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Abstract

Monocytes are short-lived cells of the innate immune system that originate from adult
hematopoiesis. After maturation in the bone marrow (BM), they are released into the
bloodstream. In mammals, two primary monocyte subsets have been identified. In mice, these
are known as classical or 'inflammatory' Ly6Chigh monocytes (referred to as CM) and non-
classical or 'patrolling' Ly6Clow monocytes (referred to as NCM). CM primarily differentiate
into tissue-resident macrophages (TRM) in peripheral tissues, particularly under inflammatory
conditions, and, to a lesser extent, homeostasis. For instance, in healthy mice, circulating
monocytes replenish gut TRM every 3-4 weeks. Interestingly, monocyte-derived TRM in the
small and large intestines have distinct gene expression profiles, although the signals guiding
this local differentiation process remain unclear.

In Project 1, we focused on the impact of transcription factors (TF) that are
differentially expressed in ileal or colonic TRM on monocyte differentiation. We utilized a
CRISPR/Cas9 screening system that targets immune cells and performed a pooled CRISPR
screen for 10 ileum- or colon-specific TF. We subjected sgRNA-bearing gut TRM to single-
cell transcriptomics to evaluate the effects of CRISPR-induced DNA modifications on the cell
fates.

The advent of single-cell transcriptomics has revealed heterogeneity within what were
previously thought to be homogenous CM populations. Specifically, based on intricate lineage
tracing experiments and gene expression signatures, the existence of neutrophil-like (NeuMo)
and dendritic cell-like (DCMo) monocytes has been proposed. However, until recently, this
heterogeneity had only been confirmed at the transcriptional level.

In Project 2, we identified surface markers that allowed us to distinguish NeuMo and
DCMo at the phenotypic, functional, and transcriptomic levels, consistent with earlier reports.
Furthermore, we demonstrated that these CM subsets could serve as macrophage progenitors.
When adoptively transferred into TRM-depleted recipients, both subsets contributed equally to
homeostatic monocyte fates such as NCM and gut TRM. However, DCMo showed a preference
for giving rise to lung TRM, while NeuMo exclusively populated the dura mater in the brain.
Importantly, we linked these phenomena to distinct precursor populations in the BM. In
conclusion, we provide comprehensive evidence supporting the existence of CM subsets and

demonstrate that diverse monocyte populations give rise to varied TRM.
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Figure 1: (A) Monocyte development in the BM.
(B) Monocyte subsets in the blood circulation.
(C) Monocyte differentiation in the intestine.

Monocytes and macrophages
have long been grouped under the term
'Mononuclear Phagocyte System' (MPS),
a term coined by van Furth and Cohn in
1968. However, despite this collective
categorization, monocytes and

macrophages exhibit significant
differences with respect to their roles in
tissue homeostasis and innate immunity.
Adult

hematopoiesis constantly

generates  substantial quantities of
monocytes within the bone marrow (BM)
(Fig 1A).

Monocytes, along with neutrophils, act
as the initial responders at sites of
inflammation and are also recruited to
tissues in chronic conditions (Guilliams
et al., 2018). While various functions of
monocytes have been described, their
primary role remains their
transformation into myeloid effector cells
with characteristics resembling both

macrophages and dendritic cells (DC).

Macrophages, on the other hand, are non-migratory and represent tissue-resident cells

that play a critical role as primary immune sentinels. Initially, it was believed that tissue-

resident macrophages (TRM) were exclusively derived from monocytes (Furth and Cohn,

1968). However, over the last decade, fate mapping experiments conducted in mice have

established that the majority of TRM are established during embryonic development and do

not rely on monocyte involvement in the absence of inflammation (Ginhoux and Guilliams,
2016; Guilliams et al., 2018; Hoeffel and Ginhoux, 2018; Mass et al., 2016; Prinz et al., 2019;
Werner et al., 2020; Yona et al., 2013).
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Monocyte subsets and fates

Three decades ago, human monocytes were classified into two primary categories:
CD14+ monocytes, which were subsequently subdivided into CD16+ and CDI16- cells
(Passlick et al., 1989), and CD14lowCD16+ monocytes (Geissmann et al., 2003; ZIEGLER-
HEITBROCK et al., 1994). Since then, the existence of blood monocytes has been confirmed
in various mammalian species, including non-human primates (Kim et al., 2010; Kwissa et al.,
2012), pigs (Ziegler-Heitbrock et al., 1994), rodents (Ahuja et al., 1995; Geissmann et al., 2003;
Palframan et al., 2001) (Ahuja et al., 1995; Geissmann et al., 2003a; Palframan et al., 2001),
and cows (Hussen et al., 2013). In mice, the two primary monocyte subsets are now defined as
Ly6ChCx3cr1™CCR2"  classical or  'inflammatory’ monocytes (CM)  and
Ly6C'°Cx3cr1MCCR2'° non-classical or 'patrolling' monocytes (NCM) (Fig 1B) (Guilliams et
al., 2018).

Recent advances in reporter systems and transcriptomic platforms have provided
insights into the functions and destinies of murine blood monocyte subsets (Gross-Vered et al.,
2020; Ingersoll et al., 2010; Mildner et al., 2017; Weinreb et al., 2020; Yafez et al., 2017).
Murine monocyte subsets do not only differ in their transcriptomes but, more importantly,
significantly vary in their functions and locations. Their respective abilities to extravasate and
differentiate vary greatly, with NCM being severely limited in this regard (Auffray et al., 2007;
Guilliams et al., 2018; Varol et al., 2009). While there is substantial evidence supporting the
migration of CM into inflamed tissues, only a few reports link NCM to tissue-resident
derivatives in specific contexts (Hou et al., 2019; Misharin et al., 2014; Nahrendorf et al., 2007,
Schyns et al., 2019).

In adult animals, monocytes originate from dedicated BM precursors , but they can also
arise in extramedullary niches, like the spleen (Hettinger et al., 2013; Swirski et al., 2009).
Once they have matured, monocytes enter the bloodstream in a CCR2-dependent manner
(Serbina and Pamer, 2006).

More recently, a third, more heterogeneous monocyte subset with intermediate Ly6C
levels has been identified. This intermediate cell type shares phenotypic and transcriptomic
characteristics with both CM and NCM (Menezes et al., 2016; Mildner et al., 2017). Moreover,
it expresses the classical DC marker CD209a, resembling previously described monocyte-
derived DC (moDC) (Menezes et al., 2016). However, further investigation is needed to fully
understand this proposed monocyte-derived cell type, particularly in terms of its in vivo context
and function, such as its role in the priming of naive T cells. The moDC concept has also been

challenged, as it was shown that a mixture of inflammatory type 2 classical DC (cDC2) and
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classical monocyte-derived TRM can be found in the moDC flow cytometric gate (Bosteels et
al., 2020).

Confusion also persists with respect to the phenotypic definition of monocytes, mature
DC, and DC precursors, as these cell types share numerous surface markers. Discrimination
based solely on surface marker profiles is challenging, although not impossible (Anderson et
al., 2020). Notably, the classic Ly6C*CD115" monocyte gate in the BM and blood has for
instance been shown to include a contamination of DC precursors (Menezes et al., 2016), which
was recently attributed to a novel DC population, previously described in humans as DC3 (Liu
et al., 2023). Importantly, DC3 and their pro-DC3 precursors share a multitude of surface
markers and transcriptomic markers with monocytes, adding to the complexity (Liu et al.,
2023). In light of the discovery of monocyte-like DC3 in both mice and humans, further

research is needed to fully understand the in vivo potential of monocytes to give rise to moDC.

A bifurcation in monopoiesis

Monocytes originate in the BM from hematopoietic stem cells (HSC), which are the
earliest precursors in this process. HSC undergo a series of asymmetric cell divisions, leading
through intermediate multipotent stages to the formation of common myeloid progenitors
(CMP). CMP can differentiate into two primary lineages: granulocyte-and-macrophage
progenitors (GMP) and macrophage-and-dendritic cell progenitors (MDP). Initially, it was
thought that MDP were the exclusive precursors of monocytes in the BM (Auffray et al., 2009;
Fogg et al., 2006; Varol et al., 2007) and that they directly descended from GMP (Fig 2A).
However, more recent data suggest that both GMP and MDP can independently give rise to
monocytes, and distinct transcriptomic signatures in resulting monocytes indicate functional

differences based on their origin (Fig 2B). (Weinreb et al., 2020; Yanez et al., 2017).
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Figure 2: (A) Conventional model of myelopoiesis. (B) Revised model of myelopoiesis.

MDP give rise to committed monocyte progenitors (cMoP), which were originally
believed to be the sole dedicated monocyte precursors (Hettinger et al., 2013). An alternative
pathway proposed that GMP could also generate monocytes through an intermediate stage
known as the monocyte precursor (MP) (Wolf et al., 2019; Yadez et al., 2017, 2015).
Importantly, it is currently not possible to distinguish between monocyte progenitors derived
from MDP (cMoP) and those derived from GMP (MP) using surface markers alone. Rather,
the existence of these precursors has been inferred from the presence of heterogeneous
monocyte precursor populations in single-cell datasets (Weinreb et al., 2020; Yafez et al.,
2017). Adoptive transfer experiments have demonstrated that neutrophils and classical DC
exclusively originate from GMP and MDP, respectively, while monocytes can arise from either
precursor type (Yadez et al., 2017). Therefore, reports on cMoP refer to a diverse population
of heterogenous monocyte precursors. Additionally, beyond their transcriptomic differences,
monocytes derived from GMP and MDP were shown to exhibit distinct responses to various
microbial stimuli (Yafiez et al., 2017).

The concept of a bifurcation in monopoiesis, originally introduced by the Goodridge
team (Yafiez et al., 2017), has been supported by Weinreb and colleagues, who combined
advanced lineage tracing and single-cell RNA sequencing (scRNAseq) to confirm the existence
of neutrophil-like monocytes (NeuMo) and dendritic cell-like monocytes (DCMo). NeuMo
express high levels of neutrophil-related markers such as S100a8, Chil3, Mpo, and Elane,
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consistent with previous reports. Conversely, DCMo are identified by the expression of DC-
related genes, primarily associated with antigen presentation, including Cd74 and MHC class
2 genes, as well as Cd209a. Importantly, differential expression of these markers was already
observed at the GMP and MDP precursor stages (Weinreb et al., 2020).

In summary, ground-breaking studies have established a model of binary monocyte
ontogeny, potentially established even at the oligopotent progenitor stage. However, it is worth
noting that monocyte heterogeneity has so far been primarily based on transcriptomic
signatures. Moreover, although monocytes displaying features of NeuMo and DCMo have been
sporadically reported in disease contexts (Askenase et al., 2015; Ikeda et al., 2018; Satoh et al.,
2017), functional implications of CM heterogeneity in health and disease are yet to be

elucidated.

Atypical monocytes

Recent advancements in single-cell technologies, such as scRNAseq, have unveiled
previously unnoticed heterogeneity within monocytes (Weinreb et al., 2020; Yafez et al.,
2017). However, a closer examination of literature reveals also earlier reports describing
monocytes exhibiting prominent neutrophil and dendritic cell (DC) features in specific
contexts.

One study focused on mature atypical monocytes and their precursors in a fibrosis
model (Satoh et al., 2017) and reported segregated-nucleus-containing atypical monocytes
(SatM) resembling neutrophil-like monocytes (NeuMo). SatM were shown to arise from
granulocyte-and-macrophage progenitors (GMP)-derived precursors called segregated-
nucleus-containing monocyte precursors (SMP). Importantly, SMP were distinct from cMoP,
as they lacked CD117 and Ly6C expression. Mature SatM expressed CD115, indicating their
affiliation with the monocytic lineage. SatM were further characterized by the expression of
Ceacam! and mannose receptor (CD204, Msrl), along with the presence of neutrophilic
granule proteins such as lipocalin (encoded by Lcn2), neutrophil elastase (encoded by Elane),
and S100a8. However, it should be noted that this report pertains to fibrosis and thus a highly
disease-specific context, suggesting that SatM may represent a mere deviation of a more
general NeuMo program.

Another NeuMo-associated feature is the expression of the lectin chitinase-3-like
protein 3 (encoded by Chil3, Ym1). Using reporter animals, a Chil3* CM subset was identified

to proliferate during the late phase of gut inflammation, contributing to its resolution (Ikeda et
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al., 2018). Chil3" monocytes expressed additional NeuMo-related genes such as S100a8, Lcn2,
and Ngp in response to lipopolysaccharide (LPS). Phenotypically, these cells expressed higher
levels of CD204 compared to Chil3- CM, akin to SatM (Satoh et al., 2017). Notably, GMP and
cMoP, but not MDP, were found to give rise to Chil3* monocytes upon adoptive transfer. Of
note, a more recent study of the Asano team has suggested that a neutrophil precursor could
give rise to Chil3" monocytes upon LPS exposure (Ikeda et al., 2023).

While phenotypic definitions suggest the existence of distinct and categorizable cell
populations, differentiation pathways are not fractal; rather, they represent a continuous and
graded commitment (Naik et al., 2013). This notion is supported by less biased scRNAseq data
(Giladi et al., 2018; Nestorowa et al., 2016; Olsson et al., 2016; Paul et al., 2015; Weinreb et
al., 2020). Nevertheless, phenotypic definitions such as GMP, MDP, and cMoP, remain
valuable for guiding our understanding of myelopoiesis. This is also the case for CXCR4" pre-
monocytes, identified as immediate progeny of cMoP, maturing into CXCR4'° CM (Chong et
al., 2016). Interestingly, this study found differential expression of neutrophil granule proteins
in cMoP compared to pre-monocytes, while H2-4Abl and H2-Aa expression was more
characteristic of the mature CXCR4'° CM. This finding raised the possibility that NeuMo and
DCMo might represent distinct stages in monocyte maturation (Chong et al., 2016). Different
prevalence of NeuMo and DCMo could reflect differential mobilization of immature and
mature cells, or there could be a re-routing of monopoiesis or the omission of certain
intermediates under pathological conditions. For example, in cases of high interferon exposure
associated with certain parasite infections, a complete replacement of CM by a population of
Cx3crl’ Scal™ CM was observed in T. gondii-infected mice (Askenase et al., 2015). These
cells exhibited high levels of MHC-II, similar to DCMo, thus indicating developmental re-
routing. Hence, the emergence of distinct precursors, akin to SMP, is conceivable in this disease
context, as well (Satoh et al., 2017).

Also the role of monocytes in autoimmune disorders has garnered considerable interest,
with reports of an interferon-induced CM subset in experimental autoimmune
encephalomyelitis (EAE), a model of chronic multiple sclerosis (MS). Infiltrating monocyte
subsets in this model displayed high expression of antigen-presenting molecules, resembling
DCMo. Conversely, clear NeuMo signatures were absent from the profiled CM (Giladi et al.,
2020). In line with the report that DCMo expand under this condition, (Yafez et al., 2017),
these findings suggest that DCMo may also be preferentially mobilized in response to

interferon exposure.
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Lineage commitment is driven by the interplay of specific transcription factors (TF),
and these TFs likely shape the dichotomy of monopoiesis. A compelling case has been made
for PU.1, encoded by Spil, a lineage-determining TF for monocytes and macrophages
(Menezes et al., 2016). High expression of PU.1 was shown to induce monocyte expression of
DC-related transcripts, while low PU.1 expression led to differentiation into iNOS™ MHC-IT*
macrophages. This suggests that PU.1 levels skew monocytes towards a monocyte-derived DC
(moDC) or DCMo program or a macrophage differentiation program (Menezes et al., 2016).

In summary, we are facing a complex monopoiesis landscape, marked by a binary fate
commitment of monocyte precursors in the BM. The precise contribution of GMP and MDP to
the mature monocyte pool remains to be fully understood and may vary depending on specific
environmental factors, including housing conditions. Much remains to be explored regarding
the fate commitment of homeostatic monocytes and the functional implications for circulating

monocytes and their tissue-resident progeny.

Tissue-resident macrophages

Macrophages are found in virtually every tissue throughout the body. Although it was
initially believed that all macrophages originated from monocytes, recent research has revealed
a more complex picture of macrophage development. Multiple waves of hematopoiesis
contribute to the formation of various TRM populations. In mice, the first wave, known as
primitive hematopoiesis, occurs in the yolk sac during early embryonic development and gives
rise to tissue-resident macrophages in various embryonic tissues. Microglia in the brain
parenchyma and CNS border-associated macrophages are among the few remnants of this
initial wave in the adult mouse. Simultaneously, a second wave, referred to as transient
definitive hematopoiesis, originates from early erythromyeloid progenitors (EMP) and later
involves late or definitive EMP. This wave, occurring from E8.5 to E13.5 in murine embryonic
development, leads to the formation of fetal liver monocytes (FLMo) around E12.5. FLMo
were shown to replace the embryonic TRM in most tissues, except the brain. It is believed that
the majority of adult TRM originate from this transient definitive wave. In later stages of
development, HSC migrate from the fetal liver to the fetal spleen and eventually settle in BM,
where they remain throughout adulthood. This last definitive wave of hematopoiesis gives rise
to monocytes that persist into adulthood.

Of paramount importance, and widely accepted, is the notion of transcriptomic and

epigenetic macrophage identity to be profoundly influenced by the local microenvironment
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(Amit et al., 2016; Guilliams and Scott, 2017). Recent years have seen the identification of
specific TF responsible for conferring tissue-specific macrophage identities. For instance,
Gata6 plays a pivotal role in establishing macrophage identity within the peritoneal cavity
(Okabe and Medzhitov, 2014), Nr1h3 is indispensable for Kupffer cells in the liver (Mass et
al., 2016), and Salll and IRFS8 are critical for microglia identity (Buttgereit et al., 2016;
Hagemeyer et al., 2016). In addition, the C/EBPb TF are essential for driving the transition of
CM into NCM, and Nr4al is required for NCM survival (Hanna et al., 2011; Mildner et al.,
2017; Thomas et al., 2016).

TRM exhibit significant diversity both across different organs and within specific
anatomical niches within those organs (Ginhoux and Guilliams, 2016; Lavin et al., 2014).
Beyond their traditional role in the immune defence, TRM are increasingly recognized for their
vital contributions to maintaining overall bodily equilibrium. Their involvement extends to
various critical physiological processes, including the regulation of iron and energy metabolism
(Nairz et al., 2017; Wolf et al., 2017), the facilitation of electrical conduction within the heart
(Hulsmans et al., 2017), and the support of spermatogenesis (DeFalco et al., 2015; Lintukorpi
et al., 2020). Notably, gut macrophages have been shown to be indispensable for the shaping
the mucosal immune system, the preservation of the integrity of enteric neurons and
vasculature, and even peristalsis (Gabanyi et al., 2016; Mortha et al., 2014; Muller et al., 2014;
Schepper et al., 2018). While it was long believed that these TRM were all relatively short-
lived (Varol et al. 2009, Bain et al. 2014), recent findings have uncovered self-sustaining, long-
lived TRM populations in the gut as well (Schepper et al., 2018; Shaw et al., 2018).

We have recently demonstrated that macrophage populations exhibit distinct
transcriptomic and chromatin characteristics across various segments of the gut (Gross-Vered
et al., 2020; Lavin et al., 2014). Specifically, utilizing a model involving the conditional TRM
removal and subsequent adoptive CM transfer, we established that macrophages in the ileum
and colon acquire unique gene expression profiles (Gross-Vered et al., 2020). The ensuing CM
transition to tissue residency, which phenotypically resembles a waterfall (Tamoutounour et
al., 2012) results in the up- and downregulation of around two thousand differentially expressed
genes (DEG) (Gross-Vered et al., 2020). Interestingly, this shift in transcriptional activity was
shown to be gradual and exhibit significant variation between the two distinct gut segments.
However, cell-intrinsic or -extrinsic factors driving monocyte differentiation in the gut remain

to be determined.
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Research Goals

During the course of my PhD studies, I focused on two outstanding questions in the

monocyte field.

Firstly, we wanted to understand the molecular mechanisms underlying monocyte
differentiation into transcriptionally distinct ileal and colonic macrophages (Gross-Vered et al.,
2020). Monocyte differentiation in steady-state is notoriously hard to study given their limited
contribution to most peripheral organs. However, the gut provides an attractive model tissue,
as gut TRM are constantly replenished by circulating CM in steady-state (Bain et al., 2014;
Varol et al., 2009). The lack of markers for differentiating monocytes within tissues has
impeded in-depth studies of this process. To circumvent this problem, we resorted to a chimeric
system of CRISPR-Cas9 mediated mutagenesis. This allowed us to target multiple genes in
parallel within the same animal. Given the established importance of TF in conferring TRM
identity (Amit et al., 2016; Guilliams and Scott, 2017), we targeted 10 TF that we had recently
found to be differentially expressed in ileal and colonic TRM (Gross-Vered et al., 2020).

Secondly, I decided to investigate the physiological significance of monocyte
heterogeneity. Here, our first aim was to identify surface markers that would allow to
discriminate CM subsets that have so far been reported merely on the transcriptional level
(Weinreb et al., 2020; Yafiez et al., 2017). We the markers at hand we then intended to perform
an in-depth functional study of these putative subsets. Indeed, we found surface markers clearly
delineating neutrophil- and DC-like CM subsets. To study the functional impact of these cells,
we made use of adoptive cell transfers into macrophage-depleted recipients as previously
described (Gross-Vered et al., 2020; Varol et al., 2009, 2007). Importantly, we found that the
distinct GMP- and MDP-derived CM subsets dynamically give rise to distinct TRM

populations in different tissues.
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Part I - Studying monocyte differentiation

Introduction

Most macrophages in the adult mouse are seeded into the various tissues during
embryonic development (Ginhoux and Jung, 2014; Prinz et al., 2019). Selected tissues
experience during adult hood constant replenishment of their TRM by circulating monocytes
in steady-state. Sites that display a particular high turn-over of their TRM populations by
monocytes include tissues in contact with the outside environment, namely the skin and the
intestine (Bain et al., 2014; Tamoutounour et al., 2013). Specifically, the majority of murine
gut macrophages has been estimated to be replaced every 3-4 weeks by monocytic precursors
(Ginhoux and Jung, 2014; Shaw et al., 2018).

Using adoptive monocyte transfer into conditionally macrophage-ablated animals, we
have previously shown that TRM in the small and large intestine differ on the transcriptional
level (Gross-Vered et al., 2020). Graft-derived TRM were in this study sorted to purity from
both ileum and colon on different days after transfer. Transcriptomic sequencing revealed
profound differences in the adoption of tissue-residency in each gut segment with a combined
1173 genes being differentially expressed between monocyte-derived TRM from both gut
segments. Interestingly, the early ileum graft clustered with the colon graft in principal
component analysis (Gross-Vered et al., 2020). This suggested that the colonic gene signature
might be a ‘default’ for gut-infiltrating monocytes prior to ‘specialization’ to ileal
environmental cues.

TRM display considerable heterogeneity among and within tissues (Lavin et al., 2014).
The current dogma holds that local cues imprint TRM nature in tissue-specific niches (Ginhoux
and Guilliams, 2016; Guilliams and Scott, 2017). Specifically, interactions with immune and
non-immune cells, such as neurons, have been shown to drive the adoption of a tissue- and sub-
niche-specific gene signature in tissues such as the adipose tissue, the gut, or the liver
(Bonnardel et al., 2019; Mortha et al., 2014; Wolf et al., 2017). In the gut, microbiome-derived
stimuli define the physiological ground state of the gut immune system. For instance,
microbiota-driven IL-13 production by TRM stimulates ILC-derived CSF2 promoting the
survival of TRM. Further, CSF2 was shown to promote secretion of anti-inflammatory IL-10

by TRM and regulatory T cells (Mortha et al., 2014; Zigmond et al., 2014, 2012).
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Commensals in the gut may also directly affect monocyte-to-TRM transition (Rooks
and Garrett, 2016). In fact, bacterial butyrate, a short-chain fatty acid, was shown to promote
an anti-inflammatory gene signature in TRM (Chang et al., 2014; Schulthess et al., 2019).
Further, bacterial indole and tryptophan metabolites may skew TRM towards an anti-
inflammatory gene expression signature through binding of the aryl hydrocarbon receptor, a
transcriptional sensor (Zelante et al., 2013; Zhu et al., 2018). Lastly, Western high-fat diet is
suspected to induce a pro-inflammatory response in monocyte progenitors in the BM (Christ
et al., 2018).

While we have some insights on environmental factors that shape local gut TRM
identities, less is known about how the differentiation process initiated by infiltrating
monocytes is influenced by intrinsic or extrinsic factors. Given the central role of TF in
imprinting TRM identity (Ginhoux and Guilliams, 2016; Lavin et al., 2014), TF likely also
govern monocyte differentiation. In fact, it has been recently shown that the TF Mafb is critical
for local monocyte proliferation prior to maturation into lung-resident macrophages (Vanneste
et al., 2023). To investigate gut TRM differentiation, we therefore decided to focus on TF
differentially expressed among ileal and colonic TRM (Gross-Vered et al., 2020).

The advent of the CRISPR/Cas9 approach has revolutionized biology and was righly
awarded with a Nobel Prize for its discoverers (ref). CRISPR/Cas9 allowed the decryption of
complex molecular pathway through genome-wide screens (Adamson et al., 2016; Chan et al.,
2019; Quinn et al., 2021; Raj et al., 2018; Spanjaard et al., 2018), the study of developmental
pathways of entire cell lineages (Jaitin et al., 2016; Weinreb et al., 2020), and the efficient and
acurate generation of transgenic animals (Wefers et al., 2017). In recent years, immunological
research has embraced the use of CRISPR/Cas9 screens to address multifactorial problems in
arelatively affordable manner avoiding the generation of hundreds of transgenic mouse strains.
CRISPR/Cas9 screens have primarily focussed on T cells as these cells can be easily grown in
culture, transfected with sgRNA libraries, and transferred back into live mice for in vivo studies
(Chen et al., 2021; Dong et al., 2019; Huang et al., 2021; LaFleur et al., 2019; Manguso et al.,
2017; Shifrut et al., 2018). In contrast, as strictly tissue-resident cells with specific gene
signatures related to their tissue-specific niches, however, macrophages cannot be cultured in
vitro without a near-total loss of their tissue-specific gene signature (Bohlen et al., 2017;
Gosselin et al., 2014).

Here, we studied the effect of the mutagenesis of multiple TF in monocytes on their
differentiation into gut macrophages in a pooled in vivo CRISPR screen. Specifically, we

adopted a chimeric approach (LaFleur et al., 2019), and isolated mutant graft-derived
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macrophages from the intestines 4 weeks after HSC transfer. These cells were subjected to

scRNAseq to study the effect of sgRNA-induced TF deficiency at the single cell level.
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Results

Establishing the CHimeric IMmune Editing (CHIME) workflow

CHimeric IMmune Editing (CHIME) is a workflow developed in the Sharpe laboratory
that introduces gene mutations specifically into HSC using the CRISPR/Cas9 technology
(LaFleur et al., 2019) (Fig 1A). HSC were purified by sorting from the BM of mice expressing
the Cas9 gene in the ubiquitously active H11 locus (Chiou et al., 2015). The sorted HSC
fraction was defined by the absence of lineage markers (CD11b, CD19, TCRb, NKI.1,
Ly6C/G, Ter119), high expression of CD117 (c-Kit) and Sca-1 (termed the LSK fraction, Fig
1B). Strictly speaking, this fraction includes short- and long-term HSC, as well as multipotent
progenitors.

Sorted LSK were infected overnight with high-titer lentivirus bearing sgRNA (Fig 1A).
Specifically, we used a five-plasmid lentiviral system established by our collaborator G.
Mostoslavsky (Brown University, Boston). This system, entitled ‘pHAGE’, was previously
shown to ensure high infection efficiency in murine HSC (Thomas and Mostoslavsky, 2014).
and relies on the non-conventional inclusion of the HIV nef and rev virulence factors (Fig 1C).
The resulting high lentiviral titers of 10° TU/ml were necessary to manipulate the notoriously
hard-to-infect murine HSC (Mostoslavsky et al., 2005) (Fig 1D). Reassuringly, infection of
LSK with high viral titers, ranging from 200 to 500 MOI, resulted in infection efficiencies of
up to 30% of labelled peripheral blood cells 2 weeks after transfer, as determined by the
expression of a GFP reporter (Fig 1E).

To use the pHAGE system in CRISPR screens, we cloned a S. pyogenes-derived hU6-
sgRNA cassette into the 3’LTR of a ZsGreen-expressing transfer vector by transfer PCR (Fig
1F). This non-conventional transfer plasmid design was inspired by the CROPseq plasmid
(Datlinger et al., 2017). The integration of the sgRNA cassette into the lentiviral 3’LTR results
in the copy of the scaffold to the 5’LTR during lentiviral integration into the host genome. This
leads to two functional copies of the sgRNA cassette being expressed (Fig 1G). Further, the
orientation of the sgRNA cassette downstream of an EFla promoter allows detection of the
sgRNA sequence in scRNAseq as part of a polyadenylated Pol II transcript (Datlinger et al.,
2017) (Fig 1H). We termed our modified transfer vector CR2pH (short for CROP2pHAGE).
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Figure 1: (A) Workflow for CHimeric IMmune Editing (CHIME). Briefly, Cas9-expressing HSC are purified and
transfected with a sgRNA library prior to transfer into an irradiated host. Here, transfected HSC give rise to all
immune cell lineages. (B) Representative plot for sorting of the LSK (Lineage-, cKit+, Scal+) fraction in the BM.
(C) Graphic depiction of the pHAGE lentiviral system from the Mostoslavsky lab. Addition of the HIV rev and
nef elements, unlike in conventional lentivirus systems, increases viral titer. (D) Representative FACS plot of the
titration of a lentiviral prep on HEK 293T cells. HEK cells were infected with 1, 0.1, or 0.01 ul of purified
lentivirus. The titer in this case was 6.24e9TU/ml. (E) Representative FACS plot for assessing the transfection
efficiency of blood cells 2 weeks after chimerism. (F) Vector map of the CR2pH plasmid. The sgRNA cassette
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was cloned into the 3’LTR of the pHAGE2 vector. (G) Graphic depiction of the CROPseq method, adapted from
Datlinger et al. (2017). The integration of the sgRNA cassette into the 3’LTR leads to its duplication at the 5° end
of the lentiviral transcript during integration into the genome, resulting in two functional copies of the sgRNA
being expressed. Additionally, the sgRNA sequence can be identified in the gene expression library of single-cell
technologies due to its orientation downstream of the EF1a promoter.

Validation of the CHIME approach on blood monocytes

Murine CM are defined by expression of Ly6C, among other surface proteins
(Geissmann et al., 2003; Guilliams et al., 2018). Ly6C is encoded by two adjacent loci, Ly6c¢cl
and Ly6c2 that are >95% similar. Moreover, commercially available antibodies cannot
distinguish the resulting surface receptors (Lee et al., 2013). Surface staining of Ly6C with the
HK1.4 clone is highly reliable. Thus, it makes for an ideal target for validating CHIME on
blood CM.

The sgRNA used in this study relied on the mouse CRISPR ‘Brie’ library (Doench et
al., 2016). Importantly, all 4 sgRNA of the Brie library against Ly6c2 target gene sequences
shared by the Ly6¢1/2 loci. The 4 aLy6c2 sgRNA were cloned into the CR2pH vector bearing
a ZsGreen tag. In parallel, 4 scrambled, non-targeting sgRNA were cloned into a tdTomato-
encoding CR2pH plasmid. Finally, LSK were co-infected with both viruses.

Two weeks following transfer, 7% of CD115"CD43- CM were labelled in the recipient
animals. The resulting cellular compartment consisted of 3 cell fractions: 1) ZsGreen-labelled
cells with a presumable Ly6c2 KO, 2) tdTomato-labelled cells equipped with a non-targeting
sgRNA, and 3) non-infected WT cells serving as an internal control (Fig 2A). Analysis of Ly6C
surface expression on these three fractions validated impaired surface Ly6C expression solely
on ZsGreen" cells. (Fig 2B). This result was observed in 2 out of 5 recipients. Blood neutrophils
of the same animals displayed slightly higher KO efficiency (Fig 2C,D).While the underlying
reason for this discrepancy remains speculative, it might hint at a more sensitive DNA damage
response in monocyte precursors. Altogether, however, we demonstrated the efficient deletion

of cell surface molecules on short-lived CM and neutrophils by the CHIME approach.
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Validation of CHIME on gut macrophages

Next, we intended to manipulate monocyte-derived gut macrophages by targeting the
well-studied TF Nr4al which is a macrophage survival factor (Hanna et al., 2011; Thomas et
al., 2016). Hence, LSK were co-transfected with 2 viruses, a ZsGreen" virus bearing scrambled,
non-targeting sgRNA, and a tdTomato" virus targeting Nr4al (4 sgRNA each). Five weeks
after HSC transplantation, 10% of CD45" hematopoietic cells in the small intestine were found
labelled (Fig 3A).

Importantly, the tdTomato™ cell fraction was devoid of mature MHC-II* macrophages

(located in the ‘water fall’ P3 gate). Conversely, the ZsGreen® fraction showed an
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uncompromised macrophage population (Fig 3B). Altogether, we demonstrated the use of
CHIME for targeting TF in monocyte-derived gut macrophages.
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Figure 3: (A) LSK were co-transfected with ZsGreen+ and tdTomato+ viruses bearing scrambled, non-targeting
and Nr4al-targeting sgRNA, respectively. 10% of myeloid cells were labelled in the small intestine 5 weeks after
chimerism. (B) Density plots of ZsGreen- and tdTomato-labelled myeloid cell populations plotted for Ly6C
against MHC-II. P1 and P2 gates represent differentiating monocytes whereas the P3 gate contains mature
macrophages.

Inclusion of the 10X capture sequence in the CR2pH vector

Prior to designing the pooled CRISPR screen, we decided to clone the 10X capture
sequence 1 (CS1) into the CR2pH vector. This was meant to allow the implementation of a
newly 10X Genomics CRISPR workflow. Here, the CS1 in the sgRNA scaffold binds to a
complementary sequence on the gel beads of the Chromium platform, allowing for a direct
library construction of sgRNA (Replogle et al., 2020) (Fig 4A).

First, the CS1 was cloned into the hairpin 1 of the sgRNA scaffold (CR2pH_10Xh) (Fig
4B). The KO efficiency with this new construct was evaluated by co-infecting LSK with green
aLy6c2 CR2pH 10Xh and a red scrambled CR2pH_10Xh. However, no KO of Ly6C could be
observed on either CM or neutrophils 2 weeks after chimerism compared to scrambled (Fig
4C). Thus, the integration of CS1 into the hairpin 1 likely prevented efficient binding of the
sgRNA to the enzyme, thereby reducing editing efficiency. We therefore proceeded to clone
the CS1 into the 3’ end of the sgRNA scaffold (CR2pH_10Xe) (Fig 4D). This time, LSK were
co-transfected with ZsGreen+ CR2pH 10Xe and tdTomato+ CR2pH vectors, both bearing
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Ly6c2-targeting sgRNA. Two weeks after generation of the chimeras, KO efficiencies were
compared on ZsGreen™ and tdTomato™ CM and neutrophils. Despite low cutting efficiencies,
the CR2pH_10Xe vector had a tendency toward higher efficiency in CM (Fig 4E). Altogether,
we hence deemed the CR2pH_10Xe vector not to be signifantly inferior to the original CR2pH
vector and decided to adopt it for the pooled CRISPR screen.
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Figure 4: (A) The capture sequence 1 (CS1) expressed as part of the sgRNA scaffold binds to a complementary
sequence on the gel beads of the Chromium platform. This allows for direct pull down of the sgRNA which can
prepared as a separate library. (B) Integration of the CS1 into the Hairpin 1 of the sgRNA scaffold
(CR2pH_10Xh). (C) Assessing KO efficiency using the CR2pH_10Xh sgRNA scaffold by KO of Ly6C. No
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unmodified CR2pH plasmid. Equal KO efficiencies were observed.

31



Targeting ileum- and colon-specific TF in gut macrophages by a pooled CRISPR screen

We have recently published transcriptional differences between ileal and colonic
macrophages (Gross-Vered et al., 2020). Hence, the question arose how these differences
manifest themselves. TRM in both gut compartments share the same precursor, blood-borne
CM. Since TF can be predicted to imprint tissue-specific macrophage gene signatures (Lavin
et al., 2014), 5 TF unique to ileal and colonic macrophages, respectively, were selected for
mutagenesis. TF were chosen according to three criteria: 1) high and increasing expression in
the differentiation process, 2) differential expression in colonic and ileal TRM in normal mice,
and 3) absence of expression in blood CM. The chosen TF matching these criteria are shown
in Fig. SA. The sgRNA library consisted of 4 sgRNA/gene as well as 4 scrambled, non-
targeting sgRNA. All sgRNA sequences were adapted from the Brie library (Doench et al.,
2016). In total, 44 sgRNA were cloned into the CR2pH_10Xe vector. Thus, a coverage of 200
was expected, assuming that all sgRNA would be equally represented for each 10’000 cells
collected for scRNAseq.

Cas9-expressing LSK were infected with the sgRNA library at 500 MOI. 2 weeks
following transfer, a high infection efficiency of up to 30% was observed in peripheral blood
cells (Fig 1E). Mice were sacrificed 4 weeks after transfer, and ZsGreen™ sgRNA-transduced
monocyte-derived gut macrophages were sorted to purity according to the reporter gene
expression as well as CD64 and Cx3crl surface expression. Two samples from each organ were
loaded onto the Chromium chip. The 10X workflow using v3.1 chemistry and the Feature
Barcode technology for CRISPR screening was followed according to the manufacturer’s
instruction.

A total of 8’428 cells from the colon and 2°445 cells from the ileum were analyzed after
QC (Fig 5B). Expectedly, the majority of cells were annotated as macrophages and monocytes
(Fig 5C). Further, ileal macrophages were found enriched in expression of Mmp9, akin to our
previously published bulk RNAseq dataset (Gross-Vered et al., 2020) (Fig SD). In summary,
the retrieved gene expression data from ileal and colonic macrophages were of high quality
and in line with previous published data.

Surprisingly, the pull-down of the sgRNA to the gel beads was unsuccessful. Rather,
the Chromium CRISPR library construction resulted in a Tapestation peak of approx. 250 bp
across all samples, 50 bp short of the expected result (Fig SE). Nonetheless, the sgRNA
libraries were sequenced. However, solely polyA sequences were retrieved. Following
consultation with the 10X team, we assume that the presence of the CROPseq feature interfered

with efficient binding of the CS1 to the gel beads.
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Lastly, only few sgRNA sequences originating from the CROPseq feature could be
identified in the gene expression library. Instead, the sequence comprised only the LTR of the
lentiviral transcript, due to an additional 150 bp in the 3’LTR of the pHAGE vector system
compared to conventional lentivirus systems such as the original CROPseq vector (Fig SF).
Thus, ironically, the inclusion of the HIV nef factor, enabling high titers, impeded the
sequencing process to reach the sgRNA sequences on the NovaSeq system. Concluding, barely
any sgRNA could be assigned to cells. This forced us to pursue other ways of retrieving the

sgRNA sequences from our samples.
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Retrieving sgRNA sequences from the unfragmented 10X cDNA

Up to 65% of cells could be assigned a sgRNA in the original CROPseq method
(Datlinger et al., 2017). To increase the retrieval rate, targeted PCR strategies have been
developed that amplify sgRNA sequences from the unfragmented cDNA of scRNAseq
technologies (Hill et al., 2018). Recently, a similar protocol has been reported for the 10X v3.1
chemistry (Alda-Catalinas et al., 2021). Specifically, in this three-round semi-nested PCR
strategy a primer anneals to the U6 promoter and the Read 1 introduced by the first step of the
10X workflow in a first reaction. Following SPRI clean-up, a second PCR primes right
upstream of the sgRNA cassette, introducing the Readd 2 as well as annealing the P5 to the
Read 1. Finally, the P7 index is introduced by a third PCR (Fig 6A).

At first, we were unable to implement this protocol successfully. Of note, we used the
Q5 polymerase from NEB. Our protocol consistently failed at the third PCR. We suspected that
the LTR might pose a challenge to polymerase activity due to its high GC content and
palindromic repeats. To circumvent this issue, we circularized the second PCR product by
phosphorylation and ligation (Fig 6B). This would allow to anneal primers to the outer edges
of the LTR region and exclude the LTR in the amplification process. New Read 1 and Read 2,
and P5 and P7 sequences were annealed to the resulting amplicon in one more PCR step (Fig
6C). However, sequencing of the final PCR product revealed a bias in amplification. Further,
the presence of two Read 1 sequences lowered the coverage. Altogether, this unusual approach
didn’t pay off.

Next, we decided to give the Alda-Catalinas protocol another go. This time, we used
the KAPA HiFi polymerase as advocated for in the protocol (Alda-Catalinas et al., 2021).
Importantly, this small modification proved crucial and we ended up with a peak of the right
size (Fig 6D). Sequencing of the PCR product proved successful albeit a bias towards certain
sgRNA was still present (Fig 6E). In total, roughly one third of cells had a sgRNA assigned to

them (Fig 6F). Further rounds of amplification should even out any amplification bias.
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Figure 6: (A) Hemi-nested PCR strategy to specifically amplify sgRNA sequences from the non-fragmented
cDNA of the 10X workflow. In a first step, the cDNA is amplified from the U6 onwards. A second PCR primes
upstream of the sgRNA cassette, adding a TruSeq Read 2 and the P5 to the Read 1. In a last amplification, the P7
index is added to the Read 2. (B) Circularization off the second PCR product from the sgRNA amplification.
Primers annealing the outer edges of the LTR are depicted in magenta. (C) PCR product of the amplification of
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to amplify sgRNA sequences after successful amplification. Tapestation results are included. Deviations from the
plasmid map are due to the primer sequences, not included in the plasmid map. (E) All sgRNA detected in
sequencing of the final PCR product. Overrepresentation of some guides can be explained by an amplification
bias. (F) Mapping of sequenced sgRNA to cells from the GEX showing cells with sgRNA assigned.

36



Shared features among macrophages that harbor TF deficiencies in ileum and colon

Roughly one third of cells from the gene expression matrix (GEX) could be assigned a
sgRNA (Fig 6F), most of which were of colonic origin (Fig 7A), regardless of whether the
sgRNA targeted colon- or ileum-specific TF. This was to be expected as more colonic than ileal
macrophages were subjected to scRNAseq (Fig 5D). Further, Nkx2-3 targeting sgRNA were
overrepresented whereas others were only sparsely represented, such as Gata5, Tbx2, or Meox|1
targeting sgRNA. Ileum-specific TF-targeting sgRNA were comparatively well represented in
individual cells except for Hoxb13-targeting sgRNA. The low number of sgRNA mapped to
ileal cells is most likely due to the lower number of cells retrieved from that compartment (Fig
5D). Of note, scrambled sgRNA (Scr) were barely identified (Fig 7A).

After comparison of cells from the same compartment for discrepancies among
targeting and non-targeting sgRNA, very few DEG were detected (Fig 7B). Of note, very few
DEG were detected in ileal cells, regardless of targeted TF. Similarly, colon macrophages also
showed very little effect upon mutagenesis of most TF. Curiously, the ileum-specific TF Nkx2-
3 showed the most profound knock-out effect in colonic cells (Fig 7B). The comparatively high
number of DEG was most likely due to the high number of cells targeted by said sgRNA from
the large intestine (Fig 7A).

To understand which genes might be specific to knock-out effects of each sgRNA
family, we first had a look at shared genes. A gene was considered to be shared or unspecific if
present in at least two comparisons. Gathering all differentially expressed genes from each
compartment between TF-targeting and non-targeting sgRNA revealed 5 commonly expressed
genes upon KO in ileal cells, compared to 7 shared features in colonic cells, excluding the
effect of Nkx2-3 in colonic cells (Fig 7C). Of note, most of these genes were exclusive to either
compartment (Fig 7D). To understand the nature of these genes, we looked for their expression
in our previously published dataset on long-term resident colonic and ileal macrophages
(Gross-Vered et al., 2020) (Fig 7E). Indeed, the vast majority of these genes were highly
expressed in resident colon and ileum MF. Thus, targeting these 10 TF resulted in a loss of
intestinal macrophage identity. Alternatively, this set of commonly altered genes might be a
result of lentiviral transduction of HSC.

Concluding, very few DEG could be identified between TF-targeted and non-targeted
individual cells from the same compartment. An analysis of TF-targeted cells with few DEG

revealed that, indeed, intestinal macrophage genes were down-regulated for the most part.
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Figure 7: (A) Number of cells mapped to each sgRNA family. Cells with more than 1 sgRNA mapped to were
excluded from the analysis. (B) Number of DEG for each targeted TF compared to scrambled in cells from each
compartment. (C) Venn Diagrams of all DEG in each compartment except for Nkx2-3 targeted colon macrophages
(D) List of DEG shared among at least 2 samples at once. (E) Heatmap of shared DEG in the CRISPR screen in

the Gross-Vered et al. dataset on colonic and ileal macrophages.
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Investigating the biological effect of TF ablation in ileal and colonic macrophages

Having identified commonly regulated genes, we asked ourselves which genes were
specific to the knock-outs mediated by each sgRNA family.

Etv4 (ETS translocation variant 4) is a transcriptional activator belonging to the Ets
family of TF (first ref uniprot). It was specifically expressed in colonic MF (Gross-Vered et al.,
2020). The TRRUST database lists Mmp9, Tgfbr2, and Ptgs2 as target genes, a.o. Of note,
Mmp9 was identified as ileal MF-specific gene (Gross-Vered). Curiously, Tgtbr2 mediates
TGF-b signalling which is indispensable for tissue-specific differentiation of monocytes into
colonic macrophages (Schridde et al., 2017). Lastly, prostaglandin synthases (encoded by
Ptgs2 a.o.) were shown to be upregulated in Il10ra-deficient macrophages which mediate
colitis in mice (Zigmond et al., 2014). Interestingly, the effect of Etv4-targeting sgRNA
manifested itself solely in ileal macrophages (Fig 8A). However, Etv4 was also shown to be
upregulated early in tissue-specific differentiation into ileal macrophages (Fig 8A). Two genes
(Rhobtbl and Clga) were downregulated in colon MF. Conversely, ileal MF showed
downregulation of the Etv4 target Mmp9. Further, Pla2g2d, belonging to the phospholipase A
family was downregulated. Importantly, members of this enzyme family mediate the first steps
of Ptgs2-mediated prostaglandin synthesis (Zigmond et al., 2014). However, Pla2g2d was
prominently downregulated in ileal MF among many sgRNA families (Fig 7D). Moreover,
Prxl2a was downregulated, which was described as a negative regulator of MF-mediated
inflammation in vitro (Guo et al., 2015).

Creb311 (cyclic AMP-responsive element-binding protein 3-like protein 1) is a TF
involved in DNA damage and unfolded protein response (Saito et al., 2023). Its precursor form
is reported to be located in the endoplasmic reticulum (ER) membrane. It was specifically
expressed in colonic MF in our dataset (Gross-Vered et al., 2020) (Fig 8B). A total of 11 genes
were differentially expressed in colonic MF compared to sgRNA. Notably, only 7spo and
Sh3bgri3 were uniquely upregulated in this knock-out. 7spo encodes a translocator protein in
mitochondrial membranes, presumably involved in cholesterol transport (Li and Papadopoulos,
1998). Sh3bgrl3 is a cytosolic protein predicted to modulate glutaredoxin activity and
cytoskeleton organization. No apparent relation to Creb311 could be inferred. Further, no effect
was observed in ileal cells.

Hnflb (hepatocyte nuclear factor 1-beta) is a colon MF-specific TF. 10 genes were
differentially expressed in both compartments compared to sgRNA, the vast majority in Hnf1b-
targeted colonic MF (Fig 8C). 8 of these genes were shared with other samples, such as Apoe
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in the colon and Pla2g2d in the ileum. Rnf227 and Rpl36a were unique to Hnflb-targeted cells
in the colon. The former is a sparsely studied RINF finger protein associated with protein
ubiquitination in the UniProt database. The latter is a component of the large ribosomal subunit
(Li et al., 2022).

Etsl (protein C-ets-1) is a TF exclusive to ileal macrophages and and supposedly
controlling the expression of cytokine and chemokine genes such as 1//0 and Cc/2 as predicted
by similarity (TRRUST, UniProt databases). Further, it is associated with transcriptional
control of Mmp9 and Csfir a.o., downregulated in Etsl-targeted ileal macrophages (Fig 8D).
Other downregulated genes in the ileum included Pzgs/ and the classical macrophage
scavenger receptor Msrl. Stabl, encoding the scavenger receptor stabilin-1, was also
downregulated. Of note, upregulated genes were all associated with ribosome biology (Rpsa,
Rpll5, Rplp0). Interestingly, all colon genes were shared with other knock-outs. Thus, Ets1-
mediated effect seemed to be restricted to ileal macrophages.

Finally, Nkx2-3 (homeobox protein Nkx-2.3) is a TF associated with Crohn’s disease
(Kellermayer et al., 2019; Yu et al., 2012, 2010). Further, it was specifically expressed in ileal
macrophages in our dataset (Gross-Vered et al., 2020) (Fig 8E). However, and most
interestingly, the effect of its knock-out was restricted to colonic cells. This might hint at a
crucial role of this gene in the generation of colonic macrophages. Of note, most cells from all
samples were mapped to Nkx2-3 sgRNA (Fig 7A). A total of 73 genes were differentially
expressed in colonic cells. Metascape analysis revealed downregulation of pathways involved
in the ‘negative regulation of leukocyte differentiation’ and ‘antigen processing and
presentation’ as evidenced by lower expression if Cd74 and H2-EbI. Upregulated pathways
included ‘positive regulation of cytokine production’ such as Mif and ‘regulation of apoptotic
cell clearance’.

Concluding, a true biological effect could only be demonstrated for knock-out of Nkx2-
3 due to the low number of differentially expressed genes in other sgRNA families. However,
Etv4 and Ets1 could also be shown to have an effect on macrophages given the downregulation
of target genes such as Mmp9 and Csf1r. Lastly, Etv4 and Nkx2-3 seemed to have their effect

in the compartment in which they were lowest expressed in endogenous gut macrophages.
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Figure 8: (A) Volcano plots of Etv4-targeted ileal and colonic MF. (B) Volcano plots of Creb311-targeted ileal
and colonic MF. (C) Volcano plots of Hnflb-targeted ileal and colonic MF (D) Volcano plots of Ets1-targeted ileal
and colonic MF. (E) Volcano plots of Nkx2-3-targeted ileal and colonic MF.
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Discussion

One of the main known function of CM is the differentiation into TRM to replenish the
short-lived fraction of the gut macrophage compartment (Guilliams et al., 2018). add Bain et
al, Varol et al). Given that gut macrophages are major players in gut homeostasis (Mortha et
al) and inflammatory bowel disorders (IBD) (Zigmond et al., 2014), in depth understanding of
monocyte differentiation in this tissue is of major interest, though remains incompletely
understood. This includes extrinsic and intrinsic factors governing the transition from
monocytes to gut macrophages. We have previously shown that ileal and colonic monocyte-
derived TRM are transcriptionally distinct (Gross-Vered et al., 2020). This included several TF
that were differentially upregulated during CM differentiation in either gut compartment
(Gross-Vered et al., 2020), which are likely to play a pivotal role for establishing tissue-specific
expression signatures of monocytic derivatives.

CM are highly plastic cells and rapidly undergo vast transcriptional changes when
entering peripheral tissues (Guilliams et al., 2018). This renders their study notoriously difficult
in a tissue-context in both inflammation and homeostasis. To circumvent this issue, and to study
multiple TF at once, we decided adopt a model involving BM chimeras combined with in vivo
CRISPR screening, the CHimeric IMmune Editing approach (LaFleur et al., 2019). We were
able to achieve high infection efficiencies of HSC thanks to the pHAGE lentiviral system
(Thomas and Mostoslavsky, 2014). Up to 30% of peripheral blood cells were labelled although
infection efficiency varied depending on the lentiviral titer.

We validated our approach in blood-borne CM by mutagenesis of the cell surface
molecule Ly6C, a canonical CM marker (Geissmann et al., 2003; Guilliams et al., 2018).
Mutagenesis efficiency was reasonable in CM compared to a scrambled control, though
surprisingly constantly more efficient in neutrophils. We presume that monocytes might have
tighter DNA repair control mechanisms that could explain this variation. It might be that
monocytes but not neutrophils with a double-strand break in their DNA might undergo
apoptosis.

Further, we validated our approach in gut TRM by impairing expression of Nr4al, a TF
that governs macrophage survival (Hanna et al., 2011; Thomas et al., 2016). Indeed, monocytes
carrying Nr4al-targeting sgRNA failed, as compared to wt monocytes, to give rise to mature
MHC-IT* macrophages in the gut of the chimeric animals. This result corroborates the
importance of Nr4al for the generation of gut TRM.

Once the CHIME approach was established, we proceeded with a pooled CRISPR

screen with a total of 44 sgRNAs against 10 ileum- or colon-specific TF that we had previous
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identified (Gross-Vered et al., 2020). The gene expression library was of high quality. However,
barely any sgRNA could be mapped to gene expression matrices by neither the 10X CRISPR
model nor the CROPseq feature. Feedback from the 10X team revealed that the sgRNA
sequence in the CROPseq transcript most likely interfered with the binding of canonical
sgRNA to the gel beads of the Chromium platform and the inclusion of the HIV nef feature in
the 3’LTR of the pHAGE vector system impeded the sequencing platform to reach the sgRNA
sequence in the gene expression library after fragmentation.

We then adopted a previously published protocol to amplify the sgRNA sequences from
the unfragmented, full-length cDNA library of the 10X workflow. Eventually, sgRNA
sequenced could be retrieved and mapped to gene expression matrices. However, only one third
of cells could be mapped to a sgRNA. This was most likely due to an amplification bias.
However, one cannot exclude that the mapped distribution reflects the in vivo distribution as
we cannot know which and how many HSC contributed to the repopulation of the recipient’s
immune system at the time of retrieval of the cells. Future rounds of amplification should
elucidate that question.

Another issue that might be solved by further amplification rounds is the low coverage
of scrambled sgRNA, which were as non-targeting sgRNA meant to serve as a control to each
targeting sgRNA family. Yet, collectively and for reasons unknown, barely 50 cells have been
mapped to scrambled sgRNA in our experiment so far. It will be vital to the nature of the
experiment to increase this number, since only a conclusive comparison to scrambled sgRNA
will help to decipher genes specifically affected by the targeting sgRNAs. This is further
evidenced by the high number of shared genes among colonic and ileal samples across all
sgRNA families.

Importantly, and corroborating the successful implementation of CHIME on monocyte-
derived macrophages, Cas-9 transgenic monocytes that expressed sgRNAs targeting the TF
Etsl and Etv4 and showed a reduction of a predicted targets of these TF, notably Mmp9 and
Csflr. Targeting Nkx2-3 resulted in the most DEG, due to the high number of cells targeted
with this sgRNA family. Multiple biological pathways seemed to be directly affected by this
gene knock-out, most notably antigen processing and presentation. Further, macrophage
marker genes such as Cx3crl and Pf4 were downregulated upon Nkx2-3 knock-out.

Interestingly, while most TF knock-outs seemed to have the most profound effect, as
measured by number of DEG, in the compartment where they were highest expressed, targeting
of Nkx2-3 and Etv4 had an opposite effect. Knock-out of Etv4, higher expressed in colon MF,

seemed to have a major effect in ileal, but not colonic macrophages. Of note, Etv4 was higher
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expressed in ileal macrophages in early phases of tissue adoption compared to later phases
(Gross-Vered et al., 2020). Further, the early ileal graft clustered with the colonic one,
suggesting that a colonic signature might be the default for infiltrating monocytes regardless
of gut compartment (Gross-Vered et al., 2020). Of note, Creb311 and Hnflb expression follows
a similar pattern. However, no effect was recorded in ileal macrophages for targeting of these
TF in this screen. Thus, Etv4 might play a pivotal role in the adoption of an ileal MF signature
in the early phases of differentiation.

Conversely, targeting of Nkx2-3 had a major effect on colonic macrophages but not
ileal ones where it is higher expressed (Gross-Vered et al., 2020). This might suggest that ileal
macrophages vitally depend on Nkx2-3 to adopt their tissue-specific identity. Of note, however,
almost 100 ileal MF could be mapped to Nkx2-3 targeting sgRNA. Thus, it is likely that gene
regulatory networks associated with Nkx2-3 might have exerted a compensatory effect in the
ileum but not in the colon.

Importantly, given the comparatively low coverage of single-cell technologies, only
few genes were differentially expressed after all bioinformatic filtering and correction steps.
This prevented the ultimate validation of the screen, i.e. the downregulation of the targeted TF.
Further, low number of DEG prevented validation at the level of the target genes in all but two
cases. This issue might have been avoided by sequencing at a greater depth than advocated for
by the 10X guidelines.

Another explanation for the low number of DEG might be compensatory activity by
related TF. For example, Ets2 belongs to the same family as Etsl, thus sharing target genes
such as Csfi1r (TRRUST database). Further, especially in the case of Creb311, whose inactive
form is part of the ER membrane, protein-protein interactions might have a much larger
biological effect than could be identified by scRNAseq. An indel by sgRNA might lead to an
altered transcript that, upon successful translation, could have an aberrant conformation
preventing its integration into the ER membrane. Similarly, TF might still be translated but the
presence of specific indels might impede it from binding their cognate DNA sequence.

Finally, no DEG could be identified for a number of TF (Gata5, Meox1, Tbx2, Tcf711,
Hoxb13), specific to either gut MF compartment. While this might be a bioinformatic
bottleneck simply due to low number of cells containing these sgRNA, it could well be a
biological consequence. These TF are poorly characterized in the hematopoietic system and
one cannot exclude their expression in early precursors of monocytes. Thus, their effect might
have been mediated long before the generation of monocytes, an effect that is masked by the

design of the experiment. This could have been prevented by isolation of barcodes (sgRNA
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sequences) from mature monocytes in the blood. Here, no effect of Cas9 mutagenesis was to
be expected as none of the chosen TF were expressed in monocytes (Gross-Vered et al., 2020).
Thus, absence of barcodes in mature monocytes would likely hint at an effect restricted to the
BM.

In summary, we have established that the CHIME approach can be used to study
monocyte differentiation into gut macrophages and demonstrated that TRM can be manipulated
by CRISPR/Cas9 mutagenesis in vivo if they have a monocytic intermediate. In turn, this
requirement can only be fulfilled in BM chimeras where all macrophage niches are repopulated
by HSC-derived monocytes as opposed to WT mice where most macrophages are of embryonic
origin. Nonetheless, this system can prove to be a useful tool for future studies on monocyte-

derived macrophages in specific settings.
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Part II — Studying monocyte heterogeneity

Introduction

Monocytes are short-lived myeloid immune cells with roles in inflammation and as
precursors for tissue-resident macrophages, generated in the BM from committed progenitors
(Hettinger et al., 2013; Yanez et al., 2015). Upon maturation, monocytes are released into the
bloodstream. In the healthy organism and under homeostasis, monocytes contribute to varying
degrees to the replenishment of selected tissue macrophage populations. The latter includes

organs like the gut, skin, and those exposed to mechanical stress, such as the heart (Ginhoux

and Jung, 2014).

Two primary subsets of monocytes have been identified in humans, mice, and other
mammals (Geissmann et al., 2003; Palframan et al., 2001; Passlick et al., 1989; Trzebanski and
Jung, 2020). In mice, monocytes are categorized into Ly6C" CCR2" 'inflammatory' or classical
monocytes (CM) and Ly6C'® CCR2- 'patrolling' or non-classical monocytes (NCM) (Auffray
et al., 2007; Geissmann et al., 2003; R. T. Palframan et al., 2001). These monocyte subsets not
only display distinct surface markers and transcriptomic profiles (Mildner et al., 2017) but also
exhibit, as indicated by their names, different functions. CM are primarily produced in the BM
and have relatively short circulatory lifespans, lasting about a day in both mice and humans
(Patel et al., 2017; Yona et al., 2013). They are significant contributors to tissue-resident
macrophage populations, both during normal physiological conditions and in response to
inflammation (Guilliams et al., 2018; Liu et al., 2019; Yona et al., 2013). Within tissues, CM
give rise to monocyte-derived macrophages (MoMF) and potentially, CD209a+ monocyte-
derived DC (MoDC) (Auffray et al., 2009; Brisefio et al., 2016; Cheong et al., 2010; Menezes
et al., 2016). On the other hand, NCM originate from CM in the circulation through a Notch-
dependent mechanism (Gamrekelashvili et al., 2020, 2016; Varol et al., 2007). NCM patrol the
blood vessel walls (Auffray et al., 2007; Carlin et al., 2013), rely on Cx3crl for their survival
(Landsman et al., 2009), have longer lifespans compared to CM (Patel et al., 2017; Yona et al.,
2013), and can be considered macrophages residing within the vasculature. While NCM have
been reported to give rise to tissue-resident cells (Evren et al., 2020; Hoffman et al., 2021;
Schyns et al., 2019), this activity is not established beyond doubt and has also been challenged
(Vanneste et al., 2023).
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Recent studies reveiled additional complexity in BM monopoiesis (Weinreb et al., 2020; Yafiez
et al., 2017). Thus, adoptive cell transfer and lineage tracing studies have suggested the
existence of two alternative pathways that generate distinct CM subtypes: GMP-derived
neutrophil-like monocytes (NeuMo) and MDP-derived DC-like monocytes (DCMo). (Weinreb
et al., 2020; Yafiez et al., 2017). Intriguingly, different challenges seem to result in the selective
expansion of GMP-Mo and MDP-Mo populations, hinting at distinct functional roles for these
CM subsets (Yafez et al., 2017). However, CM heterogeneity was predominantly defined by
transcriptomics, and the functional contributions and fates of GMP-Mo and MDP-Mo upon

their migration into tissues remain unkown.

In this study, we identified surface markers that allow for the discrimination of murine
GMP-Mo and MDP-Mo as CD177+ and CD319+ CM, respectively. This distinction enabled
us to perform a comprehensive analysis of the in vitro and in vivo characteristics of these cell
populations. In accordance with previous research, mice exposed to various microbial stimuli
exhibited distinct GMP-Mo and MDP-Mo dynamics. Furthermore, classical in vitro assays for
neutrophil-related activities confirmed the unique activities of GMP-Mo as compared to MDP-
Mo. Finally, competitive adoptive transfers of the two CM subsets into macrophage-depleted
animals revealed overlapping and distinct contributions of GMP-Mo and MDP-Mo to

peripheral TRM, including those in the gut, lung, and meninges.

Results

Identification of surface markers discriminating murine classical monocyte subsets

Recent research suggested the presence of discrete subpopulations within classical
monocytes (CM), categorized as GMP-derived Mo and MDP-derived Mo, with neutrophil-like
and DC-like features (Trzebanski and Jung, 2020; Weinreb et al., 2020; Yanez et al., 2017). To
identify surface markers that would detect this CM dichotomy, we conducted in collaboration
with the laboratory of Kia Movahedi, VUB, Brussels, Belgium, an extensive CITE-seq screen
of C57BL/6 BM (Fig 1A). Our dataset included representation of all myeloid immune subsets
and their precursors (Fig 1B, Suppl Fig 1A, B, C).

Through the use of anti-Ly6C and -CDI115 TotalSeq antibodies, we effectively

identified Csflr+ and Fcgr3+ monocytes and their precursors (Fig 1C). Focusing on mature
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monocytes and closely related classical DC (¢cDC), we pinpointed a small cluster of Ly6C+
CD115+ Fcgr3+ monocytes that lacked the CM marker CD62L (encoded by Sell) (Geissmann
et al., 2003; Palframan et al., 2001) (Fig 1D). Differential expression analysis between the
CD62L+ and CD62L- CM clusters revealed an enrichment of genes related to neutrophils, such
as Chil3, MmpS8, and Slpi, in CD62L+ CM, while MHC-II transcripts were upregulated in the
CD62L- subset (Fig 1D, E). Intriguingly, despite their elevated expression of MHC-II
transcripts, these cells exhibited distinctive transcriptional and phenotypic features compared

to cDC, suggesting that they might be DC-like monocytes (Fig 1F).

Further examination of the list of differentially expressed genes (DEG) between the
CD62L+ and CD62L- monocyte clusters revealed Slamf7 (encoding CD319) to be specific to
CD62L- cells (Fig 1D, E). Additionally, Cd177 appeared to be broadly expressed in CD62L+
cells. Remarkably, Cd177 was among the top 10 DEG previously associated with NeuMo
(Weinreb et al., 2020) (Fig 1D, Suppl Fig 1G). Subsequently, a combined staining for CD319
(using clone 4G2) and CD177 (using clone Y127) allowed for clear separation of two
Ly6Chigh CM subsets via flow cytometry (Fig 1G). Importantly, the proportions of CD177+
and CD319+ CM corresponded to previous estimates of the steady-state ratio between NeuMo
and DCMo (Wolfet al., 2019). Furthermore, an independent LEGENDscreen approach on total
blood cells confirmed that CD319 could effectively distinguish CM when plotted against
CD177 (Suppl Fig 1D). Interestingly, while CD177 expression was restricted to neutrophils,
CD319 was expressed on ¢cDC and lymphocytes but not on neutrophils among other blood
immune cell subsets (Suppl Fig 1E, F).

Phenotypic analysis of CD177+ and CD319+ blood CM through flow cytometry
confirmed that both cells had comparable levels of Ccr2 on their surface. However, CD319+
CM exhibited lower CD62L expression compared to CD177+ CM (Fig 1H). CD177+ CM
displayed increased expression of CD88a and Ly6C, while CD319+ CM showed higher levels
of MHC-II, the chemokine receptor Cx3crl, and the Fc receptor CD64 (Suppl Fig 1G).
Crucially, this finding was independently verified in a different animal facility, reinforcing the
robustness of our discovery (Suppl Fig 1I). Lastly, CD177+ CM expressed higher levels of
CDI157 (Bstl), consistent with a recent report identifying CD157 and CD88a as markers for
neutrophil-like CM (Ikeda et al., 2023) (Suppl Fig 1J).
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To address concerns of potential contamination in the CD319+ CDl1lc- CM gate by
CDI11c+MHC-II- pre-cDCs, we analyzed FIt3 expression and performed intracellular staining
for the cDC lineage-determining transcription factor Zbtb46 (Meredith et al., 2012; Satpathy
et al., 2012) (Suppl Fig 1K). However, neither Zbtb46 nor FIt3 were found to be expressed in
CD319+ CM (Suppl Fig 1L).

In summary, our investigation has identified CD177 and CD319 as surface markers that

differentiate distinct CM subsets, providing a valuable tool for future studies in this area.
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Figure 1: (A) Experimental scheme for the CITE-seq experiment. (B) Curated UMAP plot of the BM monocytes,
DC, and their precursors identified by CITE-seq. (C) UMAP plots showing the protein expression of Ly6C and
CD115 as identified by CITE-seq antibodies, and Csf7r and Fcgr3 gene expression in the dataset from B. (D)
UMAP plot, visualizing the mature monocyte and cDC subsets, and the gene or protein expression of selected
markers. (E) DEG between the CD177° CM and CD319" CM clusters identified by CITE-seq. (F) Dot plot
showing specific upregulated genes (blue) and proteins (red) for the individual monocyte and cDC subsets as
identified by CITE-seq. Dot size represents the percentage of cells expressing the gene and color represents its
average expression. (G) Gating on blood monocytes identifying CD177 and CD319 as markers for monocyte
subsets. (H) Surface expression of canonical monocyte markers on CD177* Ly6C"igh CM (blue), CD319* Ly6Chieh
CM (red), and CD177-CD319 Ly6C"igh CM (black).

CD177" and CD319* CM are NeuMo and DCMo, respectively

To explore the relationship between our newly identified phenotypic subsets of classical
monocytes (CM) and the previously described signatures of neutrophil-like (NeuMo) and
dendritic cell-like (DCMo) CM (Weinreb et al., 2020; Yanez et al., 2017), we conducted a
comprehensive global RNAseq analysis. We isolated CD177+ and CD319+ Ly6Chigh CM, as
well as CD177- CD319- double negative (DN) Ly6Chigh CM, from the peripheral blood of
Cx3cr1Gfp/+ animals (Jung et al., 2000) with high purity (Suppl Fig 2A).

Our analysis revealed 41 genes that were specifically expressed in CD177+ CM and 67
genes enriched in CD319+ CM (Fig 2A). This differential gene signature showed similarities
to the putative NeuMo and DCMo clusters observed in the bone marrow using CITE-seq (Fig
1E), with many top genes being shared. On a global scale, we identified 141 genes that were
differentially expressed in CD319+ CM and 108 genes highly expressed in CD177+ CM and
DN cells (Fig 2B), suggesting a close relationship between the latter two populations (Fig 2C).
Importantly, we did not detect the presence of Zbtb46 in either CM subset, confirming the
absence of dendritic cell contamination. When we compared our data to a previously published
NeuMo / DCMo dataset based on bioinformatic predictions (Weinreb et al., 2020), we found a
substantial overlap (Suppl Fig 2B). This strongly supports the identification of CD177+ and
CD319+ CM as NeuMo and DCMo, respectively. Furthermore, in line with the bulk RNAseq
data, we observed higher expression of Clecl0a and CD209a on the surface of DCMo
compared to CD319- cells (Suppl Fig 2C). Notably, NeuMo and DCMo CM gene clusters
were also identified in a previously published single-cell dataset of total blood monocytes

(Mildner et al., 2017) (Suppl Fig 2D).
Confirming their status as bona fide monocytes, all CM subsets exhibited high levels

of Spil, encoding the pioneering transcription factor PU.1, as well as K/f4, Cx3crl, and Csfir
(encoding CD115) as lineage markers (Fig 2D). NeuMo, characterized by CD319-, displayed
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elevated expression of genes encoding neutrophil-related markers like Chil3 and Mmp8
(granule proteins), as well as Pglyrpl, a peptidoglycan recognition protein. NeuMo also
expressed high levels of Cebpb transcripts, encoding a transcription factor known to be
important for the conversion of CM into non-classical monocytes (NCM) (Fig 2D). In contrast,
DCMo were enriched in transcripts encoding immune-modulatory DC-related molecules such
as H2-Abl, Btla, Cd40, and the transcription factor Batf3, akin to previously described
Cd209a+ Ly6Cint monocytes (Mildner et al., 2017) (Fig 2D).

Moreover, Metascape analysis (Zhou et al., 2019) revealed the enrichment of neutrophil
and DC-related modules, such as 'neutrophil degranulation' and 'negative regulation of immune

system process' in NeuMo and DCMo, respectively (Fig 2E).

In summary, CD177+ NeuMo and CD319+ DCMo exhibited distinct transcriptional
profiles, aligning with previously reported signatures. Additionally, our data indicate that the
majority of Ly6Chigh CM in the blood of healthy C57BL/6 mice under hyper-hygienic

conditions predominantly comprises cells displaying a NeuMo signature.
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Figure 2: (A) Volcano plot showing differentially expressed genes between CD177" CM (blue dots) and CD319*
CM (red dots) from sorted blood cells subjected to bulk RNAseq. CM were defined as Lin
CD11b"CD115*Cx3cr19F™*Ly6Che"CD11c cells. (B) Heatmap showing DEG between DN (CD177-CD319- CM),
CD177" CM, and CD319" CM from sorted blood cells. (C) Volcano plot of DEG among CD177°CD319- CM and
CD177-CD319° DN CM. (D) Scatter plots of selected genes among CD177* CM, CD319* CM, and DN CM.
Selected ‘monocyte genes’ were not differentially expressed among subsets. (E) Metascape analysis of DEG in
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:Cx3cr1®P+ (MDP-derived) monocytes and Ms4a3¢r:R265:-TdTomato 1. Cx3cr ] 9FP+ (GMP-derived) monocytes
sorted from BM. CM were defined as CD11b*CD115"CD11¢'MHC-II'Ly6C"e" cells. (H) Scatter plots of selected
genes among BM GMP- and MDP-derived CM. Chil3, Fpr2, H2-Abl, Cd209a, and Clec10a were differentially
expressed.

CD177" NeuMo and CD319" DCMo arise in the BM as GMP and MDP progeny,
respectively

Goodridge and colleagues have proposed that neutrophil-like monocytes (NeuMo) and
dendritic cell-like monocytes (DCMo) derive from granulocyte and macrophage progenitors
(GMP) and monocyte and dendritic cell precursors (MDP), respectively (Yafez et al., 2017).
Consequently, it would be expected that CD177+ NeuMo primarily originate from GMP, while
CD319+ DCMo should be the progeny of MDP. As previously reported (Liu et al., 2019), a
small proportion of unlabeled blood classical monocytes (CM) exists in Ms4a3Cre:R26LSL-
TdTomato mice, which enable the tracing of GMP fate (Fig 2F). Interestingly, these unlabeled
cells exhibited robust, although not exclusive, expression of CD319, as well as higher levels

of Cx3crl, resembling blood DCMo (Fig 1F,1, Suppl Fig 1F).

To further investigate the relationship between ontogeny and NeuMo and DCMo, we
utilized double reporter mice (Ms4a3Cre:R26LSL-TdTomato:Cx3crlgfp) in which GMP- and
MDP-derived cells can be distinguished based on reporter gene expression. We isolated
TdTomato+ GFP+ and TdTomato- GFP+ BM monocytes from these mice, further enriching
them for the absence of CD11c and MHC-II expression to exclude conventional dendritic cells
(cDC) and their precursors (Suppl Fig 2E), and performed bulk RNAseq analysis. Consistent
with the proposed developmental scheme (Liu et al., 2019; Yafnez et al., 2017), GFP+ BM
monocytes expressed higher levels of DC-related transcripts, such as H2-4b1 and Cd20Ya,
whereas TdTomato+ GFP+ BM monocytes exhibited a gene expression signature resembling
that of neutrophil-like cells, including Chil3 and Elane (Fig 2G, H, Suppl Fig 2F).
Furthermore, MDP- and GMP-derived cells exclusively overlapped with the transcriptomes of
DCMo and NeuMo, respectively (Suppl Fig 2G). Notably, the expression of Cd177 and Slamf7
was relatively low in BM monocytes (Fig 2H). This may be attributed to the broad CD11b
sorting gate (Suppl Fig 2E), which likely includes immature CD11bint transitional pre-
monocytes (Chong et al., 2016). Additionally, this explains the presence of F/¢3 and neutrophil
granule proteins like Mpo and Ngp, which were absent in blood monocytes (Fig 2G).
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In conclusion, our findings support the previous notion that bone marrow monopoiesis

is bifurcated and comprises a GMP - NeuMo and a MDP - DCMo axis.

NeuMo and DCMo prevalence following exposure to microbial stimuli and IFNg

The classical monocyte (CM) population responds dynamically to various challenges,
including exercise, metabolic changes, and encounters with pathogens (Janssen et al., 2023;
Steppich et al., 2000). When exposed to parasitic and bacterial inflammation along with IFN-
gamma exposure, CM have been observed to upregulate the expression of the stem cell marker
Scal (Ly6a) while simultaneously downregulating the monocyte/macrophage lineage marker

Cx3crl (Askenase et al., 2015; Biram et al., 2022).

It has been reported that NeuMo derived from GMP and DCMo derived MDP exhibit
differential expansion in animals challenged with LPS and CpG (Yanez et al., 2017).
Consistent with these findings, when wild-type C57BL/6 animals were exposed to LPS (2.5
ug/g, i.p. or i.v.), an increase in CD177+ cells was observed by day 1, while DCMo remained
proportionally unaffected (Fig 3A, B, Suppl Fig 3B). Interestingly, Cx3crl surface expression
was selectively reduced on NeuMo, while DCMo maintained normal Cx3crl levels (Fig 3C).
Conversely, DCMo and DN CM (CD177- CD319-) upregulated Scal (Fig 3C). Additionally,
DCMo and DN CM exhibited an induction of DCMo markers, including CD64, CD1l1c, and
CD209a (Suppl Fig 3C). Notably, changes in Cx3crl and Scal expression were also found to
be correlated in Ly6C+ GMP and MDP within the bone marrow (BM) (Suppl Fig 3D, E, F).

The Toll-like receptor 9 (TLR9) agonist CpG was reported to expand DC-like
monocytes (Yafiez et al., 2017). Accordingly, administration of CpG + DOTAP (5 ug/mouse
and 25 ug/mouse, respectively) increased the representation of DCMo within the blood Ly6C+
CM population at the expense of NeuMo (Fig 3D, E, Suppl Fig 3G). In contrast to the LPS
regimen, both CM subsets were equally affected following this challenge. Specifically, Scal
was strongly upregulated on all CM subsets while Cx3crl expression remained unaltered (Fig
3F). Unlike LPS-treated mice, and indicating monocyte plasticity, NeuMo upregulated DCMo
markers CD64, CD1l1c, and CD209a following CpG exposure (Suppl Fig 3H). Once again,
BM precursors exhibited distinct surface phenotypes after CpG activation (Suppl Fig 31, J,
K).
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Infection-associated IFN-gamma leads to the emergence of Scal+ monocytes
(Askenase et al., 2015; Biram et al., 2022). Indeed, similar to the CpG challenge, DCMo
significantly expanded within the CM population in mice that received a single injection of 5
ug recombinant [FN-gamma (rIFN-gamma), at the expense of CD177+ NeuMo (Fig 3G, H,
Suppl Fig 3L). Cx3crl expression did not significantly change on any of the subsets, while
Sca-1 was significantly higher expressed on DCMo (Fig 3I). CD319- CM modestly
upregulated MHC-II, whereas DCMo expressed high levels of both MHC-I1 and CD11c¢ (Suppl
Fig 3M). Transcriptome analysis of sorted Scal+ and Scal- CM isolated from the blood of
animals subjected to repetitive rIFN-gamma challenges (Suppl Fig 3N) revealed that Sca-1+
CM expressed Slamf7 (encoding CD319), whereas Sca-1- CM displayed higher expression of
Cd177 and Fpr2 (Suppl Fig 30, P, Q). This suggests that distinct NeuMo and DCMo

signatures are retained, at least at the transcriptional level, following challenges.
In summary, similar to GMP- and MDP-derived BM monocytes, CD177+ NeuMo and

CD319+ DCMo differentially expand following exposure to microbial stimuli, indicating

alterations in monopoiesis.
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Figure 3: (A) Experimental scheme and blood analysis of LPS-treated mice one day after treatment. (B)
Quantification of changes in the CM compartment after LPS treatment. (C) Histograms and quantification of
changes in Cx3crl and Scal surface expression among CM subsets following LPS treatment. (D) Experimental
scheme and blood analysis of CpG-treated mice one day after treatment. (E) Quantification of changes in the CM
compartment after CpG treatment. (F) Histograms and quantification of changes in Cx3crl and Scal surface
expression among CM subsets following CpG treatment. (G) Experimental scheme and blood analysis of IFNg-
treated mice one day after treatment. (H) Quantification of changes in the CM compartment after IFNg treatment.
(I) Histograms and quantification of changes in Cx3crl and Scal surface expression among CM subsets following

IFNg treatment.
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NeuMo but not DCMo display distinct neutrophil-like functions in vitro

Neutrophils are the initial responders at both sterile and non-sterile injury sites, where
they act as phagocytes and counteract extracellular pathogens (Castanheira and Kubes, 2019;
Kolaczkowska and Kubes, 2013; Papayannopoulos, 2018). To explore whether NeuMo, in
addition to their shared transcriptomic characteristics, exhibit functional neutrophil features,

we conducted a series of in vitro experiments (Fig 4A).

N-formylpeptides are products resulting from the breakdown of bacterial and
mitochondrial proteins, serving as potent chemoattractants for neutrophils (Hartt et al., 1999).
We observed robust and distinct expression of the N-formylpeptide receptor 2 (Fpr2) in NeuMo
(Fig 4B). To assess its functionality, we selectively isolated CD115+ BM monocytes and
subjected them to a migration assay using 100 nM fMLP or a carrier control (Fig 4C, Suppl.
Fig 4A, B). Analysis of their migration towards fMLP-supplemented medium revealed a
tenfold increase in CD177+ NeuMo compared to the control condition, whereas CD319+

DCMo did not exhibit any migration in this assay (Fig 4C).

A defining feature of neutrophil activation is the generation of extracellular traps (ET),
which are associated with the expression of granule proteins like MPO, as well as histone
citrullination and deamination (Papayannopoulos, 2018). NeuMo, but not DCMo, expressed
one of the critical factors necessary for chromatin de-condensation, namely protein-arginine
deiminase type-4 (Padi4), along with high levels of intracellular MPO (Li et al., 2010) (Fig
4D). To assess whether Padi4 conferred NeuMo with the potential to form ET, CD177+
NeuMo, CD319+ DCMo, and neutrophils were purified and activated with PMA for six hours.
Staining for DNA, MPO, and citrullinated H3 revealed a significantly greater propensity for
triple-positive events in NeuMo compared to DCMo (Fig 4E). This aligns with previous reports
of ET formation by human monocytes (Granger et al., 2017).

To evaluate the phagocytic capacity of NeuMo and DCMo, CD177+ and CD319+ BM
monocytes were isolated to purity and exposed to GFP-expressing Salmonella typhimurii for
two hours. Flow-cytometric analysis demonstrated that NeuMo exhibited a superior ability to
internalize bacteria (Fig. 4F, Suppl Fig 4C). However, DCMo also displayed strong phagocytic

activity in this assay, consistent with their monocyte characteristics.
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In summary, these in vitro experiments suggest that, in addition to their transcriptomic
differences, NeuMo exhibit functional attributes that set them apart from DCMo. These include

typical neutrophil functions such as attraction to bacterial peptides, ET formation, and

phagocytosis.
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Figure 4: (A) Schematic of performed in vitro assays. (B) Transcriptional expression of the formyl-methionine
peptide receptor 2 (Fpr2) among CM subsets. (C) Quantification of migration of BM monocytes and neutrophils
towards fMLP (100 nM) compared to control (DMSO), as assessed by flow cytometry. (D) Transcriptional
expression of the protein amine deiminase 4 (Padi4) protein among CM subsets and intracellular staining for
myeloperoxidase (MPO) among CM subsets by flow cytometry. (E) Quantification and microscopy images of the
initiation of ETosis events as evidenced by co-staining for DNA, MPO, and citrullinated histone 3 (H3) as assessed
by microscopy. (F) Quantification and representative flow cytometry plots off phagocytosis of GFP-expressing
Salmonella Tyhpimurium by NeuMo and DCMo.

NeuMo and DCMo give rise to NCM and intestinal macrophages

One of the primary roles of monocytes in maintaining homeostasis is to preserve
specific, long-lasting tissue-resident macrophage populations, particularly in mucosal tissues
(Ginhoux and Guilliams, 2016; Guilliams et al., 2018; Mildner et al., 2013). To investigate the
potential future paths of CD177+ NeuMo and CD319+ DCMo, we isolated these two monocyte
subsets from genetically marked animals, such as Cx3crlgfp, Cx3cr1Cre:R26LSL-TdTomato,
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and Ms4a3Cre:R26LSL-TdTomato mice (Jung et al., 2000; Liu et al., 2019; Yona et al., 2013),
and conducted adoptive transfer experiments. To create a niche for engraftment in recipient
animals, we utilized irradiation chimeras that were generated using Cx3crl DTR bone marrow
(BM) as recipients. Specifically, by treating these animals with diphtheria toxin (DTx), we
could deplete both monocytes and Cx3crl+ macrophage populations (Aychek et al., 2015;
Diehl et al., 2013).

Equal quantities of NeuMo and DCMo (2e5) were co-transferred into DTx-treated
Cx3cr1DTR>WT chimeras approximately 8-10 weeks after irradiation and BM transfer (BMT)
(Fig S5A). The depletion of blood monocytes, encompassing both CM and NCM subsets, by
DTx was verified through flow cytometry (Fig 5B). On the first day following transfer, blood
analysis of some recipient animals revealed the presence of circulating engrafted TdTom+
NeuMo and GFP+ DCMo at approximately equal numbers (Fig 5C). In line with previous
reports and indicating a shift towards NCM (Varol et al., 2007), both cell types had begun to
downregulate Ly6C (Fig 5C). When blood was collected on the third day after transfer, flow
cytometric analysis showed that both NeuMo and DCMo cells had transformed into Ly6Clow
NCM while maintaining the ratios (Fig 5D). Surface marker profiling revealed similar levels
of the integrin CD11c among NCM derived from NeuMo and DCMo (Fig 5E). However,
DCMo-derived NCM exhibited significantly higher expression of PDL1, a marker recently
associated with NCM (Bianchini et al., 2019) (Fig SE). Conversely, classical monocyte
markers CDI115 and CD11b were more highly expressed on NCM derived from NeuMo,
although not reaching statistical significance (Fig SE).

On the twelfth day after transfer, various organs of recipient mice were harvested to
assess the potential of NeuMo and DCMo to give rise to long-lived tissue-resident
macrophages (Gross-Vered et al., 2020; Varol et al., 2009, 2007). In both the ileum and colon,
clones of macrophages derived from NeuMo and DCMo were found to have undergone clonal
expansion (Varol et al., 2009) (Fig 5F). Quantitative analysis of graft-derived macrophages
through microscopy and flow cytometry showed equal contributions to both the ileal and

colonic macrophage populations (Fig 5F, G, H).

In summary, our findings demonstrate that following engraftment, both NeuMo and
DCMo give rise to NCM and gut macrophages with comparable efficiency in a competitive

setting (Varol et al., 2009, 2007). Notably, NCM derived from NeuMo and DCMo exhibit
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distinct phenotypes, including differential PDL1 expression. This differential ontogeny may

have an impact on the functions of NCM.
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Figure 5: (A) Experimental scheme of adoptive transfer of 2e5 NeuMo and DCMo, each. Cx3cr1 DTR chimerase
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three days after transfer. (F) Microscopy images of graft-derived TRM in the colon and ileum of recipient animals.
Scale bar = 80-100 um. (G) Flow cytometry analysis of graft-derived TRM in the colon and ileum of recipient
animals. (H) Quantification of the distribution of graft-derived TRM in colon and ileum of recipient animals.

NeuMo and DCMo fates in the lung

Pulmonary interstitial macrophages (IM) are diverse, consisting of both CD206- and
CD206+ IM (Gibbings et al., 2017), as well as lung-resident CD16.2+ cells (Schyns et al.,
2019). The latter have been considered IM precursors (Schyns et al., 2019), supported by
observations in humanized animals (Evren et al., 2020). However, recent data indicate that IM
may develop from classical monocytes (CM) through an intermediate stage involving

proliferation (Vanneste et al., 2023).

On day 12, TdTom+ NeuMo- and GFP+ DCMo-derived cells successfully engrafted in
the recipient lungs, as confirmed through histological and flow cytometric analysis (Fig 6A, B,
Suppl Fig 5A). Importantly, only a minimal number of these grafted cells were detected in the
blood on day 12 (Suppl Fig 5B). Interestingly, TdTom+ and GFP+ cells showed significant
differences in their distribution within specific subpopulations in the pulmonary myeloid
compartment. Notably, the majority of grafted cells in the lung originated from DCMo (Fig
6C). While both NeuMo- and DCMo-derived cells were present in roughly similar numbers
among CD16.2+ precursors, mature IM derived from DCMo far outnumbered those derived
from NeuMo (Fig 6C). In fact, DCMo-derived IM were approximately four times more
abundant than DCMo-derived CD16.2+ precursors, while the ratio among NeuMo-derived
cells was around 1 (Fig 6D). This delayed or absent differentiation into mature IM by NeuMo
was further supported by higher CD16.2 expression and lower MHC-II surface expression on
NeuMo-derived IM compared to DCMo-derived IM (Fig 6E, Suppl Fig 5C).

To gain further insights into the pulmonary progeny of NeuMo and DCMo, we
conducted bulk RNA sequencing on engrafted TdTom+ and GFP+ cells retrieved from the
recipient lungs (Suppl Fig 5D). Out of a total of 220 differentially expressed genes (DEGs),
48 genes were preferentially expressed in DCMo-derived cells, while 172 genes displayed
higher transcription levels in NeuMo-derived cells (Fig 6F, Suppl Fig 5E). Metascape analysis
(Zhou et al., 2019) revealed an enrichment of angiogenesis and wound healing pathways in the
transcriptome of NeuMo-derived IM (Suppl Fig SF). Conversely, DCMo-derived IM were
associated with gene modules that regulate the immune response and leukocyte differentiation

(Suppl Fig SF). Intriguingly, the transcriptome of NeuMo progeny exhibited a significant
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overlap with an expression signature previously reported for Lyvel +MHC-Illow lung IM,
while DCMo progeny resembled Lyvel-MHC-IThi lung IM (Chakarov et al., 2019) (Fig 6G,
Suppl Fig 5G, H). Moreover, compared to NeuMo-derived IM, cells derived from DCMo
showed approximately twice the expression of Mafb, a transcription factor recently suggested
to be crucial for CM differentiation into lung IM (Vanneste et al., 2023) (Fig 6H). In contrast,
the expression of Maf, which encodes c-MAf and is proposed to determine CD206+ IM identity
(Vanneste et al., 2023), did not significantly differ between NeuMo- and DCMo-derived IM
(Fig 6H).

To directly link this divergence to ontogeny, we performed a competitive adoptive
transfer of monocytes derived from granulocyte-macrophage progenitors (GMP) and
monocyte-dendritic cell progenitors (MDP) isolated from the bone marrow of
Ms4a3Cre:R26LSL-TdTomato:Cx3crlgfp mice (Fig 6I). Indeed, GFP+ monocytes derived
from MDP also preferentially gave rise to IM over TdTom+GFP+ CM derived from GMP (Fig
6J, K). Furthermore, CD16.2 expression was higher on GMP-derived CD206+ IM, consistent
with the phenotype of NeuMo-derived IM (Fig 6L). Interestingly, and in accordance with the
transcriptome data, GMP-derived IM expressed higher surface levels of Lyvel. However, we

did not observe differential MHC-II expression in either of the graft-derived IM populations.
In conclusion, through a competitive adoptive transfer approach, we demonstrate that

NeuMo and DCMo follow distinct differentiation pathways upon their entry into the lung, and

these outcomes are determined by their ontogeny.
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Figure 6: (A) Representative microscopy image of CUBIC-cleared lungs showing graft-derived cells in the
parenchyma. (B) Flow cytometry plots of graft-derived cells in the lungs of recipient animals, and CD16.2 vs
CD206 plots for each graft-derived population. (C) Quantification of the contribution of DCMo- and NeuMo-
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TdTomato - Cx. 3¢y ]9FP mice. Cx3crIP™ chimeras were depleted off Cxscrl-expressing cells by twice injection of 18
ng/g DTx / g bodyweight 8-10 weeks after chimerism. On day 0, CM subsets were adoptively co-transferred.
Hereafter, mice were administered 12 ng/g DTx / g bodyweight every other day until sacrifice. (I) Flow cytometry
plots of graft-derived cells in the lungs of recipient animals, and CD16.2 vs CD206 plots for each graft-derived
population. (J) Quantification of the contribution of MDP- and GMP-derived populations to selected lung
phagocyte populations, normalized to total number of graft-derived cells in the respective gates. (K) Histogram
plots and quantification of the surface expression of CD16.2, MHC-II, and Lyvel on CD206+ MDP- and GMP-
derived IM.

NeuMo but not DCMo give rise to meningeal dura mater macrophages

The macrophage population within the central nervous system (CNS) includes
microglia in the brain parenchyma, meningeal macrophages found in the dura mater and
leptomeninges, as well as macrophages located in the perivascular space and choroid plexus

(Goldmann et al., 2016; Hove et al., 2019).

To assess the capacity of NeuMo and DCMo to replenish CNS macrophage niches, we
examined the brains of DTx-treated Cx3cr]1 DTR chimeras on days 12 and 21 after engraftment
(Fig 5A). Notably, the brain parenchyma of these recipient mice did not contain any labeled
graft-derived cells. This is consistent with the brain parenchyma being insensitive to DTx
treatment due to limited replacement of microglia by DTR transgenic cells in the BM chimeras
(Shemer et al., 2018) (Suppl Fig 6A). In contrast, the DTx regimen partially depleted
meningeal macrophages in the Cx3crIDTR chimeras (Suppl Fig 6B). However, we did not
detect labeled cells in the leptomeninges of the recipient mice (Suppl Fig 6B). Surprisingly,
we observed efficient repopulation of macrophages in the dura mater, but exclusively by
TdTom+ NeuMo (Fig 7A, B). These cells were concentrated along the sagittal sinus but could
also be found in more distant regions (Fig 7A, Suppl Fig 6C). This engraftment was sustained,
as TdTom+ cells were still abundant 3 weeks after transfer, suggesting in situ proliferation of
the graft (Fig 7B). We confirmed these results in independent transfer experiments where we
used switched labels, engrafting TdTom+ DCMo and GFP+ NeuMo (Suppl Fig 6D). By day
12, NeuMo-derived cells had acquired low levels of CD206 expression, a characteristic feature
of dura mater macrophages (Hove et al., 2019) (Fig 7C). However, surface expression of MHC
IT and higher levels of CD206 were only detected at day 21, indicating in situ maturation of the
cells (Fig 7D).

To investigate the underlying mechanism behind the selective recruitment of NeuMo

but not DCMo to the dura mater, we examined the list of differentially expressed trafficking

molecules. In particular, we noticed a high level of expression of Sell, which encodes for
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CD62L, by NeuMo (and DN CM), as compared to DCMo, both at the transcriptional and
protein level (Fig 7E). This observation was also supported by CITE-seq analysis of BM
subsets (Fig 1D). To explore the functional significance of CD62L in the dura mater seeding
by CM, we transferred labeled NeuMo into recipient mice that were treated intravenously with
aCD62L antibody (100 pg per mouse) or an isotype control on two consecutive days (Fig 7F).
The unimpaired seeding of the colon by grafted cells at day 12 ruled out any cytotoxicity of
the treatment (Fig 7F, Suppl Fig 6E). Analysis of the dura mater in the recipient mice after
transfer revealed that aCD62L blockade led to a reduction in TdTom+ dura mater macrophages

compared to control mice (Fig 7F).

In conclusion, our findings establish differential homing potential between the two CM
subpopulations, where NeuMo but not DCMo are capable of repopulating an experimentally
depleted dura mater macrophage niche. This suggests that the differential seeding is associated

with the expression of CD62L on NeuMo.
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Figure 7: (A) Microscopy image of the dura mater of recipient mice 12 days after transfer. Both images depict
the peripheral dura. Scale bars = 100 um. (B) Microscopy image of the dura mater of recipient mice 21 days after
transfer. Left: sagittal sinus, right: periphery. Scale bars = 100 um. (C) Microscopy image of the dura mater.
NeuMo-derived BAM were stained for CD206 (green) and MHC-II (blue), 12 days after transfer. Scale bar = 100
um. (D) Microscopy image of dura mater. NeuMo-derived BAM were stained for CD206 (green) and MHC-II
(blue), 21 days after transfer. Scale bar = 80 um. (E) Left: Schematic of the adoptive transfer experiment probing
for the effect of CD62L on NeuMo recruitment to the dura mater. 2e5 NeuMo were injected to each mouse. Mice
were administered aCD62L or isotype antibody (100 ug i.v., each) 1 hour before and 24 hours after cell transfer.
Right: Noramlized reads for Sell, encoding CD62L among blood CM subsets, as assessed by bulk RNAseq. (F)
Tile scans of the dura mater of aCD62L- and isotype-treated mice (left and middle) as well as quantification of
total cell numbers detected in dura amter and colon in each treatment group (right). Scale bars = 1000 um.
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Discussion

In this study, we have uncovered two surface markers, CD177 and CD319, that help
distinguish phenotypically and functionally distinct classical monocyte subsets in mice under
both steady-state and challenge conditions. This discovery significantly expands upon recent
groundbreaking findings regarding the heterogeneity of bone marrow monocytes (BM
monocytes) and classical monocytes (CM) (Weinreb et al., 2020; Yadnez et al., 2017).
Additionally, we have elucidated the shared and differential in vivo destinies of these monocyte
subsets in specific tissues using adoptive transfer experiments into macrophage-depleted

animals.

The concept of monocyte subsets was initially identified in human blood (Passlick et
al., 1989), and subsequent efforts led to the identification of their murine counterparts in
Cx3crl1Gfp reporter mice (Geissmann et al., 2003; Jung et al., 2000; Palframan et al., 2001).
This paved the way for functional studies of these cells in an organismal context. Notably,
Ly6Clow CCR2- murine monocytes were found to patrol blood vessel walls, while Ly6Chigh
CCR2+ "inflammatory" monocytes performed classical monocyte functions, including
recruitment to sites of acute inflammation for both promoting and resolving inflammation, as
well as giving rise to long-lived macrophages at injury sites (Ginhoux and Jung, 2014; Auffray
etal., 2007). Unlike transient neutrophils, CM also have the capacity to replace embryo-derived
macrophages with their progeny in selected tissue macrophage compartments, potentially
affecting tissue physiology during aging (Bain et al., 2014; Varol et al., 2009). Importantly,
CM, being HSC progeny, are susceptible to somatic mutations associated with age-related
clonal hematopoiesis (CH), and emerging evidence suggests that CH-affected monocyte-
derived macrophages (MoMF) may contribute to cardiovascular and CNS pathologies (Cobo
et al., 2022) (Kim et al., submitted).

Recent research has provided transcriptomic evidence of CM heterogeneity, revealing
signatures resembling those of neutrophils and dendritic cells (DCs) (Weinreb et al., 2020;
Yanez et al., 2017). In our study, we have identified surface markers that discriminate between
these proposed NeuMo and DCMo subsets among murine Ly6C+ BM and blood CM. In a
steady-state, the majority of murine CM exhibit a NeuMo signature, including CD177+ NeuMo
and CD177- CD319- (DN) CM. It's worth noting that our analysis was conducted in mice kept
under hyper-hygienic special pathogen-free (SPF) conditions, and the ratio of NeuMo to DCMo
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may differ in outbred animals in a natural environment, as these subsets can be influenced by

environmental factors.

We have identified CD177 as a marker for NeuMo, consistent with a recent study that
identified NeuMo based on their Ym1 (Chil3) expression, as well as surface expression of
CD157 (Bstll) and CD88a (Ikeda et al., 2023). These findings align with our results, as
CD177+ NeuMo but not CD319+ DCMo expressed these proteins on their surface.
Additionally, Ym1 reporter-negative CM in the Ikeda et al. study had higher surface expression
of Cx3crl compared to Ym1+ CM (Ikeda et al., 2023), supporting the definition of NeuMo and
DCMo as proposed in our study.

We have identified CD319 (SLAM family member 7) as a marker for DCMo. Notably,
distinguishing between DCMo and DCs, including their precursors, can be challenging, as
these cell types share many surface markers due to their common MDP ancestry (Anderson et
al., 2020; Hettinger et al., 2013; Yafiez et al., 2017). A recent discovery of a FIt3+ BM
monocyte subset with antigen-presenting properties highlights the complexity of this
classification (Kamio et al., 2021), although this study did not use CD11c as a discriminator
between bona fide CM and DC. We propose that FIt3 may be uniquely expressed in the DC
lineage among mature immune cells, as it was not detected in the deep sequencing of Ly6Chigh
CD319+ CDl11c- DCMo. This suggests that DCMo, as defined in our study, are genuine
monocytes rather than DCs. Furthermore, we observed that Clec10a and CD209a can serve as

additional markers for DCMo among CM.

We have confirmed differential expression of neutrophil and DC gene modules in blood
NeuMo and DCMo, respectively. Classical markers for neutrophils and DCs, such as Padi4,
Fpr2, Chil3, H2-Abl, Cd74, and Cd209a, were robustly expressed in these respective subsets.
Additionally, Cebpb and Batf3 were differentially expressed in NeuMo and DCMo, suggesting
the regulatory roles of these transcription factors in the repression of DC-like features in CM.
Importantly, Cebpb-/- CM were found to express higher levels of Batf3, H2-Ab1, and Cd209a
(Mildner et al., 2017), indicating the involvement of CEBPb in this regulatory process. These
findings suggest that CEBPD plays a pivotal role in repressing DC-like features in most CM,
with DCMo displaying a distinct transcriptional profile compared to NeuMo.
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It's crucial to note that while DCMo share transcriptional similarities with previously
described CD209a+ Ly6Cint monocytes (Mildner et al., 2017), the cells analyzed in our study
were defined and sorted as Ly6Chigh cells under steady-state conditions. Furthermore, CD319-
CM, rather than CD319+ DCMo, displayed higher levels of C/EBPb, which is critical for the
conversion of CM to non-classical monocytes (NCM) via the Ly6Cint monocyte (Mildner et
al., 2017). The relationship between CD319+ Ly6Chigh CM and CD209a+ Ly6Cint cells

warrants further investigation.

Our study also supports the notion that NeuMo and DCMo originate from GMP and
MDP, respectively (Yaiiez et al. 2017). We corroborated this by using Ms4a3Cre:R26LSL-
tdTomato mice, a well-established GMP fate mapping model. This aligns with the
transcriptomes of NeuMo and CD177-CD319- CM, as the majority of blood CM in these
reporter mice were labeled. However, a small fraction of unlabeled CM in the reporter animals
expressed higher levels of CD319 and Cx3crl, suggesting that most DCMo originate from a
Ms4a3-independent progenitor, likely MDP. Importantly, sequencing of Ms4a3Cre tagged and
non-tagged BM CM confirmed differential expression of neutrophil and DC genes, consistent
with our findings in blood NeuMo and DCMo. The precise ontogeny of these CM subsets

requires further investigation.

Our data reveal that, in adult C57BL/6 mice under hyper-hygienic conditions, NeuMo
dominate the CM population in steady-state conditions. However, following challenges such
as CpG and IFN-y treatment, DCMo become the predominant subset. IFN-y, in particular, plays
a crucial role in differentiating CM into inflammatory CNS-resident MoMF (Amorim et al.,
2022), consistent with previous reports of pathogenic Cxcll0+ CM emerging during
autoimmune neuroinflammation (Giladi et al., 2020). Additionally, recent findings have
highlighted an accumulation of DCMo in aged mice, as evidenced by transcriptional profiling
and MHC-II surface expression (Barman et al., 2022; Goodridge, 2023). Together, these data,
along with our findings, suggest that DCMo may represent "inflammatory" monocytes that
emerge specifically in response to certain inflammatory stimuli and with aging. Further
research is needed to thoroughly characterize DCMo, distinguish them from ¢cDCs, and explore

their functions.

One of the main functions of monocytes is the differentiation into monocyte-derived

tissue resident macrophages. Competitive adoptive cell transfer experiments conducted in our
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study demonstrated equal contributions of NeuMo and DCMo to NCM and gut macrophages,
although it remains to be determined whether NeuMo and DCMo progeny are identical. In
contrast, DCMo preferentially gave rise to lung interstitial macrophages (IM). Furthermore,
DCMo-derived IM exhibited higher surface expression of MHC-II, indicative of CM
heterogeneity translating to tissue resident macrophage compartments. Interestingly, we
observed the persistence of CD16.2+ precursors 12 days after transfer in the lung, which were
previously hypothesized to be closely related to NCM (Schyns et al., 2019). However, graft-
derived NCM were barely present in the blood on day 12 after transfer, suggesting that lung

resident CD16.2+ precursors differ from NCM and warrant further investigation.

Deep sequencing revealed significant differences between DCMo- and NeuMo-derived
IM, including the expression of H2-Aa. Conversely, NeuMo-derived IM expressed gene
modules associated with vasculature development and wound healing, consistent with previous
associations of Chil3+ monocytes with inflammation resolution (Ikeda et al., 2018).
Additionally, the stratification of differentially expressed genes (DEGs) based on the proposed
dichotomy of LyvelhighMHC-Illow and Lyvel-MHC-Ilhigh macrophages across tissues
revealed that NeuMo-IM and DCMo-IM fell into the former and latter categories, respectively.

This finding contributes to the understanding of tissue resident macrophage heterogeneity.

Lastly, our study demonstrated that NeuMo, but not DCMo, give rise to dura mater
macrophages in adoptive transfer experiments. The exact mechanism for this selective
recruitment remains to be defined. However, NeuMo differentially express CD62L, and we
have shown that the administration of aCD62L antibody prior to NeuMo transfer significantly
prevents engraftment. While the specific ligand for CD62L in the dura mater requires further
investigation, differential adhesion molecule expression by NeuMo may also contribute to

selective extravasation to other peripheral tissues.

It is important to acknowledge that this study involves an adoptive cell transfer model,
which may have some limitations in terms of replicating natural physiological processes.
However, under steady-state conditions, blood NeuMo are overwhelmingly more abundant
than DCMo, necessitating the use of equal numbers of both subsets for the engraftment

approach in order to compare their potential fates.
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In conclusion, our study identifies surface markers that distinguish murine CM subsets
with distinct neutrophil- and DC-like features, consistent with previous reports. We establish
that NeuMo and DCMo are genuine monocytes that recirculate in the blood and have the
capacity to give rise to tissue resident macrophages. Importantly, NeuMo and DCMo exhibit
distinct homing and differentiation patterns in peripheral tissues such as the lung and meninges.
Our findings suggest the existence of specialized niches for ontogenically distinct monocytes
and propose that NeuMo and DCMo, whose proportions change under various challenges, give

rise to transcriptionally and functionally distinct subsets of tissue resident macrophages.
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Supplementary figure legends

Supplemental Figure 1:

(A) UMAP plots of all identified BM cells. Monocytes, DCs and their precursors were selected and
analyzed separately, as shown on the right.

(B) Marker genes of BM cell types.

(C) Expression of selected marker genes and proteins (the latter based on CITEseq antibodies) in tha
dataset from A.

(D) Dot plot from the LEGENDscreen identifying CD319 as blood CM marker. Histograms for Cxscrl and
Ly6C shown as a validation for differences to CD177+ cells.

(E) Gating strategy for identification of blood immune subsets.

(F) Histograms showing the expression of CD177 and CD319 among blood immune subsets. (n=4)

(G) Distribution of selected markers for NeuMo and DCMo on CM subsets as predicted by Weinreb et al.
(n=3-5)

(H) Table of NeuMo / DCMo markers showing log2 FC and adjusted p-value as adapted from Weinreb et
al.

(I) Gating strategy for CD177" and CD319" from the VIB mouse facility in Brussels, Belgium. (n=3)

(J) Expression of CD88a and CD157 on NeuMo and DCMo in the blood. (n=3)

(K) Gating strategy for identification of a possible contamination of Zbtb46 F1t3* cells in the blood CM
gate used in this study. (n=3)

(L) Histograms showing the distribution of DC and monocyte markers on monocyte and DC subsets in the
blood. (n=3)

Supplemental Figure 2
(A) Gating strategy for sorting CM subsets from the blood of Cx3cr19F** mice for bulk RNAseq. (n=4-5)
(B) Venn diagram of DEG genes among CM subsets from this study and DEG from Weinreb et al.
(C) Histograms for differentially expressed surface markers in our bulk RNAseq dataset. (n=3)
(D) Reanalysis of a scRNAseq dataset on total blood monocytes.
(B) Gating strategy for sorting GMP- and MDP-derived CM from the BM of Ms4a3¢"¢:R26"5L-
TdTomato . Cx 3¢y 19FF mice. (n=4)
(F) Heatmap of all DEG among GMP- and MDP-derived BM CM.
(G) Venn diagram of DEG among GMP- and MDP-derived BM CM and blood NeuMo and DCMo.

Supplementary Figure 3

(A) Gating strategy for BM monocyte precursors.

(B) Gating strategy for PBS-treated mice in the LPS experiment. (n=9 from 3 independent experiments)

(C) Histograms for various markers on CM subsets in LPS-treated mice. (n=9 from 3 independent
experiments)

(D) Quantification of BM monocyte precursors in PBS- (ctrl) and LPS-treated mice. (n=3)

(E) Histogram and quantification of Scal surface expression on BM monocyte precursors in ctrl and LPS-
treated mice. (n=3)

(F) Histogram and quantification of Cxscrl surface expression on BM monocyte precursors in ctrl and
LPS-treated mice. (N=3)

(G) Gating strategy for PBS-treated mice in the CpG experiment. (n=6 from 2 independent experiments)

(H) Histograms for various markers on CM subsets in CpG-treated mice. (n=6 from 2 independent
experiments)

(I) Quantification of BM monocyte precursors in PBS- (ctrl) and CpG-treated mice. (n=3)

(J) Histogram and quantification of Scal surface expression on monocyte precursors in ctrl and CpG-
treated mice. (n=3)

(K) Histogram and quantification of Cxscrl surface expression on monocyte precursors in ctrl and CpG-
treated mice. (N=3)

(L) Gating strategy for PBS-treated mice in the IFNg experiment. (n=6 from 2 independent experiments)

(M) Histograms for various markers on CM subsets in IFNg-treated mice. (n=6 from 2 independent
experiments)

(N) Experimental scheme for the sorting of Scal® and Scal” CM after [FNg treatment on 3 consecutive
days.

(O) Volcano plot of DEG genes among Scal* and Scal- CM from IFNg-treated mice.

(P) Gene expression plots of selected genes from Scal® and Scal- CM from [FNg-treated mice.

(Q) Heat map of DEG among CM from control and IFNg-treated mice.
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Supplementary Figure 4
(A) Gating strategy for sorting NeuMo and DCMo from the BM for functional assays.
(B) Density plots of migrated cells from DMSO (ctrl) and fMLP wells. (n=6 from 2 independent
experiments)
(C) Gating strategy for measuring engulfment of S. 7m in sorted NeuMo and DCMo. (n=13 from 2
independent experiments)

Supplementary Figure 5

(A) Gating strategy for lung IM.

(B) Blood of recipient mice on day 12 after transfer. Each plot represent a biological replicate.

(C) Expression of MHC-II on the surface of CD16.2" precursors and CD206™ IM, including MFI
quantification. (n=6 from 2 independent experiments)

(D) Gating strategy for sorting NeuMo- and DCMo-derived IM for bulk RNAseq analysis.

(E) Heatmap of the 30 top DEG from NeuMo- and DCMo-derived IM.

(F) Metascape analysis of DEG in NeuMo- and DCMo-derived IM.

(G) Gene plots for gene signatures of lung IM and precursors from Schyns et al.

(H) Gene plots for selected genes of interest among NeuMo- and DCMo-derived IM. Among ‘NeuMo /
DCMo markers’, Mmp8 and H2-Aa were differentially expressed.

Supplementary Figure 6

(A) Microscopy picture of the brain parenchyma of DTx-treated recipient mice. Scale bar = 100 pm. (n=3)

(B) Microscopy picture of the leptomeninges of DTx-treated recipient mice. Scale bar = 300 um. (n=3)

(C) Tile scan of the dura mater of DTx-treated recipient mice. Scale bar = 500 pm. (n=1)

(D) Microscopy pictures of the dura mater of DTx-treated mice transferred with Cx3cr1°F NeuMo and
Cx3cr1€re:R26"St-TdTomato DCMo (2x10° each). Scale bars = 80-100 pm. (n=3)

(E) Tile scans of the colons of isotype- and aCD62L-treated mice. Scale bars = 500-700 pm. (n=2-3)
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