriptional identity and maturation state of RTMs in vivo, acting as a central
regulator of macrophage specification across multiple tissue environments.
Interestingly, similar observations have been reported in RTM-specific Zeb2-
deficient mice?®. Loss of Zeb2 primarily affected tissue-specific identity
programs, however, the broader macrophage differentiation program remained

largely intact.

Notably, CD52 emerged as a consistent marker of the immature state
associated with MafB deficiency. Cd52 is highly expressed in preMac stages and
is normally downregulated during the transition to fully differentiated RTMs. The
sustained elevation of CD52 in MafB-deficient RTMs therefore supports the
notion that these cells are arrested at an intermediate developmental stage

rather than fully acquiring a mature tissue-resident phenotype. CD52 is a small
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glycosylphosphatidylinositol (GPI)-anchored glycoprotein that is highly
expressed on the surface of circulating immune cells, including lymphocytes,
monocytes and dendritic cells, as well as on mature sperm cells. Although its
precise biological function remains incompletely understood, its highly
negatively charged characteristic has led to the hypothesis that CD52 may exert
anti-adhesive properties, helping to maintain cells in a migratory and non-
adherent state until they reach their appropriate target tissues328, In this context,
the sustained high expression of CD52 observed in MafB-deficient RTMs may
reflect their immature differentiation state, suggesting that these cells have not
fully acquired stable niche residency and may still retain a migratory, pre-niche-
seeking phenotype rather than being fully anchored within their tissue

microenvironment.

The single-cell transcriptomic data are further supported by multiparameter
flow cytometry analyses of RTMs from multiple organs. Taken together, these
data are consistent with the idea that, in the absence of MafB, RTMs fail to fully
mature and persist in an immature state, irrespective of embryonic or postnatal
origin. First, both embryonic RTMs (i.e., MG) and postnatal monocyte-derived
RTMs (i.e., CMs) were affected by MafB targeting. Second, immaturity was
supported by reduced expression of maturity markers, including Tim4, Vsig4 and
CD163 in KCs, Vsigd in LPMs, P2ry12 and Fcrls in MG, or CD163 in RPMs and in
MHC-II* CMs while the preMac marker CD52 remained elevated. Third,
downregulation of RTM maturity markers in MG and KCs upon MafB deletion
with cell type-specific Cre drivers (Tmem119 for MG, Clec4f for KCs) supported
MafB’s dual role in both RTM development and maintenance of identity in vivo.
Finally, our findings are also consistent with the idea that MafB-deficient RTMs
fail to adapt to their niches or occupy alternative spatial niches, subsequently

leading to phenotypical and functional deficits. Advanced imaging techniques
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and spatial proteogenomic approaches will be instrumental in clarifying how
RTMs interact with their microenvironment in specific tissues and to what extent

such interactions are modulated by MafB.

Having established that MafB controls RTM maturation and identity, we
examined the functional consequences of MafB loss on RTM activity in vivo.
Collectively, our findings indicate that MafB deficiency profoundly compromises
RTM functions in vivo, including phagocytosis, tissue clearance and several
homeostatic processes across organs. While the list of functions tested is not
exhaustive, the extent of defects observed supports MafB’s essential role in
sustaining RTM activity and tissue homeostasis. These impairments are likely to
have even greater consequences with aging or under environmental,
inflammatory, or metabolic stressors, raising the possibility that MafB deficiency
predisposes RTMs to dysfunction under challenge. Notably, whereas previous
studies report normal macrophage functionality in the absence of MafB ex
vivo®**2% our in vivo analyses challenge this notion and reveal clear defects in
RTM phagocytosis and clearance functions, highlighting the importance of
assessing mac biology in tissue contexts. How MafB integrates stress responses

and environmental cues to safeguard RTM functions over the lifespan represents

exciting perspectives for future research.

To gain mechanistic insight into how MafB controls macrophage maturation
and identity, we investigated its direct genomic targets using CUT&RUN in
BMDMs. MafB binding sites were widely distributed across promoters, introns
and distal regulatory regions, and were associated with reduced H3K27ac levels
upon MafB deletion, indicating that MafB promotes transcriptional activation at
these cis-regulatory elements. These observations raise the possibility that MafB
may function, at least in part, as a pioneer transcription factor that facilitates

chromatin accessibility and the recruitment of additional lineage-defining
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regulators. In support of this notion, MafB has been shown in podocytes to act
as a pioneering factor that opens chromatin and enables the recruitment of WT1
to promoters of podocyte-specific genes®’8, suggesting that a similar mechanism
could operate in macrophages to establish and stabilize the macrophage-specific

transcriptional landscape.

Integration of binding and transcriptional data revealed that MafB directly
targets a large set of core macrophage genes, including Csflr, Mertk and Clqg
family members, as well as transcription factors central to macrophage identity
such as Zeb2, Spil (encoding for PU.1) and Cebpb. These findings support a model
in which MafB operates as a central node in the transcriptional network
governing macrophage differentiation, reinforcing both lineage-defining genes

and secondary regulators that stabilize macrophage identity.

Interestingly, MafB binds the evolutionarily conserved FIRE enhancer within
the Csflr locus®>17:350 and Csflr expression together with CD115 surface levels
were reduced in multiple MafB-deficient RTMs, suggesting a link between MafB
activity and the Csf1r/Csf1 signaling pathway required for RTM maintenance and
survival. Computational predictions based on cross-species open chromatin
profiles in MG have also proposed an evolutionarily conserved MafB binding site

within the FIRE enhancer®?

. Moreover, mice lacking the FIRE enhancer display
reduced CD115 expression on RTMs and certain RTM subsets fail to develop,
such as MG3%, although the phenotypes observed upon MafB deletion are less
pronounced. This difference likely reflects the fact that the FIRE enhancer is a
hotspot for multiple transcription factor binding sites could sustain Csflr
expression®>°, In addition, Csf1r expression in some RTM populations could to
be partially independent of FIRE and may be controlled by other cis-regulatory

elements, such as the Csf1r upstream regulatory element A (CUREA), which can

drive Csflr expression in trophoblasts!24125:389,
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A substantial proportion of MafB binding sites and target genes overlapped
between BMDMs and primary LPMs, indicating that MafB controls a conserved
core macrophage program while also binding tissue-specific loci, such as Pf4 and
Vsig4, suggesting an additional role in tissue specialization. Together, these data
indicate that MafB directly imprints macrophage differentiation and identity

through coordinated regulation of enhancer and promoter landscapes.

Interestingly, many of the genes identified as direct MafB targets converge on
the core macrophage function of phagocytosis. These targets span multiple steps
of the phagocytic cascade, including target/pattern recognition (e.g., Cd36, Cd14,
Mrc1, Mertk, C3ar1, C5ar1)**, cytoskeletal remodeling and engulfment (Arhgef7,
Arhgap, Rhob, Myo1e)*°3%2 and phagosome formation and trafficking (Eeal,
Dab2, Washc5)3%373%, In addition, MafB directly regulates genes required for
phagolysosomal maturation and degradation, such as v-ATPase components

)397,398' and

(Atp6v0al, Atp6via)*®, lysosomal proteases (Ctsb, Ctsl, Lgmn
metal/ion transporters (Slc11a1)3%, supporting efficient acidification and cargo
processing. Complement genes (Clga, C1gb, C1gc)** and lipid-handling factors
(Apoe, Abcal) further indicate that MafB reinforces opsonin-mediated uptake
and post-engulfment metabolic adaptation. Notably, several of these targets
also align with pathways implicated in erythrophagocytosis, including receptors
and complement components involved in recognition of senescent erythrocytes,
scavenger and hemoglobin—haptoglobin receptors such as Cd163°°, and
lysosomal/iron-handling genes (e.g., Slcllal, Steap3) required for safe

processing of erythrocyte-derived cargo, consistent with a broader role of MafB

in specialized clearance functions.

Strikingly, MafB’s binding sites exhibit greater evolutionary conservation across
vertebrates than those of PU.1, revealing an unappreciated central role in

macrophage biology and suggesting that MafB integrates tissue-specific cues and
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translates them into core transcriptional programs define RTM identity across
diverse tissues and species. Moreover, CUT&RUN analyses in human monocyte-
derived macrophages revealed substantial overlap with mouse MafB binding
sites and target genes, including core macrophage identity genes such as CSF1R,
MERTK and CD163. These cross-species analyses highlight that MafB-driven
transcriptional programs are deeply conserved, supporting the notion that MafB
functions as an evolutionarily conserved master regulator of macrophage

differentiation and identity.

In conclusion, this study identifies MafB as a pivotal and evolutionarily
conserved transcriptional regulator of RTM development, identity and function
across diverse tissues. Using conditional gene targeting combined with
epigenetic, transcriptomic, phenotypic and functional analyses, we have shown
that MafB deficiency disrupted RTM-specific transcriptional programs, altered
RTM phenotypes and functions, and impaired tissue homeostasis in mice.
Mechanistically, we have shown that MafB directly controlled pivotal
macrophage differentiation and identity genes through cis-regulatory elements,
establishing a core macrophage regulatory network preserved across

vertebrates.

Despite identifying MafB as a central and evolutionarily conserved regulator of
RTM differentiation, identity and function, several important questions remain
to be addressed. First, although our data support a model in which MafB
promotes terminal macrophage maturation and stabilizes tissue-resident
identity, the precise upstream signals that dynamically regulate MafB expression
during monocyte-to-RTM differentiation remain unclear. We observed that
MafB expression increases along the differentiation trajectory within a refilling
niche, suggesting that environmental cues, such as Csf1/IL-34 availability, niche-

derived cytokines or metabolic signals, may directly control MafB induction.
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Defining the extracellular signals and intracellular pathways that regulate MafB
expression will therefore be essential to understand how tissue niches instruct
macrophage maturation in a context-dependent manner. This could be
addressed by combining candidate-based approaches, in which key niche-
derived signals or their corresponding receptors are perturbed in vitro and in vivo
to assess their impact on MafB expression, with unbiased strategies such as
single-cell transcriptomics, chromatin accessibility profiling and regulon
inference to identify upstream transcriptional regulators and signaling pathways.
In addition, assessing MafB activity through analysis of downstream target gene
expression and chromatin occupancy would help distinguish between regulation

of MafB expression versus functional activation.

Another key unresolved issue concerns the exact chromatin-related
mechanisms through which MafB controls macrophage identity. Our CUT&RUN
data suggest that MafB promotes transcriptional activation at enhancer and
promoter regions and may function as a pioneer transcription factor. However,
whether MafB directly remodels chromatin accessibility or instead cooperates
with other lineage-defining factors such as PU.1, C/EBPB or Zeb2 to establish
stable macrophage enhancer landscapes remains to be determined. Future
studies combining ATAC-seq, CUT&RUN profiling and perturbation of
cooperating transcription factors will help clarify whether MafB initiates or

merely stabilizes macrophage-specific regulatory circuits.

A role for MafB in restraining macrophage proliferation has been proposed by
the group of Sieweke, who showed that MafB represses self-renewal—associated
genes such as KIf2/4 and Myc, and that MafB- and c-Maf-deficient macrophages
display increased colony-forming capacity and enhanced proliferation ex vivo.
They further observed that proliferating macrophages in vivo express lower

levels of MafB, suggesting an inverse relationship between MafB expression and
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cell-cycle activity. Our data in the first part are consistent with this model. During
IM niche refilling, monocytes pass through a proliferative transitioning state
characterized by low Mafb expression, which subsequently increases as cells
differentiate into mature IMs. Accordingly, MafB-deficient IMs displayed higher
Ki67 expression and a less differentiated phenotype, supporting the idea that
MafB acts as a molecular switch that terminates proliferation and promotes
terminal macrophage differentiation. Interestingly, such an increase in
proliferation signatures was not evident in other MafB-deficient RTM
populations, indicating that the link between MafB and proliferation may be
particularly prominent in niches undergoing active refilling. Notably,
transplanted MafB/c-Maf-deficient macrophages do not undergo uncontrolled
expansion in vivo but instead integrate into host tissues, suggesting that extrinsic
niche constraints, such as limited availability of Csfl or IL-34, normally restrict
their proliferative potential. In this context, IMs may represent a unique case, as
they were among the most numerically reduced RTM populations upon MafB
deletion, potentially resulting in increased local Csfl availability that could

further drive proliferation of the remaining or newly recruited cells.

An additional question concerns the role of MafB in regulating RTM survival
and the balance between self-maintenance and monocyte replacement. In RTM-
specific Zeb2-deficient mice, Scott et al. demonstrated that loss of Zeb2 impaired
macrophage survival, resulting in increased cell turnover and enhanced
replacement by circulating monocytes?3®. Interestingly, our data suggest a similar
phenomenon in the absence of MafB. RTMs that lack MafB expressed higher
levels of monocyte signature genes, and KCs did not express CD163 (Figure 4.3A
and 4.3B), a marker of embryonically-derived KCs***°! but rather expressed
higher levels of the monocyte-derived KC marker Ly6A/E*! (Figure 4.3C and
4.3D). We therefore hypothesized that MafB-deficient RTMs were being
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Figure 4.3. MafB deficiency may promote monocyte-driven replacement of RTMs. (A)
Violin plot of Cd163 expression in KC of Mafb™" and Lyz2¢*Mafb™" mice (height:
expression; width: abundance of cells). (B) Bar graphs of CD163 expression in KC,
assessed by flow cytometry in Mafb™" and Lyz2¢*Mafb™" mice (n = 8/group). (C) Violin
plot of Ly6a expression in KC of Mafb™® and Lyz2"*Mafb™ mice (height: expression;
width: abundance of cells). (D) Bar graphs of Ly6A/E expression in KC, assessed by flow
cytometry in Mafb™ and Lyz2¢"*Mafb™" mice (n = 8/group). (E) Violin plots of Em-Mac
(top) and Mo-Mac (bottom) signature scores within IM, KC and MG of Mafb"f and
Lyz2*Mafb™ mice (height: score; width: abundance of cells). Data are mean + SEM,
pooled from two independent experiments (B and D). P values were calculated using a
Wilcoxon rank-sum test (A, C and E) or two-tailed Student’s t test (B and D). *P<0.05;
**Pp<0.01; ***P<0.001; ****P<0.0001.

replenished by monocytes at a higher rate as compared to WT RTMs. We created
embryonically-derived and monocyte-derived signature scores of IMs!?, KCs*
and MG”3 and found that IMs, KCs and MG from Lyz2“*Mafb™" mice expressed
lower levels of embryonically-derived scores and higher levels monocyte-derived
scores as compared to controls (Figure 4.3E), suggesting a higher rate of
replacement by monocytes. Bone marrow chimera experiments further
supported an increased albeit minor contribution of donor-derived monocytes

to MafB-deficient RTM compartments (data not shown). However, these
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approaches do not formally distinguish whether MafB deficiency primarily
affects macrophage survival, niche retention, or differentiation dynamics.
Addressing this question will require more direct fate-mapping strategies, such
as parabiosis experiments to quantify monocyte contribution under steady-state
conditions, or crossing MafB-deficient mice with Ms4a37P°Rosg26"FTdTomato
reporter mice to specifically trace monocyte-derived macrophages over time.
Such studies will be essential to determine whether MafB safeguards long-term

RTM maintenance.

Another important limitation of the present study is that it was largely
conducted under homeostatic conditions. Given the pronounced defects in
phagocytosis, clearance and tissue homeostasis observed in MafB-deficient
RTMs, it will be essential to determine how these cells respond to inflammatory,
infectious or metabolic challenges, as well as during aging, to assess whether
MafB acts as a resilience factor that preserves RTM function under stress. In
support of this idea, in a mouse model of influenza A virus infection we recently
identified a distinct population of Ly6G* monocyte-derived macrophages
emerging during the early recovery phase after viral lung injury®’. Notably, both
cMaf and MafB were highly expressed and predicted to be transcriptionally
active in these Ly6G* macrophages, and this population was absent in myeloid-
specific MafB/cMaf-deficient mice, which exhibited worsened disease outcomes.
Additional evidence supporting a context-dependent role of MafB in
macrophage adaptation comes from allergic inflammation models. In a recent
study, the group of Lambrecht reported that, in type 2 allergic asthma, IL-33—
activated ILC2s produced IL-13, which reprogrammed tissue-resident AMs
(trAMs) toward enhanced chemokine production and multinucleated giant cell
formation!®. Of note, although AMs express little to no MafB at steady state, IL-

33-treated trAMs exhibited increased expression of Mafb, as well as several
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Figure 4.4. IL-33-induced reprogramming of trAMs is associated with MafB induction
and enrichment of MafB-dependent transcriptional programs. (A) Volcano plot (left)
and heatmap (right) of DEGs between trAMs from PBS- and IL-33-treated mice
(ArrayExpress: E-MTAB-15952). (B) Integration of TF expression and motif enrichment
analysis in PBS- versus IL-33-treated trAMs. (C) GSEA showing enrichment of MafB target
genes in IL-33-treated trAMs compared to control trAMs. MafB target genes were
defined as genes harboring a MafB CUT&RUN peak within +2 kb of the transcription start
site and enriched in WT compared to MafB-deficient BMDMs. (D) Flow cytometric
analysis of trAMs isolated from PBS- and IL-33-treated mice. Representative contour
plots (left) show gating of trAMs. Histograms depict expression levels of indicated
surface markers and TFs (n=5/group). Data are mean = SEM, pooled from two
independent experiments (D). P values were calculated using a Wald test with
Benjamini-Hochberg correction (A), a permutation test (C) or two-tailed Student’s t test
(D). *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.

MafB target genes (including Atf3, Pf4, Plau and C1q) (Figure 4.4A). While IRF4
was identified as a key molecular switch in this process, the authors also reported
enrichment of MafB binding motifs in IL-33-treated trAMs (Figure 4.4B). We
further found, using GSEA, that IL-33 trAMs displayed an enrichment in MafB
target genes, as identified here, as compared to PBS-treated controls (Figure
4.4C). Consistent with these transcriptional changes, we found that trAMs from

IL-33-treated mice displayed expected phenotypic changes'® as well as
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upregulation of MafB protein expression (Figure 4.4D). These findings suggest
that MafB-dependent transcriptional programs are dynamically engaged during
inflammatory reprogramming and may contribute to the functional adaptation
of RTMs in pro-allergic settings. To further address these questions, we have
initiated collaborative efforts to examine the role of MafB under non-
homeostatic conditions and during macrophage ontogeny. In collaboration with
Bart Lambrecht and Bénédicte Machiels, we will investigate how MafB regulates
trAM adaptation to environmental stress and inflammation in models of allergy
and viral infection, contexts in which we and others have observed increased
Mafb expression despite the low Mafb levels in steady-state AMs. In parallel,
together with Philipp Henneke, we aim to study the role of MafB in AM
development, as Mafb reporter mice label a substantial fraction of AMs,
suggesting a history of Mafb expression, and to assess its contribution to

macrophage responses during murine cytomegalovirus infection.

Furthermore, although our data suggest that MafB-deficient RTMs may fail to
properly adapt to or occupy their appropriate tissue niches, direct evidence for
altered spatial positioning or niche engagement is still lacking. Advanced
intravital imaging, spatial transcriptomics and spatial proteogenomic approaches
will be instrumental to determine how MafB shapes RTM—niche interactions and
whether defective niche anchoring contributes to the immature and

dysfunctional phenotypes observed in MafB-deficient cells.

Finally, the strong evolutionary conservation of MafB binding sites and target
genes across mouse and human macrophages raises the important question of
how MafB dysregulation may contribute to human disease. Given the central role
of RTMs in tissue homeostasis, inflammation and repair, altered MafB activity
could potentially impact a wide range of pathologies, including chronic

inflammatory diseases, fibrosis, neurodegeneration or metabolic disorders.
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Understanding how MafB integrates environmental signals to maintain RTM
identity and function over the lifespan therefore represents an important avenue
for future research and may open new therapeutic strategies aimed at restoring
macrophage homeostasis in disease contexts. In this regard, recent work
performed in collaboration with us, using humanized in vivo models has
identified MAFB as a key transcriptional regulator of tumor-associated
macrophage (TAM) identity and plasticity, supporting the notion that MafB-
dependent programs may also operate in TAMs?*%2, These findings suggest that
MafB could represent a potential therapeutic target to modulate tumor-
promoting macrophage functions. However, such an approach should be
considered with caution, as MafB also plays a broader role in the differentiation
and functional stability of tissue-resident macrophages across organs. Systemic
targeting of MafB may therefore lead to unintended side effects, including
impaired tissue repair, defective immune regulation and disruption of
macrophage-dependent homeostatic functions. In this context, targeting
upstream regulators that control MafB in a context-dependent manner may

represent a more selective and therapeutically relevant strategy.
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Conclusion

The work presented in this thesis advances our understanding of how
macrophage identity and functional specialization are established through
transcriptional regulation. In particular, our results identify the transcription
factor MafB as a central regulator orchestrating key stages of macrophage

maturation.

The identification of proliferative transitioning monocytes during lung IM
differentiation provides new insight into the dynamic nature of macrophage
development in vivo. Rather than representing a simple linear progression,
monocyte-to-macrophage differentiation appears to involve distinct
intermediate states that integrate proliferative expansion with the progressive
acquisition of macrophage identity. In this context, MafB expression increases as
cells transition toward a mature macrophage state, suggesting a role for this
transcription factor in coordinating the shift from proliferation to terminal
differentiation. Together, these observations indicate that the timing and
coordination of transcriptional programs, including MafB, are closely linked to

the establishment of RTM populations.

More broadly, our findings demonstrate that MafB plays a crucial role in
stabilizing macrophage identity by regulating core macrophage gene programs
while permitting tissue-specific specialization. The evolutionary conservation of
MafB-dependent regulatory networks across vertebrates further underscores
the fundamental nature of this transcriptional pathway in macrophage biology.
Together, these results place MafB at a key regulatory node linking
differentiation cues, transcriptional identity, and macrophage function across

tissues.
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Beyond their conceptual implications, these findings may also have
translational relevance. Macrophages contribute to the pathogenesis of
numerous diseases, including chronic inflammatory disorders, fibrosis, infection,
and cancer. Understanding the transcriptional mechanisms that govern
macrophage differentiation and functional programming could therefore open
new avenues for therapeutic intervention. Targeting regulators such as MafB or
the pathways that control its activity may provide opportunities to modulate
macrophage identity and function in pathological contexts. Future work aimed
at dissecting how MafB integrates environmental signals and interacts with other
transcriptional regulators will be essential to determine whether this regulatory
axis can be harnessed to selectively reprogram macrophage responses in

disease.
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APPENDIX Supplementary tables

Appendix 1: Supplementary tables

Supplementary table 2.1. List of reagents, antibodies and commercial assays

used in this study.

Antibodies Source Cat. Number
Anti-Cre Recombinase Monoclonal Cell Signaling 15036
Antibody (Rabbit, clone D7L7L), Technology

unconjugated

Anti-mouse C1gA Monoclonal Antibody | Bio-techne NBP1-51140B

(Mouse, clone JL-1), biotin conjugated

Anti-mouse CD3 Monoclonal Antibody ThermoFisher 48-0032-82
(Rat, clone 17A2), eFluord50

conjugated

Anti-mouse CD3e Monoclonal Antibody | BD Biosciences 553064
(Armenian Hamster, clone 145-2C11),

PE conjugated

Anti-mouse CD11b Monoclonal ThermoFisher 17-0112-82
Antibody (Rat, clone M1/70), APC

conjugated

Anti-mouse CD11b Monoclonal BD Biosciences 563553
Antibody (Rat, clone M1/70), BUV395

conjugated

Anti-mouse CD11b Monoclonal BD Biosciences 741242
Antibody (Rat, clone M1/70), BUV563

conjugated

Anti-mouse CD11b Monoclonal BD Biosciences 557396
Antibody (Rat, clone M1/70), FITC

conjugated

262



APPENDIX Supplementary tables

Anti-mouse CD11b Monoclonal BD Biosciences 552850
Antibody (Rat, clone M1/70), PE-Cy7

conjugated

Anti-mouse CD11c Monoclonal BD Biosciences 563735
Antibody (Hamster, clone HL3), BV786

conjugated

Anti-mouse CD16/32 (Mouse BD Fc BD Biosciences 553142
Block™) Monoclonal Antibody (Rat,

clone 2.4G2), unconjugated

Anti-mouse CD16/32 Monoclonal BD Biosciences 560541
Antibody (Rat, clone 2.4G2), APC-Cy7

conjugated

Anti-mouse CD19 Monoclonal Antibody | BD Biosciences 553786
(Rat, clone 1D3), PE conjugated

Anti-mouse CD31 Monoclonal Antibody | ThermoFisher 17-0311-82

(Rat, clone 390), APC conjugated

Anti-mouse CD34 Monoclonal Antibody | BioLegend 152207
(Rat, clone SA376A4), BV421

conjugated

Anti-mouse CD45.1 Monoclonal BD Biosciences 565212
Antibody (Mouse, clone A20), BUV395

conjugated

Anti-mouse CD45.1 Monoclonal BD Biosciences 565278
Antibody (Mouse, clone A20), BV510

conjugated

Anti-mouse CD45.2 Monoclonal BD Biosciences 564616
Antibody (Mouse, clone 104), BUV395

conjugated
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Anti-mouse CD45.2 Monoclonal BD Biosciences 561874
Antibody (Mouse, clone 104), FITC

conjugated

Anti-mouse CD45.2 Monoclonal BD Biosciences 560696
Antibody (Mouse, clone 104), PE-Cy7

conjugated

Anti-mouse CD45.2 Monoclonal BD Biosciences 552950
Antibody (Mouse, clone 104), PerCP-

Cy5.5 conjugated

Anti-mouse CD45.2 Monoclonal BD Biosciences 562129
Antibody (Mouse, clone 104), V500

conjugated

Anti-mouse CD64 Monoclonal Antibody | BiolLegend 139309
(Mouse, clone X54-5/7.1), Bv421

conjugated

Anti-mouse CD115 (CSF1R) Monoclonal | Bio X Cell BE0213
Antibody (Rat, clone AFS98),

unconjugated

Anti-mouse CD115 (CSF1R) Monoclonal | ThermoFisher 17-1152-82
Antibody (Rat, clone AFS98), APC

conjugated

Anti-mouse CD115 (CSF1R) Monoclonal | BiolLegend 135526
Antibody (Rat, clone AFS98), PerCP-

Cy5.5 conjugated

Anti-mouse CD117 (c-Kit) Monoclonal BD Biosciences 564012
Antibody (Rat, 2B8), BV786 conjugated

Anti-mouse CD117 (c-Kit) Monoclonal BioLegend 105807
Antibody (Rat, 2B8), PE conjugated
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Anti-mouse CD135 (FIt3) Monoclonal ThermoFisher 12-1351-82
Antibody (Rat, clone A2F10), PE
conjugated
Anti-mouse CD170 (SiglecF) BD Biosciences 552126
Monoclonal Antibody (Rat, clone E50-

2440), PE conjugated

Anti-mouse CD170 (SiglecF) BD Biosciences 562757
Monoclonal Antibody (Rat, clone E50-

2440), PE-CF594 conjugated

Anti-mouse CD172a (SIRPa) BioLegend 144013
Monoclonal Antibody (Rat, clone P84),

APC conjugated

Anti-mouse CD206 (MMR) Monoclonal | BiolLegend 141712
Antibody (Rat, clone C068C2), AF647

conjugated

Anti-mouse CD206 (MMR) Monoclonal | BioLegend 141712
Antibody (Rat, clone C068C2), AF647

conjugated

Anti-mouse CD206 (MMR) Monoclonal BioLegend 141719
Antibody (Rat, clone C068C2), PE-Cy7

conjugated

Anti-mouse cMaf Monoclonal Antibody | ThermoFisher 12-9855-42
(Mouse, clone symOF1), PE conjugated

Anti-mouse F4/80 Monoclonal BioLegend 123149
Antibody (Rat, BM8), BV650 conjugated

Anti-mouse F4/80 Monoclonal BioLegend 123108
Antibody (Rat, BM8), FITC conjugated

Anti-mouse F4/80 Monoclonal Sony Biotechnology 1215550
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Anti-mouse FceRla (MAR-1)
Monoclonal Antibody (Armenian
Hamster, clone MAR- 1), PE-Cy7

conjugated

BioLegend

134317

Anti-mouse I-A/I-E (MHC-II)
Monoclonal Antibody (Rat, clone

M5/114.15.2), unconjugated

ThermoFisher

56-5321-82

Anti-mouse I-A/I-E (MHC-II)
Monoclonal Antibody (Rat, clone

M5/114.15.2), AF700 conjugated

ThermoFisher

56-5321-80

Anti-mouse I-A/I-E (MHC-II)
Monoclonal Antibody (Rat, clone

M5/114.15.2), PerCP- Cy5.5 conjugated

Sony Biotechnology

1138125

Anti-mouse Ki-67 Monoclonal Antibody
(Rat, clone SolA15), eFluor570

conjugated

ThermoFisher

41-5698-82

Anti-mouse Ki-67 Monoclonal Antibody
(Rat, clone SolA15), PerCP-eFluor710

conjugated

ThermoFisher

46-5698-80

Anti-mouse Ly6A/E Monoclonal
Antibody (Rat, clone D7), PE-Cy7

conjugated

BD Biosciences

561021

Anti-mouse Ly6C Monoclonal Antibody
(Rat, clone HK1.4), AF700 conjugated

BioLegend

128024

Anti-mouse Ly6C Monoclonal Antibody
(Rat, clone AL-21), PE-CF594

conjugated

BD Biosciences

562728

Anti-mouse Ly6G Monoclonal Antibody
(Rat, clone 1A8), APC conjugated

BD Biosciences

560599
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Anti-mouse Ly6G Monoclonal Antibody | BD Biosciences 551461
(Rat, clone 1A8), FITC conjugated

Anti-mouse Ly6G Monoclonal Antibody | BD Biosciences 551461

(Rat, clone 1A8), PE conjugated

Anti-mouse Ly6G Monoclonal Antibody | BD Biosciences 560601
(Rat, clone 1A8), PE-Cy7 conjugated

Anti-mouse Ly6G Monoclonal Antibody | BioLegend 127615
(Rat, clone 1A8), PerCP-Cy5.5

conjugated
Anti-mouse MafB Recombinant Bethyl Laboratories A700-046
Monoclonal Antibody (Rabbit, clone Inc.

BLRO46F), unconjugated

Anti-mouse MerTK Monoclonal ThermoFisher 25-5751-80
Antibody (Rat, clone DSSMMER), PE-

Cy7 conjugated

Anti-mouse XCR-1 Monoclonal BioLegend 148223
Antibody (Mouse, clone ZET), APC-Cy7

conjugated

Anti-rabbit 1gG (H+L) Cross-Adsorbed ThermoFisher A-11008
Secondary Polyclonal Antibody (Goat),
AF488 conjugated

Anti-rabbit 1gG (H+L) Cross-Adsorbed ThermoFisher A-21244
Secondary Polyclonal Antibody (Goat),
AF647 conjugated

Anti-rat 1gG (H+L) Cross-Adsorbed ThermoFisher A-21209
Secondary Polyclonal Antibody
(Donkey), AF594 conjugated
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Anti-trinitrophenol (isotype control) Bio X Cell BE0O089
Monoclonal Antibody (Rat, 2A3),
unconjugated
TotalSeq™-A0305 anti-mouse Hashtag BioLegend 155809
5 Antibody
TotalSeq™-A0306 anti-mouse Hashtag BioLegend 155811
6 Antibody
TotalSeq™-A0307 anti-mouse Hashtag BioLegend 155813
7 Antibody
TotalSeq™-A0308 anti-mouse Hashtag BioLegend 155815
8 Antibody
Chemicals, Peptides and Source Cat. Number
Recombinant Proteins
1,4 Dithiothreitol (DTT) Sigma 10197777001
5-Ethynyl-2’-deoxyuridine (EdU) Santa Cruz sc-284628

Biotechnology
Baytrill (enrofloxacine) Bayer 616300
Bovine Serum Albumin (BSA) Sigma A7906
Brilliant Stain Buffer BD Bioscience 563794
Collagenase A, from Clostridium Sigma 11088793001
histolyticum
Collagenase IV ThermoFisher 17104019
cOmplete™ Protease Inhibitor Cocktail Sigma 11697498001
Diphtheria Toxin (DT), from List Biological Labs 150
Corynebacterium diphtheriae
DAPI Biolegend 422801
DNase | Sigma 11284932001
dNTP ThermoFisher N8080260

268




APPENDIX Supplementary tables
Donkey serum Sigma D9663
DPBS ThermoFisher 14190094
EDTA Merck Millipore 1084181000
Fetal Bovine Serum (FBS) ThermoFisher 10270098
Glycerol ThermoFisher 158920025
GoTaq G2 Hot Start Taq Polymerase Promega M7401
HBSS with Phenol Red Lonza BE10-508F
IsoFlo (Isoflurane) Zoetis B506
KAPA Express Extract Merck KK7100
Methanol Merck 67-56-1
Nimatek (Ketamine) Dechra 804132
Nonidet P 40 Substitute Sigma 74385
0.C.T. Compound Tissue-Tek 4583
Paraformaldehyde ThermoFisher F/1501/PB15
Percoll GE Healthcare 17089101
Pexidartinib (PLX-3397) MedChemExpress HY-16749
Poly(ethylene glycol), average Mn 400 Sigma 202398
ProLong Antifade Mountant ThermoFisher P36961
Quant-iT™ RiboGreen™ RNA Assay Kit ThermoFisher R11490
Rompun (Xylazine) Bayer 0076901
Sucrose Merck 57-50-1
Streptavidin, PE conjugated BD Biosciences 554061
SYTOX Blue Nucleic Acid Stain ThermoFisher $11348
Tris(hydroxymethyl)aminomethane Merck Millipore 108382
TRIzol Reagent ThermoFisher 10296010
Triton X-100 Merck 648466
Truseq Stranded mRNA kit lllumina 20020594
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Kit

Tween-20 ThermoFisher 233360010
Tween-80 Sigma P1754

G418 ThermoFisher 10131027
UltraPure BSA ThermoFisher AM2616
Sucrose Merck 57-50-1
Streptavidin, PE conjugated BD Biosciences 554061
SYTOX Blue Nucleic Acid Stain ThermoFisher $11348
Tris(hydroxymethyl)aminomethane Merck Millipore 108382
TRIzol Reagent ThermoFisher 10296010
Triton X-100 Merck 648466
Truseq Stranded mRNA kit Illumina 20020594
Tween-20 ThermoFisher 233360010
Tween-80 Sigma P1754

G418 ThermoFisher 10131027
UltraPure BSA ThermoFisher AM2616
Commercial Assays Source Cat. Number
APC Mouse Lineage Antibody Cocktail, | BD Bioscience 558074
with Isotype Control

CD11b MicroBeads, human and mouse | Miltenyi Biotec 130-049-601
Chromium Next GEM Single Cell 3' GEM, | 10X Genomics 1000128
Library & Gel Bead Kit v3.1

CD11b MicroBeads, human and mouse Miltenyi Biotec 130-049-601
Chromium Next GEM Single Cell 3' GEM, | 10X Genomics 1000128
Library & Gel Bead Kit v3.1

Chromium Next GEM Chip G Single Cell | 10X Genomics 1000120
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Click-iT™ Plus EdU Alexa Fluor™ 488 | ThermoFisher 10632
Flow Cytometry Assay Kit
FITC Mouse Anti-Ki-67 Set BD Bioscience 556026
LIVE/DEAD™ Fixable Near-IR Dead Cell | Invitrogen L34976
Stain Kit, for 633 or 635 nm excitation
MCP-1/CCL2 Mouse Uncoated ELISA Kit | ThermoFisher 88-7391-88
Monocyte Isolation Kit (BM), mouse Miltenyi Biotec 130-100-629
Pierce™ BCA Protein Assay Kit ThermoFisher 23225
Single Index Kit T Set A 10X Genomics 1000213
NovaSeq 6000 S1 Reagent Kit v1.5 (100 | Illumina 20028319

cycles)
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Supplementary table 2.2. List of the deposited data generated and used in this

study.

Bulk RNA-seq data Source Identifier

Raw and analyzed RNA-seq data This study GEO: GSE194021

scRNA-seq data Source Identifier

Raw and analyzed scRNA-seq data This study GEO: GSE194021

Lung IM and classical monocytes Schyns et | EMBL-EBI: E-MTAB-7678

a|_104

Microarray data Source Identifier

Classical Monocytes MHCII* in blood ImmGen GEO: GSM605868,
GSM605870, GSM605871

Classical Monocytes MHCII™ in bone ImmGen GEO: GSM854329,

marrow GSM854330, GSM854331

Classical Monocytes MHCII™ in blood ImmGen GEO: GSM605872,
GSM605873, GSM605874

Nonclassical Monocytes, MHCII* ImmGen GEO: GSM605878,
GSM605879

Nonclassical Monocytes in bone ImmGen GEO: GSM854332,

marrow GSM854333, GSM854334

Nonclassical Monocytes in blood ImmGen GEO: GSM605884,
GSM605885

Nonclassical Monocytes, MHCllint ImmGen GEO: GSM605886,
GSM605887, GSM605888,
GSM605889, GSM605890

Lung CD11b*CD24™ macrophages ImmGen GEO: GSM854271,
GSM854272
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Small Intestinal Lamina Propria ImmGen GEO: GSM854262,
CD11c"CD103°CD11b* macrophages GSM854263, GSM854264,

GSM854265, GSM854266,
GSM854267, GSM854268
Bone marrow macrophages ImmGen GEO: GSM854317,
GSM854318, GSM854319
Spleen Red Pulp macrophages ImmGen GEO: GSM605853,
GSM605854, GSM605855
Peritoneal macrophage steady state ImmGen GEO: GSM854294,
GSM854295, GSM854296
Peritoneal cavity macrophages steady | ImmGen GEO: GSM605850,
state GSM605851, GSM605852
Medullary macrophages from skin ImmGen GEO: GSM854322,
draining lymph nodes GSM854323
Central nervous system microglia ImmGen GEO: GSM854326,
GSM854327, GSM854328
CD103* migratory DC, Mediastinal LN ImmGen GEO: GSM854243,
CD103*DC GSM854244, GSM854245
CD11b* migratory DC, Mediastinal LN ImmGen GEO: GSM854255,
CD11b* DC GSM854256, GSM854257
Lung CD103* dendritic cells ImmGen GEO: GSM538231,
GSM538232, GSM538233,
GSM854241,
Lung ImmGen GEO: GSM854269,
MHCII*CD11c*CD103°CD11b*CD24* GSM854270
dendritic cells
Lung IM, Ly6C* cMo and AM Sabatel et EMBL-EBI: E-MTAB-5012
a|‘186
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Supplementary table 3.1. Key resources table.

REAGENT or RESOURCE

Antibodies

SOURCE

IDENTIFIER

Anti-mouse C1gA Monoclonal
Antibody (Mouse, clone JL-1),
biotin conjugated

Novus

Cat#NBP1-
511408; RRID:
AB_11014205

Anti-mouse CD3e Monoclonal
Antibody (Armenian Hamster,
clone 145-2C11), PE conjugated

BD Biosciences

Cat#553064; RRID:
AB_394597

Anti-mouse CD11b Monoclonal
Antibody (Rat, clone M1/70),
BUV395 conjugated

BD Biosciences

Cat#563553; RRID:
AB_2738276

Anti-mouse CD11b Monoclonal
Antibody (Rat, clone M1/70),
FITC conjugated

BD Biosciences

Cat#557396; RRID:
AB_396679

Anti-mouse CD11b Monoclonal
Antibody (Rat, clone M1/70),
BV605 conjugated

BD Biosciences

Cat#563015; RRID:
AB_2737951

Anti-mouse CD11b Monoclonal
Antibody (Rat, clone M1/70), PE-
Cy7 conjugated

BD Biosciences

Cat#552850; RRID:
AB_394491

Anti-mouse CD11c Monoclonal

Antibody (Armenian Hamster,
clone N418), eFluor 450
conjugated

Thermo Fisher Scientific

Cat#48-0114-82;
RRID: AB_1548654

Anti-mouse CD11c Monoclonal
Antibody (Hamster, clone HL3),
BV786 conjugated

BD Biosciences

Cat#563735; RRID:
AB_2738394

Anti-mouse CD16/32 (Mouse BD
Fc Block™) Monoclonal Antibody
(Rat, clone 2.4G2), unconjugated

BD Biosciences

Cat#553142; RRID:
AB_394657

Anti-mouse CD19 Monoclonal
Antibody (Rat, clone 1D3), PE
conjugated

BD Biosciences

Cat#553786; RRID:
AB_395050

Anti-mouse CD19 Monoclonal
Antibody (Rat, clone 1D3), RB780
conjugated

BD Biosciences

Cat#755522; RRID:
AB_3676664
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Anti-mouse CD24 Monoclonal | BioLegend Cat#101803; RRID:
Antibody (Mouse, clone M1/69), AB_312836
biotin conjugated
Anti-mouse CD31 Monoclonal | BioLegend Cat#102435; RRID:

Antibody (Rat, clone 390), BV785 AB_2810334
conjugated
Anti-mouse CD43 Monoclonal | BD Biosciences Cat##753416

Antibody (Rat, clone S7), RY586
conjugated

Anti-mouse CD45 Monoclonal
Antibody (Rat, clone 30-F11),
AF700 conjugated

Thermo Fisher Scientific

Cat# 56-0451-82,
RRID: AB_891454

Anti-mouse CD45.1 Monoclonal
Antibody (Mouse, clone A20),
BUV395 conjugated

BD Biosciences

Cat#565212; RRID:
AB_2722493

Anti-mouse CD45.1 Monoclonal
Antibody (Mouse, clone A20),
APC conjugated

BD Biosciences

Cat#558701; RRID:
AB_1645214

Anti-mouse CD45.2 Monoclonal
Antibody (Mouse, clone 104),
BUV395 conjugated

BD Biosciences

Cat#564616; RRID:
AB_2738867

Anti-mouse CD45.2 Monoclonal
Antibody (Mouse, clone 104),
FITC conjugated

BD Biosciences

Cat#561874; RRID:
AB_10894189

Anti-mouse CD45.2 Monoclonal

BD Biosciences

Cat#560696; RRID:

Antibody (Mouse, clone 104), PE- AB_1727494
Cy7 conjugated

Anti-mouse CD45.2 Monoclonal | BD Biosciences Cat#552950;
Antibody (Mouse, clone 104), RRID:
PerCP-Cy5.5 conjugated AB 394528

Anti-mouse CD45.2 Monoclonal
Antibody (Mouse, clone 104),
V500 conjugated

BD Biosciences

Cat#562129; RRID:
AB_10897142

Anti-mouse CD49b Monoclonal
Antibody (Rat, clone DX5), PE
conjugated

BiolLegend

Cat#108907; RRID:
AB_313414

Anti-mouse CD62L Monoclonal
Antibody (Rat, clone MEL-14),
BV421 conjugated

BD Biosciences

Cat#562910; RRID:
AB_2737885
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Anti-mouse CD64 Monoclonal
Antibody (Rabbit, clone 027),
unconjugated

Thermo Fisher Scientific

Cat#MA5-29706;
RRID: AB_2785530

Monoclonal Antibody (Rat, clone
AFS98), BV605 conjugated

Anti-mouse CD64 Monoclonal | BioLegend Cat#139309; RRID:
Antibody (Mouse, clone X54- AB_2562694
5/7.1), BV421 conjugated

Anti-mouse CD64 Monoclonal | BioLegend Cat#139320; RRID:
Antibody (Mouse, clone X54- AB_2566559
5/7.1), PE-Dazzle594 conjugated

Anti-mouse  CD115  (CSF1R) | BiolLegend Cat#135511; RRID:
Monoclonal Antibody (Rat, clone AB_ 11218605
AFS98), AF488 conjugated

Anti-mouse CD115 (CSF1R) | BiolLegend Cat#135517; RRID:

AB_2562760

Anti-mouse CD115 (CSF1R)
Monoclonal Antibody (Rat, clone
AFS98), APC conjugated

Thermo Fisher Scientific

Cat#17-1152-82;
RRID: AB_1210789

Anti-mouse  CD115  (CSF1R)
Monoclonal Antibody (Rat, clone
AFS98), PerCP-Cy5.5 conjugated

BioLegend

Cat#135526; RRID:
AB_2566462

Anti-mouse CD163 Monoclonal
Antibody (Rat, clone TNKUPJ),
APC conjugated

Thermo Fisher Scientific

Cat#17-1631-80;
RRID: AB_2784645

Anti-mouse CD163 Monoclonal
Antibody (Rat, clone TNKUPJ), PE-
eF610 conjugated

Thermo Fisher Scientific

Cat#61-1631-80;
RRID: AB_2848497

Anti-mouse CD170 (SiglecF)
Monoclonal Antibody (Rat, clone
$17007L), FITC conjugated

BioLegend

Cat# 155504,
RRID: AB_2750233

Anti-mouse CD170 (SiglecF)
Monoclonal Antibody (Rat, clone
E50-2440), PE conjugated

BD Biosciences

Cat#552126; RRID:
AB_394341

Anti-mouse CD170 (SiglecF)
Monoclonal Antibody (Rat, clone
E50-2440), PE-CF594 conjugated

BD Biosciences

Cat#562757; RRID:
AB_2687994

Anti-mouse  CD170  (SiglecF)
Monoclonal Antibody (Rat, clone
E50-2440), BV750 conjugated

BD Biosciences

Cat#747316; RRID:
AB_2872024
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Anti-mouse CD177 Monoclonal

BD Biosciences

Cat#566599; RRID:

Monoclonal Antibody (Rat, clone
C068C2), PE-Cy7 conjugated

Antibody (Rat, clone Y127), AB_2869790
AF647 conjugated

Anti-mouse  CD206  (MMR) | BiolLegend Cat#141712; RRID:
Monoclonal Antibody (Rat, clone AB_10900420
C068C2), AF647 conjugated

Anti-mouse  CD206  (MMR) | BiolLegend Cat#141719; RRID:

AB_2562247

Anti-mouse CD319 (CRACC)
Monoclonal Antibody (Rat, clone
4G2), BV711 conjugated

BD Biosciences

Cat#747994; RRID:
AB_2872455

Antibody (Goat), unconjugated

Anti-mouse Clec-2 Monoclonal | BioLegend Cat#146104; RRID:
Antibody (Rat, clone 17D9), PE AB_2562383
conjugated

Anti-mouse Clec4f Polyclonal | R&D Systems Cat# AF2784;

RRID: AB_2081339

Antibody
conjugated

(Rat, BMS), BV785

Anti-mouse F4/80 Monoclonal | BioLegend Cat#123108; RRID:
Antibody (Rat, BMS8), FITC AB_893502
conjugated

Anti-mouse F4/80 Monoclonal | Sony Biotechnology Cat#1215550
Antibody (Rat, BMS8), PE

conjugated

Anti-mouse F4/80 Monoclonal | BioLegend Cat#123149; RRID:
Antibody (Rat, BMS8), BV650 AB_2564589
conjugated

Anti-mouse F4/80 Monoclonal | BioLegend Cat#123141; RRID:

AB_2563667

Anti-mouse F4/80 Monoclonal
Antibody (Rat, BM8), APC-eFluor
780 conjugated

Thermo Fisher Scientific

Cat# 47-4801-82;
RRID: AB_2735036

Anti-mouse FCRLS Monoclonal | Butovsky Lab, validated in>’ | N/A

Antibody (Rat, 4G11), AF647

conjugated

Anti-mouse FR-B Monoclonal | BioLegend Cat#153305; RRID:
Antibody (Rat, 10/FR2), APC AB_2721312
conjugated
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Anti-H3K27ac Monoclonal
Antibody (Mouse), unconjugated

Thermo Fisher Scientific

Cat#MA5-23516;
RRID: AB_2608307

Anti-mouse  I-A/I-E  (MHC-Il)
Monoclonal Antibody (Rat, clone
M5/114.15.2), BV421 conjugated

BioLegend

Cat#107632; RRID:
AB_10900075

Anti-mouse  I-A/I-E  (MHC-II)
Monoclonal Antibody (Rat, clone

BioLegend

Cat#107625; RRID:
AB_2191072

Monoclonal Antibody (Rat, clone
M5/114.15.2), AF700 conjugated

M5/114.15.2), PerCP-Cy5.5
conjugated
Anti-mouse  I-A/I-E  (MHC-Il) | Thermo Fisher Scientific Cat#56-5321-80;

RRID: AB_494010

Anti-goat 1gG  (H+L) Cross-
Adsorbed Secondary Polyclonal

Thermo Fisher Scientific

Cat#A-21432;
RRID: AB_2535853

Adsorbed Secondary Polyclonal

Antibody  (Donkey), AF555

conjugated

Anti-rat  1gG  (H+L) Cross- | Thermo Fisher Scientific Cat#A-21208;
Adsorbed Secondary Polyclonal RRID: AB_141709
Antibody  (Donkey), AF488

conjugated

Anti-rabbit 1gG (H+L) Cross- | Thermo Fisher Scientific Cat#A-11008;

RRID: AB_143165

Adsorbed Secondary Polyclonal
Antibody (Goat), AF647
conjugated

Antibody (Goat), AF488
conjugated
Anti-rabbit 1gG (H+L) Cross- | Thermo Fisher Scientific Cat#A-31573;

RRID: AB_2536183

Anti-rabbit 1gG  (minimal x-

BioLegend

Cat#406414, RRID:

Antibody (Rat, clone AL-21), PE-
CF594 conjugated

reactivity) Secondary Polyclonal AB_2563202
Antibody  (Donkey), AF647

conjugated

Anti-mouse Ly6C Monoclonal | BD Biosciences Cat#562728; RRID:

AB_2737749

Anti-mouse Ly6C Monoclonal
Antibody (Rat, clone HK1.4),
BV570 conjugated

BioLegend

Cat#128030; RRID:
AB_2562617
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Anti-mouse Ly6C Monoclonal | BioLegend Cat#128024; RRID:
Antibody (Rat, clone HK1.4), AB_10643270
AF700 conjugated

Anti-mouse Ly6G Monoclonal
Antibody (Rat, clone 1A8), PE
conjugated

BD Biosciences

Cat#551461; RRID:
AB_394208

Anti-mouse Ly6G Monoclonal
Antibody (Rat, clone 1A8), BV650
conjugated

BD Biosciences

Cat#740554; RRID:
AB_2740255

Anti-mouse Ly6G Monoclonal
Antibody (Rat, clone 1A8), PE-Cy7
conjugated

BD Biosciences

Cat#560601; RRID:
AB_1727562

Anti-mouse MafB Recombinant
Monoclonal Antibody (Rabbit,
clone BLR0O46F), unconjugated

Bethyl

Cat#A700-046;
RRID: AB_2891845

Anti-human MAFB Polyclonal
Antibody (Rabbit), unconjugated

Cell Signaling Technology

Cat#41019; RRID:
AB_2799192

Anti-mouse MerTK Monoclonal
Antibody (Rat, clone DSSMMER),
PerCP-eF710 conjugated

Thermo Fisher Scientific

Cat#46-5751-82;
RRID: AB_2688094

Anti-mouse MerTK Monoclonal
Antibody (Rat, clone DSSMMER),
PE-Cy7 conjugated

Thermo Fisher Scientific

Cat#25-5751-80;
RRID: AB_2573465

Anti-mouse NK1.1 Monoclonal
Antibody (Mouse, clone PK136),
AF660 conjugated

Thermo Fisher Scientific

Cat#606-5941-82;
RRID: AB_2896296

Anti-mouse P2ry12 Monoclonal
Antibody (Rat, clone S16007D),
AF488 conjugated

BiolLegend

Cat#848015; RRID:
AB_2936702

Anti-mouse RELMa Monoclonal
Antibody (Rat, clone DSS8RELM),
APC conjugated

Thermo Fisher Scientific

Cat#17-5441-82;
RRID: AB_2762696

Antibody (Rat, clone RMT4-54),
AF647 conjugated

Anti-mouse Tim4 Monoclonal | BioLegend Cat# 130002;
Antibody (Rat, clone RMT4-54), RRID: AB_1227802
unconjugated

Anti-mouse Tim4 Monoclonal | BioLegend Cat#130007; RRID:

AB_2201842
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Anti-mouse Tim4 Monoclonal
Antibody (Rat, clone RMT4-54),
PE-Cy7 conjugated

BioLegend

Cat#130009; RRID:
AB_2565718

Anti-mouse Vsigd Monoclonal
Antibody (Rat, clone NLA14), APC
conjugated

Thermo Fisher Scientific

Cat#17-5752-80;
RRID: AB_2637428

Anti-mouse Vsigd Monoclonal
Antibody (Rat, clone NLA14),
SB600 conjugated

Thermo Fisher Scientific

Cat#63-5752-82;
RRID: AB_2802437

Anti-mouse Vsigd Monoclonal
Antibody (Rat, clone NLA14), PE-
Cy7 conjugated

Thermo Fisher Scientific

Cat#25-5752-82;
RRID: AB_2637431

Anti-mouse XCR1 Monoclonal | BioLegend Cat#148218; RRID:
Antibody (Mouse, clone ZET), AB_ 2565231
BV510 conjugated

Rabbit 1gG Isotype Control | Thermo Fisher Scientific Cat#31235; RRID:
Antibody (Rabbit, polyclonal), AB_243593
unconjugated

Rabbit 1gG CUT&RUN Negative | EpiCypher Cat#13-0042;
Control Antibody (Rabbit, RRID: AB_2923178
polyclonal)

TotalSeq™-B0301 anti-mouse | BiolLegend Cat#155831; RRID:
Hashtag 1 Antibody AB_2814067
TotalSeq™-B0302 anti-mouse | BiolLegend Cat#155833; RRID:
Hashtag 2 Antibody AB_2814068
TotalSeq™-B0303 anti-mouse | BiolLegend Cat#155835; RRID:
Hashtag 3 Antibody AB_2814069
Chemicals, peptides, and recombinant proteins

1,4-Dithiothreitol (DTT) Sigma-Aldrich Cat#10197777001
2-Mercaptoethanol Thermo Fisher Scientific Cat#31350010
Antigenfix Diapath Cat#P0014
Alizarin Red S Thermo Fisher Scientific Cat#400480250
Baytrill (enrofloxacine) Bayer Cat#616300
Bovine Serum Albumin (BSA) Sigma-Aldrich Cat#A7906
Brilliant Stain Buffer BD Biosciences Cat#563794
Collagenase A, from Clostridium Sigma-Aldrich Cat#11088793001
histolyticum

Collagenase IV, from Clostridium Cat#17104019

histolyticum

Thermo Fisher Scientific
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Collagenase VIII, from Clostridium . . Cat#C2139
histolyticum Sigma-Aldrich

cOmplete™ Protease Inhibitor Sigma-Aldrich Cat#11697498001
Cocktail

cOmplete™ EDTA-free Protease Sigma-Aldrich Cat#11873580001
Inhibitor Cocktail

DAPI Thermo Fisher Scientific Cat#D3571
Dispase Il Sigma-Aldrich Cat#D4693
Donkey Serum Abcam Cat#tab7475
DNasel Sigma-Aldrich Cat#11284932001
DPBS Thermo Fisher Scientific Cat#14190094
EDTA Merck Millipore Cat#1084181000
Fetal Bovine Serum (FBS) Thermo Fisher Scientific Cat#10270098
Glycine Merck Cat#104691000
Glycerol Thermo Fisher Scientific Cat#158920025
GlycoBlue™ Coprecipitant Thermo Fisher Scientific Cat#AM9515
HBSS without Phenol Red Thermo Fisher Scientific Cat# 14025050
HBSS with Phenol Red Lonza Cat#BE10-508F
IsoFlo (Isoflurane) Zoetis Cat#B506

MEM Non-Essential Amino Acids
Solution

Thermo Fisher Scientific

Cat# 11140050

Mouse M-CSF Recombinant PeproTech Cat#315-02
Protein

Nimatek (Ketamine) Dechra Cat#804132
Nonidet P 40 Substitute Sigma-Aldrich Cat#74385
Formaldehyde Thermo Fisher Scientific Cat#BP531-500
Percoll GE Healthcare Cat#17089101
PKH26 Sigma-Aldrich Cat#MIDI26
ProLong™ Diamond Antifade Thermo Fisher Scientific Cat#P36970
Mountant

Rompun (Xylazine) Bayer Cat#0076901
RPMI 1640 Medium Thermo Fisher Scientific Cat#21875034
Saponin Sigma-Aldrich Cat#4521
Sodium Pyruvate Thermo Fisher Scientific Cat#11360070

Streptavidin, PE-CF594 conjugated

BD Biosciences

Cat#562318; RRID:
AB_11154218

Streptavidin, APC conjugated

BD Biosciences

Cat#554067; RRID:
AB_10050396)

SYTOX™ Blue Thermo Fisher Scientific Cat#511348
Tris(hydroxymethyl)aminometha | Merck Millipore Cat#108382
ne

TRIzol Reagent Thermo Fisher Scientific Cat#10296010
Triton X-100 Merck Cat#648466
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Tween-20 Thermo Fisher Scientific Cat#233360010
UltraPure BSA Thermo Fisher Scientific Cat#AM2616
Critical commercial assays
Chromium Next GEM Single Cell | 10X Genomics Cat#1000128
3' GEM, Library & Gel Bead Kit
v3.1
Chromium Next GEM Chip G | 10X Genomics Cat#1000120

Single Cell Kit

Classical Monocyte Isolation Kit,
human

Miltenyi Biotec

Cat#130-117-337

Dead Cell Stain Kit

CUTANA™ ChIC/CUT&RUN Kit EpiCypher Cat#14-1048
CUTANA™ CUT&RUN Library | EpiCypher Cat#14-1001
Prep Kit

FoxP3  Transcription Factor | Thermo Fisher Scientific Cat#00-5523-00
Staining Kit

LIVE/DEAD™ Fixable Near-IR | Thermo Fisher Scientific Cat#L34976

Monocyte Isolation Kit (BM), | Miltenyi Biotec Cat#130-100-629
mouse

NovaSeq 6000 S4 Reagent Kit | lllumina Cat#20028312
v1.5 (300 cycles)

pHrodo™ Red S. aureus | Thermo Fisher Scientific Cat#A10010
BioParticles™ Conjugate for

Phagocytosis

RNA Clean & Concentrator Kit Zymo Research Cat#R1013
TruSeq Stranded mRNA kit Illumina Cat#20020594
Deposited data

Microarray data ImmGen https://www.imm

gen.org/; RRID:
SCR_021792

and Lyz2Mafb™ mice

Tabula Muris Senis The Tabula Muris | https://registry.op
Consortium34° endata.aws/tabula
-muris-senis/;
GEO: GSE132042
RNA-Seq of BMDM from Mafb™# | This paper GEO: GSE286897
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scRNA-Seq of RTM from Mafb™"
and Lyz2“*Mafb™" mice

This paper

GEO: GSE287347

scRNA-Seq of lung IM from
Mafb"? and Lyz2eMafb™ mice

Vanneste et al.11?

GEO: GSE193891

MafB CUT&RUN of BMDM from | This paper GEO: GSE287346
Maft™ and Lyz2*Mafb™ mice

H3K27ac CUT&RUN of BMDM | This paper GEO: GSE287476
from Lyz2¢ Mafb™" mice and

Mafb™ littermate controls

MafB CUT&RUN of LPM from | This paper GEO: GSE287346
Mafb"? and Lyz2eMafb™ mice

MafB CUT&RUN of MDM This paper GEO: GSE287346

PU.1 ChIP-Seq data

Soucie et al.?*3

http://chip-
atlas.org/; RRID:

ChIP-Atlas SCR_015511; GEO:

GSM1964736
Tabula Sapiens The Tabula Sapiens | https://registry.op
Consortium*%? endata.aws/tabula

-sapiens/; GEO:
GSE201333

Tabula Microcebus

The Tabula Microcebus
Consortium?%

https://figshare.co
m/projects/Tabula
_Microcebus/1122
27

Pig Cell Atlas

Wang et al.*%®

https://dreamapp.
biomed.au.dk/piga
tlas/; GEO:
GSE196055,
GSE193975

Xenopus Cell Landscape

Liao et al.*%®

https://doi.org/10.
6084/m9.figshare.
19152839; GEO:
GSE195790

Zebrafish Cell Landscape

Wang et al.*?’

https://figshare.co
m/s/1ab3c6d7648
d12247eb2; GEO:
GSE198571,
GSE178150

Experimental models: Organisms/strains
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Mouse: C57BL/6)J The Jackson Laboratory N/A

Mouse: C57BL/6J CD45.1: B6.SJL- | The Jackson Laboratory Cat#002014; RRID:

Ptprc® Pepc®/Boy) IMSR_JAX:002014

Mouse: Lyz2°®: B6.129P2- Clausen et al.3% Cat#004781; RRID:

Lyz2tmi(erelifo/) IMSR_JAX:004781

The Jackson Laboratory

Mouse: Clec4f<e: Scott et al.?%® N/A

C/ec4ftm2.1(icre)Ciphe

Mouse: Tmem119¢ERT2; Kaiser et al.33¢ Cat#031820; RRID:

C57BL/6- IMSR_JAX:031820

Tmem119°m(cre/ERT2)CIng /) The Jackson Laboratory

Mouse: Maf/fi: maftm2-1¢bm Wende et al.3* N/A

Mouse: Mafb™: Mafbtm?-1Mari Vanneste et al.}° N/A

Software and algorithms

BioRender BioRender https://www.biore
nder.com/; RRID:
SCR_018361

Cell Ranger 10X Genomics RRID: SCR_023221

Code for analysis sequencing | This paper https://github.co

data m/dovneste/MafB
_Mac

ETE Toolkit Huerta-Cepas et al.*%® https://etetoolkit.
org/

FlJI (Image)) Schindelin et al.® https://imagej.net
/Fiji; RRID:
SCR_003070

FlowlJo TreeStar https://www.flowj
o.com/; RRID:
SCR_008520

Gene Set Enrichment Analysis Subramanian et al.*%* http://www.broad
institute.org/gsea/
; RRID:
SCR_003199

g:Profiler Kolberg et al.*! http://biit.cs.ut.ee
/gprofiler/; RRID:
SCR_006809
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GraphPad Prism

GraphPad Software

https://www.grap
hpad.com/scientifi
c-software/prism/;
RRID: SCR_002798

HOMER

Heinz et al.2*®

http://homer.ucsd
.edu/; RRID:
SCR_010881

Illustrator

Adobe

https://www.adob
e.com/; RRID:
SCR_010279

Integrative Genomic Viewer

Robinson et al.*'?

https://igv.org;
RRID:
SCR_011793

nf-core

Ewels et al.*!3

https://nf-co.re/

QuPath

Bankhead et al.***

https://qupath.git
hub.io/; RRID:
SCR_018257

R Project  for

Computing

Statistical

The R Foundation

http://www.r-
project.org/; RRID:
SCR_001905

SEACR

Meers et al.3%°

https://seacr.fred
hutch.org/

scikit-image

van der Walt et al.**®

https://scikit-
image.org/; RRID:
SCR_021142

UCSC Genome Browser

Perez et al.*®

http://genome.ucs
c.edu/; RRID:
SCR_005780

Axioscan 7 Zeiss N/A
Chromium iX 10X Genomics N/A
LSM 980 Zeiss N/A
LSRFortessa™ Cell Analyzer BD Biosciences N/A
MAS00 Multi-Application Cell | Sony Biotechnology N/A
Sorter

NovaSeq 6000 Illumina N/A
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Awards and Grants

Awards

2025 2" Best poster award — Belgian Immunological Society

2024 ECI Bright Sparks Award - European Federation of
Immunological Societies

Grants

2024 Mobility and Congress funding — Fund for Scientific Research —
FNRS

2024 Lauréat Bourse de Fonctionnement —Fondation Léon
Fredericq

2023 Travel Grant —EDT-Immunology of the Fund for Scientific
Research - FNRS

2023 Lauréat Crédits forfaitaires — Fondation Léon Fredericq

2022 Lauréat Crédits forfaitaires — Fondation Léon Fredericq

2022-2024 Research Fellow Aspirant (Renewal) — Fund for Scientific
Research — FNRS

2022 Mobility and Congress funding — Fund for Scientific Research —
FNRS

2022 Keystone Symposia Scholarship

2021 Lauréat Crédits forfaitaires — Fondation Léon Fredericq

2020-2022 Research Fellow Aspirant — Fund for Scientific Research - FNRS

Scientific Publications

H-index 7 and 246 citations (Google Scholar on 27 of May 2026)

Peer-reviewed scientific articles in A1 journals

Bub, L, Evren, E., Verwaerde, S., Ruscitti, C., Vanneste, D., Ghosh, P., Gao, Y., Sleiers,
N., Deng, R., Lopez Montes, M., Howley, K., La Rocca, R., Niehrs, A., Glaros, V., Dahlen,
B., Smed-Sorensen, A., Kreslavsky, T., Bjorkstrom, N. K., Reboldi, A., Bossios, A.,
Marichal, T., Lambrecht, B. N., & Willinger, T. (2026). The Oxysterol Receptor GPR183
Senses Metabolic Niche Signals that Promote Differentiation of Monocytes into Tissue

Resident Lung Macrophages. Journal of Experimental Medicine, 223(4), €20252667.
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https://doi.org/10.1084/jem.20252667 Co-second author

Vanneste, D., Peng, W,, Liu, Z., Hamaidia, M., La Rocca, R., Abinet, J., Balthazar,
A., Perin, F., Hego, A., Cataldo, D., Bureau, F., Compere, P., Machiels, B., Scott, C.
L., Radermecker, C., & Marichal, T. (2026). MafB is a conserved transcriptional
regulator of macrophage development and functional identity across tissues and
species. Immunity, S1074-7613(26)00033-6. Advance online publication.
https://doi.org/10.1016/j.immuni.2026.01.012 First _and co-corresponding
author

Vanneste, D., & Marichal, T. (2025). Transcriptional Regulation of Macrophage
Specification and Function. European journal of immunology, 55(12), e70097.
https://doi.org/10.1002/eji.70097 First and co-corresponding author

Peng, W., Vanneste, D., Bejarano, D., Abinet, J., Meunier, M., Radermecker, C., Perin, F.,
Cataldo, D., Bureau, F., Schlitzer, A., Bai, Q., & Marichal, T. (2025). Endothelial-driven TGF3
signaling supports lung interstitial macrophage development from monocytes. Science
immunology, 10(106), eadr4977. https://doi.org/10.1126/sciimmunol.adr4977 Second
author

Ruscitti, C., Abinet, J., Maréchal, P., Meunier, M., de Mee(s, C., Vanneste, D., Janssen,
P., Dourcy, M., Thiry, M., Bureau, F., Schneider, C., Machiels, B., Hidalgo, A., Ginhoux,
F., Dewals, B. G., Guiot, J., Schleich, F., Garigliany, M. M., Bellahcéne, A., Radermecker,
C., & Marichal, T. (2024). Recruited atypical Ly6G+ macrophages license alveolar
regeneration _after lung injury. Science immunology, 9(98), eadol227.
https://doi.org/10.1126/sciimmunol.ado1227

Highlighted in Focus by lliakis, C. S., & Wack, A. lliakis, C. S., & Wack, A. (2024).
Never trust a single myeloid marker: Ly6G on repair-promoting lung
macrophages. Science immunology, 9(98), eadq7306.
https://doi.org/10.1126/sciimmunol.adq7306

Legrand, C., Vanneste, D., Hego, A., Sabatel, C., Mollers, K., Schyns, J., Maréchal, P.,
Abinet, J., Tytgat, A., Liégeois, M., Polese, B., Meunier, M., Radermecker, C., Fiévez,
L., Bureau, F., & Marichal, T. (2024). Lung Interstitial Macrophages Can Present
Soluble Antigens and Induce Foxp3+ Regulatory T Cells. American journal of
respiratory cell and molecular biology, 70(6), 446-456.
https://doi.org/10.1165/rcmb.2023-02540C Second author

Highlighted in Editorial by Schworer, S. A., & Moran, T. P. Schworer, S. A, &
Moran, T. P. (2024). Pulmonary Interstitial Macrophages stIMulate Regulatory T-
Cell Responses. American journal of respiratory cell and molecular biology, 70(6),
429-430. https://doi.org/10.1165/rcmb.2024-0049ED.

Vanneste, D., Bai, Q., Hasan, S., Peng, W., Pirottin, D., Schyns, J., Maréchal, P., Ruscitti,
C., Meunier, M., Liu, Z., Legrand, C., Fievez, L., Ginhoux, F., Radermecker, C., Bureau,
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F., & Marichal, T. (2023). MafB-restricted local monocyte proliferation precedes lung
interstitial _macrophage differentiation. Nature immunology, 24(5), 827-840.
https://doi.org/10.1038/s41590-023-01468-3 First author

Highlighted in News&views by Khan, A. B., & Robbins, C. S. Khan, A. B., &
Robbins, C. S. (2023). Macrophage niche availability enables local monocyte
proliferation in peripheral tissues. Nature immunology, 24(5), 743-745.
https://doi.org/10.1038/s41590-023-01482-5

Vanneste, D., Staal, J., Haegman, M., Driege, Y., Carels, M., Van Nuffel, E., De Bleser,
P., Saeys, Y., Beyaert, R., & Afonina, I. S. (2022). CARD14 Signalling Ensures Cell Survival
and Cancer Associated Gene Expression in Prostate Cancer Cells. Biomedicines, 10(8),
2008. https://doi.org/10.3390/biomedicines10082008 First author

Staal, J., Driege, Y., Haegman, M., Kreike, M., lliaki, S., Vanneste, D., Lork, M., Afonina,
I.S., Braun, H., & Beyaert, R. (2021). Defining the combinatorial space of PKC::CARD-
CCsignal transduction nodes. The FEBS journal, 288(5), 1630-1647.
https://doi.org/10.1111/febs.15522

Holgado, A., Braun, H., Verstraete, K., Vanneste, D., Callewaert, N., Sawides, S. N.,
Afonina, I. S., & Beyaert, R. (2020). Single-Chain Soluble Receptor Fusion Proteins as
Versatile  Cytokine Inhibitors.  Frontiers in immunology, 11, 1422.
https://doi.org/10.3389/fimmu.2020.01422

Under review

Meunier, M., Abinet, J., Ruscitti, C., Vanneste, D., Maréchal, P., Di Cesare, M., La
Rocca, R., Hego, A., Bureau, F., Herkenne, S., Nobis, M., Marichal, T., & Radermecker,
C. Lung-marginated neutrophils regulate capillary blood flow to safeguard blood
oxygenation and endothelial fithess. Under review.

Wong, A., Vohra, S., Ellis, K., Hamidzada, H., Vanneste, D., Bellworthy, R,,
Arlidge, C., Macklin, J., Kantores, C., Dick, S., Clemente-Casares, X., Marichal, T.,
Langlais, D., Wilson, M., Lupien, M., & Epelman, S. Distinct Chromatin
Landscapes Dictate Resident Cardiac Macrophage Lifecycles and Functions.
Under review.

Detavernier, A., Donckier de Donceel, E., Patang, F., Pedron, A., Acolty, V.,
Nguyen, M., Thomas, S., Martens, V., Vanhulst, T., Van Horenbeke, F., Collin, A,
Zindy, E., El Korchi, S., Melchior, M., Venturoli, D., Szymczak, F., Vanneste, D.,
Marichal, T., Willard-Gallo, K., Rongvaux, A., Bizet, M., Azouz, A., & Stanislas, G.
Regulatory Networks Shaping Human Tumor-Associated Macrophages In Vivo
Identify MAFB as a Key Transcriptional Driver. Under review.
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Kempen, L., Vanneste, D., Javaux, J., Dams, L., Sandor, R., Pathammavong, M.,
Han, L., Donners, M., Wieland, E., Gijbels, M., Meuwis, M, Louis, E., Reif, M.,
Balsamo, M., Kasakovski, D., Rohlfing, M., Biessen, E., Marichal, T., Goossens,
P., & Machiels, B. Gammaherpesvirus infection impairs fibrosis resolution
through PD-L1" fibroblasts and PD-1" CD8" T cell interaction. Under review. Co-
first author

Scientific activities

Reviewer for Science, Immunity, Nature communications, Cell Reports,
LabAnimal and Development.

Communications

2025 Annual Meeting of the Belgian Immunological Society (BIS),
Liege, Belgium — Poster presentation

2024 7t European Congress of Imnmunology: Conquering Challenges
with Immunology,
Dublin, Ireland — Oral presentation

2024 EDT-Immunology PhD Day: From Disease to Therapeutic
Solutions, Liege, Belgium — Oral presentation

2023 EMDS2023@VIB, Ghent, Belgium — Poster presentation

2023 The 2" ImmunoSensation2-IFReC International School on

Advanced Immunology,
Maria-Laach, Germany — Oral and poster presentation

2023 Keystone Symposium - Myeloid Cells: Development, Diversity
and Distinct Biological Role — Poster presentation

2022 FARAH-Day, Liege, Belgium — Poster presentation

2022 EDT-Immunology PhD Day: Technological Innovations in

Immunology, Liege, Belgium — Oral and poster presentation
2022 Keystone Symposium - Myeloid Cells: From Birth to Immunity

and Disease, Banff,

Canada — Oral and poster presentation
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Thomas MARICHAL, DMV, PhD

Full professor

Laboratory of Immunophysiology, GIGA Institute, Liege
University, Liége, Belgium

Avenue de I'Hopital 1, 4000 Liege, Belgium

Office: +32 (0) 4 / 366 95 55; Lab: +32 (0) 4 / 366 36 71

t.marichal@uliege.be

Bénédicte MACHIELS, DMV, PhD

Associate professor

Laboratory of Immunology-Vaccinology, FARAH
Institute, University of Liege, Liege, Belgium.
Avenue de Cureghem 10, 4000 Liege, Belgium
+32(0)4 /3664393

bmachiels@uliege.be
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