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A. Abstract

Daily hematopoietic cells are produced in the bone marrow (BM) in a process termed as
hematopoiesis. At the apex of hematopoiesis, the hematopoietic stem cells (HSC) reside, the cells
which produce all other hematopoietic cells (Haas et al., 2018). The chemokine CXCL12 and its
receptor CXCR4 regulate hematopoiesis, retaining the HSC within the BM (Nagasawa et al., 1996,
Ma et al., 1998). Additionally, CXCL12 binds to the atypical chemokine receptor ACKR3 (Burns et
al., 2006). However, the expression and the role of ACKR3 within the BM remains undetermined,
whereas the mechanism by which CXCL12 and CXCR4 maintain HSCs in the BM remains elusive.

In this regard, the expression of ACKR3 was assessed using an ACKR3 reporter mouse line. In
addition, the expression of the receptor was conditionally deleted in vivo and the effect in steady
state and during emergency hematopoiesis, with the administration of the cytotoxic agent 5-
Fluorouracil (5FU), was assessed. Furthermore, ACKR3 was pharmacologically inhibited and the
role of the receptor in regulating CXCL12 was investigated. Finally, the role of the axis in HSC BM
retention was evaluated in Ackr37,, Cxcl12”~ and Cxcr4”" mice.

The present study demonstrates that ACKR3 is not expressed in HSC and progenitor cells, but
rather in the endosteal cells and in BM plasma cells. In addition, the conditional deletion of ACKR3
in all tissues, did not affect blood cell production, but induced HSCs to exit quiescence and acquire
a proliferating phenotype. Similarly, conditional deletion of CXCL12 forced HSCs to exit dormancy,
demonstrating that ACKR3 maintains HSC quiescence via CXCL12.

The role of ACKR3 in HSC maintenance is even more pronounced during emergency
hematopoiesis. In the absence of the receptor, mice exhibit enhanced mortality at day 10 after
the administration of the cytotoxic agent. Under these conditions, ACKR3 also regulates Cxcl12
gene expression in aortic cells and hence, the concentration of CXCL12 in circulation.

Nevertheless, ACKR3 deletion and the pharmacological inhibition of the receptor does not affect
HSC mobilization. Deletion of CXCL12 and the artificial increase of circulating CXCL12
concentration further suggest that CXCL12 is not sufficient to regulate HSC retention and
mobilization. On the contrary, the expression of CXCR4 on hematopoietic, but not on stromal
cells, is essential for the maintenance of the cells in the BM.

In conclusion, the present study unravels the differences in the expression pattern of CXCR4 and
ACKR3 within the BM and reveals an unprecedented role for ACKR3 in the maintenance of HSC
guiescence and the regulation of CXCL12 concentration under certain conditions. Finally, this
study suggests that HSCs anchor in the BM via CXCR4, demonstrating that CXCR4 is the critical
element for BM cell retention.
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1. Introduction

1.1. Hematopoietic stem cells: the cornerstone of the hematopoietic
system

Hematopoiesis is the process of blood cell production in the adult bone marrow. Blood cells are
vital for life as they are responsible for the constant oxygen transport in all tissues (Hook et al.,
1988). At the same time, the hematopoietic system is detrimental for the development and the
suppression of diseases. Immunodeficiencies, leukemias and anemias develop due to mutations
in hematopoietic cells (Fischer et al., 2015, Passegué et al., 2003, Hoggatt et al., 2016, Cascio and
Deloughery, 2017, Kato et al., 2018). In addition, endogenous and exogenous pathogens trigger
hematopoietic cells to initiate the process of inflammation. During inflammation, hematopoietic
cells sense the pathogenic factors, and mediate immune responses in order to exterminate them,
and restore the affected tissue. Of note, although the immune responses are necessary for the
elimination of the pathogens and the suppression of the disease, the malfunction of the immune
responses can induce “para-inflammation”, a condition of low-grade inflammation. This condition
stresses the tissue and if not restored can become chronic (Medzhitov, 2008). Chronic
inflammation characterizes aging, a state described as inflamm-aging (Pietras, 2017) and is also
associated with the development of cardiovascular diseases, dementia, type 2 diabetes, and
cancer (Ferrucci and Fabri, 2018). Thus, it is evident that the understanding of hematopoiesis and
the immune responses is detrimental in order to prevent and treat human diseases.

The blood cells produced during hematopoiesis are discerned into 2 lineages: the myeloid, and
the lymphoid lineage (Nombela- Arrieta and Manz, 2017). Erythroid cells, granulocytes
(neutrophils, mast cells, eosinophils, basophils), monocytes, plasmacytoid dendritic cells, and
megakaryocytes constitute the myeloid lineage. On the contrary, lymphoid lineage contains T and
B cells (Orfao et al., 2019). The hematopoietic stem cells (HSCs) produce all hematopoietic cells
and are, thus, the core of hematopoiesis. Consequently, their role during disease development is
detrimental, while they have also been therapeutically explored.

Aging and inflammation affect the metabolic properties of HSCs and deteriorate their capacity to
generate blood cells of both lineages (de Haan and Lazare, 2018, Evans et al., 2020, Nagai et al.,
2006, Rodriguez et al., 2009, Esplin et al., 2011, Regan-Komito et al., 2020, Mitroulis et al., 2018).
Similarly, the accumulation of mutations, and epigenetic changes in HSCs, as well as the enhanced
metabolic activity (Kurosawa and lwama, 2020, Carroll and St. Clair, 2018) can eventually lead to
the development of hematopoietic malignancies (Valent et al., 2019). Nevertheless, in addition
to mediating disease development, HSCs have been therapeutically exploited.



The ablation of cancer cells by chemotherapy (Amjad et al., 2021) is a standard therapeutic
approach in cases of hematological malignancies (Israels et al., 1969, Klener et al., 2019).
However, to restore hematopoiesis and immune responses after the cell ablation, the
transplantation of hematopoietic stem cells has been widely used in clinic (Thomas et al., 1957,
Simpson and Dazzi, 2019). In the case of Multiple Myeloma or Hodgkin’s lymphoma, HSCs are
collected from the patients prior to chemotherapy (autologous transplantation). In other cases,
like Acute Lymphocytic Leukemia, Acute Myeloid Leukemia, Chronic Myeloid Leukemia/Chronic
Lymphocytic Leukemia, and some severe cases of Myelodysplastic Syndrome a distinct
compatible HSC donor is required as the source of the HSC transplant (allogeneic transplantation)
(Dessie et al., 2020, Khaddour et al., 2021). In addition to hematologic malignancies, novel studies
pinpoint the potency of allogeneic transplantation as treatment for non-malignant diseases, like
anemia (Khaddour et al., 2021), and autoimmune diseases, such as type 1 diabetes and lupus
(Kondo et al., 2003). Hence, HSC mobilization is a process with many perspectives in clinical
practice.

1.2. HSC biology

HSCs are characterized by two critical properties: self-renewal and multipotency (Haas et al.,
2018, Laurenti and Gottgens, 2018, Seita and Weissman, 2010). Self-renewal is the ability of HSCs
to proliferate, producing two stem cells that maintain these two properties. In this manner, the
HSC pool expands (Kiel et al., 2007, Ito et al., 2016, Nakamura-Ishizu et al., 2014). At the same
time, HSCs exhibit multipotency, as they can differentiate into hematopoietic cells of both the
myeloid and the lymphoid lineage. Transcriptome analysis of human HSCs revealed that the
differentiation of HSCs to specialized hematopoietic cells is a continuous process (Velten et al.,
2017), during which lineage-biased progenitor cells are produced as intermediate cells (Velten et
al., 2017, Notta et al., 2016) (Figure 1). Lineage bias and eventually lineage commitment of HSCs
and progenitor cells is tightly regulated by transcription factors. More than 80 transcription
factors orchestrate HSC differentiation (Gottgens, 2015), with the most important being the
C/EBPa for the induction of the myeloid lineage (Zhang et al., 1997) and the PU.1, necessary to
produce both myeloid and B cells (Yeamans et al., 2007). Therefore, both proliferation and
differentiation of HSCs are orchestrating hematopoiesis.
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Figure 1 The hematopoiesis cloud.

A continuum model of bone marrow hematopoiesis. HSCs via multipotent and later committed
progenitors, produce the differentiated hematopoietic cells.

DCs: Dendritic cells, RBC: red blood cells, MgK: megakaryocytes, NK: Natural killer cells, ILCs: innate-lymphocyte cells.
Adapted from Rodrigues et al., 2021.

In order to preserve these properties and remain functional, HSCs acquire a dormant phenotype
in steady state conditions. More specifically, tracking in vivo HSCs revealed a slow differentiation
turnover to progenitor and differentiated cells of approximately 8 weeks (Sdwen et al., 2018,
Busch et al., 2015), and a low proliferative rate (Wilson et al., 2008, Fukushima et al., 2019).
Wilson et al. reported that less than 2% of HSCs undergo proliferation at steady state, while this
percentage increases in the progenitor populations, in which 20% of the cells are proliferating
during unperturbed hematopoiesis (Wilson et al., 2008). On the contrary, a highly proliferative
profile of HSCs has been correlated with defective response in case of emergency and enhanced
cell apoptosis (Baba et al., 2016, Uckelmann et al., 2016). Interestingly, Bernitz et al., proposed
that 4% of the murine HSCs remain dormant for a period of at least 2 years, as demonstrated
using a doxycycline induced GFP system, which labels and, subsequently allows tracking of HSCs
(Bernitz et al., 2016). This finding suggests that the HSC pool exhibits heterogeneity in the cell
metabolic profile. In addition, according to the same study the number of dormant HSCs remained
stable for a period of approximately a year, which implies the existence of a memory system that
distinguishes the proliferative HSCs from the dormant cells (Bernitz et al., 2016).

One such factor defining the dormant and the proliferative HSCs is the mitochondrial activity.
Mitochondria are cellular organelles surrounded by membrane where the cellular energy source,
Adenosine Triphosphate (ATP), is produced. The presence of intracellular oxygen is necessary in
this process, which is termed as oxidative phosphorylation (Deshpande and Mohiuddin, 2021). In



the absence of oxygen, ATP is produced in a less efficient way with the degradation of glucose
(Semenza, 2007). HSCs exhibit attenuated metabolic activity compared to other hematopoietic
cells in steady state conditions. They produce low levels of ATP (Simsek et al., 2010), but more
importantly, HSCs exploit the anaerobic production of energy in contrast to differentiated
hematopoietic cells (Simsek et al., 2010). Thus, they exhibit low mitochondrial activity in steady
state (Almeida et al., 2017). Of note, a transcription factor induced in the absence of oxygen, the
Hypoxia Inducible Factor 1 Subunit Alpha (HIF1a), is highly expressed in HSCs (Takubo et al., 2010),
further supporting the existence of an anaerobic intracellular environment in these cells. On the
contrary, when the cells exit dormancy and HSCs enter the metabolically active G1 or S/G2/M
phases of their proliferating cycle, the production of energy on the mitochondrial membrane
increases (Liang et al., 2020). However, even in the active HSCs, cellular mitochondrial respiration
is tightly controlled. In this regard, mitophagy, the process of mitochondria degradation by
autophagy, is enhanced in proliferating HSCs (Ito et al., 2016). Blockade of the mitophagy circle
blocks HSC differentiation (Jin et al., 2019), revealing the significance of the mitochondrial activity
for the HSC maintenance, and blood cell production.

One reason for the critical role of the mitochondrial activity in HSC maintenance is that the
byproducts of this cycle negatively affect HSCs. Reactive Oxygen Species (ROS) are produced
during the aerobic metabolism and accumulate intracellularly (Maryanovich et al., 2015). Their
intracellular presence oxidizes proteins, and subsequently alters their function, while causing
breaks to the DNA strands (Ray et al., 2012). As a result, ROS enhance the expression of the yH2AX
histone, which is responsible for DNA repair, in active HSCs (Yahata et al., 2011). Furthermore,
ROS affect functionally the HSCs, as ROS accumulation deteriorates the cells’ engraftment
potency (Yahata et al., 2011, Ito et al., 2006). In this regard, it has been proposed that ROS
accumulation force HSCs to enhance their proliferation rate. As a result, HSCs lose their self-
renewing capacity, which leads to cell exhaustion (Ito et al., 2006), and poor hematopoietic cell
production. Similarly, in humans, accumulation of ROS in HSCs is correlated with low repopulating
efficacy of HSCs (Bai et al., 2018), and in vitro production of less and smaller colonies (R6nn et al.,
2017). Of note, the intracellular ROS content increases during the maturation of HSPC cells to
differentiated blood cells (Cao et al., 2016), thus, suggesting that ROS may exhibit some functional
role during differentiation. Hence, the metabolic profile of the HSCs mirrors the differentiation
and proliferation potency of the stem cells, and it changes dynamically according to the
conditions.

1.3.1. HSC modulation in the HSC niche

The factors that determine the HSC proliferation and differentiation compose the specialized HSC
microenvironment, the HSC niche. A niche (Scofield, 1978, Scadden, 2012), is defined by specific
factors that regulate the physical and biochemical features of the microenvironment. Any cell in
a niche can dynamically change in numbers or metabolically (Scadden, 2006). Subsequently, in
the HSC niche, HSCs sense paracrine factors and respond to them, at steady state and during

4



pathogenic conditions (Chavakis et al., 2019, Emmons et al., 2017). Thus, the characterization of
the factors composing the HSC niche and the identification of their role in HSC maintenance are
detrimental for the understanding of inflammatory disease progression and the development of
novel therapeutic agents.

A great amount of work has been done to identify the factors regulating HSC biology within the
BM niche. The significance of these cells and proteins is better understood when considering the
recent computational data, which reveal an interdependency of the HSC metabolism and the
niche cells. Depletion of the niche cells drives HSCs to exit quiescence, whereas loss of HSCs
depletes the niche cells (Becker et al., 2019). A simplified model of the cells and factors composing
the HSC niche is illustrated in Figure 2.
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Figure 2 The BM niche.

Osteolineage and vascular cells compose the BM niche. Nestin*, LEPR* CAR cells express CXCL12 and SCF.
Megakaryocytes regulate HSCs via CXCL4 and TGF-B1. Adipocytes and Non-myelinating Schwann cells
further regulate HSCs via TGF-p.

CAR cells: CXCL12 abundant reticular cells; TGF-B: transforming growth factor B; SCF: stem cell factor.

Taken from Asada et al., 2017

As shown in Figure 2, two stromal cell types define the HSC niche in the long bones: the endosteal
and the vascular cells. The major subsets that comprise the endosteal niche are the osteoblasts
and the osteoclasts that line the inner surface of the bone (endosteum) (Frost, 1969, Rucci, 2008).
Trapped between the endosteum and the outer surface (periosteum) are the osteocytes, mature
cells deriving from osteoblasts (Holmbeck et al., 2005, Bonewald, 2011). Depletion of the
osteocytes (Asada et al., 2013), or of the osteopontin, a protein that lines the inner bone surface
(Nilsson et al., 2005), induces HSC and progenitor cell proliferation. Hence, endosteal cells are a



critical component of the BM niche for the regulation of Hematopoietic Stem and Progenitor Cell
(HSPC) metabolism.

In contrast to the endosteal cells, a complex network of vessels, arterioles, and sinusoids (very
small vessels) make up the vascular HSC niche (Coutu et al., 2017). Depletion of a small subset of
NG2* cells that surrounds arterioles decreases BM cellularity (Kunisaki et al., 2013). In addition,
Chen et al described Apelin® endothelial cells in proximity to HSCs. Depletion of the Apelin* ECs
also reduces the number of HSCs in the BM (Chen et al., 2019). Accordingly, depletion of the
extracellular protein Jagged-1, which is expressed in arterial and sinusoidal cells of the BM,
reduces the number of HSCs and prevents HSC engraftment after transplantation (Poulos et al.,
2013). Hence, it is evident that the BM vasculature is also detrimental for HSC maintenance.

In addition to cells of the endosteal and vascular lineage, several different cell types and their
secretome have been described to be part of the HSC niche. Macrophages are essential for HSC
retention in the BM (Winkler et al., 2010, Chow et al., 2011) and the regulation of cell mobilization
(Christopher et al., 2011). Megakaryocytes are an important cell type of the HSC
microenvironment, found in proximity to HSCs in murine BM (Bruns et al., 2014). Ablation of
megakaryocytes results in loss of HSC quiescence (Bruns et al., 2014, Zhao et al., 2014). Dormancy
is restored by injection of either CXCL4 (Bruns et al., 2014) or Transforming growth factor B1 (TGF-
B1) (Zhao et al., 2014, Di Giandomenico et al., 2020), two factors produced by megakaryocytes.
These findings suggest the major role of CXCL4 and TGFb in the regulation of HSC biology.
Adipocytes are also essential for HSC regulation, as deletion of the adipose tissue decreased the
number of BM HSC and promoted instead extramedullary hematopoiesis in spleen (Wilson et al.,
2018). Finally, the BM niche is also subjected to nerve control. Denervation of the BM results in
loss of BM cells and induces aberrant HSC proliferation (Yamazaki et al., 2011). In addition,
adrenergic neurons of the sympathetic nervous system are essential for HSC mobilization
(Katayama et al.,, 2006, Méndez-Ferrer et al., 2008), whereas recently sensory, nociceptive
neurons were also identified in proximity to HSCs (Gao et al., 2021).

However, the most interesting cell population comprising the HSC niche is the CXCL12 Abundant
Reticular (CAR) cells. CAR cells are found around endothelial cells of the vasculature and are, thus,
described as pericytes. They exhibit multipotency, as they differentiate into both adipocytes, as
well as endosteal cells, and have similar antigenic profile to Mesenchymal Stem Cells (MSC) (Zhou
et al., 2014). In addition to producing CXCL12 they are also characterized by the expression of
PDGFRPB (Gomariz et al., 2018, Adapala et al., 2019), CD73 (Breitbach et al., 2018) and LEPR. Of
note, LEPR expression marks pericytes on BM sinusoids, but not in arterioles (Zhou et al., 2014,
Ramalingam et al., 2017), suggesting that CAR cells are perisinusoidal cells. Finally, another
proposed marker for CAR cells is Nestin. Nestin* cells are perivascular, multipotent and when
depleted HSC maintenance is disrupted (Mendez-Ferrer et al., 2010). Recently, a multipotent cell
population expressing LEPR (Aoki et al., 2021), as well as CD271 and the Stage-Specific Embryonic
Antigen (Matsuoka et al., 2015) has been identified in humans, revealing the presence of a similar
CAR cell population, and, hence, common regulatory networks in the BM of the two systems.



For these reasons, the proteome of CAR cells has been extensively studied. CAR cells express the
glycoprotein Developmental endothelial locus (Del) 1, which is essential for HSC differentiation
towards the myeloid lineage (Mitroullis et al., 2017). Additionally, Lepr* CAR cells express the stem
cells factor (SCF), (Zhou et al., 2014), the ligand of the c-kit receptor that is broadly expressed to
all HSPC (Ogawa et al., 1991, lkuta and Weissman, 1992). SCF is an essential HSC cytokine, as
deletion of the SCF, is lethal in mice at embryonic stage. SCF/- embryos displayed reduced
primitive hematopoietic cells in the fetal liver (Ding et al., 2012), whereas in adults, deletion of
the SCF under the LepR promoter disrupted HSC maintenance (Comazzetto et al., 2019) and
induced HSC mobilization (Ding et al., 2012), revealing a role of the cytokine in HSC production,
as well as cell retention within the BM. Nevertheless, as the name suggests, the major component
of the CAR cells’ secretome is the chemokine CXCL12.

1.3.2. The role of the CXCL12/CXCR4 axis in hematopoiesis

Chemokines are chemical molecules that induce the movement. The human chemokine system
consists of 48 chemokines binding to 23 receptors (Zlotnik and Yoshie, 2012). Figure 3 illustrates
an overview of the human chemokine system. It can be appreciated that the
chemokine/chemokine receptor interaction is characterized by ligand, and receptor bias. In other
words, despite many chemokine receptors interact with multiple chemokines, each chemokine
favors a specific activation pathway to the receptor, acting either as agonist or antagonist. At the
same time, the chemokine binding to different receptors results in the activation of alternative
pathways (Steen et al., 2014), enhancing the complexity of the chemokine system.

All chemokines share structural features, as they are organized into a N terminal loop and a
subsequent B-sheet (the core of the chemokine) that leads to an a-helix at the C terminus (Miller
and Mayo, 2017). Accordingly, the structure of the human CXCL12 is illustrated in Figure 4. The N
residues of CXCL12 are detrimental for in the initial binding to the N terminal of the receptor
(Janssens et al., 2018). Subsequent interaction with the core of the receptor, eventually, triggers
the signaling cascade (Crump et al., 1997). Due to the significant functional role of the N terminus,
the region is characterized by 4 highly conserved cysteine residues. The positioning of the first 2
cysteines (C) categorizes the chemokines into 4 groups: the CC, when the two cysteines are
sequential, the CXC, when an amino acid intervenes between the two cysteines, the CX3C, when
three amino acids are found between the cysteines, and the XC chemokines, with only one
conserved cysteine (Zlotnik and Yoshie, 2012).

In addition to their structure, the biological relevance of the chemokines classifies them as
homeostatic, inflammatory or both (Zlotnik and Yoshie, 2012, Hughes and Nibbs, 2018). The
major difference between the homeostatic and the inflammatory chemokines, is that
homeostatic chemokines are constitutively expressed in tissues, whereas the inflammatory
chemokines are expressed only after cell stimulation (Zlotnik et al., 2006). Of note, homeostatic
chemokines are vital during organogenesis by regulating cell trafficking. Table 1 lists the

7



homeostatic chemokines, which together with the respective receptors regulate tissue
organization. As shown in Table 1, CXCL12 is directing the homing of alveolar stromal cells, but
more importantly it is necessary for the leukocyte homing in brain and the bone marrow (Chen
et al., 2018).
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Figure 3 The human chemokine system.

Chemokines are classified based on the response they mediate in the receptors, as Agonists, Antagonists,
or not specified.

Adapted from Stone et al., 2017.

In fact, the discovery of CXCL12 was groundbreaking for the HSC research and the chemokine
field. In 1996, CXCL12 was described as the ligand for the chemokine receptor that is now known
as CXCR4 and is found on leukocytes (Oberlin et al., 1996). Later the same year, a knockout (ko)
mouse model was developed for the ligand. Strikingly, the deletion of CXCL12 was lethal in mice,
as Cxcl127" mice died perinatally at day 15.5. Thus, CXCL12 was the first chemokine found to be
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vital for development (Nagasawa et al., 1996). As a result, 3 independent groups generated mice,
in which the gene for the described receptor, the Cxcr4 gene, was deleted to further investigate
the axis. Similarly to Cxcl127, only 30% of the Cxcr4”- mice were viable (Zou et al., 1998, Ma et
al., 1998, Tachibana et al., 1998), revealing the CXCL12/CXCR4 axis and demonstrating its critical

role in organogenesis.

N terminal

|

Figure 4 Secondary structure of the human CXCL12.

C-terminal a-helix

Protein core 3-sheet

CXCL12 is composed by a C-terminal a-helix (pink), a three stranded B-sheet (yellow) that compose the

core of the protein structure, a hinge (purple), and a flexible N terminal.
Accessed in PDB, code 2KEE, Veldkamp et al., 2009, doi: 10.2210/pdb2KEE/pdb

Table 1 Homeostatic chemokines and their receptors are involved in tissue organization.
Adapted by Chen et al., 2018.

Location Chemokines Receptors Function

Skin CCL27 CCR10 Skin homing of T cells

Brain CXCL12 CXCR4 Brain homing of leukocytes
Lung CXCL12 CXCR4 Stromal cell homing

Spleen CCL19, CCL21, CXCL13 CCR7, CXCR5 T cell, B cell and DC homing

Small intestine

Secondary lymphoid

tissues

Bone marrow

CCL25

CCL21, CCL19, CCL13

CXCL12

CCR9

CCR7, CXCR5

CXCR4

Lymphocyte homing

T cell, B cell and DC homing

Neutrophil retention in BM

DC: dendritic cell.



One major tissue defect in both Cxcl127- (Nagasawa et al., 1996), and Cxcr4”- mice (Zou et al.,
1998), was the abnormal formation of the heart ventricles. Nevertheless, in addition to the major
role of CXCR4/CXCL12 in heart development, these two factors are also essential for BM
development. More specifically, both Cxc/l127- (Nagasawa et al., 1996) and Cxcr4”- mice were
characterized by inefficient BM colonization (Zou et al., 1998, Ma et al., 1998). Moreover, in Cxcrd
/- mice, aberrant B cell and neutrophil progenitors were present in the periphery (Ma et al., 1999),
suggesting that CXCR4 is detrimental for the retention of the progenitors within the BM. However,
to further elucidate the mechanisms involved it was necessary to overcome the model lethality
and, consequently, inducible Cxcr4”- and Cxcl127- mouse models were developed, in which the
researchers inactivate the targeted genes in a spatial and temporal controlled manner.

In accordance with the data in total ko mice, induction of CXCR4 depletion in adult mice
significantly reduces the number of BM cells. Simultaneously, the remaining BM HSCs exhibit a
highly proliferative profile (Sugiyama et al., 2006). In contrast to CXCR4 deletion, aberrant CXCR4
signaling is also deleterious for hematopoiesis. More specifically, the familial Warts,
Hypogammaglobulinemia, Infections, and Myelokathexis (WHIM) syndrome is caused by
mutations in the Cxcr4 locus that result in the production of a truncated in the C terminus protein
(Tassone et al.,, 2009). The mutation abrogates CXCR4 internalization and, thus, the
desensitization after the stimulation. As a result, the CXCR4 receptor is constantly active (Tassone
et al., 2009, McDermott et al., 2011, McDermott et al., 2015). WHIM mice, that contains such
mutation in CXCR4, exhibit reduced number of circulating cells and increased BM cell counts
(Freitas et al., 2017). Interestingly, blockade of CXCR4 reverses the WHIM associated leukopenia
in mice (Balabanian et al., 2012), further demonstrating the key role of CXCR4 in the regulation
of BM cell retention and circulation egress.

However, contradicting results have been reported in inducible CXCL127- mouse models
regarding the role of the ligand in BM cell retention. Tzeng et al., reported that deletion of CXCL12
in all cells of adult mice mobilizes HSPC cells to the circulation, while enhancing the proliferative
status of BM HSC. Of note, no reduction in the total BM cellularity was observed (Tzeng et al.,
2011), as it would be expected due to the leukocyte blood egress. On the contrary, inducible
CXCL127- mice that were developed by Ding and Morrison did not exhibit HSPC mobilization in
the periphery. In fact, the number of circulating cells was decreased approximately by half (Ding
and Morrison, 2013), which would rather suggest a role in HSC differentiation and blood cell
production. The contradicting results in these two mouse models, in which CXCL12 was
ubiquitously deleted in all cells, reveal the significance of identifying and specifically targeting the
CXCL12 producing cells in the BM.
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1.3.3. The source of CXCL12 within the HSC niche

Cxcl12 gene produces 6 different protein isoforms in humans and 3 in mice, denoted with the
Greek letters: a, B, v, 6, €, and ¢ for humans, and respectively a, B, and y for mice (Janssens et
al., 2018). Interestingly, in murine BM only the isoforms CXCL12a and CXCL12B have been
detected at mRNA level (Torres and Ramirez, 2009). In addition to the CAR cells (Zhou et al., 2014),
other BM stromal cells have also been attributed with CXCL12 expression. In this regard, the
expression of CXCL12 in osteoblasts has been confirmed in mRNA and protein level (Ponomaryov
et al., 2000, Katayama, et al., 2006), as well as in reporter mice (Ding and Morrison, 2013). Of
note, apart from the osteoblasts, also Osterix* (Osx) osteoblast progenitor cells express CXCL12
(Greenbaum et al., 2013). It can be, thus, concluded that multiple cell types express CXCL12 within
the BM.

The different sources of BM CXCL12 led to the development of multiple hypotheses for the exact
location of the HSCs within the BM and a debate between the supporters of the endosteal versus
the vascular niche. Despite the early evidence on the role of the endosteal cells in HSPC
maintenance (Asada et al., 2013, Nilsson et al., 2005, Driessen et al., 2003), it is now widely
accepted that HSCs reside mainly in a perivascular niche. This hypothesis is supported by
immunofluorescence data on BM sections (Kunisaki et al., 2013), as well as in vivo tracking of
fluorescently labeled HSCs (Acar et al., 2015), and live cell imaging data (Christodoulou et al.,
2020). However, to identify the sole cell type responsible for HSC retention, several mouse
models targeting CXCL12 and SCF have been developed. An elaborate list of these mouse models,
and the phenotype observed is presented in Figure 5. In accordance with the phenotype
described by Tzeng et al., (Tzeng et al., 2011), CXCL12 deletion in Lepr* pericytes and Ng2*
endothelial cells result in HSC mobilization (Szade et al., 2017). In addition to the models of Figure
5, deletion of CXCL12 in Osterix* cells (Greenbaum et al., 2013), but not in mature osteoblasts
(Ding and Morrison, 2013, Greenbaum et al., 2013) mobilizes HSPC to the circulation. These data
suggest that CXCL12 secretion by multiple cell types regulates HSC retention in the BM, although
an overlap in the cells expressing Lepr and Osterix should not be excluded, due to the expression
of Osterix in multipotent stromal cells in the vascular region of the BM (Greenbaum et al., 2013).

However, a great amount of data challenges the idea of the static HSC niche altogether. First,
sinusoids are evenly distributed within the BM (Kunisaki et al., 2013). In this regard, perivascular
HSC are at the same time located within 50um from the endosteum in the human BM (Bourke et
al., 2009), disclosing a complex microenvironment and overlap between the niches. In addition,
recent evidence suggest that CAR cells align to the extracellular collagen in the BM matrix
(Gomariz et al., 2018) and are, thus, distributed within the BM. Finally, in addition to the cells
expressing CXCL12, the extracellular matrix also regulates the protein properties.
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Figure 5 Mouse models developed for targeting CXCL12 and SCF in the HSC niche.
Transgenic mouse models target the expression of CXCL12 and SCF in BM sinusoids, arterioles, or

endosteum. The observed effect in HSPC retention and mobilization is noted when assessed.
Adapted from Szade et al., 2017

The binding of chemokines on sugar molecules, the glycosaminoglycans (GAGs) is a significant
step in chemokine-induced cell migration (Rot, 2010, Hughes and Nibbs, 2018). Chemokines
constantly associate and disassociate with GAGs at the site of their production. This association
and disassociation of the chemokines on the extracellular matrix creates a local chemokine
gradient. Non-immobilized chemokines interact with the chemokine receptors on proximal
leukocytes (Graham et al., 2019) in a 1:1 stoichiometry (Kufavera et al., 2014) and subsequently
direct cell migration (Rot, 2010, Hughes and Nibbs, 2018). CXCL12 interaction with GAGs,
stabilizes the chemokine, and, thus, determines the half-life of the chemokine (O’Boyle et al.,
2009), as well as its chemotactic properties (Connell et al., 2016). Imaging data of the CXCL12
protein distribution within the BM suggest that CXCL12 concentration is rather equally dispersed
within the BM, with some hot spots close to the endosteum (Kunz and Schroeder, 2019). Thus,
CXCL12 expression and its interactions within the BM are complex, and detrimental for HSC
maintenance.
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1.3.4. The role of the CXCL12/CXCR4 axis on Hematopoietic Stem
and Progenitor Cell retention

Despite the advances in the characterization of the CXCL12 expressing cells in the BM, the
mechanism that retains HSCs has not been fully elucidated (Panch et al., 2017). Two main theories
have been proposed to explain HSC retention in the BM. In the first one, the relative difference
in CXCL12 concentration between the BM and the circulation determines hematopoietic cell
egress. According to the second hypothesis, Hematopoietic Stem and Progenitor Cells (HSPCs)
anchor on extracellular CXCL12 via CXCR4 (Hopman and DiPersio, 2014).

The data originating from the total Cxc/127- (Nagasawa et al., 1996) and Cxcr4” mice (Ma et al.,
1999) suggest that the direct binding of CXCL12 on CXCR4 is necessary for HSPC retention.
Accordingly, the CXCR4 antagonist AMD3100 is a clinically used agent for HSPC mobilization.
AMD3100 is a bicyclam originally identified for abrogating HIV entry in T cells by antagonizing for
CXCR4 binding (Donzella et al., 1998, De Clercq, 2003). However, during the clinical studies as a
potent HIV inhibitor, the recipients exhibited a drastic increase of circulating white blood cells 6
hours after AMD3100 administration (Hendrix et al., 2000). The impact of this finding was huge,
since AMD3100 was rejected as an HIV drug, but was approved in clinical practice as a mobilizing
agent. Currently, it is used in clinic together with another mobilizing agent, the cytokine G-CSF,
for poor responders to G-CSF alone. In addition, AMD3100 has been tested in clinical trials in the
WHIM syndrome patients, where it is expected to reverse the leukopenia observed, by abrogating
the CXCR4 signaling. AMD3100 was also tested in clinical trials to treat thalassemia, a disorder
characterized by defective tissue oxygenation by the erythrocytes (Miao et al., 2020). In mice,
mobilization through AMD3100 leads to a profound increase of circulating HSPC within 1 hour
(Winkler et al., 2012), whereas a synergistic effect with G-CSF administration was also observed
(Broxmeyer et al., 2005), similarly to the effect observed in humans.

Furthermore, adhesion molecules have been postulated to act synergistically with CXCR4 for the
anchoring of HSPC within the BM. On the cell membrane there are specialized lipid formations
so-called lipid rafts. CXCR4 has been postulated to be part of the lipid rafts, together with other
transmembrane proteins. As a result, these rigid lipid formations enable the interaction of the
proximal proteins (Hermetet et al., 2019, Ratajczak and Adamiak, 2015, Capitano et al., 2015). In
this manner, the interaction of CXCR4 with a family of transmembrane retention molecules, the
integrins, is facilitated. It has been, thus, hypothesized that CXCR4 activation induces the
subsequent activation of the integrins, and, finally, retains the leukocytes (Donzella et al., 1998).
In this regard, inhibition of the VLA4 (a4B1) integrin complex together with the CXCR4 blockade,
by AMD3100, enhances HSPC mobilization (Ramirez et al., 2009). In addition to integrins, the
transactivation of the c-kit receptor after CXCR4 stimulation also suggests an interplay between
the two receptors (Cheng et al., 2010). These observations demonstrate that HSPC retention may
involve multiple molecules, rather than solely one receptor and its ligand.

Intriguingly, the administration of AMD3100 also affects the concentration of CXCL12 as the levels
of the chemokine in the BM decreases and the concentration of CXCL12 in circulation increases
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(Redpath et al., 2017, Jgrgensen et al., 2021, Dar et al., 2011). Thus, the existence of a CXCl12
gradient between the BM and the circulation has been proposed to regulate HSC retention and
mobilization. The observation that BM stromal cells translocate CXCL12 from circulation to the
BM, in a CXCR4-dependent way (Dar et al., 2005), resulted in the formation of the hypothesis that
the release of CXCL12 from the BM to the circulation is necessary for the AMD3100-mediated
HSPC mobilization (Dar et al., 2011). In accordance with this, injection of recombinant CXCL12
induced the release of HSPC after 1 hour (Dar et al., 2011), whereas, on the contrary, inactivation
of CXCL12 with a specific antibody abrogated the mobilization (Redpath et al., 2017). The
hypothesis was further strengthened by the fact that the mobilizing agent G-CSF also affects BM
CXCL12 levels. However, in contrast to AMD3100, G-CSF has been shown to decrease Cxcl12
expression in bone marrow cells (Day et al., 2015) and osteoblasts (Christopher et al., 2009). In
addition, the concentration of circulating CXCL12 increases in human G-CSF recipients 5 days after
its administration (Gebura et al., 2019), further strengthening the hypothesis regarding the
involvement of the CXCL12 gradient in hematopoietic cell mobilization. Nevertheless, the
identification of an alternate CXCR4 antagonist that mobilize HSPC without affecting the
concentration of CXCL12 (Redpath et al., 2017) and the evidence that AMD3100 acts as a partial
agonist to CXCR4, rather than an inhibitor (Jergensen et al., 2021), demonstrate that the exact
mechanism of HSPC retention in BM remains elusive.

1.4.1. Balancing the axis- the ACKR3 receptor

To fully elucidate the mechanisms involved in the regulation of systemic CXCL12 it is necessary to
assess all chemokine interactions and the signaling pathways involved. Chemokine receptors, like
CXCR4, span in 7 transmembrane regions, while being coupled to a G protein. In this manner, the
binding of CXCL12 in the extracellular region of CXCR4 induces conformational changes in the
helixes lll, V, VI and VIl that activate an intracellular G protein (Wescott et al., 2016, Kufareva et
al., 2017). The G proteins are trimeric proteins, with each subunit labeled with a greek letter a, B,
and y. The activation of the receptor mediates the exchange of the Guanosine-5'-diphosphate
(GDP) molecule to a high energy-molecule of Guanosine-5'-triphosphate (GTP). The GTP provides
the required energy for the release of one subunit (Ga) from the G protein, which consequently,
activates downstream pathways (Hilger et al., 2018). In addition to the Ga-mediated signaling, G
protein coupled chemokine receptors activate downstream pathways also via the GBy subunits
(Thelen, 2001).
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Figure 6 The murine atypical chemokine receptors.

The murine chemokines are classified based on their biological relevance (inflammatory, homeostatic,
dual, unknown). The expression of the 4 atypical chemokine receptors (starting from inside: ACKR1,
ACKR2, ACKR3, ACKR4) in lymph node, spleen and bone marrow is plotted in a heatmap. The binding of

each receptor to chemokines is illustrated with the colored ribbons (ACKR1: RED, ACKR2: GREEN, ACKR3:
BLUE, ACKR4: BLACK).

However, in contrast to CXCR4 and the G-protein coupled chemokine receptors described above,
four chemokine receptors carry a mutation in the 2" intracellular loop that prevents the
activation of a G-protein after stimulation. Due to this attribute, these receptors are termed as
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atypical chemokine receptors (ACKRs) (Zlotnik and Yoshie, 2012, Bachelerie et al., 2014). Figure 6
illustrates the expression of the 4 murine ACKRs (ACKR1, ACKR2, ACKR3, ACKR4) in BM, spleen,
and lymph nodes, based on RNAseq data (gexc.rinken.jp). The ribbons on the figure demonstrate
the receptors interactome, according to the literature (Bonecchi et al., 2004, Zarbock et al., 2007,
Szabo et al., 1995, Kashiwazaki et al., 2003, Jamieson et al., 2005, Hansell et al., 2011, Gosling et
al., 2000, Gardner et al., 2004, Fukuma et al., 2003). It can be, hence, noted the strong expression
of all ACKRs in stromal cell populations in BM and lymph nodes. All receptors are expressed on
endothelial cells, whereas, based on the data set, Ackr3 is additionally present on BM
osteoprogenitor cells and fibroblasts. Another characteristic is that, except for ACKR3 the other 3
receptors exhibit a broad spectrum of chemokine binding. Of note, ACKR1 and ACKR2 interact
only with inflammatory chemokines, which suggests a role for both receptors during
inflammatory responses.

The expression of ACKRs on stromal cells, the multiple binding partners that characterize these
receptors, together with the alternative downstream pathways, compared to the G-protein
coupled receptors, characterize ACKRs and define their importance in the hematopoietic system.
ACKRs possess the ability to bind and internalize chemokines (Stone et al., 2017, Graham et al.,
2012). Chemokine internalization subsequently leads to the subcellular chemokine transfer in the
case of ACKR1, or the chemokine degradation in the case of ACKR2, 3, and 4. Despite the
differences in the mechanisms involved, ACKRs regulate the local chemokine concentration,
consequently, determining the availability of chemokines for the hematopoietic cells (Vacchini et
al., 2016). Finally, ACKR3 signal through B-arrestin dependent pathways (Stone et al., 2017,
Graham et al., 2012). There are two B-arrestins, the B-arrestin 1 and 2, and in contrast to the
trimeric G proteins, they are monomeric structures, characterized by two B-sheet domains (Hilger
et al., 2018). B-Arrestins mediate receptor internalization after stimulation (Galliera et al., 2004),
via the formation of intracellular vesicles (Laporte et al., 2002, Goodman et al., 1996). The
intracellular transfer of the receptor terminates the signaling cascade that was initiated after the
chemokine binding. However, the interaction of a receptor with a B-arrestin is not silent, as p-
arrestins initiate kinase cascades that, finally, result in changes in gene expression (DeWire et al.,
2007). In summary, by regulating the availability of chemokines in the microenvironment, and by
stimulating B-arresting signaling cascades, ACKRs alter the microenvironment and regulate
indirectly hematopoietic cells.

The atypical chemokine receptor that interferes with CXCR4/CXCL12 axis is the atypical
chemokine receptor 3 (ACKR3). The receptor, initially cloned in dog thyroid cells, was named
Receptor Dog cDNA1 (RDC1) and was initially characterized as a G protein, based on its sequence
and the similarities observed with known GPCRs (Libert et al., 1990). Interestingly, the first ligand
described for RDC1 was the vasoactive intestinal peptide (VIP) (Sreedharan et al., 1991), a
hypothesis that was corrected 2 years later, after the identification of the human VIP receptor
(HVR) (Sreedharan et al., 1993). The observation that murine CXCR4”" liver cells could still bind to
CXCL12 led Burns et al., to search for an additional CXCL12 receptor and to finally identify ACKR3.
In addition to CXCL12, ACKR3 binds with lower affinity to the inflammatory chemokine CXCL11
(Burns et al., 2006). Moreover, similarly to CXCR47- and CXCL127 mice, ACKR37" mice exhibit
16



enhanced mortality, due to cardiac malformation (Yu et al., 2011, Gerrits et al., 2008, Sierro et
al., 2007). Interestingly, CXCR4 and ACKR3 share additionally another ligand. The cytokine
macrophage Migration Inhibitory Factor (MIF) binds to the heterodimer of CXCR4 and the
transmembrane protein CD74 inducing murine B cell migration (Schwartz et al., 2009; Klasen et
al., 2014). In addition, MIF interacts also with ACKR3, as the cytokine blocks CXCL11 binding to
ACKR3 expressing cells (Alampour-Rajabi et al., 2015). The shared binding pattern between MIF
and CXCL12 stage MIF as a factor in the CXCR4/ACKR3/CXCL12 axis. However, in contrast to
CXCR47-, CXCL127-and ACKR3”" mice, MIF/- mice are viable (Harper et al., 2010), and, hence, the
cytokine could be considered as a supplementary element of the CXCR4/CXCL12/ACKR3 axis.

The structural differences between CXCR4 and ACKR3 orchestrate alternative downstream
pathways after the receptor activation. The activation of the G protein downstream of CXCR4
leads to the disassociation of the Ga subunit and the activation of the c-Jun, and NF-kB
transcription factors, or the mTORC2 pathway (Kawaguchi et al., 2019). On the contrary, as
discussed above, ACKR3 does not signal through a G-protein (Zlotnik and Yoshie, 2012, Burns et
al., 2006, Canals et al., 2012, Levoye et al., 2009), but rather via B-arrestin 2 (Zabel et al., 2009,
Rajagopal et al., 2010, Min et al., 2020), which subsequently activates the Extracellular signal
Regulated Kinases (ERK) pathway (Rajagopal et al., 2010). In addition to the differential
downstream pathways, both receptors are subject to regulatory mechanisms. In this regard, a
family of kinases, the G protein-coupled receptor kinases (GRK), differentially phosphorylates the
serine/threonine residues in both CXCR4 and ACKR3, consequently regulating the receptor
activity. CXCR4 can be phosphorylated by the GRK2, 3, and 6, whereas ACKR3 is only
phosphorylated by GRK2. These phoshorylations regulate the activation of the receptors and their
deregulation is correlated with disease pathogenesis (Fumagalli et al., 2019). In addition, binding
dynamics are different between the receptors, as the ACKR3/CXCL12 interaction is characterized
by a slow dissociative rate (Gustavsson et al., 2019), while, finally, ACKR3 has been shown to
internalize and scavenge the bound chemokine (Zabel et al., 2009, Canals et al., 2012), regulating
in this way the chemokine availability.

Based on these features, different hypotheses have been proposed for the role of ACKR3 in the
CXCR4/CXCL12 axis (Figure 7). The first hypothesis (Figure 7A) claims the direct activation of
ACKR3 upon CXCL12 binding via the B-arrestin 2 (Zabel et al., 2009, Rajagopal et al., 2010, Min et
al., 2020). Accordingly, early studies on ACKR3 underlined a key role for the receptor in cell
survival (Burns et al., 2006) and migration (Balabanian et al., 2005, Zabel et al., 2009). Another
proposed mechanism is the regulation of the CXCR4/CXCL12 signaling through the formation of
CXCR4/ACKR3 heterodimers (Figure 7B). Cells expressing both receptors form both homo- and
heterodimers (Lipfert et al., 2013, Décaillot et al., 2011, Gao et al.,, 2020). The formation of
ACKR3/CXCR4 heterodimers abrogated the CXCR4-mediated response after CXCL12 stimulation
(Décaillot et al., 2011, Levoye et al., 2009). Finally, the last hypothesis supports that ACKR3
controls CXCL12 availability for the alternative binding partner, the receptor CXCR4 (Figure 7C).
Pharmacological inhibition of ACKR3 in healthy human volunteers using the antagonist ACT-1004-
1239 induced a transient increase in circulating CXCL12 concentration (Huynh et al., 2021).
Similarly, despite the perinatal lethality described before (Berahovich et al., 2010), Berahovich et
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al claim that the surviving Ackr37- mice exhibit 5 times higher concentration of circulating CXCL12
(Berahovich et al., 2014). In addition, the deletion of ACKR3 resulted in enhanced CXCR4
activation in murine brain cells (Abe et al., 2014). Finally, it is possible that ACKR3 scavenging
properties mediate local effects in CXCL12 concentration, enabling the formation of a local
chemokine gradient. The best characterized in vivo model for the CXCL12 gradient is the
chemotaxis of the primordial germ cells in zebrafish. The zebrafish primordial germ cells migrate
where gametes will eventually form. This migration depends on the CXCL12-mediated CXCR4
stimulation (Lau et al., 2020). ACKR3 deletion on somatic cells of the zebrafish abrogated the
primordial cell migration, whereas ectopic injection of the ACKR3 transcript altered the migration
pattern (Boldajipour et al., 2008). In vitro, Torisawa et al., developed a system to assess gradient
formation with HEK293 cells overexpressing either CXCL12 or the chemokine receptors CXCR4
and ACKR3. The system revealed that CXCR4 cells migrate towards CXCL12 only when in proximity
to ACKR3 expressing cells (Torisawa et al., 2010), revealing the importance of ACKR3 in the
formation of the gradient. To my knowledge, these hypotheses on the mechanisms by which
ACKR3 regulates the CXCR4/CXCL12 axis have not been so far assessed within the BM niche.

A) B) C)
(]

® PY CXCL12 CXCL12
CXCL12

Figure 7 Models of ACKR3/CXCR4/CXCL12 axis.

A) ACKR3 signals through the B-arrestin pathway after binding of CXCL12. B) In cells that co-express ACKR3
and CXCR4, the formation of a heterodimer abrogates the G-protein mediated signaling of CXCR4. C)
ACKR3 degrades CXCL12, decreasing the availability of CXCL12 in the local microenvironment.

1.4.2. ACKR3 in hematopoiesis

ACKR3 is broadly expressed in human and murine tissues. In humans, ACKR3 has been detected
in liver, placenta, and spleen, at both mRNA, and protein level. In addition, using a CXCL12 binding
assay it was demonstrated that human umbilical vein endothelial cell (HUVEC) line express ACKR3
(Berahovich et al., 2014). In mice, Ackr3 is expressed in the murine brain (Schénemeier et al.,
2008, Banisadr et al., 2016), while both the mRNA and the protein are also present in kidney,
heart, and spleen (Heesen et al., 1998, Berahovich et al., 2014). In addition, two reporter mouse
models have been developed to assess ACKR3 expression (Gerrits et al., 2008, Banisadr et al.,
2016). The insertion of the lacZ gene under the Ackr3 reporter revealed the expression of ACKR3
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in the endosteal region of long bones (Gerrits et al., 2008). Similarly, the generation of a GFP
knock in model demonstrated that the receptor is also present in the cranial vasculature (Cruz-
Orengo et al., 2011), thus, confirming the expression of ACKR3 on stromal cells.

Nevertheless, the expression of ACKR3 on hematopoietic cells remains controversial (Infantino et
al., 2006, Humpert et al., 2012, Humpert et al., 2014, Torossian et al., 2014, Tarnowski et al.,
2010). Ackr3 mRNA is not detected in human hematopoietic cells (Berahovich et al., 2010).
Berahovich et al., reported the expression of ACKR3 only in murine primitive erythroid cells
(Berahovich et al., 2010). Interestingly, the role of the receptor on BM hematopoiesis and HSC
biology remains unknown. On the contrary, flow cytometric analysis of Ackr3%” reporter mice
revealed a small population of splenic B cells expressing ACKR3, which was not present in lymph
nodes (Cruz-Orengo et al., 2011). Radice et al., identified these ACKR3"* cells as splenic marginal
zone B cells. ACKR3 has a functional role in spleen organization and the establishment of immune
responses, as the deletion of the receptor abrogated the formation of a marginal zone in spleen
in mice (Radice et al., 2020). Hence, despite being expressed in a small B cell subset, ACKR3
possesses a regulatory role in the splenic microenvironment. However, the expression of the
receptor in HSPC and the role of ACKR3 in HSPC maintenance and retention remain
undetermined.
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2. Aims of the study

Chemokines are key regulators of hematopoiesis under steady state and inflammatory
conditions. The homeostatic chemokine CXCL12 and its receptors, CXCR4 and ACKR3 are crucial
during development, as deletion of either component is lethal in mice at embryonic stage
(Nagasawa et al., 1996, Zou et al., 1998, Ma et al., 1998, Sierro et al., 2007). CXCR4 is expressed
on hematopoietic cells, as well as in stromal cells (Oberlin et al., 1996, Dar et al., 2005). CAR cells
are the main cells producing CXCL12 within the BM (Sugiyama et al., 2006). ACKR3 has been
shown to be present in the endosteal part of the BM, whereas the expression on hematopoietic
cells remains controversial (Gerrits et al., 2008; Humpert et al., 2014; Torossian et al., 2014).
CXCR4/CXCL12 axis plays a major role in BM cell retention (Ma et al., 1999; Tzeng et al., 2011).
However, different hypotheses have been proposed on the mechanism by which BM cell
mobilization occurs. The two main models could be summarized as the “constant retention”, in
which CXCR4 is constantly binding to CXCL12, subsequently activating surface integrins and, thus,
maintaining the cells within the BM. On the other hand, according to the “gradient” hypothesis,
the relative difference on the CXCL12 concentration between the BM and the circulation
regulates hematopoietic cells’ localization. On the contrary, the role of ACKR3 in hematopoiesis
remains elusive. Thus, my project aimed to elucidate:

A. The role of ACKR3 on HSPC maintenance
1. Description of the ACKR3 expressing cells in the BM
employing Ackr3¢f? reporter mouse model
2. Investigation of the role of ACKR3 in BM cell maintenance
Ubc-Creff2 Ackr3/o/flox mice were employed in steady state conditions.
3. Identification of the ACKR3-dependent mechanisms in the BM
employing knockout mouse models for the two main ligands, CXCL12 and MIF
4. Evaluation of the role of ACKR3 in BM cell reconstitution
by immunohistochemistry and flow cytometry in BM cell-depleted mice after
administration of the cytotoxic compound 5 Fluorouracil.

B. Scrutinizing the mechanism of the HSPC retention

1. Investigation of the role of ACKR3 on BM cell retention
inhibiting ACKR3 in an inducible Ubc-CrefR? Ackr3fo/flx mouse model and via a
pharmacological inhibitor

2. Evaluation of the “Gradient” hypothesis for BM cell retention
depleting CXCL12 in an inducible Ubc-CrefR™ Cxcl12fo/fl* mouse model and by increasing
the circulating CXCL12 after in vivo injection of AMD3100 or injection of recombinant
CXCL12.

3. Evaluation of the “Constant retention” hypothesis for BM cell retention
Employing an inducible Ubc-CrefR™ Cxcr4/fox mouse model, as well as the HSC specific
Fgd5¢¢ERT2 Cxcr4flo/flox mouse model

4. Evaluation of the role of the stromal cells in BM cell maintenance
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by bone marrow transplantation of CXCR4** hematopoietic cells in CXCR47" murine
recipients and by bone marrow transplantation of CXCR47- hematopoietic cells in CXCR4*/*
murine recipients
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3. Materials and Methods

3.1 Laboratory Equipment

Table 2 Laboratory equipment used in the study

Equipment Provider
Laboratory Balance, TE124S Sartorius
Laboratory Balance, M-Power Sartorius
Centrifuge, 5810 R Eppendorf
Centrifuge, Universal 32 R Hettich
Microcentrifuge, Biofuge Pico Heraeus
Vortex mixer, VV3 VWR
ThermoMiixer, C Eppendorf
Thermomixer, comfort Eppendorf
Multichannel Pipets, PIPETMAN Neo Gilson
Hotplate stirrer, Ruhromag MH12 Retsch
Pipettes Gilson
Waterbath Memmert
Incubator, CB210 Binder
Microcentrifuge tubes Eppendorf
EDTA tubes Sarstdedt
Pipette tips (10ul-1ml) Starlab
Falcon tubes (15 and 50ml) Corning
Falcon 5ml round bottom tubes BD Falcon

3.2 Animal handling

All mouse lines were bred and maintained in the LMU Klinikum animal facility. All mice were
housed in individually ventilated cage (IVC).

Ackr3°fP reporter mice (Cruz-Orengo et al., 2011) were purchased from Jackson Laboratory (stock
#008591). The mice carry an insertion of the Gfp gene instead of the second exon of the Ackr3
locus. Thus, the mice carrying the GFP protein have only one Ackr3 expressing allele. Due to the
significant perinatal lethality observed in Ackr3”7 mice (Yu et al., 2011), the Ackr3°? line was
maintained in heterozygous background. As control, mice without the Gfp insertion, Ackr3**,
were used. C57BL/6J (stock #000664) and C57BL/6N (stock #005304) mice were purchased from
Jackson Laboratory. Apoe”” mice (Piedrahita et al., 1992) were obtained from in house breeding
or purchased from Jackson Laboratory (stock #002052). Tissues from MIF/- mice were kindly
provided by Prof. Jirgen Bernhagen (Klinikum der Universitat Miinchen, Munich, Germany).

Mice carrying Cxcr4fox/flox 3llele (Nie et al., 2004) were kindly provided by Prof. Y. Zou (Columbia
University, New York, US). These mice contain two loxP sites in intron 3 and exon 2 of the Cxcr4
gene. Ackr3fo</flox mice (Berahovich et al., 2010) were kindly provided by ChemoCentryx, Inc
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(Mountain View,CA). Cxcl12flo¥/flox mice were generated in our institute (Déring et al., 2019). All
flox-containing mouse lines were maintained in Apoe”” background.

In order to introduce cell specific gene deletions in vivo, the Cre recombinase technology was
employed. The Cre recombinase was initially found on bacteriophages. Due to its ability to
recognize loxP genetic regions and excise the DNA sequence found among these flag regions
(Shaikh and Sadow, 1997), it has been widely used for in vivo DNA recombination. In this regard,
Ubiquitin (Ubc)-CrefR™? mice (Ruzankina et al., 2007) were bought from Jackson Laboratory (stock
#007001). In this line, a gene encoding the Cre recombinase fused with a mutated human
estrogen receptor has been inserted under the promoter of the constitutively expressed human
ubiquitin C. As a result, the transgenic protein is expressed in all cells (Ruzankina et al., 2007).
However, due to the presence of the modified human estrogen receptor, the produced Cre
recombinase is inactive. In order to activate the recombinase, the administration of the ligand,
tamoxifen, is required (Feil et al., 1997). Thus, when crossing these mice with the flox-containing
lines stated above, the gene of interest is excised in all tissues, after the administration of
tamoxifen. All Ubc-CrefR"™ lines were maintained in Apoe” background.

Tamoxifen (Sigma; cat.no. T 5648) was diluted in MIGLYOL® 812 (Caelo; cat.no. 52622-27-2) at
37°C. Subsequently, the solution was aliquoted in syringes containing 50ul. The tamoxifen was
administered intraperitonially (i.p.) for 5 consecutive days in a dosage of 50ug per 20g of mouse
weight. To assess the effect of gene deletion, mice were compared to flox-containing mice, which
did not express the Cre recombinase.

Finally, Fgd5%¢"-C¢ERT2 mjce (Gazit et al., 2014) were purchased from Jackson Laboratory (stock
#027789). The mice are knock-in, as the Fgd5 allele has been replaced with two genes coding the
fluorescent protein Zoantus Green (ZsGreen), and the CrefR"? recombinase described above. Thus,
Fgd5 expressing cells are fluorescent due to the presence of the protein ZsGreen, and the
administration of tamoxifen induces the intracellular production of the Cre recombinase. As a
result, when crossed with a flox-containing line the desired gene is excised in the Fgd5* cells.
Fgd5<¢/“re mice are lethal (Gazit et al., 2014), and, hence, mice were maintained in heterozygous
background. Fgd5*/* mice, which were not expressing the Cre protein, were used as control. The
Fgd5%56r-CreERT2 |ine was maintained in Apoe” background.

Proliferating cells were depleted in vivo using the cytotoxic agent, 5-Fluorouracil (5FU) (Sigma;
cat.no. F6627). The agent was diluted in 1x Phosphate Buffered Saline (PBS) (Gibco; cat.no. 10010-
015) and was subsequently injected i.p. in a dosage of 250mg/kg of mouse. The effect of the cell
depletion was determined with the comparison of the 5FU-treated mice to PBS-injected mice.
Mice were sacrificed 4, 10, and 21 days (d) later.

In order to inhibit CXCR4 in vivo, the CXCR4 antagonist AMD3100 (Selleckhem; cat.no S8030) was
used. The lyophilized inhibitor was dissolved in 1x PBS. 10mg/kg of AMD3100 were administered
i.p., as previously described (Liu et al., 2015). 1x PBS was injected in the respective control group.
Mice were sacrificed 1 hour (h) later.
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Finally, in order to administer CXCL12 in vivo, recombinant murine CXCL12 (Biolegend; cat.no.
578706) was diluted in 1x PBS containing 0.1% Albumin (Roth; cat.no. 3737.3). The recombinant
chemokine was injected intravenously (i.v.), whereas mice injected with the vehicle, 0.1%
Albumin in PBS, were used as control group. Mice were sacrificed 30min later.

3.2.1 Bone marrow transplantation
Table 3 Antibiotic mix for BM transplantation

Antibiotic Grams/50ml of dH.0 Provider; catalogue number
Neomycin 5g Gibco; cat.no. 538242
Polymyxin 0.5g Sigma; cat.no. 544628

Whole BM cells obtained from Apoe”- donor mice were transplanted to Ubc-CrefR7? CXCR4/ox/flox
and CXCR4/*/flox recipient mice. Accordingly, BM cells originating from Ubc-Cref?™ CXCR4/ox/flox
and CXCR4//flx donor mice were transplanted to Apoe”” recipient mice. Age matched and sex
matched donors were chosen for all bone marrow transplantation (BMT) experiments.

Prior to the BMT, the recipient mice were treated for 48h with the antibiotics described in Table
3. The recipient mice were irradiated twice, 24h and 4h before the transplantation, with 6 Gray
(Gy), for 8.5 minutes (min), using a CP-160 Cabinet X-Radiator (Faxitron X-Ray Corp.).

To obtain the donor cells, donor mice were sacrificed, and the femurs were dissected. Femoral
BM cells were flushed in 1x PBS under sterile conditions and 2.5x10° cells were aliquoted in
syringes to a final volume of 100pl. Recipient mice were shortly maintained under UV light, in
order to induce vasodilation. Donor cells were injected i.v. to the recipients. Mice remained under
antibiotics for 4 weeks. After this recovery phase, mice were treated with tamoxifen, as described
above, to excise the Cxcr4 gene.

3.2.2 In vivo Pharmacological inhibition of ACKR3

To pharmacologically inhibit ACKR3 in vivo, an antagonist that will be referred to the rest of the
thesis as compound X was used, as previously described (Richard-Bildstein et al., 2020, Zabel et
al., 2009). Male and female C57BL/6N and C57BL/6J mice were employed. Animals were sacrificed
1h, 6h or 3d later. Animals were allocated to groups in a randomized manner.

3.2.3 Animal anesthetization, blood and organ collection

Age matched, and sex matched mice were sacrificed for experimental purposes. At the
experiment endpoint mice were deeply anesthetized with 6-8mg/kg Xylazin and 120mg/kg
Ketamin solution. After loss of reflections, whole blood was collected from the retro orbital plexus
in an EDTA-containing tube. Mice were then surgically dissected and were subsequently perfused
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with 1x PBS. Finally, organs were collected. All animal experiments were planned and held
according to the local legislation (District Government of Upper Bavaria, Germany; License
Numbers: Gz ROB-55.2-2532.Vet_02-16-186 and Gz ROB-55.2.-2532.Vet_02-18-96) and the
institutional and national guidelines for laboratory animals.

3.3 Molecular Methods

3.3.1 DNA isolation
Weaned mice were marked with ear punches, and a tail biopsy was stored for the determination
of the genotype.

Tail DNA was isolated from the biopsy using the ReliaPrep™ gDNA Tissue Miniprep System
(Promega; cat.no. A2051), according to manufacturer’s instructions. More specifically, the tail
tissue was homogenized in 100ul tail lysis buffer supplemented with 20ul Proteinase K solution
at 56°C overnight. 300ul of cell lysis buffer supplemented with 20ul of RNAase A solution were
subsequently added, and samples were incubated at 56°C for 10min. Samples were centrifuged
for 1min at maximum speed and the supernatant was collected to a new centrifuge tube. 250ul
of binding buffer was added and samples were transferred to ReliaPrep Binding Columns. The
columns were centrifuged for 1min at maximum speed and the flow-through was discarded. The
columns were washed three times with 500ul Column Wash Solution, followed by centrifugation
for 2min at maximum speed, and the discard of the flow-through. After the last wash, the columns
were placed in a sterile microcentrifuge tube. Finally, for the elution of the DNA, dH,0 was added
to the columns and the tubes were centrifuged for 1min at maximum speed. The columns were
discarded and the eluted DNA in the tube was stored at -20°C until further usage.

3.3.2 End Point PCR

To determine the mouse genotype, as well as to verify the deletion of the Ackr3 gene after the
injection of tamoxifen, end point Polymerase Chain Reaction (PCR) was performed. The PCR
master mix is shown in Table 4. Each PCR reaction contained 5ul of DNA, whereas the polymerase
used was the GoTagq DNA Polymerase (Promega; cat.no. M3001). The sequence of the primers
used, and the expected size of the DNA products in base pair (bp), is listed in Appendix A. The
reaction was performed in Mastercycler Nexus (Eppendorf) with the program shown in Table 5.

Table 4 PCR master mix

Component Volume
GoTaq® DNA polymerase 7.5 ul
dH,0 3ul
Forward Primer (10uM) 0.75 ul
Reverse Primer (10uM) 0.75 ul
DNA 5 ul
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Amplified DNA products were visualized by gel electrophoresis. 2% Agarose (Sigma, cat.no.
A9539) gel was prepared in 1x TAE buffer (Applichem; cat.no. APA1691) containing 0.5ug/ml
Ethidium Bromide (Sigma; cat.no. 1239-45-8). Samples were loaded on the gel and subjected to
electrophoretic separation in a DNA electrophoresis Cell (Bio-Rad). 1kB TAE ladder (Invitrogen,
cat.no. 10787-018) was also loaded on the gel to determine the size of the DNA products. Picture
acquisition was done under UV light (Intas UV System). Genotype was determined according to
the size of the DNA products.

Table 5 PCR Program for end point PCR

Step Temperature Time Cycles
Initial Denaturation 95°C 2min 1x
Denaturation 95°C 30sec

Annealing 55-63°C 30sec 35x
Extension 68-72°C 2min 30sec

Final extension 72°C 5min 1x

3.3.3 RNA isolation

Harvested murine tissues were snap frozen in liquid nitrogen and stored in -20°C. Tissue samples
were thawed, and the tissue weight was determined. An equal amount of tissue was used for the
RNA isolation.

Total RNA was isolated using the RNeasy Mini kit (Qiagen; cat.no. 74104), according to the
manufacturer’s protocol. 700ul of Qiazol Lysis Reagent was added and the samples were
homogenized for 2min in a TissueLyser LT (Qiagen) in the presence of a stainless-steel bead
(Qiagen; cat.no. 69989). The homogenate was incubated at RT for 5min. 140ul of chloroform was
added and samples were vortexed for 15 seconds (s). Samples were incubated for 2min at RT and
were subsequently centrifuged for 15min at 12,000g. The aqueous phase was collected in a new
microcentrifuge tube and 1.5 times the sample volume of 100% ethanol (Merck; cat.no. 64-17-5)
were added. The sample was mixed vigorously and was immediately loaded into an RNAeasy Mini
column. Samples were centrifuged at 12,000g for 1min and the flow-through was discarded.
Columns were washed with 700ul of RWT, centrifuged for 1min at 12,000g and the flow-through
was discarded. Columns were washed again with 500ul of RPE, centrifuged at 12,000g for 1min
and the flow-through was also discarded. Finally, to dry the membrane, the samples were
centrifuged at 12,000g for 2min. Columns were subsequently placed in a sterile microcentrifuge
tube and the RNA was eluted with the addition of 30-50ul of dH,0. The samples were centrifuged
at 12,000g for 1min and the flow-through was stored at -20°C.

3.3.4 RNA quantification and cDNA synthesis
Prior to further use, the concentration of the isolated RNA was quantified, and the purity of the
nucleic acid was assessed using a NanoPhotometer (Implen). 1ul of RNA sample was used to
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determine the optical density (OD) at 260nm, 280nm and 230nm. A value of OD;60/OD2so above
1.5 was generally accepted, while samples with a value of OD260/OD;30 lower than 0.7 were
disqualified. Using the sample with the lowest RNA concentration, the total amount of RNA used
for the cDNA synthesis was determined, and all samples were normalized accordingly with the
addition of dH,0.

The cDNA synthesis was performed using the High Capacity cDNA Reverse Transcription kit
(ThermoFisher; cat.no. 4368814) using a maximum of 2ug of RNA, according to the
manufacturer’s instructions. Briefly, a master mix was prepared, as shown in Table 6. 10ul of
normalized RNA sample were mixed in a microcentrifuge tube with 10ul of Master mix. cDNA
synthesis was then performed according to the program in Table 7. cDNA samples were stored at
-20°C.

Table 6 Master mix for cDNA synthesis

Component Volume
10x RT Buffer 2 ul
25x dNTP Mix (100mM) 0.8 pl
10x RT Random Primers 2 ul
MultiScribe Reverse Transcriptase 1ul
Nuclease-free dH,0 4.2 ul

Table 7 Program for cDNA synthesis

Step 1 Step 2 Step 3
Temperature 25°C 37°C 85°C
Time 10min 120min 5min

3.3.4 Real time PCR

Quantitative PCR (qPCR) was performed with the GoTaq qPCR Master mix (Promega; cat.no.
A6002). The components of each gPCR reaction are shown in Table 8. 25-50ng of reverse
transcribed RNA were used per reaction. The sequence of the primers used is listed in Table 9.
The amplification program is described in Table 10. qPCR reaction was performed in a 7900HT
Fast Real-Time PCR (ThermoFisher) and gene expression was analyzed according to the 224¢T
method, with Gapdh used as reference gene.
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Table 8 Master mix for gPCR

Component Volume
GoTaq® gPCR Master Mix 10 pl
CXR Reference Dye 0.1 pl
Forward Primer (10uM) 0.6 pl
Reverse Primer (10uM) 0.6 pl
cDNA + ddH,0 8.7 ul

Table 9 Primer Sequence for qPCR

Gene Sequence (5°> 3°)

Cxcl12 Forward CTT CAT CCCCATTCT CCT CA
Reverse GAC TCT GCT CTG GTG GAA GG

Ackr3 Forward AACCTCTTT GGG AGCATCTTCTT
Reverse GGT GCC GGT GAA GTA GGT GAT

Gapdh Forward GTG AAG GTC GGT GTG AACG
Reverse GGT CGTTGATGG CAACAATCT C

Table 10 Program for qPCR

Step Temperature Time Cycles
Initial Denaturation 95°C 15min 1x
Denaturation 95°C 15sec

Annealing 58°C 30sec 40x
Extension 72°C 30sec

3.4 Tissue Processing

3.4.1 Blood analysis

To analyze hematological parameters one drop of blood was assessed using a hematology
analyzer (Scil Vet abc). Blood was aspirated, and the number of erythrocytes (RBC) and platelets
were assessed. In addition, the concentration of hemoglobin (Hgb), hematocrit (Hct) and the
erythrocyte mean corpuscular volume (MCV) were measured.
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3.4.2 Plasma and BM supernatant collection

Collected blood was aliquoted in EDTA tubes and one vial was maintained at 4°C for plasma
isolation. For plasma collection, blood was centrifuged at 2,000g for 10min at 4°C. Plasma was
isolated and, subsequently, stored at -20°C until further use.

After femoral dissection, the knee was removed, and the femurs were placed in a pipette tip. The
tips were placed in a microcentrifuge tube which was then centrifuged at 10,000g for 1min. The
BM cell pellet was resuspended in 250-500ul of sterile 1x PBS. The resuspended BM cells were
further centrifuged at 2,000g for 10min at 4°C. BM supernatant was collected and stored at -20°C.
BM cell pellets were then resuspended in 1ml 1x PBS and the cells were subsequently used for
the assessment of protein expression by flow cytometry.

3.4.3 Flow Cytometry

3.4.3.1 Preparation of cell suspensions

Extracellular and intracellular protein expression was assessed by flow cytometry. Spleen and
kidney tissues were minced by applying mechanical pressure on 30um cell strainers placed upon
falcon tubes. Filters were rinsed with 1x PBS and collected cells were transferred to 5ml falcon
tubes with round bottom for flow cytometry. Lung, liver and aorta, were cut in pieces and were
subsequently digested in the presence of 100ug/ml Liberase™ TM Research Grade (Roche; cat.no.
5401127001). Samples were incubated for 40min at 37°C at 500rpm orbital shaking. After
digestion, cells were transferred in flow cytometry tubes equipped with cell strainer cap (Falcon;
cat.no. 352235) in order to discard undigested pieces of tissue. BM and blood cells were directly
transferred to flow cytometry tubes.

In order to quantify cell events 10ul of Precision Counting Beads (Biolegend; cat.no 424902) were
added to all cell suspensions prior to any further processing. Red blood cells in spleen and blood
samples were then lysed after incubation with 1x RBC lysis buffer (Biolegend; cat.no. 420301) for
10min at RT. Cell suspensions of all tissues were centrifuged at 350g for 5min and the supernatant
was discarded. Cell pellets were subsequently used for extracellular and intracellular antibody
staining.

3.4.3.2 Extracellular and intracellular staining

The extracellular CXCR4 expression was assessed in an ex vivo binding assay. The assay employed
the fluorescently labeled ligand, CXCL12, whereas the specificity of the binding was determined
using the CXCR4 inhibitor, AMD3100, according to the scheme on Figure 8. More specifically, BM
cells from every mouse were transferred in two flow cytometry tubes. One sample was incubated
with 1x PBS alone, whereas the other was incubated with 1x PBS supplemented with 2uM of
AMD3100. Cells were incubated at 37°C for 5min. Then, 1x PBS supplemented with CXCL12
labeled with the fluorescent molecule Alexa Fluor 647 (Almac; cat.no. CAF-50) was added to all
samples to a final concentration of 40nM. Cells were incubated for additional 15min at 37°C.
Finally, samples were washed with 1x PBS, centrifuged at 350g for 5min and cell pellets were
stained with antibodies targeting extracellular epitopes.
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Figure 8 Scheme of ex vivo binding assay.

BM cells were treated with PBS or AMD3100. After 5min incubation CXCL12-Alexa Fluor 647 was
supplemented for 15min incubation at 37 °C. Cells were washed and subsequently stained with the
antibody mix for extracellular proteins.

In order to assess the intracellular ROS and the mitochondrial content, BM cells pellets were
resuspended in IMDM culture medium (ThermoFisher; cat.no. 12440053), supplemented with 2%
Fetal Bovine Serum (Sigma Aldrich; cat.no. F7524) and 2.5ug/ml Dihydrorhodamine (DHR) 123
(Sigma; cat.no. D 1054) or respectively 20nM MitoTracker Deep Red FM (ThermoFisher; cat.no.
M22426). DHR 123 can passively diffuse across the mitochondrial membrane. There, in the
presence of oxygen, the dye becomes fluorescent. Similarly, MitoTraker can passively diffuse
membranes and stains active mitochondrial. Cells were incubated at 37°C for 20min. Afterwards,
cells were washed with 1x PBS and centrifuged at 350g for 5min. The cell pellets were
subsequently stained for extracellular epitopes.

To assess the extracellular epitopes, an antibody mix was prepared in 1x PBS containing 0.5%
Albumin. Cell pellets were resuspended in 100ul of antibody mix and were incubated at 4°C.
Appendix B contains all antibodies employed for flow cytometry and the dilution in which they
were used. Unstained CD16/32 antibody was included in all antibody mixes that did not otherwise
contain fluorescently labeled CD16/32, in order to block Fcy receptors. After 45-60min
incubation, samples were washed with 1x PBS and centrifuged at 350g for 5min. The supernatant
was discarded, and cell pellets were resuspended in 200-500ul for sample acquisition.

Cell apoptosis was evaluated by assessing caspase 3 and caspase 7 activity. Cell suspensions were
firstly stained extracellularly. Cells were washed by centrifugation and cell pellets were
resuspended in 1x PBS supplemented with 1uM Caspase-3/7Green Reagent (ThermoFisher;
cat.no. C10740). Samples were incubated at 37°C for 30min. In apoptotic cells, the active caspase
3 and caspase 7 cleave the four amino acid peptide (DEVD) of the reagent. The cleavage releases
a DNA binding dye, which then fluorescently labels the apoptotic cells, and allows their detection.
In order to determine the percentage of caspase* cells, an unstained control was used.
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In order to assess intracellular epitopes, as well as the cell cycle, the Foxp3 / Transcription Factor
Staining Buffer Set (ThermoFisher; cat.no. 00-5523-00) was used. Briefly, cells already stained for
surface antigens, were washed and centrifuged. The pellets were initially fixed with 200ul
Fixation/Permeabilization buffer for 20min at RT and were later washed with 100ul 1x
Permeabilization buffer. An antibody mix was prepared using 1x Permeabilization buffer as
diluent. Cell pellets were resuspended in the antibody mix and incubated for additional 20min at
RT. Cells were finally washed with 1x PBS and resuspended at 200-400ul of 1x PBS for acquisition.

3.4.3.3 Sample acquisition and analysis

Cell events were recorded using the BD FACS Canto Il (BD Biosciences) and the LSRFortessa (BD
Biosciences). The FlowJo analysis program (BD Biosciences) was used for the analysis. Cell events
were gated according to the gating strategies shown in Figures 9-18.

The absolute cell counts were calculated based on the number of counting beads recorded and
the beads concentration in the samples, according to the formula:

Recorded cells x Counting beads Concentration (beads/ul)

Recorded beads x Volume of sample

The expression of ACKR3 in Ackr3%" mice, and of Fgd5 in Fgd5%%™e" mice was assessed by
calculating the A mean Fluorescent Intensity (MFI) of the fluorescent molecules, according to the
formula:

AMFI = Sample MFI - Average MFI of control samples

of each independent experiment. When stated, the log, of the AMFI values was calculated, after
normalizing for the minimum value.

For the analysis of the intracellular ROS and the mitochondrial content staining data, samples
were normalized as the fold change to the control samples of each independent experiment
according to the formula:

Sample MFI
Average MFI of ctrl samples

Fold change =
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CD1lb ——>

Ly6G — >

Ly6C — »

CD1lb ——

B220

Ter19 ———
Figure 9 Gating strategy for BM mature leukocytes.
BM classical monocytes (CM) were identified as CD115*CD11b*Ly6C"&", whereas non-classical monocytes
(NCM) were gated as CD115* CD11b*Ly6C"°". Neutrophils were identified as CD115CD11b*Ly6G". B cells
were gated as CD11b'Ly6C'B220* and erythroid cells as CD11b'Ly6CB220Ter119".
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Figure 10 Gating strategy for leukocytes in blood and spleen.

Circulating and splenic CM were identified as CD45*CD11b*CD115*Ly6C"e", whereas NCM were gated as
CD45'CD11b*CD115'Ly6C"°". Neutrophils were identified as CD45*CD11b*Ly6G".Circulating B cells were
gated as CD45*CD11b'B220* and T cells as CD45*CD11bCD3". Lineage Scal* ckit® (LSK) cells in blood and
spleen were gated as CD45'CD11b'B220°CD3ckit"®"Scal*, whereas MPC as CD45'CD11b'B220°CD3
ckit"&Scal",

CD19 —
CD45 —>»

Y
cb21 —

CD45 ——> CD19 ——

Figure 11 Gating strategy for splenic marginal cells.
Splenic marginal leukocytes were gated as CD45*CD19°CD21*, whereas follicular cells were gated as

CD45°CD19*CD23".
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Figure 12 Gating strategy for BM HSPC.
LSK cells were gated as Lineage™ Scal* ckit, whereas MPC as Linckit"&"Scal. HSCs gated as Lin

ckit*Scal*CD150*CD48°, MPP1 as Linckit*Scal*CD150°CD48", MPP2 as Lin'ckit*Scal*CD150*CD48*, MPP3 as
Lin"ckit*Sca1*CD150°CD48"*. Granulocyte-Monocyte Progenitor (GMP) cells were gates as Linckit*Scal
CD16/32*CD34*, Common Myeloid Progenitor (CMP) as Linckit'Scal’CD16/32°"CD34"°%, and
Megakaryocyte-Erythroid Progenitor (MEP) as Lin'ckit*Scal CD16/32°CD34.

Lin: CD3, Grl, B220, Ter119, CD11b.

MPP1 cells
—>

z T
&) &)
i 2
DEVD —> DEVD —>
FMO control DEVD*sample

Figure 13 Representative figure of the gating strategy for assessment of apoptosis.
Representative figure of MPP1 cells gated as Caspase*, based on the fluorescence of the DEVD substrate,

and the background fluorescence of the Fluorescence Minus One (FMO) control.
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Figure 14 Representative figure of the gating strategy for assessment of the cell cycle.

Representative figure of HSCs gated as Linckit*Scal*CD150*CD48" assessed for the presence of the Ki67
nuclear protein. Ki67* cells were considered as proliferative cells, whereas Ki67 were considered as

quiescent.

. |]J beads:

: Lymphocytes.

SSC-A ——
IgD

FSC-A—> cD138 ——>

Figure 15 Gating strategy for the BM plasma cells.
Plasma cells were gated in the BM as CD138*IgD" leukocytes.

CD31
CD31

CD45 ——> Scal —>»

Figure 16 Gating strategy for the endothelial cells in lung, aorta, and liver.
The endothelial cells in the lung, aorta, and the liver were gated as CD45°CD31"* cells.
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Figure 17 Gating strategy for the endothelial cells in kidney.
The endothelial cells in the kidney were gated as CD45°CD31*Scal" cells.

_—

ckit
CD31
CD31

Lin E— CD45 ——
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Figure 18 Gating strategy for the endothelial cells in BM.
Aortic endothelial cells (AECs) were gated as Lin'CD45CD31*Scal* cells. Sinusoid endothelial cells (SEC)

were gated as Lin\CD45'CD31*Scal*, whereas fibroblasts as LinCD45°CD31'CD140a* cells.
Lin: Ter119, CD11b, Grl.

3.4.4 Enrichment of LSK cells

Hematopoietic Lineage™ Scal* ckit* (LSK) cells were isolated with the EasySep Mouse
Hematopoietic Progenitor Cell Isolation Kit (STEMCELL Technologies; cat.no. 19856), according to
the manufacturer’s instructions. Briefly, BM cells were centrifuged at 350g for 5min and the
supernatant was discarded. In 1ml of BM cell pellet 50ul of rat serum was added in order to block
unspecific antibody binding. Cells were transferred into a flow cytometry tube, and 50ul of
Isolation cocktail, containing antibodies against Lin* cells, was added. Cells were stained for 15min
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at 4°C. Then, RapidSpheres were vortexed for 30s and 75ul were added in the samples. After
10min incubation at 4°C, 2ml of 1x PBS containing 1% BSA were supplemented and the samples
were placed into an Easysep Magnet for 3min. After that, the magnet was inverted and the
unbound, LSK enriched cells were poured into a 15ml Falcon tube.

Quantification of the isolated cells was performed by flow cytometry, as described above, with
the addition of counting beads, and the subsequent acquisition of the samples in a flow
cytometer. Cell counts were normalized, and cells were used in the colony formation assay.

3.4.5 Colony Formation Assay from blood and BM cells

To assess the colony formation potential of cells in the periphery, 100ul of blood cells were lysed
as previously described, and washed. Cell pellet was resuspended in 100ul IMDM containing 2%
FBS and were mixed with 1ml mouse Methylcellulose Complete Media (R&D Systems; cat.no.
HSC007). Cells were vortexed and plated in 10mm dishes (Starlab). Cells were cultured in a
humidified incubator at 37°Cin presence of 5% CO,. At day 10, pictures of the colonies were taken
using a Fusion Solo S Western blot and chemiluminescence imaging system (Vilber) and the
number of colonies was counted.

Similarly, 1,000 of enriched BM LSK cells were centrifuged at 350g for 5min. Cell pellets were
resuspended in 100ul IMDM containing 2% FBS. Cells were subsequently mixed with
methylcellulose complete media, plated in dishes and cultured. The number of colonies
originating from BM LSK cells was assessed at day 7. In addition, cells were harvested in 1x PBS
and cell suspensions were used for flow cytometry analysis. The number of produced cells was
assessed with the addition of counting beads, as previously described.

3.5 Immunosorbent assays

3.5.1 ELISA

BM SCF and CXCL12 concentration in plasma and BM supernatant were assessed by Enzyme-
Linked Immunosorbent Assay (ELISA). SCF was quantified using the Murine SCF Standard ABTS
ELISA Development kit (PeproTech; cat.no. 900-K78). ELISA 96-well plates (ThermoFisher
Scientific) were coated with 1ug/ml of capture antibody against SCF. The antibody was diluted in
1x PBS and the plate was incubated overnight. The wells were aspirated and subsequently washed
3 times with 0.05% Tween in 1x PBS. After each washing step, the plate was inverted and blotted
against paper towels in order to completely remove the buffer. After the last wash, 300ul of
blocking buffer (1x PBS supplemented with 1% BSA) was added for 1 hour at RT. Standard samples
were made by serial dilutions of 20ng/ml of SCF in diluent buffer (0.1% BSA and 0.05% Tween-20
in 1x PBS). After blocking, the plate was washed 3 times. The samples or the SCF standards were
added to the plate. After 2h the samples were aspirated, and the wells were washed 3 more
times. 100ul of detection antibody for SCF was added in a concentration of 0.25ug/ml and

37



incubated for 2 more hours. The plate was washed, and the Avidin-HRP Conjugate was added
diluted 1/2000 in diluent. The plate was incubated for 30min at RT. Finally, the plate was washed
3 times and 100ul of ABTS Liquid Substrate were added. The plate was incubated in the dark for
approximately 30min. For the detection, the absorbance was assessed in an Infinite F200 Pro
Plate reader (Tecan) spectrophotometer at 405nm.

The quantification of BM and circulating CXCL12 was performed using the Mouse CXCL12 alpha
Quantikine ELISA kit (R&D Systems; cat.no. MCX120) and the Legend Max Mouse CXCL12 beta
ELISA kit (Biolegend; cat.no. 444207). These kits include pre-coated wells, and, hence, samples or
standards were directly added to the plates without prior coating nor blocking of the ELISA plate.

In order to detect CXCL12B, standard samples were prepared with the serial dilution of 10ng/ml
of recombinant protein. The samples and standards were then added to the plate and were
incubated for 2h at RT. The plate was then washed 3 times, and the detection antibody for
CXCL12B was added. After 1h incubation, the plate was washed again and 100l of Avidin-HRP
were added. The plate was incubated for 30min at RT. The plate was thoroughly washed 3 times.
Finally, 100ul of Substrate solution, provided by the manufacturer, were added. The plate was
incubated 20min at RT in the dark. The reaction was stopped with the addition of 100ul of Stop
solution, and the plate was detected at the spectrophotometer at 450nm.

To assess the concentration of CXCL12a, standard samples were prepared with the serial dilution
of 10ng/ml. The diluted samples and the standards were then added to the plate. After a 2h
incubation at RT, the plate was washed 3 times. 100pl of the detection antibody against CXCL12a
was added and the plate was incubated for additional 2h. The plate was washed 3 times and 200ul
of Substrate solution, provided by the manufacturer, were added. The plate was incubated for
30min at RT, protected from light, until, finally, 50ul of Stop solution were added. The absorbance
was then detected in the spectrophotometer at 450nm.

The absolute protein concentration of all ligands was determined with the generation of a
standard curve. More specifically, the absorbance and the concentration of the standard samples
were plotted in two axes in order to generate a sigmoidal curve. This curve was used to
interpolate the protein concentration in the samples, based on the optical density values.

3.5.2 Legendplex Flow assay

For the screening of protein concentration in the BM supernatant, the 13-plex assay
LEGENDplex™ Mouse HSC Panel (Biolegend; cat.no. 740677) was used. Briefly, the analyte
standards were reconstituted and serially diluted. 25ul of undiluted samples or standards were
added in duplicates in a 96-well plate. 25ul of fluorescently labeled beads were added into each
well. The plate was incubated for 2h at RT under shaking. Then, the plate was centrifuged at 250g
for 5min and washed twice with wash buffer, provided by the manufacturer. 25ul of detection
antibodies against the 13 cytokines was added, and the plate was incubated for 1h under shaking.
The fluorescent dye PE was finally supplemented, and the plate was incubated 30min in the dark.
The plate was washed twice. After the final wash the samples were resuspended in wash buffer
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and the samples were transferred into flow cytometry tubes. The samples were acquired in the
LSRFortessa (BD Biosciences).

For the analysis of the results the .fcs files obtained from the cytometer were loaded to the
LEGENDplex 8.0 Data analysis software. A standard curve was done for each analyte according to
the fluorescence intensity of the serially diluted standards. The standard curves were used for the
determination of the samples’ concentration.

3.6 Immunohistochemistry techniques

3.6.1 Bone decalcification and preparation of sections

Femurs, tibias and spines harvested for imaging were incubated in Paraformaldehyde (PFA)
(Sigma-Aldrich; cat.no. P 6148) for 2 days at 4°C. Bones were subsequently decalcified in EDTA
10% (Gerbu; cat.no. 1034) for 10 days. Finally, bones were incubated overnight in PBS with 30%
sucrose (Sigma-Aldrich; cat.no. 84100) and the tissues were finally embedded in Tissue-Tek OCT
compound (Sakura). 20um thick BM sections were made in a cryostat Leica CM3050S, which were
eventually used for immunohistochemistry.

Slides were rinsed with 1x PBS and blocked in 1x PBS containing 2% Albumin and goat serum for
approximately 2h. Slides were subsequently incubated for 90min in permeabilization buffer
containing 0.4% Triton X100 (Merck; cat.no. 9036-19-5) in 1x PBS supplemented with 1% Albumin.
Slides were incubated with appropriate antibodies (Table 11), diluted in the permeabilization
buffer. Slides were stained at RT for 2 days.

Table 11 List of antibodies used for immunohistochemistry

Epitope Fluorochrome Clone Company Catalogue Number
CD45 Pacific Blue 30-F11 Biolegend 103125
GFP 635P Chromotek gbas635p-100

3.6.2 Immunohistochemistry and image analysis

Prior to imaging, slides were thoroughly washed with 1x PBS and were mounted in Immu-Mount
mounting medium (ThermoFisher; cat.no. 9990402). For the detection of the cellular nuclei, the
Antifade Mounting Medium Vectashield was used supplemented with DAPI (Biozol; cat.no. H-
1200). Finally, the samples were sealed with 1.5 thick coverslips (Menzel; cat.no. 631-0853).
Pictures were acquired using the Leica TCS SP8 confocal laser scanning microscopy (CLSM),
equipped with a 63/1.30 glycerol immersion objective and a 20/0.75 Multi-Immersion microscope
objective.
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The immunohistochemistry figures assessing the GFP expression, without any further
computational analysis were deconvolved using the Huygens Professional software (Scientific
Volume Imaging B.V.).

For the analysis of the GFP signal in the BM sections of Ackr3°?/* mice the LASX 3D software was
used. In more details, tilescan images of transverse BM sections were acquired. At the first step
of the analysis, the Gaussian blur filter was applied. Then, the median fluorescent intensity (MFI)
and the number of GFP* cells was determined for all sections. The number of GFP* cells was
calculated to the area of the picture (in mm?). In each imaging session, the average value for these
two measurements was computed for every mouse. The two average values were subsequently
normalized to the average value of the control, Ackr3** mice of that imaging session. In total 3-6
sections were acquired per mouse in multiple imaging sessions, until a normalized value for the
MFI signal and the number of GFP* cells was calculated for each mouse. Finally, the average values
and the standard deviation (SD) of all mice were pooled together and plotted.

3.8 Statistical analysis

Summary data is presented as mean + standard error mean (SEM), whereas individual data is
presented as mean. All statistical analyses were done using GraphPad Prism version 9.0 for
Windows (GraphPad Software).

Data Gaussian distribution was assessed before the selection of statistical test using the Shapiro-
Wilk test or the Kolmogorov-Smirnov test. Differences in data following a lognormal distribution
were assessed using a Mann-Whitney U test. Prior to any statistical comparison, the data variance
was compared among the groups were compared. For the comparison of two groups an unpaired
2-tail t test was used, with Welch’s correction when appropriate. For multiple comparisons a False
Discovery Rate (FDR) of 5% was used. For the comparison of multiple groups, 1 or 2-way ANOVA
was used. For data with significant different variances Welch’s ANOVA was used. Corrections for
multiple comparisons were done using an appropriate post hoc test. A confidence interval of 95%
was selected as threshold. The survival curves were compared using a Log-rank Mantel Cox test,
with the confidence interval of 95% set as threshold.
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4. Results

4.A Role of ACKR3 on HSPC maintenance

4.A.1 Description of the ACKR3 expressing cells in the BM

| used Ackr3°" reporter mouse line to map the expression of ACKR3 in the BM. In these mice, one
allele encoding for Ackr3 gene has been replaced by a Gfp sequence. As a consequence, GFP is
produced when ACKR3 is expressed. To identify the ACKR3 expressing cells of the BM, bones were
harvested, fixed, decalcified, and subsequently sectioned. Figure 19A shows a transverse section
of the epiphysis of the BM. The GFP signal, and thus, the ACKR3 expression was limited only to
the endosteal part. Islets of leukocytes are discerned on Figure 19A stained with the nuclei marker
DAPI being GFP~. The expression of ACKR3 in endosteal cells can be better visualized in the
diaphysis of longitudinal sections in Figures 19B-C. The co-staining with the DAPI reveals that
ACKR3-expressing cells were DAPI* and were, thus, nucleated cells (Figure 19C). To verify that the
observed GFP signal is not due to autofluorescence, | stained longitudinal sections with a GFP
booster, an anti-GFP antibody emitting in a separate red channel. As shown in Figure 20A there
was a certain background staining when using the GFP booster, even in the Ackr3** mice, which
do not express GFP. Nevertheless, the anti-GFP antibody binds on the GFP* endosteal cells,
revealing the specificity of the GFP signal in these cells. Thus, these data suggest that ACKR3 is
uniquely expressed in the endosteal part of the BM.

Ackr3+*

Ackr36FP/+

Figure 19 ACKR3 is expressed in the endosteum of murine femurs.
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A) Representative immunofluorescence micrograph of transverse section of femur from Ackr3°** mouse.
B) Immunofluorescence of longitudinal sections of femurs from Ackr3** and C) Ackr3°""* mouse. GFP*
(yellow) cells and DAPI* (blue) cells can be discerned.

Ackr3** Ackr3cP Ackr3cFPr

Figure 20 The GFP signal on endosteal cells is specific.
Representative immunofluorescence figure of longitudinal sections of femurs from A) Ackr3**, and B-C)

Ackr3°* mouse assessed for the presence of GFP (yellow) (upper panel), and the GFP booster (magenta)
(lower panel).

The primary data obtained by immunofluorescence did not indicate expression of ACKR3 on
murine leukocytes. However, to scrutinize this hypothesis, | assessed the expression of the
atypical chemokine receptor in BM leukocytes and stromal cells by flow cytometry. As shown in
Figure 21A, BM HSC and progenitor cells did not significantly express ACKR3. Interestingly, BM
plasma cells, identified by the expression of CD138, expressed high levels of ACKR3. BM stromal
cells, aortic endothelial cells (AEC) and sinusoid endothelial cells (SEC), as well as fibroblasts were
negative for ACKR3 expression. Similarly, in circulation, myeloid and lymphoid mature cells were
ACKR3" (Figure 21B). In spleen only marginal B cells were ACKR3* (Figure 21C), in accordance with
previously described findings (Radice et al., 2020), whereas splenic myeloid cells did not express
the receptor. In summary, our results revealed that ACKR3 expression within the BM is restricted
to the endosteal cells and plasma cells, while HSPC do not express the receptor.
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Figure 21 Expression pattern of ACKR3 on hematopoietic cells and BM stromal cells.

Expression of ACKR3 on A) BM leukocytes and stromal cells, B) circulating blood cells, C) splenic cells in
Ackr3°F/* (green) mice, assessed by flow cytometry. Data are shown as mean + SEM. A-C) The expression
of the Ackr3°/* mice was normalized to that of the control Ackr3*/* (n=3-5, in 2 independent experiments).
Factorial ANOVA, with Sidak post hoc test.

Next, | asked whether a chronic inflammatory condition such atherosclerosis could induce ACKR3
expression. Mice which are deficient for the Apolipoprotein (Apo) E spontaneously display
hypercholesterolemia, changes in hematopoiesis and as a consequence develop atherosclerotic
plaques in the arterial wall (Zhang et al., 1992). |, thus, assessed the expression of ACKR3 in
different tissues of the ApoE-deficient mice. In accordance with my previous observations in
steady state, | found that ACKR3 was also expressed in the endosteal cells of Apoe” Ackr3°F/+
mice (Figure 22A). Interestingly, the expression of ACKR3 on endosteal cells was not restricted in
femurs, as ACKR3 expression marked the endosteum of tibias (Figure 22B) and the endosteal cells
of spines (Figure 22C). To assess the expression of ACKR3 on hematopoietic cells under these
conditions, leukocytes from BM, blood, and spleen were assessed by flow cytometry for the GFP
expression. No GFP signal was detected in any tested BM hematopoietic cells of these mice
(Figure 23A). Circulating myeloid and lymphoid cells did not express ACKR3 either (Figure 23B).
On the contrary, marginal B cells remained ACKR3* under low grade inflammatory conditions
(Figure 23C). To summarize, these data suggest that ACKR3 is a gene characterizing the endosteal
cells in murine tissues, whereas murine HSPC do not express ACKR3 under steady state and low-
grade inflammatory conditions.
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Figure 22 ACKR3 is expressed in the endosteum of bone tissues in Apoe”" mice.

Representative immunofluorescence micrograph of GFP* (yellow) cells and DAPI* (blue) cells in longitudinal
sections of A) femur and B) tibia from Apoe”*- Ackr3°*/* mouse. C) Immunofluorescence micrograph of
transverse section of spine from Apoe”*- Ackr3°""/* mouse.
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Figure 23 Expression pattern of ACKR3 on hematopoietic cells in Apoe”" mice.
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Expression of ACKR3 on A) BM hematopoietic cells, B) circulating blood cells, C) splenic cells in Apoe™-
Ackr3°F/* (green) mice, assessed by flow cytometry. Data are shown as mean + SEM. A-C) The expression
of the Ackr3°/* mice was normalized to that of the control Ackr3** (n=2-5, in 2 independent experiments).
Factorial ANOVA, with Sidak post hoc test.

4.A.2 Investigation of the role of ACKR3 in BM cell maintenance in steady state and
in low grade inflammatory conditions

The expression of ACKR3 on BM stromal cells prompted me to investigate the role of ACKR3 on
hematopoiesis. Since Ackr3”- mice are 70% lethal (Sierro et al 2007), | backcrossed Ackr3flox/flox
mice with the tamoxifen inducible Ubc-Creff™? mouse model, to generate Ubc-CretR™? Ackr3/1ox/flox
mice that | named Ubc-Ackr3”- mice here and in the rest of the thesis. Consequently,
administration of tamoxifen results in the excision of the Ackr3 gene in all cells. Mice were
sacrificed 3 weeks after the initial tamoxifen injections, genomic DNA was isolated from murine
tails and an end point PCR was performed to assess Ackr3 deletion. As shown in Figure 24A, in the
Ubc-Ackr3”- mice the Ackr3 gene has been excised and the PCR product is of lower molecular
weight (approximately 300bp) compared to the control Ackr3"/fo* mice (1500bp). In addition,
since marginal B cells exhibited distinct ACKR3 expression, | evaluated the presence of ACKR3 by
flow cytometry, using a specific anti-ACKR3 antibody (clone 11G8). As shown in Figure 24B the
expression of ACKR3 on marginal B cells was reduced approximately by >50% in the Ubc-Ackr3”-
mice, validating the efficiency of the deletion in the mouse model.
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Figure 24 Validation of the ACKR3 deletion in Ubc-Ackr3”" mice.

A) Representative gel with the PCR products on the Ackr3 gene in 3 Ackr3//1°* (ctrl) and 3 Ubc-Ackr3”
(ko) mice. DNA from Apoe”" mouse (wt DNA) was also included as additional control. B) Expression of
ACKR3 on marginal B cells, as assessed by flow cytometry using the anti-ACKR3 antibody 11G8 in
Ackr3f/flox (blue) and Ubc-Ackr3” (red) mice (n=3). Data are shown as mean + SEM. Unpaired t test.

Next, | asked whether ACKR3 affects the maintenance of HSCs, the cornerstone of hematopoiesis.
To this end, | first assessed HSC metabolism, by measuring the intracellular accumulation of ROS
using the fluorescent dye DHR 123. HSCs in Ubc-Ackr3”- mice exhibited a 50% increase of ROS
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content compared to the respective ACKR3//flx mice (Figure 25A). This effect was not observed
in any other of the HSPC subsets. |, thus, wondered, whether this increase in the levels of ROS
was associated with an accumulation of mitochondria in this population. To determine the
mitochondrial content of HSPCs after ACKR3 deletion, BM cells were stained with the
mitochondrial fluorescent label MitoTracker. Nevertheless, as shown in Figure 25B, HSC and
progenitor cells from Ubc-Ackr37- mice did not contain more mitochondria compared to control
group. Because the metabolic state and the ROS concentration in HSCs (Ito et al., 2006, Rodrigues-
Moreira et al., 2017, Pilo and Angelucci, 2018) has been associated with cell quiescence, | then
assessed the apoptosis and the proliferation rate of HSPC in Ubc-Ackr3”- mice. To assess cell
apoptosis, | treated BM HSPC with a fluorescently labeled substrate for caspase 3 and 7. However,
the accumulation of ROS in HSCs did not result in increased apoptosis, as the percentage of
Caspase* cells was comparable between the two groups (Figure 25C). In order to assess cell
proliferation, HSPC cells were stained intracellularly for the nuclear protein Ki67. Interestingly,
there was a significant decrease on the quiescent Ki67- cells in HSC, MPP1 and MPP3 populations
in Ubc-Ackr3”- mice. Accordingly, the percentage of proliferative Ki67* HSC and MPP1 cells was
approximately double in mice lacking ACKR3 (Figure 25D-F). The proliferation of the
subpopulation MPP2 was not assessed, due to the low number of cells.
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Figure 25 ACKR3 regulates ROS accumulation and HSC quiescence.

A) Intracellular ROS levels on HSPC in Ackr37°/fo% (blue) and Ubc-Ackr3”" (red) mice (n=7, in 2 independent
experiments). B) Mitochondrial content of HSPC (n=7, in 2 independent experiments). C) Percentage of
Caspase* HSPCs (n=6-7, in 2 independent experiments). D) Frequency of Ki67" and Ki67* cells for the
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assessment of cellular proliferation in HSC, E) MPP1, F) MPP3 cells (n=12-16, in 4 independent
experiments). Data are shown as mean + SEM. A-B) MFI values of Ubc-Ackr3”" cells were normalized to
control Ackr3/*/fx cells of each independent experiment. A-C) 2way ANOVA, with Sidak post hoc test. D-
F) Multiple unpaired t tests, with 5% FDR correction according to Benjamini, Hochberg step up approach.

The aberrant proliferation observed after the deletion of ACKR3 prompted me to hypothesize a
deficient HSC differentiation towards mature cells. To this end, enriched LSK cells were plated in
methylcellulose matrix and the number of colonies formed was quantified at day 7. The number
of colonies produced did not significantly decrease in the Ubc-Ackr3”" mice, as LSK cells produced
an average of 33 colonies, in comparison to the 54 colonies deriving from the control mice (Figure
26A). Moreover, when assessing the number of cells produced in the colonies by flow cytometry,
there was no difference between the two groups (Figure 26B).
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Figure 26 ACKR3 does not affect LSK differentiation.
A) Quantification of colonies formed by LSK cells from control Ackr3f°* (blue) and Ubc-Ackr3” (red) mice

(n=3). B) Number of cells produced in the colonies, assessed by flow cytometry (n=5-6, in 2 independent
experiments). Data are shown as mean + SEM. A-B) Unpaired t test.

In accordance with the ex vivo data on LSK differentiation, ACKR3 deletion did not drastically
affect hematopoietic cell production. In particular, the total BM cellularity in control and Ubc-
Ackr3”/ mice was comparable, as assessed by flow cytometry (Figure 27A). Additionally, the
number of BM HSPC remained unaltered (Figure 27B). Accordingly, no changes were observed in
the counts of mature myeloid, erythroid as well as B cells in the BM (Figure 27C). Thus, our data
suggest a role for ACKR3 in the maintenance of HSPC under low oxidative conditions and
quiescent. Nevertheless, the receptor does not affect the HSC potency to differentiate into
mature cells in steady state conditions.
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Figure 27 ACKR3 deletion does not affect BM cell production.

A) Quantification of total BM cells in Ackr3/°/°* (blue) and Ubc-Ackr3”" (red) mice (n=8-11, in 2
independent experiments). B) Quantification of BM HSPC cells (n=10-11, in 3 independent experiments)
and C) BM mature myeloid and lymphoid cells (n=6-10, in 2 independent experiments), assessed by flow
cytometry. Data are shown as mean + SEM. A) Unpaired Student’s t test. B-C) 2-way ANOVA, with Sidak
post hoc test.

4.A.3 Identification of the ACKR3-related mechanisms in the BM

To elucidate the mechanism by which ACKR3 affects BM HSPC metabolism, | screened the
presence of cytokines that are known to regulate HSC biology, in the BM supernatant of Ubc-
Ackr37- mice. Out of the 13 cytokines of the LEGENDplex assay, 10 were detectable in the samples.
Nevertheless, no differences were observed between the two groups (Figure 28). Interestingly,
the concentration of the well described ligand of ACKR3, the chemokine CXCL12, remained
unaltered in the BM supernatant after ACKR3 depletion.
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Figure 28 ACKR3 deletion does not alter the proteome of the BM supernatant.

A) LEGENDplex assay for the quantification of 10 cytokines in the BM supernatant in Ackr3/°#°* (blue) and
Ubc-Ackr3” (red) mice (n=3). Data are shown as individual values with mean. Multiple t test, with 5% FDR
correction according to Benjamini, Hochberg step up approach.
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To determine whether ACKR3 maintains HSC quiescence via CXCL12, | evaluated the oxidative
status of HSCs and cell proliferation in CXCL12 knock-out (CXCL127") mice. Due to the lethality of
the global KO (Nagasawa et al., 1996), | utilized an inducible Ubc-Cxcl127- mouse model, by
crossing Cxcl12°%/flox mice with the Ubc-Creff™ mice. As control, Cxcl12o¥/flox mice were used.
Mice were harvested 2 months after the initial tamoxifen injection and the CXCL12 concentration
was assessed in both BM and circulation. As shown in Figure 29A-B, the two main isoforms of
CXCL12 in BM, the CXCL12a and CXCL12B were 6 times and 4 times respectively decreased in the
BM supernatant of Ubc-Cxcl127- mice compared to control mice. In addition, circulating CXCL12a
exhibited also an approximate 10-fold reduction in the plasma of the Ubc-Cxcl127~ mice (Figure
29C), and, thus, | safely concluded that CXCL12 was massively reduced in this mouse model and
thus could be used for further experiment.
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Figure 29 CXCL12 is adequately depleted in Ubc-Cxcl127- mice.

ELISA for A) CXCL12a (n=7, in 3 independent experiments) and B) CXCL12B (n=4-5, in 2 independent
experiments) in BM supernatant of Cxc/12/°¥/fx (blue) and Ubc-Cxcl12”~ (red) mice. C) ELISA for CXCL12a
in plasma (n=7, in 3 independent experiments). Data are shown as mean + SEM. A-C) Unpaired t test.

Interestingly, the depletion of CXCL12 increased the ROS content in HSCs by approximately 40%
(Figure 30A) and induced the intracellular accumulation of mitochondria. Ubc-Cxcl127- mice
exhibited a 0.8-fold increase in the mitochondrial content of HSCs (Figure 30B). As expected, this
increase in both ROS content and mitochondrial mass was followed by enhanced proliferation in
HSCs (Figure 31A), MPP1 (Figure 31B) and MPP3 cells (Figure 31C). In summary, these data
revealed that CXCL12 mediates the regulation of the oxidative status of HSC, and consequently
HSPC quiescence.
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Figure 30 CXCL12 regulates ROS levels and the mitochondrial content on HSCs.

A) Intracellular ROS levels on HSPC in Cxcl12/fx (blue) and Ubc-Cxcl127 (red) mice (n=9, in 3 independent
experiments). B) Mitochondrial content of HSPC (n=6, in 2 independent experiments). Data are shown as
mean + SEM. A-B) 2-way ANOVA, with Sidak post hoc test.
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Figure 31 CXCL12 maintains HSPC quiescent.

A) Frequency of Ki67" and Ki67* cells for the assessment of cellular proliferation in HSC, B) MPP1, C) MPP3
cells in Cxcl12/1°¢ (blue) and Ubc-Cxcl127" (red) mice (n=11, in 4 independent experiments). A-C) Data
are shown as mean + SEM. Multiple unpaired t tests, with 5% FDR correction according to Benjamini,
Hochberg step up approach.

MIF has been described as an alternative ligand of ACKR3 (Alampour-Rajabi et al., 2015), thus Mif
/- mice were also employed to evaluate whether MIF affects HSC metabolism similarly to ACKR3
ko and CXCL12 ko mice. However, absence of MIF did not significantly alter the number of HSPC
cells in the BM (Figure 32A). In addition, the concentration of ROS (Figure 32B), and the
mitochondrial content (Figure 32C) of HSC and MPP cells did not significantly change in Mif’ mice.
In addition, the cell proliferative rate remained also at levels comparable to the steady state mice
in both HSCs (Figure 32D), MPP1 (Figure 32E) and MPP3 cells (Figure 32F). Together these results
indicate that despite the described role of ACKR3 as scavenging receptor, depletion of the
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receptor does not significantly alter the CXCL12 concentration in the BM. Nevertheless, depletion
of CXCL12 induces an oxidative profile on HSCs, and enhances cell proliferation, phenocopying
the effects observed in Ubc-Ackr3”- mice. On the contrary, deletion of MIF does not affect HSC
proliferation, hence, suggesting that ACKR3 maintains HSC quiescence mainly via CXCL12.
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Figure 32 MIF does not regulate HSC quiescence.

A) Number of HSPC cells in the BM of Mif”* (blue) and Mif”" (red) mice (n=5), as assessed by flow
cytometry. B) Assessment of intracellular ROS levels on HSPC (n=4-5). C) Mitochondrial content of HSPC
(n=4-5). D) Frequency of Ki67- and Ki67"* cells for the assessment of cellular proliferation in HSC, E) MPP1,
and F) MPP3 cells (n=5). Data are shown as mean = SEM. A-C) 2-way ANOVA, with Sidak post hoc test. D-
F) Multiple unpaired t tests, with 5% FDR correction according to Benjamini, Hochberg step up approach.

4.A.4 Evaluation of the role of ACKR3 in BM cell reconstitution

The phenotypic changes in HSC metabolism after depletion of the ACKR3 prompted me to
investigate the biological relevance of these changes in a model of emergency hematopoiesis. To
this end, | employed 5 Fluorouracil (5FU), a cytotoxic drug used in clinic as a chemotherapeutic
agent that depletes proliferative cells (Heidelberger et al., 1957, Casale and Crane, 2020). To
assess whether myeloablation induces the expression of ACKR3 on hematopoietic cells, 5FU was,
firstly, administered in Ackr3** and Ackr3°"/* mice and ACKR3 expression was assessed 4, 10 and
21 days later.
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The progression of cell depletion after 5FU administration was similar in control and Ackr3¢7/*
mice and no significant differences were observed between the two groups. At day 4 BM
monocytes were greatly reduced in both groups, as classical monocytes (CM) reached an average
of approximately 29 cells in the femur of 5FU-treated Ackr3** mice and 65 cells in the 5FU-treated
Ackr3°F?/* mice, respectively (Figure 33A). Similarly, non-classical monocytes (NCM) decreased
approximately 30 times after 5FU treatment in the control mice, and 23 times in the 5FU-
Ackr3°F?/* mice. The effect of the agent on neutrophils was less pronounced. Finally, erythroid
cells and BM B cells were not significantly depleted (Figure 33A). In accordance with the BM cell
depletion, an average of 247 circulating CM was measured in 1ml of peripheral blood in 5FU-
treated Ackr3*/* mice (Figure 33B). The depletion was even more pronounced in the 5FU-treated
Ackr3%?/* mice as an average of 89 circulating CM was measured in 1ml of blood, which
corresponds to a 10-fold drop compared to the steady state Ackr3°”* mice (Figure 33B).
Circulating neutrophils, B, and T cells were not significantly depleted after 5FU treatment (Figure
33B). The ablation pattern was similar in spleen, where the number of CM and NCM was
extremely low. Thus, the total number of CD11b*CD115* cells was gated as the monocyte
population. The number of splenic monocytes had a 13 and 30-fold decrease in the control and
the Ackr3°f"* mice respectively after the 5FU administration. Interestingly, B cells were also
decreased in the Ackr3°F*/* mice after the 5FU treatment (Figure 33C). Of note, 5FU affected also
the LSK and MPC cells in both groups. The cell counts of both cell types reached an average of
approximately 1,000 cells/spleen, when at steady state conditions range to approximately
30,000-40,000 cells (Figure 33C). In accordance with the observations made in spleen, BM HSPC
cells were also depleted at day 4 after the 5FU treatment. Figure 34A illustrates a representative
figure of the BM Lin~ gated cells, in which it is evident that the populations of LSK and MPC cells
were absent in the 5FU treated BM. Figure 34B shows the quantification of the BM LSK cell
depletion, further revealing the drastic effect 5FU had on BM HSPC. Thus, day 4 after the 5FU
treatment reveals the effect of the agent on hematopoietic cells. Monocytes are the cells mainly
affected, although it should be noted that HSPC cells are also depleted. However, no differences
were observed on the effect of 5FU between the Ackr3** and Ackr3°f"/* mice. Thus, our model
could be used for the assessment of the ACKR3 expression under these conditions.
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Figure 33 Administration of 5FU depletes monocytes in all tissues in control and Ackr3°//* mice.

A) Number of mature cells in the BM of SFU-treated Ackr3** (blue) and Ackr3°* (red) mice, in comparison
to the steady state Ackr3** (black) and Ackr3°"* (green) mice (n=4-6, in 3 independent experiments),
assessed by flow cytometry. B) Number of circulating cells (n=3-7, in 3 independent experiments). C)
Number of hematopoietic cells in spleen (n=4-9, in 3 independent experiments). Data are shown as mean
+ SEM. A-C) 2-way ANOVA, with Tukey post hoc test.
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Figure 34 Administration of 5FU depletes BM HSPC in control and Ackr3°/ mice.

A) Representative figure of flow cytometry for HSPC cells in control and 5FU treated BM. Cells have been
previously gated as Lin". B) Quantification of the number of HSPC cells in the BM of 5FU treated-Ackr3**
(blue) and 5FU treated- Ackr3°"* (red) mice, in comparison to the steady state Ackr3** (black) and
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Ackr3°/* (green) mice (n=6-9, in 3 independent experiments). Data are shown as mean = SEM. 2-way
ANOVA, with Tukey post hoc test.

Nevertheless, despite the robust depletion of hematopoietic cells, BM leukocytes (Figure 35A)
and BM stromal endothelial cells (Figure 35B) remained negative for ACKR3 expression. The
expression of ACKR3 on HSCs could not be assessed, as, due to the depletion, no HSCs were
acquired in the 5FU-treated Ackr3°F”* mice (Figure 35A), as shown also in Figure 34B. To assess
changes in the expression of ACKR3 on osteocytes, BM immunofluorescent pictures were
acquired and the GFP signal was quantified. Figure 35C shows the average MFI value for each
mouse normalized to the steady state Ackr3°/* mice of each individual experiment.
Nevertheless, no difference was observed in the fluorescence intensity of the endosteal cells
(Figure 35C). In addition, the number of ACKR3 expressing cells was evaluated, by quantifying the
GFP* cells in the endosteum, and normalized to the number of cells in steady state Ackr3°"/*
mice. Similarly, the number of GFP* cells remained unaltered after the 5FU treatment (Figure

35D). Hence, 5FU treatment does not affect the expression levels of Ackr3 endosteal cells of the
BM.
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Figure 35 Myeloablation does not affect ACKR3 expression in BM leukocytes and stromal cells.

A) Expression of ACKR3 on BM leukocytes (n=1-7, in 3 independent experiments) and B) BM endothelial
cells in 5FU- Ackr3°?** (red) mice compared to SFU- Ackr3** (blue) mice (n=5, in 2 independent
experiments), as assessed by flow cytometry. C) Quantification of the MFI of ACKR3 expression in BM
endosteal cells (n=7, in 3 independent experiments) and D) of the number of ACKR3* endosteal cells in
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5FU-Ackr3°"/* mice compared to steady state Ackr3°* (green) mice, as assessed by immunofluorescence
(n=7, in 3 independent experiments). A-B) Data are shown as mean = SEM. Mann-Whitney U test, with 5%
FDR correction according to Benjamini, Hochberg step up approach. C-D) Data are shown as individual
values with mean. Unpaired t test with Welch’s correction.

At day 10 after the 5FU injection, all mature cells remained drastically reduced in the BM (Figure
36A). In both groups of 5FU treated mice there was a 7-fold reduction in CM. NCM were also
decreased in both 5FU treated groups. BM neutrophils were also 7 times decreased in 5FU treated
Ackr3°?/* mice (Figure 36A). In comparison to what observed at day 4, even BM B cells were
significantly reduced at this time point in both groups, whereas the number of erythroid cells
significantly decreased only in the Ackr3°f”* mice (Figure 36A). Circulating CM, NCM and
neutrophils remained significantly reduced in the 5FU-treated Ackr3°”* mice (Figure 36B). In
spleen, only neutrophils exhibited a 5-fold decrease at day 10, as all other populations had
reconstituted the tissue (Figure 36C). In accordance with the data on the mature cells, at day 10
after the 5FU administration, HSCs had reconstituted the BM. In fact, in both groups, there was a
tendency for increased HSPC in the BM of the 5FU treated mice compared to the steady state
mice, which reached statistical significance in the case of MPP2 cells (Figure 37A). In addition, the
proliferation rate of HSPC cells was assessed at this time point. Nevertheless, there were not
significant differences between the myeloablated and the steady state mice (Figure 19B-D), which
mirrored the fact that hematopoiesis was already re-established, and the cell counts of HSC were
comparable to the baseline.
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Figure 36 Mature cells have reconstituted peripheral tissues at day 10 after the 5FU administration.
A) Number of mature cells in the BM of steady state Ackr3** (black), Ackr3°7/* (green) mice, 5FU-Ackr3*/*

(blue) and 5FU-Ackr3°* (red) mice (n=7-9, in 3 independent experiments), assessed by flow cytometry.
B) Number of circulating cells (n=5-10, in 3 independent experiments). C) Number of cells in spleen (n=7-

9, in 3 independent experiments). Data are shown as mean * SEM. A-C) 2-way ANOVA, with Tukey post
hoc test.
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Figure 37 HSPC have reconstituted the BM at day 10 after the 5FU administration.

A) Number of HSPC in the BM of steady state Ackr3** (black), Ackr3°/* (green) mice, 5FU-Ackr3** (blue)
and 5FU-Ackr3°/* (red) mice (n=7-9, in 3 independent experiments), assessed by flow cytometry. B)
Frequency of quiescent Ki67" and proliferating Ki67* cells in HSC, C) MPP1 and D) MPP3 cells (n=2-3). Data
are shown as mean + SEM. A-D) 2-way ANOVA, with Tukey post hoc test.

However, similar to the previous time point examined, the reconstitution of the BM after the
myeloablation did not induce the expression of ACKR3 on BM hematopoietic cells, as assessed by
flow cytometry (Figure 38A). BM endothelial cells remained also ACKR3" (Figure 38B). Finally,
osteocytes 10d after the myeloablation were expressing ACKR3 in levels comparable to that of
steady state mice, as shown by the MFI (Figure 38C) and the quantification of ACKR3* cells (Figure
38D) in the endosteal part of the BM, thus suggesting that ACKR3 expression is not affected also
during the reconstitution of hematopoiesis.
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Figure 38 The expression pattern of ACKR3 remains unaltered during the reconstitution of
hematopoiesis at day 10 after myeloablation.

A) Expression of ACKR3 on BM leukocytes (n=3-5, in 2 independent experiments) and B) BM endothelial
cells in 5FU- Ackr3°"/* (red) mice compared to 5FU- Ackr3** (blue) mice (n=5-6, in 2 independent
experiments), as assessed by flow cytometry. C) Quantification of the MFI of ACKR3 expression in BM
endosteal cells and D) of the number of ACKR3* endosteal cells in 5FU- Ackr3°7/* mice compared to steady
state Ackr3°/* (green) mice, as assessed by immunofluorescence (n=8-10, in 3 independent experiments)
(n=8-10, in 3 independent experiments). A-B) Data are shown as mean + SEM. Mann-Whitney U test, with

5% FDR correction according to Benjamini, Hochberg step up approach. C-D) Data are shown as individual
values with mean. Unpaired t test with Welch’s correction.

The last time point assessed after the myeloablation was the 21 days. At this time point leukocytes
had fully reconstituted all tissues examined. Myeloid cells in BM (Figure 39A), blood (Figure 39B)
and spleen (Figure 39C) reached the numbers observed in steady state mice. Similarly, no
differences were observed in the number of HSPC between steady state and 5FU-treated mice
(Figure 40A). The successful reconstitution of the BM imposed a more quiescent prolife to the
HSC of the S5FU treated Ackr3°”/* mice, compared to the steady state mice, as the population of
Ki67 cells increased, in contrast to the proliferative Ki67* cells (Figure 40B). Although, this effect
was not observed in MPP1 cells (Figure 40C), a similar effect was observed in the MPP3 population
of the 5FU-treated Ackr3*/* mice. More specifically, the number of Ki67* cells was approximately
half compared to the steady state Ackr3*/* mice (Figure 40D).
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Figure 39 Full reconstitution of mature cells at day 21 after myeloablation.

A) Number of mature cells in the BM of steady state Ackr3** (black), Ackr3°7/* (green) mice, 5FU-Ackr3*/*
(blue) and 5FU-Ackr3°"* (red) mice, assessed by flow cytometry. B) Number of circulating cells. C)
Number of cells in spleen. Data are shown as mean + SEM. A-C) 2-way ANOVA, with Tukey post hoc test
(n=3-4).
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Figure 40 HSPC return to quiescence 21 days after the myeloablation.

A) Number of HSPC in the BM of steady state Ackr3** (black), Ackr3°/* (green) mice, 5FU-Ackr3** (blue)
and S5FU-Ackr3°7/* (red) mice (n=2-4), assessed by flow cytometry. B) Frequency of quiescent Ki67 and
proliferating Ki67* cells in HSC, C) MPP1 and D) MPP3 cells (n=3-4). Data are shown as mean = SEM. A-D)
2-way ANOVA, with Tukey post hoc test.

The expression of ACKR3 was also assessed after the complete reconstitution of hematopoiesis
at day 21, as previously described. Nevertheless, BM leukocytes remained negative for ACKR3
expression at this stage, as well (Figure 41A). Likewise, no expression was noted in BM endothelial
cells (Figure 41B). Similarly, the GFP signal on BM endosteal cells was equal to that of steady state
mice (Figure 41C) and the number of GFP* cells was also comparable (Figure 41D). Thus, it can be
safely concluded that myeloablation by 5FU does not induce ACKR3 expression on BM HSPC at
any stage of the hematopoietic reconstitution and that the expression on endosteal cells remains
unaffected.
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Figure 41 ACKR3 expression remains unmodified at day 21 after myeloablation.

A) Expression of ACKR3 on BM leukocytes and B) BM endothelial cells in S5FU-Ackr3°"* (red) mice
compared to 5FU-Ackr3** (blue) mice (n=2-4), as assessed by flow cytometry. C) Quantification of the MFI
of ACKR3 expression in BM endosteal cells and D) of the number of ACKR3* endosteal cells in 5FU-
Ackr3°** mice compared to steady state Ackr3°"* (green) mice, as assessed by immunofluorescence
(n=3-4). A-B) Data are shown as mean * SEM. Mann-Whitney U test, with 5% FDR correction according to

Benjamini, Hochberg step up approach. C-D) Data are shown as individual values with mean. Unpaired t
test.

The expression of ACKR3 is strong in the endosteum of steady state mice and remains as such still
after myeloablation. This observation prompted me to investigate the role of ACKR3 on the
hematopoietic reconstitution process. To this end, | administered 5FU to the Ubc-Ackr3”" mice.
Given the data discussed above regarding the reconstitution phase at the different time points
assessed, control Ackr3fo*/flox and Ubc-Ackr3”/ mice were examined at days 10 and 21 after
myeloablation. As shown in Figure 42, in the control group 94% of the mice survived at the later
time point assessed, the 21d. On the contrary, 50% of the Ubc-Ackr3”- mice survived to day 21.
Critical day was day 10, as at that point the survival probability reduced by 23% (Figure 42). At
the same time, no major differences were observed in the ablation of the monocytes between
the two 5FU treated groups. Interestingly, there was a profound effect on B cells in Ubc-Ackr3”
mice compared to the ACKR3 expressing mice, as circulating B cells (Figure 43A), and splenic B
cells (Figure 43B) exhibited a 5-fold and 2-fold reduction in the Ubc-Ackr37- mice compared to the
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5FU-treated Ackr3/o/flox mice. In the BM, there was an approximate 10-fold reduction in the
number of neutrophils in the Ubc-Ackr37- mice, compared to the Ackr3//flox mice (Figure 43C).
However, no significant changes were observed in the number of HSPC cells in the BM between
the two groups (Figure 44A), nor in the proliferative status of these cells (Figure 44B-D).
Approximately all (99.68%) HSCs in Ubc-Ackr3”7- mice were highly proliferative, as they were
positive for the antigen Ki67, whereas in Ackr3//fox mice approximately 20% of the cells were
Ki67 suggesting that they had already acquired a quiescent phenotype (Figure 44B).
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Figure 42 ACKR3 is vital for mouse survival after myeloablation.

A) Kaplan Meier Survival curve for 5FU-Ubc-Ackr3”" mice (red) mice compared to 5FU-Ackr3f (blue)
mice n=14-17, in 5 independent experiments). Data are shown as percentage of surviving mice per time
point. Mantel-Cox test.
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Figure 43 Reconstitution of mature leukocytes in Ubc-Ackr3”- mice at day 10 after myeloablation.

A) Number of mature cells in the circulation of SFU-Ackr3*/fox (blue) and 5FU-Ubc-Ackr3”-(red) mice (n=9,
in 4 independent experiments), assessed by flow cytometry. B) Number of splenic cells (n=4-6, in 2
independent experiments). C) Number of cells in BM (n=8-9, in 4 independent experiments). Data are
shown as mean + SEM. A-C) 2-way ANOVA, with Sidak post hoc test.
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Figure 44 HSPC in Ubc-Ackr3”- mice at day 10 after myeloablation.

A) Number of HSPC in the BM of 5FU- Ackr3™f* (blue) and 5FU-Ubc-Ackr3”-(red) mice (n=6-9, in 3
independent experiments), assessed by flow cytometry. B) Frequency of quiescent Ki67" and proliferative
Ki67* cells in HSC, C) MPP1 and D) MPP3 cells (n=6-9, in 3 independent experiments). Data are shown as
mean + SEM. A) 2way ANOVA, with Siddk post hoc test. B-D) Multiple unpaired t test, with 5% FDR
correction according to Benjamini, Hochberg step up approach.

The presence of HSCs in both 5FU-treated groups already at day 10 resulted, as expected, in fully
reconstituted tissues at day 21. Mature leukocytes of all lineages were similarly present in the
two groups in the secondary lymphoid organs, blood (Figure 45A) and spleen (Figure 45B), as well
as in the BM (Figure 45C). The number of HSPC was identical in the two groups (Figure 46A). At
day 21, HSPC proliferation was less prominent, as approximately 50% of HSCs had returned to
quiescent in both groups (Figure 46B). A similar proliferation status was observed in the
progenitor populations MPP1 and MPP3 (Figure 46C-D). Thus, it was concluded that although
Ubc-Ackr3”- mice exhibited high mortality and reduced number of B cells in secondary tissues
early after the myeloablation, the reconstitution was successful in the mice that survived the
turning point of day 10.
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Figure 45 Reconstitution of mature leukocytes in Ubc-Ackr3”- mice at day 21 after myeloablation.

A) Number of mature cells in the circulation of 5FU- Ackr3™¥f°* (blue) and SFU-Ubc-Ackr3”-(red) mice,
assessed by flow cytometry. B) Number of splenic cells. C) Number of cells in BM. Data are shown as mean
+ SEM. A-C) 2-way ANOVA, with Siddk post hoc test, (n=3-7, in 2 independent experiments).
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Figure 46 HSPC in Ubc-Ackr3”- mice at day 21 after myeloablation.

A) Number of HSPC in the BM of 5FU-Ackr3/f°* (blue) and 5FU-Ubc-Ackr3”-(red) mice (n=2-7, in 2
independent experiments), assessed by flow cytometry. B) Frequency of quiescent Ki67" and proliferative
Ki67* cells in HSC, C) MPP1 and D) MPP3 cells (n=3-7, in 2 independent experiments). Data are shown as
mean + SEM. A) 2-way ANOVA, with Sidak post hoc test. B-D) Multiple unpaired t test, with 5% FDR
correction according to Benjamini, Hochberg step up approach.
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The high mortality and the delayed initiation of the BM reconstitution in Ubc-Ackr3”7- mice, as
noted at day 10, prompted me to scrutinize the mechanism of the response. To this end, |
screened the consistency of plasma and BM supernatant in 5FU treated Ackr3//f°* mice and Ubc-
Ackr3”- mice. As shown in Figure 47A, the average values of TPO and IL-6 concentration were
nearly 10-fold upregulated in the circulation of Ubc-Ackr37- mice compared to the Ackr3/o¥/flox
mice (Figure 47A). Nevertheless, the most interesting finding was that, in contrast to steady state
mice, the average concentration of circulating CXCL12 was 6 times increased in the Ubc-Ackr37
mice (Figure 47A). When analyzing the BM supernatant, no major differences were observed.
However, there was a tendency for increased concentration of SCF in the Ubc-Ackr37" mice,

compared to the Ackr3//fxmice and on the contrary, a 4-fold decrease in CXCL12 concentration
(Figure 47B).
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Figure 47 Protein analysis of blood and BM in Ubc-Ackr3”- mice after myeloablation.

A) LEGENDplex assay for the quantification of cytokines in the plasma and B) the BM supernatant of 5FU-
Ackr3f°/flox (blue) and 5FU-Ubc-Ackr3”" (red) mice (n=3). Data are shown as individual values with mean.
Multiple unpaired t test, with 5% FDR correction according to Benjamini, Hochberg step up approach.

TPO, via its receptor c-Mpl is detrimental for the megakaryocyte production (Geddis, 2010). Thus,
| assessed the number of platelets in the blood of 5FU treated mice. As shown in Figure 48A, no
significant difference was observed in the number of circulating platelets between the two
groups. On the contrary, IL-6 has been correlated with anemia (Noguchi-Sasaki et al., 2016,
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Yacoub et al., 2020). Thus, the hematological parameters of the 5FU treated mice were assessed.
Although there was a tendency for decreased number of circulating red blood cells in the Ubc-
Ackr3”- mice compared to the 5FU-treated Ackr3/o/flx mice, the effect was not significant (Figure
49A). Nevertheless, the two main factors determining the oxygen concentration in the circulation
were significantly affected. Hemoglobin (Hgb) and hematocrit (Hct) were significantly decreased
by approximately 25% in mice lacking ACKR3 (Figure 49B-C). Of note, this was not accompanied
by a reduction in the size of erythrocytes, as the Mean Corpuscular Volume (MCV) was
comparable among the two groups (Figure 49D). Hence, it can be concluded that 5FU-treated
Ubc-Ackr3”- mice were anemic at the crucial day 10 after the myeloablation, which could be
correlated with the increased mortality observed in the group.
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Figure 48 Platelet counts in 5FU-Ubc-Ackr3”- mice.
A) Count of circulating platelets in 5FU-Ackr3//f°x (blue) and 5FU-Ubc-Ackr3”-(red) mice (n=5-8, in 3
independent experiments). Data are shown as individual values with mean. Unpaired t test.

To verify the tendencies observed in the BM supernatant, | assessed by ELISA the concentration
of the two HSC cytokines, the SCF and CXCL12. As shown in Figure 50A, in accordance with the
data originating from the protein array, there was a slight increase in BM SCF levels, which,
however, was not significant. On the contrary, at day 10, the protein levels of BM CXCL12 were
decreased from 100 to approximately 37pg per femur, when assessed by ELISA (Figure 51A). At
the same time, circulating CXCL12 was drastically elevated by approximately 3 times, reaching an
average of 999 pg/ml in the 5FU-treated Ubc-Ackr3”- mice (Figure 51B). The effect was rather
transient, as the concentration of CXCL12 in both BM supernatant (Figure 51C) and plasma (Figure
51D) was equal to that of Ackr3fo/flx mice at day 21.

66



A)  Circulating erythrocytes  B) Hemoglobin C) Hematocrit

15.0 15.0 p=00377 0.
1125 . 125 .

p=0023

- 0. .
&100 oo — 100 .o .o
=~ —_—— -
% 7 Ses H 57 H H Z o T L
fad . —wy g ° —ww - Q) —
O 5 - £ 5 n -
o 0.
x 2 2.
0.0- . : 0.0- T T 0.0 T T
k » 2 » 2 S
E £ 2 k= 2 £
bel Q ® 5] ) O
£ < £ < £ <
< 8 < 8 2 8
3 3 2 3 S =
5 z 5 z 5 z
['s) wn ['s)
D) Mean Corpuscular
Volume

"‘"'."."_l.=...l_

femtoliters

5FU-Ackr3io/fox -
5FU-Ubc-Ackr3™”

Figure 49 ACKR3 affects erythropoiesis after myeloablation.

A) Count of circulating erythrocytes in 5FU-Ackr3/°/fx (blue) and SFU-Ubc-Ackr3”-(red) mice. B) Hgb and
C) Hct in blood. D) MCV measurement of circulating erythrocytes (n=5-8, in 3 independent experiments).
Data are shown as individual values with mean. A-D) Unpaired t test.
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Figure 50 Concentration of SCF in BM supernatant of 5FU-Ubc-Ackr3”- mice.
A) ELISA for SCF in the BM supernatant of 5FU- Ackr3™f°* (blue) and 5FU-Ubc-Ackr37-(red) mice (n=7-8,
in 3 independent experiments). Data are shown as mean * SEM. Unpaired t test.
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Figure 51 Concentration of CXCL12 in BM supernatant and plasma of 5FU-Ubc-Ackr37- mice.

A) ELISA for CXCL12a in the BM supernatant (n=6-9, in 3 independent experiments) and B) plasma at day
10 after 5FU administration in Ackr3/f° (blue) and Ubc-Ackr3”-(red) mice (n=5-9, in 3 independent
experiments). C) Concentration of CXCL12a in the BM supernatant (n=3-7, in 2 independent experiments)
and D) plasma at day 21 after myeloablation (n=3-6, in 2 independent experiments). Data are shown as
mean + SEM. A-B) Unpaired t test with Welch’s correction. C-D) Unpaired t test.

The simultaneous decrease of BM CXCL12 together with the increase in the plasma, lead to the
hypothesis that ACKR3 could play a role in transferring CXCL12 from circulation to the BM.
However, as discussed above, ACKR3 is not expressed by BM endothelial cells neither at steady
state (Figure 21A), nor after myeloablation (Figures 35B, 38B, 41B). Thus, the two events were
considered independent and an alternative source of circulating CXCL12 was investigated. To this
end, the expression of ACKR3 in endothelial cells of peripheral tissues was assessed. As shown in
Figure 52A, alveolar endothelial cells significantly expressed ACKR3 after the administration of
5FU. Similar observations were made for the aortic endothelial cells, as myeloablation enhanced
ACKR3 expression (Figure 52B). In kidney, endothelial cells were significantly expressing ACKR3
also at steady state, whereas the expression did not significantly change after the 5FU treatment
(Figure 52C). On the contrary, endothelial cells in liver were ACKR3" at all conditions tested (Figure
52D). The sustained expression of ACKR3 on endothelial cells in different tissues before and after
the myeloablation, made me hypothesize that endothelial ACKR3 is necessary for the regulation
of CXCL12 concentration during myeloablation and when absent the concentration of CXCL12
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increases. | tested whether endothelial ACKR3 regulates Cxc/l12 gene expression during
myeloablation. To this end, the expression of Cxcl/12 was assessed in murine aorta, which was a
tissue in which ACKR3 expression was enhanced after the myeloablation. Aorta was, thus,
harvested and RNA was isolated from whole tissue. As shown in Figure 53A, in 5FU-treated Ubc-
Ackr3”" mice there was a significant increase in the expression of Cxc/12 in aortic cells. Thus, the
expression of ACKR3 on endothelial cells in periphery is essential for the regulation of CXCL12 at
the gene and subsequently protein level during emergency hematopoiesis.
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Figure 52 ACKR3 is expressed in the endothelial cells of multiple peripheral tissues after myeloablation.
A) Expression of ACKR3 in alveolar endothelial cells B) aortic endothelial cells C) renal endothelial cells and
D) endothelial cells in liver of Ackr3*/* (black), Ackr3°* (green), SFU- Ackr3*/* (blue) and 5FU-Ackr3°/*
(red) mice, as assessed by flow cytometry. A-C) (n=3-4), D) (n=2-4). Data are shown as mean + SEM. A) 2-
way ANOVA, with Tukey post hoc test.
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Figure 53 ACKR3 regulates Cxc/12 expression in vivo after myeloablation.
A) PCR for the expression of Cxc/12 in murine aorta in 5FU-Ackr3/*/f°x (blue) and 5FU-Ubc-Ackr3” (red)
mice (n=6-11, in 3 independent experiments). Data are shown as mean + SEM. Unpaired t test.

In summary, ACKR3 is expressed in endosteal cells, but not in hematopoietic stem cells. Despite that,
ACKR3 maintains HSC quiescent, by regulating the mitochondrial content and the ROS levels via the
chemokine CXCL12. Hence, ACKR3 is essential for hematopoiesis, as ACKR3 ko mice exhibit decreased
survival rates, and exacerbated anemia during emergency hematopoiesis. At these conditions, ACKR3
regulates Cxcl12 expression in aortic endothelial cells and, thus, circulating CXCL12 concentration.
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4.B Scrutinizing the mechanism of the HSPC retention

4.B.1 Investigation of the role of ACKR3 in BM HSPC retention

CXCL12 was shown to play an important role in BM HSPC retention (Nagasawa et al., 1996,
Hopman and DiPersio, 2014, Day et al., 2015). Since | observed an increase of circulating CXCL12
in myeloablated Ubc-Ackr3”- mice, | postulated that ACKR3 may act as a regulator of HSC
retention. Thus, | hypothesized that inhibition of ACKR3 would lead to the formation of a CXCL12
gradient between BM and circulation that would eventually induce HSC mobilization to the
circulation. To this end, the concentration of CXCL12 in plasma and BM supernatant, and the
presence of HSC in the circulation were assessed in Ubc-Ackr3”- mice, as well as in mice inhibited
with the ACKR3 antagonist, compound X.

In contrast with the observations made with 5FU experiments, in steady state conditions
depletion of ACKR3 did not alter CXCL12 concentration in BM (Figure 54A), nor in plasma (Figure
54B). Circulating CXCL12 was ranging from a mean of 546pg/ml in the Ackr3/°/f* mice to a mean
of 605pg/ml in Ubc-Ackr3”- mice (Figure 54A). Accordingly, the BM cellularity (Figure 55A), as
well as the BM HSPC counts (Figure 55B) were identical between the two groups. To assess
mobilization, the number of HSPC in spleen and blood were evaluated. Nevertheless, there was
no increase in any HSPC population in the spleen (Figure 55C). In addition, the number of HSPC in
blood remained low in both groups, as assessed by flow cytometry (Figure 55D). Finally, to
exclude the possibility of mobilized HSPC cells that lack the typical stem cell markers for detection
by flow cytometry, peripheral blood was plated in methylcellulose medium to assess the colony
forming potency of the circulating cells and, hence, to identify the presence of progenitors in
circulation. Nevertheless, the number of colonies formed from the Ubc-Ackr3”- mice was very low
and identical to those formed with the peripheral blood of Ackr3fo/fx mice. A representative
picture of the colonies formed by the peripheral blood is shown in Figure 55E, whereas the
quantification of the colonies formed is presented in Figure 55F.
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Figure 54 ACKR3 does not regulate the concentration of CXCL12 at steady state conditions.
A) ELISA for CXCL12a in the BM supernatant and B) plasma of Ackr3™¥f°* (blue) and Ubc-Ackr3”(red) mice.

Data are shown as mean + SEM. A-B) Unpaired t test (n=11, in 3 independent experiments).
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Figure 55 HSPC are not mobilized in Ubc-Ackr3”- mice.

A) Total number of cells in the BM of Ackr3™f°* (blue) and Ubc-Ackr3”(red) mice, (n=8-11, in 2
independent experiments), assessed by flow cytometry. B-D) Numbers of HSPC (n=10-11, in 3 independent
experiments) measured by flow cytometry in BM (B), spleen (n=9-12, in 3 independent experiments) (C),
blood (D) (n=6-12, in 3 independent experiments). E) Representative picture of colonies formed by
peripheral blood and F) quantification of the total colonies formed (n=7-9, in 3 independent experiments).
Data are shown as mean = SEM. A and F) Unpaired t test. B-D) 2-way ANOVA, with Sidak post hoc test.

The minor increase of circulating CXCL12 concentration in the Ubc-Ackr3”- mice at steady state
conditions, made me hypothesize that CXCL12 expression was compensated in the mouse model.
Hence, ACKR3 was inhibited in C57BI/6J mice using a new potent inhibitor X. The ACKR3 inhibitor
was administered orally, and the concentration of circulating CXCL12 was assessed 1 hour, 6 hours
and 3 days later. The short-term inhibition of ACKR3 was sufficient to increase the concentration
of CXCL12. As shown in Figure 56, circulating CXCL12 increased 3 times at the 6-hour time point
(Figure 56). Subsequently, the number of colonies formed from the peripheral blood of the
ACKR3-inhibited mice was assessed. In addition, a group of animals was injected with the CXCR4
inhibitor, AMD3100, as a technical control for the colony formation assay. Nevertheless, as shown
in Figure 57, no significant change in the colony formation potency of the peripheral blood was
noted in the ACKR3-inhibited mice. On the contrary, the administration of AMD3100 resulted in
an approximate 5-fold increase in the number of colonies formed (Figure 57). Thus, despite the
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efficiency of this model in increasing the CXCL12 concentration in circulation, this increase was
not sufficient to induce HSPC mobilization.
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Figure 56 Pharmacological inhibition of ACKR3 increases circulating CXCL12 after 6h.

A) ELISA for circulating CXCL12a in control (solid points), and ACKR3 inhibited (open points) mice (n=6, in
2 independent experiments). Data are shown as individual points with mean. A) 1-way ANOVA, with Tukey
post hoc test.
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Figure 57 Pharmacological inhibition of ACKR3 does not mobilize HSPC.

A) Quantification of the total colonies formed from control (solid points), ACKR3 inhibited (open points)
and CXCR4 inhibited (open black) mice (n=5-6, in 2 independent experiments). Data are shown as
individual points with mean. A) 2-way ANOVA, with Sidak post hoc test. B) 1-way ANOVA, with Tukey post
hoc test.

Finally, HSPC retention, was assessed in the myeloablated mice, in which the aberrant increase of
CXCL12 was noted after the deletion of ACKR3 (Figure 51B). However, as shown in Figure 58A, the
number of circulating HSPC remained low. Similarly, the colony production potency of the
peripheral blood was comparable to that of the 5FU-Ackr3//fo*mice (Figure 58B). Thus, our data
in 3 different models of ACKR3 blockade suggest that the receptor regulates circulating CXCL12
concentration under specific conditions, but does not mediate the retention of HSPC in the BM.
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Figure 58 HSPC are not mobilized in 5FU-Ubc-Ackr3”" mice.

A) Number of circulating LSK and MPC cells in 5SFU- Ackr37/f°* (blue) and 5FU-Ubc-Ackr3”-(red) mice (n=6-
9, in 3 independent experiments) assessed by flow cytometry. B) Quantification of the total colonies
formed by peripheral blood (n=6-11, in 3 independent experiments). Data are shown as individual points
with mean. A) 2-way ANOVA, with Sidék post hoc test. B) Unpaired t test with Welch’s correction.

4.B.2 Evaluation of the “Gradient” hypothesis for HSPC retention

CXCL12 is considered a key element for the retention of HSPC (Tzeng et al., 2011, Dar et al 2011).
Nevertheless, our findings contradict this notion, as changes in the concentration of CXCL12 in
BM and blood did not affect HSPC BM retention. To determine whether CXCL12 is crucial for the
retention of BM HSPC, we assessed the mobilization of HSPC in Ubc-Cxcl127- mouse model.
Despite the great reduction of CXCL12 in both BM and circulation (Figure 29A-C), the total number
of cells in the BM remained unaffected (Figure 59A). In addition, the number of BM HSPC did not
change (Figure 59B), and there was no mobilization of HSPC to spleen (Figure 59C). The
mobilization of progenitors in circulation was further excluded by assessing the number of
circulating HSPC (Figure 59D), and the colony formation potency of peripheral blood. An average
of 5 colonies were formed by plating 100ul of blood in both Cxcl12foflxand Ubc-Cxcl127- mice
(Figure 59E), suggesting that the depletion of CXCL12 does not induce HSPC mobilization.
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Figure 59 HSPC are not mobilized in Ubc-Cxcl127- mice.

A) BM cellularity in Cxcl12//fx (blue) and Ubc-Cxcl127-(red) mice (n=6-8, in 3 independent experiments)
assessed by flow cytometry. B) Number of HSPC in BM (n=6-8, in 3 independent experiments), C) spleen
(n=6-8, in 3 independent experiments), D) blood (n=7-13, in 3 independent experiments). E) Quantification
of the total colonies formed by peripheral blood (n=6, in 3 independent experiments). Data are shown as
mean + SEM. A and E) Unpaired t test. B-D) 2-way ANOVA, with Sidak post hoc test.

Of note, in Ubc-Cxcl127- mice CXCL12 protein levels are decreased in both BM and circulation
(Figure 29A-C). Consequently, it could be argued that the model is inappropriate to investigate
the role of the CXCL12 gradient between BM and circulation in HSPC mobilization, due to the
complete absence of CXCL12 in both tissues. To this end, | developed two models in which, the
concentration of circulating CXCL12 was artificially increased. It has been previously reported that
AMD3100 increases the concentration of circulating CXCL12 (Jgrgensen et al.,, 2021). In
accordance with these data, the injection of AMD3100 in C57BI/6J mice decreased by 40% the
BM CXCL12 levels (Figure 60A), while increasing circulating CXCL12 concentration 9 times (Figure
60B). At the same time, the potency of the peripheral blood to form colonies increased 5 times
(Figure 60C), supporting the role of the CXCL12 gradient in the regulation of BM HSPC retention
and mobilization. Therefore, | injected AMD3100 in Ubc-Cxcl127- mice. Surprisingly the depletion
of BM CXCL12 in Ubc-Cxcl127- mice was not efficient, as the concentration dropped by
approximately 40% (Figure 61A). Nevertheless, the injection of AMD3100 significantly decreased
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BM CXCL12 by 70% compared to the Cxcl12/0/flox mice (Figure 61A). Circulating CXCL12 was still
efficiently depleted in Ubc-Cxcl12”~ mice (Figure 61B). Nevertheless, the effect was abrogated in
the AMD3100-treated Ubc-Cxcl127- mice, as the concentration of CXCL12 reached an average of
197pg/ml (Figure 61B). Under these conditions, HSPC were mobilized. The number of LSK cells,
as assessed by flow cytometry did not significantly differ (Figure 61C), but there was a 5-fold
increase in the number of colonies formed by peripheral blood (Figure 61D). These data
supported further the correlation between the relative difference in the CXCL12 concentration
among tissues and cell mobilization.
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Figure 60 AMD3100-mediated HSPC mobilization affects CXCL12 concentration.

A) ELISA for CXCL12a in the BM and B) plasma of wild type (blue) and AMD3100-injected (white) mice. C)
Quantification of the total colonies formed by peripheral blood. Data are shown as individual points with
mean. A-B) Unpaired t test, (n=3). C) Unpaired t test with Welch’s correction (n=3).
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Figure 61 HSPC are mobilized in Ubc-Cxcl12”7 mice treated with AMD3100.

A) ELISA for CXCL12a in the BM and B) plasma of Cxcl12/°¥f (blue), Ubc-Cxcl127-(red) and AMD3100-
treated Ubc-Cxcl127- (white) mice (n=6-13, in 3 independent experiments). C) Number of circulating HSPC
(n=3-4, in 2 independent experiments), assessed by flow cytometry. D) Quantification of the total colonies
formed by peripheral blood (n=6-12, in 3 independent experiments). Data are shown as mean + SEM. A)

1-way ANOVA, with Sidak post hoc test. B and D) Welch’s ANOVA, with Dunnett’s post hoc test. C) 2-way
ANOVA, with Sidak post hoc test.

Because AMD3100 is a CXCR4-inhibitor, it is therefore difficult to determine if the mobilization of
HSPC is due to its direct effect on CXCR4 expressed by HSPC and its alternative effect on CXCL12.
I, thus, developed an alternative approach to answer this question. To this end, recombinant
murine CXCL12 was injected i.v. in Ubc-Cxcl127- mice. Mice were sacrificed 30min later. Once
again, although | observed a reduction of BM CLXCL12 in Ubc-Cxcl127- mice the depletion of the
was not complete (Figure 62A). However, the injection of the recombinant protein did not affect
the BM CXCL12 levels (Figure 62A). On the contrary, circulating CXCL12 was absent in Ubc-Cxcl12
/- mice (Figure 62B). The injection of the recombinant chemokine restored the circulating CXCL12
concentration (Figure 62B). However, there was no increase in the number of circulating HSPC,
as assessed by both flow cytometry (Figure 62C) and the colony formation assay (Figure 62D). In
summary, the absence of mobilization after the injection of the recombinant CXCL12 forced me
to reject the theory about the existence of a CXCL12 gradient, as a mechanism for HSPC retention
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and mobilization, and to hypothesize that the mobilization observed after the injection of
AMD3100 is due to the blockade of the CXCR4-mediated signaling.
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Figure 62 CXCL12 gradient is not sufficient for HSPC mobilization.

A) ELISA for CXCL12a in the BM and B) plasma of Cxcl12/°f°x (blue), Ubc-Cxcl127-(red) and CXCL12-injected
Ubc-Cxcl12” (pink) mice (n=6-7, in 2 independent experiments). C) Number of circulating HSPC (n=6-7, in
2 independent experiments), assessed by flow cytometry. D) Quantification of the total colonies formed
by peripheral blood (n=6, in 2 independent experiments). Data are shown as mean + SEM. A and B) Welch's
ANOVA, with Dunnett’s post hoc test. C) 2-way ANOVA, with Sidak post hoc test. D) 1-way ANOVA, with
Sidak post hoc test.

4.B.3 Evaluation of the “constant CXCR4 activation” hypothesis for HSPC retention
For the assessment of the role of CXCR4 signaling on HSPC retention, | firstly evaluated HSPC
mobilization in a conditional knockdown Ubc-Cxcr4”- mouse model, by backcrossing the inducible
Ubc-CrefR2 mice with a Cxcrd¥/fix |ine. In accordance with previous studies (Sugiyama et al.,
2006), administration of tamoxifen and the subsequent global CXCR4 deletion led to HSPC
mobilization. In Ubc-Cxcrd”- mice, there was a robust increase in the number of circulating LSK
cells and MPC cells four weeks after the initial tamoxifen injection, as shown in the representative
Figure 63A. LSK cells in blood increased approximately 10 times, whereas the number of MPCs
increased 5 times (Figure 63B). In addition, the number of colony-forming cells in the periphery
elevated approximately 17 times after the deletion of CXCR4 (Figure 63C).
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Figure 63 HSPC are mobilized in Ubc-Cxcrd”” mice.

A) Representative figure of circulating LSK and MPC cells, gated as CD45'Lin cells. B) Number of circulating
HSPC in Cxcr4™f° (blue) and Ubc-Cxcr4”- (red) mice (n=5, in 2 independent experiments), assessed by
flow cytometry. D) Quantification of the total colonies formed by peripheral blood (n=3). Data are shown
as mean = SEM. B) 2-way ANOVA, with Sidék post hoc test. C) Unpaired t test.

These data supported the role of CXR4 on cell retention but did not prove that the effect is direct.
To this end, it was necessary to, firstly, verify the expression of CXCR4 on HSC. To overcome the
obstacle of the cell mobilization after CXCR4 deletion, | developed a flow cytometry-based binding
assay to assess CXCR4 expression on HSPC in steady state mice. More specifically, | stained BM
cells with fluorescently labeled CXCL12. The advantage of the binding assay, compared to the
antibody staining was that the specificity of the assay was determined by blocking the ligand
binding, adding the CXCR4 inhibitor, AMD3100. As shown in Figure 64, CXCL12 was bound to all
BM leukocytes assessed. The highest MFI was observed in GMP and neutrophils, whereas the
addition of the antagonist revealed a significant and specific CXCR4 expression in all cells, but
MPP1 and erythroid cells. Binding of CXCL12 on HSCs was decreased by half after the addition of
AMD3100 (Figure 64A) and, thus, it was concluded that HSCs do express CXCR4.
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Figure 64 Expression of CXCR4 on BM leukocytes.
Binding of fluorescently labeled CXCL12 on PBS- (blue) and AMD3100-treated (white) BM cells (n=5). Data
are shown as mean + SEM. GLM ANOVA, with Siddk post hoc test.

After confirming the expression of the receptor on HSCs, an HSC-specific mouse model was
employed to delete CXCR4 on HSCs and assess cell mobilization. The Fgd5%¢"“¢R72 mice have
been previously described to specifically target HSCs (Gazit et al., 2014). Due to the expression of
the fluorescent molecule Zonathus Green (ZsGreen), the expression of Fgd5 in BM cells was
assessed by flow cytometry (Figure 65). As shown in Figure 65, Fgd5 was highly expressed on HSCs
and MPP1 cells whereas the expression decreased 3 times in the MPP2 and MPP3 subsets. In
addition, BM mature cells were marked by the absence of the gene. Thus, the model was
appropriate for the deletion of CXCR4 only on HSPC cells. Interestingly, Fgd5 expression was also
present in BM stromal cells and, more specifically, in the AECs (Figure 65).
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Figure 65 Expression of Fgd5 on BM leukocytes and stromal cells.
Expression of Fgd5 in BM leukocytes and stromal cells in Fgd5%¢""*ERT2 (black) mice normalized to the

expression in Cxcrd/f* mice (n=2-4), as assessed by flow cytometry. Data are shown as mean + SEM.
Factorial ANOVA, with Sidak post hoc test.
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Nevertheless, as shown in Figure 66, not all Fgd5" HSCs were CXCR4*, as assessed by flow
cytometry using the anti-CXCR4 antibody 2B11. In fact, only the 13% of the total HSCs were
Fgd5*CXCR4*. However, Fgd5%5 12 mice were crossed with Cxcr4/®/f* mice to generate Fgd5-
Cxcr4”~ mice. To induce the cell-specific deletion of CXCR4, tamoxifen was administered in Fgd5-
Cxcr4”- mice and mice were sacrificed three weeks later. Nevertheless, | could not demonstrate
the deletion of CXCR4 on the surface of the HSPC (Figure 67A). Cells were subsequently
permeabilized and the presence of CXCR4 intracellularly was assessed. Although | observed a
small reduction of intracellular CXCR4, the receptor was still present in the cells (Figure 67B). As
a result, the number of circulating LSK and MPC cells was negligible (Figure 68A). Interestingly,
the number of colonies generated from the peripheral blood of Fgd5-Cxcrd”- mice was nearly
double compared to Cxcr4™flox mice (Figure 68B), suggesting the mobilization of cells with
clonogenic potency. On the contrary, the splenic LSK cells were not increased (Figure 68C). Thus,
it was concluded that certain limitations arise in the usage of the Fgd5%¢-*f72 mice for the deletion
of the CXCR4 receptor.
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Figure 66 Representative figure of CXCR4 expression in Fgd5+ HSCs.
Representative figure showing the Fgd5*CXCR4" (gated) HSCs in Fgd5%°"c"ERT2 (black) mice.
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Figure 67 Inefficient suppression of CXCR4 expression in Fgd5-Cxcrd”” mice.
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A) Expression of CXCR4 in the surface of BM HSPC in Cxcr4™°* (blue) and Fgd5-Cxcrd” (green) mice (n=2-
5, in 2 independent experiments), assessed by flow cytometry. B) Intracellular staining for CXCR4 (n=2-4).
Data are shown as mean = SEM. A-B) 2-way ANOVA, with Sidak post hoc test.
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Figure 68 HSPC are not mobilized in Fgd5-Cxcr4”- mice.

A) Number of circulating HSPC in Cxcr4/f°x (blue) and Fgd5-Cxcr4”” (green) mice (n=4-5, in 2 independent
experiments) assessed by flow cytometry. B) Quantification of colonies formed by peripheral blood (n=4-
5, in 2 independent experiments). C) Number of HSPC in spleen (n=3-5, in 2 independent experiments).
Data are shown as mean = SEM. A and C) 2-way ANOVA, with Sidak post hoc test. B) Unpaired t test.

The negligible deletion of CXCR4 with the HSC-specific mouse model, and the off-target
expression of Fgd5 in AECs prompted me to employ an alternative model. BM transplantation
experiments were held to discriminate between the effect of the stromal cells and the
hematopoietic cells in BM cell retention. To this end, BM cells from Apoe”~ Cxcr4** donors, were
transplanted into Cxcr4/o/flox and Ubc-Cxcrd” recipient mice. After a short period of recovery,
tamoxifen was administered and, thus, CXCR4 was deleted only on stromal cells in the Ubc-Cxcr4
/- recipient mice. Interestingly, despite a tendency for increased numbers of circulating HSPC, as
assessed by flow cytometry (Figure 69A) and the colony-forming potency of the peripheral blood
(Figure 69B), this effect was not significant. Accordingly, the number of splenic LSK cells was
identical to that of the Cxcr4/*/fox recipients (Figure 69C), suggesting that CXCR4 on stromal cells
does not mediate BM cell retention.
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Figure 69 CXCR4 on stromal cells does not retain HSPC in the BM.

A) Number of circulating HSPC in Cxcr4** stromal cells (blue) and Cxcr4”” stromal cells (red) mice, assessed
by flow cytometry. B) Quantification of colonies formed by peripheral blood. C) Number of HSPC in spleen.
Data are shown as mean * SEM, (n=5-7). A and C) 2-way ANOVA, with Sidak post hoc test. B) Unpaired t
test with Welch’s correction.

Thus, the inverse model was finally assessed. Ubc-CrefRT Cxcrd/o/flox and Cxcr4f/flox BM cells were
isolated and injected in irradiated Apoe”” Cxcr4*/*recipients. After recovery, CXCR4 was deleted
in hematopoietic cells by tamoxifen injections. As a result, the number of MPC in blood elevated
approximately 5 times (Figure 70A), whereas the colonies formed by 100ul of blood averaged to
35 in contrast to the 3 colonies per plate that were observed in the mice receiving BM leukocytes
from Cxcr4*/flox mice (Figure 70B). Nevertheless, no mobilization of HSPC was noted in spleen
(Figure 70C).

Thus, our data contradict the role of CXCL12 in BM cell retention and rather support the direct
role of CXCR4 on HSPC retention within the BM. Accordingly, blockade of CXCR4 or deletion of
the gene results in cell mobilization to the circulation.
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Figure 70 CXCR4 on HSPC retains cells in the BM.
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A) Number of circulating HSPC in Cxcr4** hematopoietic cells (blue) and Cxcr4”- hematopoietic cells (red)
mice, (n=4-6), assessed by flow cytometry. B) Quantification of colonies formed by peripheral blood, (n=5-
6). C) Number of HSPC in spleen, (n=5). Data are shown as mean + SEM, (n=5-7). A and C) 2-way ANOVA,
with Sidak post hoc test. B) Unpaired t test with Welch's correction.
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5. Discussion

HSCs are at the center of the immune system, as they produce all other hematopoietic cells at
steady state and in case of emergency. A major regulator of HSCs is the chemokine CXCL12, which
together with its receptor CXCR4, are considered to mediate cell retention in the BM (Zou et al.,
1998, Ma et al., 1998, Nagasawa et al., 1996). The present study reveals for the first time a
redundant role for ACKR3, the alternate CXCL12 receptor, in cell retention. More specifically, our
data reveal a discrete expression pattern for ACKR3, compared to CXCR4, as it is not expressed in
hematopoietic cells including HSCs. However, our data suggest that ACKR3 maintains HSC
dormancy. As a result, although ACKR3 does not affect HSC differentiation at steady state definite
murine hematopoiesis, the receptor is vital for the survival during emergency hematopoiesis.
Under these conditions, ACKR3 regulates the transcription of the Cxc/12 gene in the aorta,
subsequently affecting the chemokine concentration in circulation. Finally, this study presents
evidence that emphasize the role of the direct binding of CXCR4 to CXCL12 for cell retention in
the BM, excluding alternate hypotheses on BM cell retention. Thus, our data reveal two discrete
roles for the two chemokine receptors, with CXCR4 retaining HSCs in the BM and ACKR3
regulating cell biology, and under certain conditions the CXCL12 protein concentration.

5.1 ACKR3 is a tissue orchestrator

One major difference between the CXCR4 and ACKR3 is the cellular pattern of expression in the
BM. The CXCL12 binding assay, that | developed in this study, unveiled the broad expression of
CXCR4 is in both immature and mature hematopoietic cells. On the contrary, ACKR3 is not

expressed on BM HSPC. In line with previous evidence (Gerrits et al., 2008), | detected a strong
expression of GFP in the endosteum of the Ackr3%” mice, supporting the hypothesis that ACKR3
is expressed in cells of the endosteal lineage. In addition to the previously described expression
of ACKR3 in the femoral endosteum (Gerrits et al., 2008), this study demonstrates ACKR3
expression in the endosteum of tibias and in the murine spine, suggesting that ACKR3 is a protein
characterizing the endosteal cells. On the contrary, the expression of ACKR3 on vascular
endothelial cells shows a complex mosaicism. | could not detect reliable GFP signal in endothelial
cells in the BM, by both imaging and flow cytometry. However, the present study clearly
demonstrates that ACKR3 is expressed in the endothelium of vessels in other tissues such as lung,
kidney, and aorta. Of note, the proteomic profile of endothelial cells within a tissue exhibits great
heterogeneity both in steady state (Marcu et al., 2018) and under immune responses
(Gunawardana et al., 2021). Thus, ACKR3 expression in mice is not restricted to a single lineage,
as it is present in both endothelial and endosteal cells, while a certain grade of discrepancy is
observed among tissues. The expression on stromal cells suggests an indirect supportive role for
ACKR3 in hematopoiesis.
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In addition to the ACKR3 expression on stromal cells, we report here the expression of the
receptor in murine BM plasma cells. In support of the present data, ACKR3 expression in human
plasma cells and plasmablasts has been previously described (Humpert et al.,, 2012). The
identification of an ACKR3* B cell subtype in the murine spleen, which differentiate in vitro into
plasma cells (Radice et al., 2020), make me hypothesize that this population differentiates and
consequently migrates to the BM, while constantly expressing ACKR3. Nevertheless, the role of
the receptor in the migration of these cell to the BM, and during immune responses remains
elusive. Radice et al proposed that deletion of ACKR3 on CD19* cells, affects the production of
IgM during immune responses (Redice et al., 2020). Nevertheless, resting BM plasma cells do not
express CD19 (Pracht et al., 2017, Brynjolfsson et al., 2018), and, hence, they were not targeted
by this mouse model. In addition, plasma cells are characterized by the production of large
amounts of IgG and IgA antibodies (Mei et al., 2009, Halliley et al., 2015) for long periods after
the B cell stimulation (Slifka et al., 1998). Thus, it would be interesting to assess the role of the
ACKR3 receptor, both in the differentiation and the migration of the plasma cells, as well as its
role in humoral immune responses.

In this regard, the present study suggests that ACKR3 does not affect HSC differentiation in steady
state hematopoiesis. More specifically, the production of both myeloid and lymphoid cells
remained unaltered after the deletion of ACKR3 in all tissues. It is important to note that all mice
used in the present study were in Apoe”" background. Hence, it is possible that changes on
hematopoiesis and cell production were missed due to the low-grade inflammatory conditions
induced by the absence of the gene (Zhang et al., 1992).

However, this study demonstrates for the first time a role for ACKR3 in the maintenance of the
HSC dormancy in mice. The enhanced proliferation of the HSCs in the absence of the ACKR3, and
the subsequent accumulation of intracellular ROS, demonstrates that ACKR3 is vital for the
regulation of HSC metabolism. Nevertheless, the identification of the mechanism by which ACKR3
exerts its function has been proven to be a challenge. To this regard, the protein concentration
of the ligand, CXCL12, remained unaltered in Ubc-Ackr37- mice. At the same time, no other
cytokine was regulated, when | screened for 13 major cytokines involved in HSC biology. However,
the deletion of CXCL12 in adult mice, phenocopied the accumulation of ROS in HSCs and the
enhanced cell proliferation, observed in the Ubc-Ackr3”- mice. Thus, it is possible that CXCL12
maintains HSC quiescence, preventing the accumulation of ROS in these cells. ACKR3 regulates
CXCL12, promoting the hypoxic status in the cells, and consequently the absence of either the
receptor or the chemokine induces the accumulation of ROS and promotes cells to exit dormancy.
However, further experiments should be considered to fully elucidate the mechanism of the
receptor in BM maintenance.

One hypothesis towards this aim, would be that ACKR3 deletion alters CXCL12 distribution locally,
without affecting the total protein concentration. According to Kunz and Scroeder, who
developed a system for CXCL12 protein detection, although CXCL12 does not form any gradient
within the BM, there are some hotspots, where the chemokine accumulates, close to the
endosteum (Kunz and Schroeder, 2019). Could the formation of these hotspots be due to the
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proximal expression of ACKR3 in the endosteal cells? This assumption could be answered with the
assessment of CXCL12 distribution in the BM in the Ubc-Ackr3”- mice. An altered pattern of
protein distribution in the BM could emphasize the role of ACKR3 in the distribution of the
chemokine in the BM and the subsequent organization of the tissue.

It is detrimental to pinpoint the observation done by Radice et al that ACKR3 organizes spleen
architecture, and in particular the development of the marginal zone, which is absent in ACKR3"-
mice (Radice et al., 2020). In this context, it is possible that ACKR3 also affects the localization of
hematopoietic cells also in the BM. The assessment of HSC localization in Ubc-Ackr3”- mice, could
reveal whether the receptor regulates cell positioning within the BM environment, relatively to
the endosteum, the sinusoids or the arterioles. Despite certain controversies (Acar et al., 2015,
Nombela-Arrieta et al., 2013), HSC positioning in the BM has been correlated with the cell
properties and the metabolic profile (Kunisaki et al 2013, Itkin et al., 2016). Thus, an altered HSC
microenvironment could explain the altered metabolic phenotype of HSCs in the absence of
ACKR3. A verification of this hypothesis would suggest that ACKR3, through the expression on
stromal cells, is a major orchestrator of the HSC microenvironment, regulating the properties of
the HSCs.

5.2 In the absence of ACKR3 mice are more susceptible to lethality after
myeloablation

In addition to the role of ACKR3 in steady state hematopoiesis, the present study reveals for the
first time that deletion of ACKR3 increases the susceptibility of the mouse model used after
myeloablation with the chemotherapeutic agent 5FU. 5FU is a drug that interferes with RNA and
DNA synthesis, evoking DNA repair mechanisms (Wyatt and Wilson, 2009), and is, thus, mainly
affecting proliferating cells. Interestingly, the Ubc-Ackr3”~ mice that survived the turning point of
day-10, fully reconstituted hematopoiesis. Thus, one hypothesis regarding the molecular
mechanisms involved is that the aberrant proliferation of HSCs, in the absence of ACKR3, increase
the vulnerability of these cells to 5FU, by inducing cell death. The HSCs that survive will, finally,
reconstitute BM and restore hematopoiesis independently of ACKR3.

Another significant feature of the Ubc-Ackr3”" mice, after the treatment with 5FU, which could
also relate to the lethality, was the signs of anemia observed. This study reports a role for ACKR3
in red blood cell production, as the mice lacking ACKR3 exhibited reduced levels of hematocrit
and hemoglobin after the 5FU treatment compared to the mice expressing ACKR3. To my
knowledge this is the first time that the receptor is directly associated with these parameters. The
only relevant data in literature demonstrate that infection with a Shiga toxin, which induces
anemia in vivo, enhances ACKR3 expression in endothelial cells (Petruzziello-Pellegrini and
Marsden, 2012). Interestingly, ACKR3 is not expressed on human erythroid cells (Berahovich et al.,
2010), while our data further exclude the expression of the receptor on murine erythroid cells.
Thus, it is hypothesized that ACKR3 regulates anemia indirectly via a distinct factor. In this regard,
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IL-6, a cytokine that was significantly upregulated in the plasma of the 5FU-treated Ubc-Ackr37
mice, has been previously reported to exacerbate anemia (Yacoub et al., 2020). Thus, | propose
the existence of an axis in which ACKR3 regulates the IL-6, affecting subsequently the production
of red blood cells and their capacity to oxygenate tissues. In support of our hypothesis,
overexpression of ACKR3 in cancer cells, induced the expression of IL-6 (Chen et al., 2016),
whereas silencing of ACKR3 in an in vitro model of diabetes reduced the levels of the IL-6 protein
(Yang et al., 2020). Thus, further experiments would help to identify the source of the circulating
IL-6 and unveil the mechanism by which ACKR3 affects the erythrocytes. In addition, since the
observations are based on a murine mouse model, the system should be translated to human
biology at steady state, but also during emergency hematopoiesis induced by a cytotoxic drug,
such as 5FU.

5.2 ACKR3 creates a regulatory loop for Cxcl12 gene expression in murine
aorta

In the present study, | inhibited ACKR3 in two independent models, using a transgenic mouse
model in which ACKR3 was depleted in all cells after the treatment with tamoxifen, and a mouse
model in which the receptor was inhibited via an antagonist. Nevertheless, there were no
evidence of LSK mobilization in any of the models used, and thus, the present study provides for
the first-time concrete evidence that ACKR3 is not involved in the retention of HSCs. As a result,
it can be concluded that the role of ACKR3 in HSC maintenance is discrete from the role of CXCR4,
which is involved in the retention of HSPC in the BM.

In addition, the present data reveal a role for ACKR3 in the regulation of CXCL12 concentration
under specific conditions. More specifically, the conditional knock down of ACKR3 did not alter
CXCL12 concentration in both plasma and BM at steady state mice. This result is contradicting to
what previously observed in total ko mice, in which the concentration of circulating CXCL12 was
significantly elevated (Berahovich et al., 2014). Of note, the total Ackr37- mice exhibit a survival
rate of 30% (Gerrits et al., 2008), which stresses out concrete discrepancies with our model, in
which the conditional deletion of the receptor was induced during definite hematopoiesis. Thus,
our data are more reliable for the role of ACKR3 at steady state hematopoiesis and exclude the
possibility of an artifact due to developmental malformations.

On the contrary, the administration of the ACKR3 pharmacological inhibitor resulted in a rapid
increase of circulating CXCL12 6h after the administration. Intriguingly, this effect is observed in
an even more pronounced way after the administration of the CXCR4 inhibitor, AMD3100, where
circulating CXCL12 is increased within 1h. Due to the elapsed time to these responses, it can be
assumed that the inhibitors regulate CXCL12 in the protein and not the gene level. The questions
arising are whether these two inhibitors act via the same receptor, and which receptor that would
be. In this regard, ACKR3 antagonist was reported not to interact with the CXCR4 (Richard-Bilstein
et al., 2020). On the contrary, AMD3100 has been characterized as an agonist, but not an
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antagonist, for ACKR3 (Kalatskaya et al., 2009). It could be hypothesized that the AMD3100-
mediated elevation of the circulating CXCL12 concentration is due to an off-site effect to the
receptor ACKR3. Dar et al supported that the altered concentration of CXCL12 in plasma and BM
after AMD3100 is due to CXCL12 release from CXCR4+ BM stromal cells (Dar et al., 2011). Hence,
it would be interesting to assess the AMD3100-dependent dysregulation of BM and circulating
CXCL12 in ACKR3-/- mice. This model could answer the question on whether AMD3100 binding
to ACKR3 affects CXCL12 concentration and give us new insights on the mechanism the routinely
used drug, AMD3100, functions.

Atypical chemokine receptors act by scavenging, transferring, and presenting chemokines
(Vacchini et al., 2016). The present data could, thus, elucidate the mechanism by which ACKR3
acts, regulating systemic CXCL12. To this end, it has been previously reported that ACKR3
degrades CXCL12 (Naumann et al., 2010). To verify or disprove this hypothesis, the BM CXCL12
concentration should be assessed in the mice treated with the AKCR3 antagonist at 6h, when the
concentration of circulating CXCL12 reached a peak. If the BM CXCL12 levels remain unaltered
after the treatment with the inhibitor, it could be considered that the elevation of the circulating
CXCL12 concentration results from the blockade of the ACKR3-mediated CXCL12 scavenging.

On the contrary, a decrease in the BM CXCL12 after the administration of the ACKR3 inhibitor,
would support the role of ACKR3 in regulating chemokine transferring among tissues.
Nevertheless, in the present study the expression of ACKR3 on BM endothelial cells was
extensively investigated, and disproved. Thus, it could be hypothesized that the role of ACKR3 on
chemokine transferring is indirect, and an alternative hypothesis should be formed. One such
hypothesis would be that the elevation of the systemic CXCL12 and the downregulation of CXCL12
in tissues is the result of vessel leakiness after the ACKR3 blockade. To this end, the assessment
of endothelial cell integrity should be assessed with the injection of fluorescent dextran of
different size. A confirmation of this theory would suggest that ACKR3 instead of a transferring
receptor, is a protein maintaining vessel integrity.

Nevertheless, despite the exact mechanism by which ACKR3 pharmacological blockade results in
the increase of circulating CXCL12, the fact that this effect is seen 6 hours after the inhibition,
could explain the discrepancies with the inducible ko model, which was used in this study. It is
possible that alternative mechanisms have been activated in our in vivo model to balance the
dysregulation of the CXCL12 axis after the deletion of the ACKR3 receptor. In accordance with this
hypothesis, the administration of ACKR3 antagonist in healthy volunteers results only in a
transient increase of CXCL12 that peaks within the first 24h (Huynh et al., 2021). Hence, the
elapsed time after the ACKR3 inhibition is important for the effect on CXCL12 concentration, as
secondary mechanisms restore the concentration of CXCL12 in the plasma.

Changes in the experimental model with the administration of 5FU and the consequent
myeloablation, altered the balance of the system, and resulted in a profound increase of
circulating CXCL12, during the recovery phase. Although, a potent role of ACKR3 on vessel
integrity, as analyzed above, would explain the changes observed in both circulation and BM after
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the 5FU, the enhanced expression of ACKR3 on aortic cells after the myeloablation, prompted me
to also investigate the expression of Cxcl12 in these cells, relatively to ACKR3.

As shown by Doring et al, a major source of the circulating CXCL12 is BMX* endothelial cells
(Doring et al., 2019). Thus, | assessed the expression of CXCL12 in aortic cells isolated from the
5FU treated mice. Strikingly, aortic cells lacking ACKR3 exhibited significantly enhanced Cxcl12
expression. Thus, it could be concluded that the binding of CXCL12 to ACKR3 activates an
intracellular pathway that inhibits the gene transcription in these cells. The depletion of the
receptor prevents the inhibition leading to aberrant gene expression and potentially the
accumulation of circulating CXCL12. To our knowledge this is the first time that it is reported that
ACKR3 regulates CXCL12 gene expression.

5.3 CXCL12/CXCR4 interaction retain hematopoietic cells in the BM

In addition to the role of ACKR3 in HSC maintenance and CXCL12 regulation, the mouse models
developed for this study provided the tools to draw conclusions on the mechanisms retaining LSK
cells in the BM. To this end, in contrast to the hypothesis correlating the elevation of the
circulating CXCL12 concentration with the mobilization of LSK to the blood (Dar et al., 2011), our
data do not support this hypothesis. Increase of the circulating CXCL12 was observed after the
pharmacological inhibition of ACKR3 and during the myeloablation in Ubc-Ackr3”7- mice. However,
no LSK cells were detected in the periphery. Similarly, the artificial increase of circulating CXCL12
by injection of the chemokine in mice depleted of CXCL12 did not affect the number of LSK cells
in the BM nor the periphery. Hence, it is concluded, that the concentration of CXCL12 does not
affect HSPC retention nor mobilization.

On the contrary, the present data strengthen the evidence regarding the direct role of CXCR4 for
HSPC anchoring. To this end, unfortunately the Fgd5-Cxcr4”- mice employed did not provide
reliable data. Despite the mobilization of colony-forming cells in the circulation of Fgd5-Cxcr4”
mice, the expression of CXCR4 in the surface and the cytoplasm of HSCs did not significantly
change. The low percentage of cells expressing both Fgd5 and CXCR4 suggest that the
Fgd5%s6m-CreERT2 model is not ideal for the assessment of the role of CXCR4. Thus, another HSC
specific model should be employed to assess HSC mobilization after the deletion of CXCR4 in these
cells. Nevertheless, the mobilization observed when knocking out CXCR4 in BM cells, but not in
BM stromal cells, underlines that the direct activation of CXCR4 on hematopoietic cells mediates
cell retention in the BM.

Whether this effect is only mediated by anchoring of CXCR4 on hematopoietic cells to the
immobilized CXCL12 on BM stromal cells, or whether indirect anchoring molecules are involved
has yet to be elucidated. The absence of mobilization in Ubc-Cxcl127- mice favors the hypothesis
that additional extracellular molecules are involved in the CXCR4-dependent retention. Of note,
a limitation of the model is that BM CXCL12 exhibited a 6-fold reduction, which suggests a
significant depletion of the chemokine, but not a total deletion. It is proposed that the
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administration of tamoxifen for a longer time period than the 2 months may assist the complete
removal of the chemokine from the system. However, the absence of any reduction in the number
of BM HSPC or in the number of circulating LSK, strengthens the hypothesis that additional
molecules are involved in CXCR4-mediated cell retention.

To this end, in vitro system could be developed to study the binding of LSK cells to immobilized
integrins in the presence and absence of the CXCR4/CXCL12. In this system, the screening of
downstream kinase pathways, and the assessment of extracellular integrins on cell surface could
reveal the molecular details of the mechanism. In this manner, the identification of novel and
more efficient therapeutic targets for cell mobilization in clinic could be enabled. Moreover, G-
CSF, a drug that has the disadvantage of the multiple dosing, could be replaced by other
molecules, targeting the identified integrins, or the CXCR4/CXCL12 axis and thus eliminating the
side effects of G-CSF injection (bone pain, redness, fever)

Finally, it is always possible that a novel undescribed ligand for CXCR4 mediates cell retention. In
this regard, ubiquitin, the small protein involved in protein degradation, has been identified as a
ligand for CXCR4 on myeloid cells. In addition, extracellular ubiquitin signals through CXCR4,
inducing a Ca?* mediated response (Saini et al., 2010). Other ligands that have been described for
CXCR4 include the viral chemokine CCL2 and B-defensins (Adlere et al., 2019). Thus, it would be
interesting to abrogate the binding of ubiquitin to CXCR4 in vivo and consequently to assess the
role of the interaction in cell mobilization. Alternatively, an in silico High Throughput Screening
should be employed to identify novel ligands for CXCR4.

5.4 Translational perspectives of the study

ACKR3 has been previously detected in human B cells (Humpert et al., 2012, Zabel et al., 2011,
Sierro et al., 2007), but not in CD34* hematopoietic stem cells (Berahovich et al., 2010). Moreover,
ACKR3 has been found to be expressed in human primary endothelial cells (Naumann et al., 2010).
Our data on murine tissues reveal a similar expression profile of the receptor between the two
species and, although further evaluation on the ACKR3 expressing cells within the human BM is
needed, it is possible that ACKR3 exerts a comparable supportive role in human hematopoiesis,
too. Lately, there has been a development of bone marrow organoids enabling the ex vivo
mimicking of human hematopoiesis (lordachescu et al., 2021, Giger et al., 2021). Thus, in order
to elucidate the role of ACKR3 on human HSCs, the development of an organoid system is
proposed, which would allow the ex vivo culture of HSCs in the presence of ACKR3* stromal cells.
The data generated could reveal the role of ACKR3 in human hematopoiesis and enable us to
evaluate the translation of our murine data.

HSC biology is detrimental during aging, malignancies and the development of cardiovascular
diseases. Thus, unveiling the role of ACKR3 and targeting the receptor via small molecules would
find multiple applications in clinic. During aging, HSCs exhibit an altered extracellular marker
phenotype, skewed differentiation toward cells of the myeloid lineage, increased mobilization,
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enhanced proliferative capacity and accumulation of DNA mutations (Geiger et al., 2013, de Haan
and Lazare, 2018, Verovskaya et al., 2019). Thus, ACKR3 could transform into a key target to
regulate HSC metabolism and functionality. In addition, certain changes occur in the environment
of an aged BM. Osteoblast regeneration is downregulated, whereas the vessel network changes.
Finally, aged BM is characterized by the enhanced deposition of fat cells (Verovskaya et al., 2019),
a phenomenon that also affects the concentration of CXCL12, as the increased BM adiposity has
been correlated with a reduction in circulating CXCL12 (Tuljapurkar et al., 2011). In summary,
ACKR3 as a potent orchestrator of the BM microenvironment and a regulator of HSC biology,
would be a novel target for the prevention of HSC aging.

In addition, both ACKR3 chemokine ligands, CXCL12 and CXCL11 have been correlated with CVD,
whereas the role of ACKR3 remains elusive (Gencer et al., 2019). Nevertheless, it is important to
note that during CVD, HSCs exhibit a senescent phenotype (Fabiola et al., 2013). More specifically,
due to cellular proliferation, the telomeric DNA regions shorten. As a result, HSCs inherit
mutations. The accumulation of mutations in HSCs due to proliferation and senescence results in
the generation and prevail of certain HSC clones, a phenomenon termed as Clonal Hematopoiesis
of Intermediate Potential (CHIP) (de Haan and Lazare, 2018, Evans et al., 2020, Jaiswal and Ebert,
2019). Individuals carrying mutated HSC clones were twice likely to exhibit a coronary heart
disease, and increased risk for myocardial infraction (Jaiswal et al., 2017). Mechanistically, it has
been presumed that the exacerbated atherosclerosis is due to the IL-1b production by the
mutated clones. Additionally, IL-6 is considered to further induce CVD establishment (Lee et al.,
2020, Jaiswal et al., 2017). Thus, an ACKR3-based therapeutic line could target HSC metabolism
and consequently CHIP, as well as the production of inflammatory cytokines.

In hematopoietic malignancies, HSCs alter their oxidative profile. The pathway of oxidative
phosphorylation is markedly used to produce energy, while the intracellular ROS levels remain
low (Panuzzo et al., 2020). The regulated expression of transcription factors and antioxidant genes
favor the maintenance of low ROS levels, which facilitates the maintenance of the HSCs and the
establishment of the disease (Samimi et al., 2018). At the same time, the acquisition of favoring
mutations, enhancing HSC survival and proliferation further predispose HSCs towards leukemia
(Shlush et al., 2014). Moreover, CHIP is also a hallmark of hematopoietic malignancies, as
mutations in specific genes induce the clonal expansion of HSCs (Genovese et al., 2014). Last but
not least, 5FU is a frontline drug in the treatment of malignancies (Heidelberger et al., 1957,
Casale and Crane, 2020). Thus, the interpretation of the present murine data on the role of ACKR3
in HSC susceptibility to 5FU to human biology would be of high value to ease chemotherapies’
adverse effects.

Finally, Hematopoietic autologous and allogeneic stem cell transplantation (HSCT) is an
established treatment for patients with hematopoietic malignancies (Dessie et al., 2020,
Khaddour et al., 2021). Thus, our concrete data on the mechanism involved in CXCR4-dependent
retention of HSCs could further facilitate the development of novel HSCT protocols for the remedy
of hematopoietic diseases and beyond.
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In summary, this study identifies the endosteal and endothelial cells as major ACKR3-expressing
populations and reveals the role of the receptor in the regulation of HSC quiescence. In addition,
the present data reveal that ACKR3 regulates CXCL12 concentration, and, consequently, short-
term ACKR3 blockade triggers an increase of CXCL12 concentration in plasma. Nevertheless,
CXCL12, and, thus, ACKR3 do not mediate HSC retention, for which CXCR4 is the key factor.
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Appendix A:

Primer Sequence for end point PCR

Gene Sequence (5°> 3°) Expected size (in base
pair)

Apoe” Forward (common) GCC TAG CCG AGG GAG AGC CG

Reverse (1) TGT GAC TTG GGA GCT CTG CAG C wildtype: 150bp

Reverse (2) GCC GCC CCG ACT GCATCT transgenic: 245bp
UbcCreErT? Forward CAT GTC TTT AAT CTA CCT CGA TGG

Reverse CTC TTC CCT CGT GAT CTG CAA CTC C wildtype: 299bp

Forward CAG CAT GAA GTG CAA GAA CG

Reverse CAC CAG GTT AGC CTT TAA GCC transgenic: 500bp
Cxcr4fiox/flox Forward (common) CAC TAC GCA TGA CTC GAA ATG

Reverse (1) GTG TGC GGT GGT ATC CAG C wildtype: 330bp

Reverse (2) GTG CTC CTC GGA ATG AAG AG transgenic: 430bp
Ackr3fiox/flox Forward GGA ACC CAG GCG AAG TCT GAG wildtype: 362bp

Reverse CCT GTA CTT CAG TAG GAG TCC AC transgenic: 396bp
Fgd5¢reERT2 Forward (common) GGA AGC TCC AGA TGA AGA GG

Reverse (1) ATG ACC TCA TTG GGG AAG G wildtype: 302bp

Reverse (2) GCG GTT GCC GTA CAT GAA G transgenic: 265bp
Cxcl12flox/flox Forward GGACACCAGAACCTTGAAAC wildtype: 280bp

Reverse AGCCTCGGACTTGGCATAAC transgenic: 320bp
Ackr3P Forward (common)  GTC ACT TGG TCG CTC TCC TC

Reverse (1) GAT GTA GCA GTG CGT GTC GT wildtype: 280bp

Reverse (2) GAA CTT CAG GGT CAG CTT GC transgenic: 150bp
Ackr3” Forward GAG TCA ATT GAG TGG GCA AGG wildtype: 1900bp
after everse ransgenic: P
( R GCT ACA TTG CTT TCT TGA AGA AAC C t 2300b
tamoxifen) ko: 300bp
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Appendix B:

List of antibodies used for flow cytometry

Target name  Fluorescent Clone Provider Catalogue Concentrati
molecule Number on used

CD3 Pacific Blue 17A2 Biolegend 100214 1/200
CD3 Biotin 17A2 Biolegend 100244 1/500
CD3 BUV737 17A2 BD Biosciences 564380 1/200
CD11b Pacific Blue M1/70 Biolegend 101224 1/1000
CD11b APC M1/70 Biolegend 101211 1/500
CD11b FITC M170 Biolegend 101206 1/500
CD11b Biotin M1/70 Biolegend 101204 1/500
CD11b PE Dazzle 594 M1/70 Biolegend 101256 1/1000
CD16/32 APC/Cy7 93 Biolegend 101328 1/500
Cd16/32 PE 93 Biolegend 101307 1/500
CD16/32 - 93 Biolegend

101302 1/500
CD16/32 Alexa Fluor 700 93 eBioscience 56-0161-80 1/500
CD19 PE/Cy7 6D5 Biolegend 115519 1/1000
CD19 BUV737 1D3 BD Biosciences 612782 1/500
CD21 APC 7E9 Biolegend 123412 1/1000
CD23 BV421 B3B4 Biolegend 101621 1/1000
CD31 PerCP-Cy5.5 390 Biolegend 102419 1/500
CD31 FITC MEC 13.3 BD biosciences 553372 1/500
CD31 Alexa Fluor 594 MEC13.3 Biolegend 102520 1/500
CD34 FITC RAM34 BD Biosciences 560238 1/500
CD34 Alexa Fluor 647 RAM34 BD biosciences 560233 1/500
CD34 BV421 RAM34 BD Biosciences 562608 1/500
CD44 BV510 IM7 Biolegend 103044 1/500
CD45 APC e-fluor 780 30-F11 eBioscience 47-0451-82 1/500
CD45 BV711 30F-11 Biolegend 103147 1/500
CD45 FITC 30-F11 Biolegend 103108 1/500
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CD45
CD48
CD48
CD48
CD51

CD106
(VCAM)

CD106

CD115

CD115

CD115

CD140a
(PDGFRa)

CD150

CD150

CXCR4
CXCR4
CXCR4
CXCR7
B220
B220
B220
c-kit
c-kit
c-kit
Grl
Grl
F4/80

F4/80

PercP-Cy5.5.5
BV510
APCCy7

PE Dazzle 594
PE

PerCP-Cy5.5

BUV395

PE

PerCP-Cy5.5

APC

PE

BV421

Alexa Fluor 488
Alexa Fluor 594
Pacific Blue
BV510

Biotin

PE/Cy7

BV785

Alexa Fluor 594
Pacific Blue
Biotin

BV510

FITC

30-F11

HM48-1

HM48-1

HM48-1

RMV-7

429

429

Alexa Fluor
S98

Alexa Fluor
S98

T38-320

APA5

TC15-
12F12.2

TC15-
12F12.2

2B11

2B11

2B11

11G8

RA3-6B2

RA3-6B2

RA3-6B2

2B8

ACK2

2B8

RB6-8C5

RB6-8C5

BM8

BM8

Biolegend
Biolegend
Biolegend
Biolegend
Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

BD Biosciences

Invitrogen

Biolegend

Biolegend

ThermoFisher
BD biosciences
ThermoFisher
R&D Systems
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend

Biolegend

103131

103443

103431

103437

104105

105715

105713

135510

135506

743642

12-1401-81

115922

115910

12-9991-82

562738

53-9991-80

FAB42273T

103227

103247

103204

105814

135138

105831

108430

108403

123135

123107

1/500
1/500
1/500
1/500
1/500

1/500

1/500

1/500

1/500

1/200

1/100

1/500

1/500

1/200
1/200
1/300
1/100
1/1000
1/500
1/500
1/1000
1/500
1/500
1/1000
1/500
1/500

1/500
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F4/80
F4/80
Ki67
Ki67
Ly6C
Ly6C
Ly6C
Ly6C
Ly6G
Ly6G
Ly6G
Ly6G
Scal
Scal
Scal
Scal
Ter119
Ter119
Ter119
Ter119
Streptavidin

Streptavidin

124

PerCP-Cy5.5
APC

FITC

PE/Cy7

BV421

PE/Cy7

BV510

Alexa Fluor 700
APC/Cy7

FITC

BV510

BV605
APC/Cy7
BV605

APC
PerCP-Cy5.5
Pacific Blue

PE

Alexa Fluor 647
Biotin

Alexa Fluor 594

Alexa Fluor 647

BM8

BM8

16A8

16A8

HK1.4

HK1.4

HK1.4

HK1.4

1A8

1A8

1A8

1A8

D7

D7

D7

D7

TER-119

TER-119

Ter-119

Ter-119

Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend

Biolegend

123127

123115

652410

652425

128032

128018

128033

128023

127624

127606

127633

127639

582906

108134

108111

108121

116232

116208

116218

116204

405240

405237

1/500
1/500
1/300
1/400
1/1000
1/2000
1/500
1/500
1/500
1/500
1/500
1/500
1/500
1/500
1/500
1/500
1/200
1/500
1/500
1/200
1/500

1/500
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