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Summary



The bone marrow (BM) niche is a highly specialised microenvironment that provides
structural and trophic support through its stromal components for Haematopoietic Stem
Cells (HSC). Besides the haematopoietic element, the BM contains stromal constituents
such as adipocytes (BM-A), osteoblasts and mesenchymal stromal cells (BM-MSC),
which play an active role in regulating haematopoiesis through cell-cell contact and

secretion of growth factors and cytokines.

BM-A are the most abundant stromal components in the BM niche and during various
human conditions, including bone disease, haematological malignancies, diabetes, and
dietary intake, the BM niche can modulate the amount of adipocytes within the marrow.
Indeed, it has been demonstrated that during caloric restriction (CR) there is an expansion
of bone marrow adipose tissue and this contributes to increased circulating levels of

adiponectin, a hormone potentially involved in haematopoiesis regulation.

Changes induced by CR might reflect evolutionary functions that are essential to survival.

Indeed, CR is also of great interest as a strategy to treat chronic diseases.

Surprisingly the role of BM-A in haematopoiesis regulation remains unclear, therefore
the aims of our work were to molecularly and functionally characterise BM-A, and to

determine if adiponectin contributes to the regulation of the HSC during CR.

To address these aims, human BM-A were isolated from hip surgery patients, analysed
through microarray analysis and compared to adipose tissue adipocytes (AT-A) and BM-
MSC, while their relationship with primary human HSC was assessed in vitro using long-
term co-culture assay with HSC. The role of Adiponectin was studied using a mouse

model of Adiponectin” mice (KO) fed ad libitum (AL) or with 70% of AL food intake



(CR) from 9 to 13 weeks of age. Blood was sampled weekly and white blood cell
populations were analysed by flow cytometry. Following 4 weeks of CR, animals were
sacrificed; HSCs from the femur and lumbar vertebrae were isolated and characterised by

Colony Forming Unit (CFU) assays and flow cytometry.

Molecular data suggested that BM-A displayed a different gene expression profile
compared with subcutaneous AT-A collected from abdominal surgery patients, especially
in terms of regulation of lipid metabolism, stemness genes and white-to-brown
differentiation pathways. Accordingly, analysis of the gene pathways involved in
haematopoiesis regulation showed that BM-A are more closely related to BM-MSC than
to AT-A. Also, we demonstrated that BM-A are capable of supporting HSC survival in
the co-culture assay, since after 5 weeks of co-culture, HSC were still able to proliferate

and differentiate.

Adiponectin KO mouse models showed that KO had a reduced number of white blood
cells which turned into an increased proportion of Granulocytes in the whole CD45
population and to a significantly reduced number of B cells especially after the first week
of CR. Characterisation of HSC however didn’t reveal any significant diet or genotype-
induced difference among samples, as a similar number of CFU and a similar HSC

phenotype was observed.

These results suggested that BM-A are not the main HSC supporting population in BM,

but may contribute to the survival of HSC together with other stromal cells.



Furthermore, data suggested that even if not directly acting on BM-HSC, adiponectin
contributes to the regulation of immune cells during CR, highlighting a potential

evolutionary role of adiponectin in the regulation of the immune system.



Introduction



1. Haematopoiesis and Haematopoietic Stem Cells (HSCs)

Haematopoiesis is a dynamic process that ensures the continuous regeneration of
circulating blood cells. The production of blood cells occurs in the Bone Marrow (BM)
and is regulated by a small population of Haematopoietic Stem Cells (HSC). The HSCs
are rare multipotent cells with self-renewal capacity and are able to produce between eight

to ten distinct lineages (Bonnet D et al, 2002) (Figure 1).
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Figure 1 Model of the hematopoietic hierarchy

The HSC resides at the top of the hierarchy, and harbor both the self-renewal capacity and the potential to
differentiate into all hematopoietic cell types (multi-potency). Throughout differentiation, a HSC commits
to become a mature functional cell of a certain lineage.

Multi-potent can directly give rise to megakaryocyte/erythrocyte progenitors (MEP) without passing
through CMP (dashed arrow). HSC: hematopoietic stem cell, CLP: common lymphoid progenitor, CMP:
common myeloid progenitor, GMP: granulocyte/macrophage progenitor, MkP: Megakaryocyte progenitor,
EP: erythrocyte progenitor, GP: granulocyte progenitor, MacP: macrophage progenitor, DC: dendritic
cell, NK: natural killer, Lin: lineage markers (From Seita J et al., 2010).



The term “stem cell” can be found in earlier publications of the hematopoietic field. In
1896, Pappenheim used stem cell to describe a precursor cell capable of giving rise to
both red and white blood cells (Pappenheim A, 1896; Ramalho-Santos M et al, 2007).
The debate about the existence of a common hematopoietic stem cell continued for
several decades until definitive evidence was provided by the work of James Till, Ernest
McCulloch, and others in the 1960s (Becker AJ et al, 1963; Siminovitch L et al, 1963)
following their studies of blood system regeneration in vivo. Ten days after transplanting
syngenic BM cells into recipient mice, Till and McCulloch observed that the donor cells
were able to reconstitute the BM and formed nodules in the spleen of the recipient mice
named colony-forming units-spleen cells (CFU-S). The analysis of these colonies showed
that these cells were derived from donor BM cells and that they had self-renewal capacity
and the ability to generate multiple types of myeloerythroid cells (Rossi DJ et al, 2007,
Becker AJ et al, 1963; Siminovitch L et al 1963; Till JE et al, 1961; Wu AM et al, 1968;
Seita J et al, 2010). They proposed therefore that these “self-renewing units” must be the
primitive cell source that were capable of giving rise to multiple lineages and regenerated
the whole hematopoietic system, and therefore they hypothesised these cells to be stem

cells (Yu V.W.C. et al, 2016; Worton RG et al, 1969).

These findings allowed the introduction of two main criteria to define Stem Cells: the
Multi-lineage potential, which for haematopoietic stem cells specifically represents the
ability to differentiate into all the mature circulating blood cells; and Self-renewal
potential that consists in the capacity of cells to give rise to identical daughter HSCs
without differentiation (Seita J et al, 2010). This phenomenon is defined as “symmetrical
division” and leads to increased number of the same cell type and occurs mainly during

organogenesis and embryogenesis. In adults and under homeostatic conditions the



number of cells within a tissue remains substantially constant because stem cells not only
self-renew but are also capable to give rise to a differentiated progeny, therefore it is
commonly accepted that a single HSC can asymmetrically divide giving rise to two
different daughter cells, one maintaining the stem cell identity and the other becoming a

differentiated cell.

The asymmetry can be achieved by cells pre- or post-division and can be therefore
identified as divisional asymmetry, or environmental asymmetry. In the divisional
asymmetry, the cell fate is determined by the distribution of mRNA and protein within
the cytoplasm at the time of cell division. In the model of the environmental asymmetry
the HSC divides generating two identical daughter cells one remaining in the
haematopoietic niche and maintaining the features of stem cell, the other moving to a
different microenvironment which will determine the fate of the cell providing extrinsic

signals. (Figure 2) (Wilson A et al, 2006).
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Figure 2: HSC division models.
(a) Divisional asymmetry: cell-fate determinants are localized to one of the two
daughter cells. After division, one cell retains stem-cell fate, while the second
daughter cell differentiates. (b) Environmental asymmetry, after division, one of two
identical daughter cells remain in the self-renewing niche while the other relocates
into a differentiation-promoting microenvironment (Modified from Wilson A et al.,
2006)



1.1 HSC Phenotype and characterisation

Representing a rare population within the BM, HSCs are difficult to study, however flow
cytometry, cell sorting techniques and serial transplantation studies allowed to identify
different HSC populations with different self-renewal potential. Spangrude and
colleagues characterised for the first time murine HSCs, showing that only 0.05% of cells
are capable of long-term reconstitution in serial transplantation and they present a surface

1 low

marker phenotype of Thy- Lin (Lineage-markers™) and Sca-1" (Spangrude JG et al,
1988). Since this study, murine HSC have been intensively studied and in 1994 Morrison
and colleagues (Morrison SJ et al, 1994) demonstrated that the population originally
isolated by Spangrude can be further dived in 3 sub-populations: the Long-Term HSCs,
(CD150" CD244™ CD48"), the multipotent hematopoietic progenitors (MPP) (CD244"
CD150™ CD48") which only showed transient multilineage reconstitution capability, and
the more restricted haematopoietic progenitor cells (HPC) (CD48+ CD244+ CD150-)
who didn’t present any reconstitution capability. (Oguro H et al, 2013).

In the human, the first marker used to identify HSCs population was CD34 and it
represented only the 0.05-5% of adult BM cells. In vitro assays revealed that almost all
CD34+ cells showed multi-potency differentiation capability, but also that this population
is very heterogeneous (Seita J et al, 2010). The characterisation of human HSCs has been
improved combining CD34 expression together with Lineage-specific markers and
CD90. The work of Baum and colleagues showed that CD34+ cells can be further
subdivided in two populations: CD90" Lineage and CD90" Lineage” cells. In vitro assays
and xenoptransplantation models allowed to identify the CD34" CD90" Lineage

population as the only one capable of generating clones containing both myeloid and

lymphoid cell types (Baum CM, et al, 1992). The purification strategy of human HSCs



has been further refined by the use of CD38 marker. It has been shown that even if most
of CD34+ cells co-express CD38, only the fraction which is CD34+ CD3glow-to-negative cqp
produce multilineage colonies (Hao QL et al., 1996; Huang S et al., 1994; Miller JS et al.,
1999). These studies concluded that human HSC are enriched in the Lin— CD34+ CD38—

CD90+ population of human sources of hematopoietic cells (Seita J et al., 2010).

2. The haematopoietic niche

One of the first demonstrations of the importance of a specific microenvironment was
obtained by Dexter and colleagues who demonstrated in an ex vivo experiment the
requirement of a BM stromal feeder layer to maintain stemness properties and sustain
primitive haematopoiesis (Dexter, TM et al, 1977). Following this work, in 1978
Schofield developed the concept of the haematopoietic niche, (Schofield R, 1978) which
was described as a defined limited anatomical space where HSCs can be maintained and
where the differentiation processes are inhibited. (Yu VW et al., 2016). Schofield
proposed that HSCs are in intimate contact with bone and that this bone-cell interaction
is responsible for the inhibition of differentiation and for the maintenance of the self-
renewal capacity (Wilson A, et al, 2006). In 2003 Calvi et al. (Calvi, LM et al. 2003) used
an in vivo murine model which constitutively expressed parathyroid hormone (PTH) in
osteoblastic cells to study the relationship between bone and HSC’s. In this model the
total number of osteoblasts was increased and determined an increment in the levels of
haematopoietic cells partially, confirming the Schofield hypothesis and demonstrating a

direct correlation between bone and HSCs.
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Further experimental data obtained by both in vivo and in vitro models, (Taichman RS et
al., 1998; Taichman RS et al., 2005; Oostendorp RA et al., 2002) demonstrated that cells
involved in bone formation represented an important source of cytokines and growth
factors that can both promote the proliferation and support the survival of HSCs. Also,
transplantation experiments showed that HSCs preferentially localize from blood vessels
to endosteal regions retaining a quiescence status (Morrison SJ et al., 2014; Ellis SL et
al., 2011; Lo Celso C et al., 2009). These observations supported the concept of a specific
endosteal BM niche responsible for the maintenance of HSCs quiescence and for their
stemness properties. It has also been demonstrated that an important proportion of HSCs
can reside in the perivascular regions in direct contact with endothelial cells away from
the endosteum, originating also the hypothesis that a perivascular BM niche might exist
and play an important role in the regulation of HSCs (Sugiyama T et al., 2006; Kiel MJ

et al., 2008; Kiel MJ et al., 2007; Lévesque JP et al., 2010).

2.1 The endosteal niche:

The endosteal surface of bone is constituted of all cells that line the interface between
bone and marrow, from the most immature precursors to the most mature cell type. Within
this heterogeneous microenvironment a peculiar extracellular matrix rich in glycoproteins
and with a high-density calcium salt concentration has been shown to work together with
osteoblasts to regulate the homing, maintenance and differentiation of HSCs (Adams GB

et al., 2006; Calvi LM et al., 2003; Park D et al., 2012; Zhang J et al., 2003)

The high mineral content present in the bone make the endosteal niche a

microenvironment whose Ca®" concentration can substantially increase in condition of

11



injury, inflammation and bone remodelling (Adams GB et al., 2006). Interestingly, it has
been shown that HSCs express a calcium ion receptor (CaR) on their cell surface which
is responsible for an intracellular G protein-coupled response (Chattopadhyay N et al.,
1997). It has been shown that CaR-depleted mice normally develop HSCs in the fetal
liver, but they are not able to engraft the endosteal surface of the marrow. These mice
present a hypocellular BM and increased number of HSPC in peripheral blood
demonstrating that the ability of HSCs to respond to calcium concentration is involved in

the establishment of a specific endosteal niche. (Adams GB et al., 2006 B).

Twenty years after that Dexter and colleagues demonstrated the requirement of a stromal
BM feeder layer for the long-term survival of HSCs a series of scientific reports showed
that these stromal cells expressed alkaline phosphatase and were able to mineralise in

culture, demonstrating their osteoblastic origin (Askmyr M et al., 2009).

Molecular studies on osteoblasts led to the discovery that they are able to produce soluble
factors and transmembrane receptors involved in the regulation of HSCs. One of the first
key molecules identified was N-cadherin, a trans-membrane protein involved in the
HSCs-osteoblast interaction. It has been shown that N-cadherin is expressed by both
osteoblasts and a subset of HSCs (Wilson A, et al., 2006) and is responsible for the
anchorage of HSCs to the endosteal niche. The role of this molecule, however, has been
controversial as conditional deletion from HSCs or from osteoblast lineage cells had no
effect on HSC frequency, HSC function, or haematopoiesis (Zhang J, et al. 2003; Xie Y
et al., 2008; Hosokawa K et al. 2010, 2009; Wilson A et al., 2004; Morrison SJ 2009;

Bromberg O et al. 2012)
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Primary murine osteoblasts have also been studied to characterise their cytokines
secretion profile in vitro and it has been shown that they are able to produce several
stimulating cytokine of crucial importance for haematopoietic maintenance such as
Granulocyte-Colony Stimulating Factor (G-CSF), Macrophage-CSF (M-CSF),
Granlocyte-Macrophage-CSF (GM-CSF), Interleukin 1 (IL-1) and interleukin 6 (IL-6).
(Taichman RS et al., 1998). These data further confirm that osteoblasts represent a cell

population involved in the support and the maintenance of HSCs

Furthermore osteoblasts can produce haematopoietic inhibitory factors such as Tumor
Growth Factor B, (TGF- B), Leukemia Inhibitory Factor (LIF), and Tumor Necrosis
Factor a and  (TNF-a, TNF- B) (Taichman RS et al., 1998). This simultaneous presence
of both inhibitory and stimulatory signals is not surprising, as within the endosteal niche
both long term quiescent HSCs and more proliferating haematopoietic progenitor cells
can be found. A balanced proportion of stimulatory and inhibitory signals would therefore
allow both to maintain the pool of long-term HSCs throughout aging and guarantee to the

organism a continuous production of all the mature blood cell elements.

Another important molecule secreted in the endosteal niche is Osteopontin (OPN), a
protein whose expression is highly restricted at the endosteal surface of the niche. It has
been shown that OPN-deficient mice present an increased number of cycling HSC in vivo,
suggesting a crucial role for this protein in the maintenance of quiescence status of HSCs,
providing a mechanism to restrict excess stem cell expansion under conditions of niche

stimulation. (Nilsson SK et al., 2005; Stier S et al., 2005)
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2.2 The perivascular niche:

It has been demonstrated that BM sinusoidal vessels could serve as alternative cellular
scaffolds where HSCs can reside and mature. To delineate the BM sinusoidal network as
a separate anatomic and functional entity from the endosteal zone, the name “vascular
niche” was employed (Kopp HG et al., 2005). Considering the complex three-
dimensional structure of BM, and the tight association between the trabecular bone and
the microvascular network, the identification of two separate niches has been challenging.
The ultrastructural characterization of the BM niche showed that the more committed
haematopoietic progenitors rather than long-term HSCs have a close association with the
bone marrow microvasculature (Walkley CR et al., 2007). These findings demonstrated
the interaction between HSCs and the vascular niche is a crucial step for haematopoietic
differentiation processes (Park D et al., 2012). Avecilla and colleagues in 2004
demonstrated that the exposure of megakaryocytes progenitor to sinusoidal BM
endothelial cells (EC) promoted thrombopoiesis, supporting the idea that the translocation
of non-differentiated progenitors toward the perivascular niche promote the maturation
and differentiation of HSCs. The authors demonstrated that this process was mainly
dependent on Stromal Derived Factor 1 (SDF-1/CXCL-12) and Fibroblast Growth Factor
4 (FGF-4), that enhanced the expression of Vascular Cell Adhesion molecule 1 (VCAM-
1) and of Very Late Antigen 4 (VLA-4) on megakaryocytes, promoting their maturation
and platelet release (Avecilla ST et al., 2004). Endothelial cells form the inner cellular
lining of blood vessels are essential for haematopoietic recovery after irradiation and BM
transplantation, (Hooper AT et al., 2009; Kobayashi H et al., 2010; Salter AB et al., 2009)
and have been shown to support haematopoiesis in vitro (Butler JM et al., 2010; Li N et

al., 2006; Yildirim S et al., 2005; Chute JP et al., 2002, 2004).
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Unsurprisingly, HSCs and EC are able to establish a close interaction as both lineages
arise from the same embryonic progenitor: the haemoangioblast. (Huber TL et al., 2004).
Furthermore, at any time point during development, HSCs can be found in close contact
with EC; (Lu LS et al., 1996) and that in the human embryo they can be detected within
the aorta (Tavian M et al., 1996) and in perivascular location of the foetal liver (Oberlin
E et al., 2002). Together, these developmental findings support a strong interdependence
of HSCs and EC during ontogenesis and this concept can be extended to the adult where
haematopoiesis can develop in the BM only in specific structures organised by vascular

cells (Kopp HG et al., 2005).

The dynamic and circulating nature of the HSCs still raises the possibility that the
accumulation of HSCs near sinusoids is due to normal HSC trafficking. Hooper and
colleagues (Hooper AT et al., 2009) demonstrated that the deletion of Vascular
Endothelial Growth Factor 2 and 3 (VEGF2; VEGF3) did not result in heamatopoietic
defects for several weeks but could inhibit HSC engraftment and reconstitution. This may
suggest that sinusoidal endothelial cells function in the homing and engraftment of HSCs,
rather than for the maintenance of endogenous HSCs under homeostatic conditions (Park

Detal., 2012).
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3. Mesenchymal Stromal Cells

Mesenchymal Stromal Cells (MSCs) or Pericytes were originally identified as a non-
haematopoietic cellular population of the BM niche with osteogenic differentiation
potential. (Friedenstein et al., 1968, 1970, 1976). Heterotopic transplantation experiments
demonstrated that these cells had osteogenic differentiation potential and that a cell
population deriving from a single stromal cell could originate also cartilage and
adipocytes. In consideration of these results, it was hypothesized that in the post-natal
BM stroma reside a second type of non-haematopoietic multipotent progenitor able to
differentiate in different connective tissues (cartilage bone and fat) which are all part of a

multilineage system downstream this common progenitor (Bianco P, 2014).

MSC were also identified as Adventitial Reticular Cells (ARC) for their morphology and
for their localization (Weiss 1976, 1980). Pericytes are distributed both in the perivascular
niche over the sinusoid surface and in the endosteal niche. They contact maturing blood
cells and express high level of C-X-C motif chemokine ligand 12 (CXCL-12), Nestin,
and Leptin Receptor (LepR) (Omatsu Y et al., 2010; Méndez-Ferrer S et al., 2010; Ding
L etal., 2012). In 2006 Sugiyama and colleagues (Sugiyama T et al., 2006) defined these
cells as CXCl-12 Abundant reticular cells (CAR) and demonstrated the importance of its
interaction with C-X-C motif chemokine receptor type 4 (CXCR4), a receptor expressed
on the surface of HSCs. It has been demonstrated that deletion of CXCI-12 from
osteoblast do not affect frequency of HSCs while when this chemokine was deleted in
EC, HSCs were depleted from the BM. Notably, only a conditional deletion of CXCL-12
from perivascular MSC caused both a depletion and mobilization of HSC underlining the

importance of this cellular population (Greenbaum A et al., 2013; Ding L et al., 2013).
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The expression of this chemokine is induced in response to haematopoietic loss and HSCs
are able to specifically migrate toward the production source. CXCL-12 indeed is a
chemotactic molecule that induces motility of cells expressing its receptor (Wilson A et
al., 2006) and is essential for retention and maintenance of adult HSCs in the BM. Further
confirmation of MSC-supporting role in the BM niche comes from human clinical data
and experimental animal models which suggested that contransplantion of HSCs and
MSC:s results in increased chimerism and haematopoietic recovery (Kog ON et al., 2000;
Devine SM et al., 2001; In 't Anker PS et al., 2003; Bensidhoum M et al., 2004). MSC
are able to support haematopoiesis supplying to haematopoietic cells signals for survival
proliferation and differentiation through cell-contact-mediated mechanisms or by
secreting cytokines and growth factors (Pontikoglou C et al., 2011). Indeed, it has been
shown that MSCs can secrete Stem Cell Factor (SCF), thrombopoietin, leukemia-
inhibitory factor (LIF), TGF- B, interleukins (IL-6, 8, 11, 12, 14, 15), GM-CSF, M-CFS
and can also synthetize adhesion molecules and extracellular matrix proteins (Dazzi, F et

al., 2006; Majumdar MK et al., 2000; Di Nicola M et al., 2002; Prockop DJ, 1997).

Because of the low frequency of MSC in the BM (0.01-0.001% of total BM cells),
(Caplan Al, 1991) and because of the lack of specific markers to identify them, little is
known about the features of MSC in vivo. Most data come therefore from ex vivo studies
where the high proliferative potential and the plastic adherence properties were used to
isolate and expand MSC. So far many surface markers have been used to identify a
specific immunophenotype of MSC, applying both positive (Stro-1, CD271, CD146,
CD106, CD73, CD105, FZD9, SUSD2, LEPR, CD90) and negative selection markers

(CD44, CD31, CD34, CD45). However, none of the markers are specific for MSCs, and

17



the precise in vivo identity and phenotypic signature of adult BM-MSCs have therefore

remained elusive (Li H et al., 2016).

Considering the different properties and roles played by Osteoblast and Adipocytes, a
proper balance between adipogenic and osteogenic differentiation of MSC is required for
healthy and sustainable haematopoiesis. The differentiation of MSCs is a two-step
process, lineage commitment (from MSCs to lineage-specific progenitors) and maturation
(from progenitors to specific cell types). Many signaling pathways are involved in the
regulation of lineage commitment of MSCs, including TGFB/bone morphogenic protein
(BMP) signaling, wingless-type MMTYV integration site (Wnt) signaling, Hedgehogs

(Hh), Notch, and fibroblast growth factors (FGFs) (Chen Q et al., 2016).

PPARy and C/EBPs represent two of the main factors responsible for adipogenic
commitment and differentiation (Lefterova MI et al., 2008; Cao Z et al., 1991; Kushwaha
P et al., 2014; Kim J et al., 2014) while Runx2 and Osterix are crucial for osteogenic
differentiation (Augello A., 2001). However, upstream molecular processes, biological
and metabolic conditions are likely to be responsible for the activation of these two
alternative differentiation pathways. It has been demonstrated that aging (Meunier P et
al., 1971; Justesen J et al., 2001; Moerman EJ et al., 2004), mitochondrial metabolism
(Zhang Y et al., 2013), oxidative stress (Atashi F et al., 2015), glucose uptake (Wei J et
al., 2015), osteoporosis and haematological malignancies might be responsible for a

skewed balance in the osteo/adipogenic differentiation.
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4. Bone Marrow Adipocytes

At birth, bone cavities are mainly constituted by red hematopoietic marrow, then during
childhood the red marrow which is gradually replaced by yellow, fatty marrow (Hardouin
P et al., 2014). The conversion of red to yellow marrow begins in distal skeleton regions
after birth, then goes forward in a centripetal manner, to the axial skeleton (Vande Berg
BC et al., 199). The yellow marrow is composed by BM adipocytes (BM-A), which
represent the most abundant stromal component of the BM niche. In adults, BM adipose
tissue (BMAT) volume is estimated at 7% of total fat (Shen W et al., 2012) and
progressively increases during ageing, replacing the haematopoietic elements and
occupying up to 50% of the cavity of long bones. (Mattiucci D et al., 2017). BM-A are
morphologically similar to AT-A: they have a single, large cytoplasmic lipid droplet
which account for ca. 90% of the cellular volume, they originate from mesenchymal like
progenitor cells and are able to release and store fatty acids (Hardouin P et al. 2016;

Sanchez-Gurmaches, J et al., 2014).

BM-A were historically considered as space-filling, inert cells and only in recent times
the scientific attention on this cell population has increased focusing on the relationship
between BM-A, bones, HSCs and metabolism. One of the first authors who tried to
characterise BM-A was Tavassoli in 1976 (Tavassoli M 1976). Using histochemical
techniques he was able to identify two different BM-A populations: one interspersed in
the red haematopoietic marrow which was positively stained with performic acid-Schiff
(PFAS), and a second population represented by BM-A, located in the yellow marrow
that did not stain with this technique highlighting a difference in lipid composition of

BM-A. Tavassoli noticed that when haemopoietic tissue expanded in response to

19



experimentally induced hemolysis, PFAS-positive BM-A of red marrow disappeared
whereas the PFAS-negative BM-A of yellow marrow remained stable. (Tavasoli M
1976). This concept has been further developed in 2015 by Scheller et al. (Scheller EL et
al., 2015) who classified the BM-A according to their anatomical localisation, lipid
composition, morphology and metabolic responsiveness. The authors identified two
different subtypes of marrow adipose tissue (MAT) named respectively constitutive

(cMAT) and regulated (rtMAT) (Figure 3).

Regulated MAT (rMAT) Constitutive MAT (cMAT)

“stable”

“labile”

Figure 3: Regulated and constitutive bone marrow adipose tissue

Regulated bone marrow adipocytes (rBMA) are located generally in the haematopoietic perivascular niche
and are in close contact with a diversity of populations including (1) endothelial cells and perivascular
progenitors, (2) osteoblasts and bone-lining cells, (3) granulocyte/macrophage lineage cells, and (4)
erythroblast islands. These population might represent possible utilizers of rBMA energy reserves (arrows
outward). By contrast, constitutive BMAs are located in a homogeneous niche that is packed with adipocytes
and relatively inaccessible to hematopoietic and osteogenic cell populations. It remains unclear when and
where the lipid from the cBMAs is utilized, however, evidence to date suggests that these cells may serve as a
last-resort energy reserve in times of tertiary starvation (Modified from Craft CF et al., 2018).

The cMAT represents the early developmental stage forming MAT, mainly located in the
distal skeletal regions with low haematopoitic activity. Cells that constitute cMAT are
bigger and densely packed adipocytes that resemble peripheral white adipose tissue
(WAT). This fat depot is stable and does not seem to be responsive to dietary intake,

haematological malignancies or cold exposure. The term rMAT on the contrary is used
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to refer to the MAT population that accumulate in late developmental stage in areas of
red haematopoietic marrow as smaller single interspersed cells (Mattiucci et al., 2018;
Craft CS et al., 2018). rMAT is more susceptible to metabolic changes and conditions as
obesity, caloric restriction, diabetes, osteoporosis and aging can determine an increase in
the amount of tMAT (Ambrosi TH et al., 2017; Yeung DK Yeung DK et al., 2005;
Mattiucci et al., 2018). The data suggest that BM-A function varies depending on
anatomical location, and that rIMAT may be more closely related to the regulation of

active hematopoiesis (Mattiucci et al., 2018).
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5. Bone Marrow Adipocvtes and Haematopoiesis

The proximity of BM-A to haematopoietic elements likely contributes to the behaviour
of surrounding HSCs. A recent work characterised the ultrastructural features of the BM,
reconstructing the three-dimensional architecture of the niche and focusing also on the
existing physical interaction between adipocytes and HSCs. It was observed that BM-A
are spatially positioned to influence both erythropoiesis and myelopoiesis. They can
interact with up to 20 maturing hematopoietic cells and with further maturing
hematopoietic elements such as erythroblast islands. Due to the high rate of mature blood
element production occurring in the BM it would not be surprising if BM-A represented
an energy reserve into the hematopoietic niche (Robles H et al., 2018). This hypothesis
would be in agreement with previous studies by Tavassoli which showed a decreased
BM-A size after induced anaemia or severe blood loss (Tavassoli M 1976 B; Bathija et
al., 1978) and also with data showing that erythropoietin treatment a potent stimulant of
erythrocyte maturation, markedly reduced BMAT in chow and high-fat diet fed mice, and

inhibited the increase in BMAT with high-fat feeding (Suresh S et al. 2017).

However, it would be simplistic to believe the BM-A only represent a source of energy
for the production of mature blood cells. Indeed, several in vitro and in vivo studies have
been conducted to evaluate a potential regulatory role of BM-A toward haematopoietic
compartment but results obtained are still controversial and it is not yet clear whether the

presence of these cells is detrimental or beneficial for haematopoiesis.

One of first evidences of BM-A influencing the haematopoietic compartment has been

provided by Naveiras and colleagues in 2009. (Naveiras et al., 2009). The authors
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compared the hematopoietic activity of distinct regions of the mouse skeleton that differ
in adiposity using flow cytometry, colony forming activity, and competitive repopulation
assay. They showed that the frequency of HSCs is reduced in MAT-enriched bones and
that lipoatrophic mice (genetically incapable of producing adipocytes) or mice treated
with a PPARY inhibitor had an accelerated marrow engraftment post irradiation. Similar
results were obtained by Ambrosi and colleagues (Ambrosi TH et al., 2017) who showed
that in high-fat diet mice, adipocyte accumulation in the BM impairs haematopoietic
regeneration. However, whether these results can be considered valid for all the human
conditions which presents increased BM adiposity is still controversial. Considering that
adipocyte accumulation occurs both in high fat diet and during caloric restriction,
(Cawthorn WP et al., 2014) it can be hypothesised that subtypes of healthy and
pathological MAT exist and that they might regulate the haematopoietic compartment in

different ways.

A paper from Zhou et al. (Zhou BO et al., 2017) has recently challenged the notion that
BM-A act mainly as negative regulator of the BM niche. The authors showed that
adipogenesis in the BM happens as a response to cytopenia as BM-A are able to produce
haematopoietic growth factors and contribute to stimulate the expansion of HSC. The
construction of new perivascular niches to provide support to HSCs would indeed involve
the generation of new blood vessels, a slower and more complex process which in
emergency condition would be less effective. Furthermore, the authors proved that after
irradiation in mice, BM-A represent the main source of Stem Cell Factor (SCF) and
ablation of SCF in adipocytes resulted in decreased blood cell count, reduced LSK and
diminished total BM cells. However, context-dependent differences in adipocyte function

between BM compartments (long bones versus caudal vertebrae) were detected. The
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authors found that while BM-A presence is crucial in long bones for haematopoietic
recovery, an excess of adiposity in caudal vertebrae is detrimental to vascularization and

has negative effect on HSCs and haematopoiesis (Zhou BO et al., 2017).

Other results have been obtained employing in vitro co-culture assay with BM-MSC-
derived adipocytes obtained by in vitro differentiation and haematopoietic cells. These
data are quite heterogeneous probably because of different sources used to obtain BM-
MSC, diverse differentiation protocols and also different co-culture conditions (Corre J
etal., 2004; Spindler TJ et al., 2014; Belaid-Choucair Z et al., 2008; Naveiras et al., 2009).
Therefore more studies are required to fully understand the role that these cells play

within the BM microenvironment.
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6. Bone Marrow Adipocvytes, Adiponectin and Haematopoiesis

Adipocytes are cells able to secrete a large number of molecules named adipokines, the
concentration of these molecules within target tissues can be highly variable. First
discovered in 1995, adiponectin (APN) is the most abundant adipokine in the circulation,
where it exists in distinct multimeric forms (Scheller EL et al., 2016). Its plasmatic
concentration (pg/ml) is extremely high if compared to that of other conventional
hormones like insulin and leptin (ng/ml) (Pajvani UB et al., 2003). APN is a hormone
involved in the regulation of glucose metabolism and it has been demonstrated that when
injected in mice it is able to suppress glucose production and stimulate glucose
assimilation independently by insulin levels (Berg AH et al., 2001; Yamauchi T et al.,
2001; Wang ZV et al., 2016). APN has therefore been intensively studied for its
involvement in obesity, metabolic syndrome, cardiovascular disease and type 2 diabetes,
and it has been shown that even if mainly produced by adipocytes, it is paradoxically
decreased in obese subjects reflecting an obesity-induced adipocyte dysfunction (Ye R et
al., 2013; Fantuzzi G. 2013). Surprisingly, circulating levels of APN increases in lean,
insulin-sensitive state and in anorexia nervosa (Cawthorn WP et al., 2014; Combs TP et
al., 2003; Dolezalova R et al., 2007; Pannaciulli et al., 2003) despite its expression in
WAT remain unchanged. (Behre CJ et al., 2007; Combs TP et al., 2003; Kovacova Z et
al., 2009; Wang Z et al., 2006). Interestingly a study conducted in 2014 by Cawthorn et
al. (Cawthorn WP et al., 2014) demonstrated that in anorexic patients the MAT composes
31.5% of total adipose mass. Also, it has been demonstrated that, in mice, MAT
specifically contributes to increased level of serum adiponectin during CR and perhaps in

other adverse states. Beyond a potential effect on glucose metabolism, it is not yet clear
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if APN might also exert a role in vascular function, cancer risk or immune response. One
of the first evidence obtained about a potential role of APN in the regulation of immune
system was obtained by Yokota in 2000 (Yokota T et al., 2000) who demonstrated that
APN could suppress the formation of granulocyte (CFU-G) macrophage (CFU-M) and
granulocyte/macrophage (CFU-GM) colonies in vitro. As the same inhibitory role was
also exerted toward the Lymphoid lineage, the author hypothesized that APN might be

involved in ending inflammatory processes within the BM (Yokota et al., 2003).

Opposite results were obtained by Di Mascio and colleagues in 2007. The authors showed
that HSC express Adiponectin Receptor 1 (AdipoR 1) and 2 (ADipoR2) and that AdipoR1
is overexpressed in HSC when cells are stimulated with recombinant APN. The specific
activation of more primitive HSCs was further demonstrated by the increased number of
CFU-GM (representative of a more immature progenitor cell type) in in vitro colony
assays. (Di Mascio et al., 2007). Nonetheless, HSCs treated with APN showed an
increased engraftment capacity in transplantation experiment performed in mice
demonstrating for the first time a regulatory effect of this hormone in in vivo animal
model. A similar stimulatory effect was observed by Masamoto who demonstrated that
APN is crucial for the cell cycle regulation of HSCs as it promotes haematopoietic
recovery enhancing quiescence exit of HSCs. The same author has also shown that loss
of APN impairs granulopoiesis and antibacterial response in obese mice (Masamoto et

al., 2016. 2017).

Altogether these data suggest that BM-A by secreting APN might be able to regulate the

survival and the differentiation of HSCs.
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Despite the fact that BM-A represent the most abundant stromal cell population within
the marrow, their characterization is still far from being exhaustive. Their role in the
haematopoietic niche has been investigated in several animal models, however only few
studies on primary human cells have been published and results are still controversial and

didn’t entirely clarify the relationship between BM-A and HSCs.

Furthermore, it has been demonstrated that BM-A are able to secrete a large number of
molecules named adipokines whose role in metabolic processes is still debated. APN
represents one of most intensively studied adipokines, its concentration in the blood is
extremely high and it has been demonstrated that it plays a role in the regulation of
glucose metabolism and might exert a protective role in cardiovascular diseases. Several
authors also reported on a potential role of APN in the regulation of the immune system
however further studies are required to fully understand the specific relationship between

HSC and APN.

The aims of this work were to molecularly and functionally characterize BM-A, and to
determine if APN contributes to the regulation of the HSC in conditions of increased BM
adiposity. In the study presented here, primary human BM-A were isolated and
microarray analysis was performed comparing them to BM-MSC, a crucial population
involved in the maintenance and functional support of HSC, and to subcutaneous AT-A.
Long Term Culture-Initiating Cell (LTC-IC) assay, developed in 1988 By Eaves and
colleagues (Eaves et al., 1998), was optimized and used to establish an in vitro co-culture
model between primary human BM-A and HSCs which allowed to study the interaction
between these cellular populations and how the survival and the differentiation potential

of HSC:s is influenced by BM-A.
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It has been demonstrated that Caloric Restriction (CR) causes an expansion of BM fat
that contributes to increased level of circulating APN. Therefore to study the role of APN
in haematopoiesis regulation in vivo, Adiponectin” (KO) mice were placed under CR
(70% of AL food intake) to cause an expansion of BMAT and compared to AL and Wild
Type (WT) littermate controls. Peripheral white blood cells and HSCs were studied by
Flow Cytometry analysis to evaluate any potential APN-induced change. HSCs were also
characterized by Colony Forming Unit (CFU) assays to evaluate their proliferation and

differentiation potential.
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1. Isolation and culture of BM-A, AT-A, and BM-MSC

All Samples were collected in accordance with local ethics committee guidelines
(300/DG), and all participants provided their written informed consent to take part in the
study. The donors’ characteristics are listed in Table 1. BM-A were harvested from the
femoral head of male and female patients (median age: 78 years, range 63—90) undergoing
hip surgery and cut in four pieces. Subcutaneous fat (5-10 g) was obtained from non-
obese male and female patients undergoing abdominal surgery (median age: 67 years,
range 53-81) for localized abdominal diseases that did not involve omental or
subcutaneous fat (Table 1). After prompt washing in DMEM (Biological Industries, cat.
no. L0064- 500, Milano, Italy), any visible blood vessels were removed and the tissue
was minced into smaller pieces. Bone and subcutanecous WAT were treated with a
solution containing 1 mg/ml of type I collagenase (Gibco, Invitrogen, Milan, Italy) and
1% human albumin (Albital, Kedrion, Lucca, Italy) at 37°C for 90 min. After collagenase
digestion, samples were filtered through a 200 pm nylon sieve to remove stromal
elements. Cells were then washed four times with DMEM and centrifuged at 250 g for 5
min. Collection of the floating layer after each centrifugation provided a pure fraction of
floating adipocytes and a pellet containing stromal cells. The floating adipocytes were
seeded for ceiling culture in 12.5 cm? cell culture flasks completely filled with DMEM
supplemented with 20% fetal bovine serum (FBS, Stem Cell Technologies, Vancouver,

Canada) in a 5% CO2 incubator (37°C).

The pellets from the femoral heads containing stromal cells were used for BM-MSC
generation and expansion. After collagenase digestion and centrifugation, the pellet was

washed twice with PBS, and BM-MSC were seeded at a density of 2,000 cells/cm2 in
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DMEM supplemented with 20% FBS. Flasks were incubated at 37°C in a fully humidified
atmosphere of 5% CO2 in air. When cells reached 70—80% confluence, they were treated

with trypsin for 3 min and seeded in culture flasks for subculture

Tissue Age Gender
Femoral Head 63 Male
Femoral Head 68 Female
Femoral Head 71 Female
Femoral Head 55 Female
Femoral Head 83 Female
Femoral Head 90 Female
Femoral Head 80 Female
Femoral Head 82 Male
Femoral Head 87 Female
Femoral Head 76 Female
Subcutaneous Adipose Tissue 67 Male
Subcutaneous Adipose Tissue 56 Male
Subcutaneous Adipose Tissue 70 Male
Subcutaneous Adipose Tissue 77 Female
Subcutaneous Adipose Tissue 57 Female
Subcutaneous Adipose Tissue 62 Male
Subcutaneous Adipose Tissue 53 Male
Subcutaneous Adipose Tissue 81 Female
Subcutaneous Adipose Tissue 71 Male
Subcutaneous Adipose Tissue 62 Female
Subcutaneous Adipose Tissue 80 Male

Table 1: Samples and patients included in the study.

Table shows tissues age and gender of the subjects who provided bone and adipose tissue for BM-
A and AT-A isolation.
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2. Immunofluorescence of isolated adipocytes

Isolated adipocytes were incubated for 10 min with 1 pg/ml Nile Red solution (Sigma—
Aldrich) at room temperature and washed with PBS; the nucleus was counterstained with
Hoechst 33342 solution (5 pg/ml; Sigma—Aldrich). Cells were visualized in the blue and
red channel. At least 100 adipocytes from each suspension were examined. The brightness
and contrast of the final images were adjusted using Photoshop 6 software (Adobe

Systems; Mountain View, CA).

3. BM-MSC immunophenotyping

BM-MSC were analyzed for purity by flow cytometry after the third passage. They were
stained with FITC- (BD Biosciences, Franklin Lakes, NJ), phycoerythrin (PE-; Dako,
Glostrup, Denmark), or peridin chlorophyll protein (PerCP-; BD PharMingen, Milan,
Italy) conjugated antibodies against CD90 (BD Pharmingen, San Diego, CA), CD44,
CD29, CD73, CD34, CDA45, CD14 (all from BD Biosciences), CD105 (Immunostep,
Salamanca, Spain), and CD31 (Dako). FITC-, PE-, and PerCP-negative isotypes were
used as control antibodies. Cells were incubated with the antibody at 4°C for 30 min, then
cell fluorescence was examined by flow cytometry using a FACS Calibur apparatus (BD

Biosciences). Data were analyzed using Cell Quest software (Milano, Italy).
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4. Long-term culture-initiating cell assay (LTC-1C)

For the LTC-IC assay, 3 ml of BM-A suspension was seeded for ceiling culture in a final
volume of 25 ml DMEM supplemented with 20% FBS in a 9 cm? surface flask. BM-MSC
(used as a positive control) were seeded at a density of 2 x 10° cells per 9 cm? in a final
volume of 3 ml DMEM supplemented with 20% FBS. The experiment was also
performed on a mixed feeder layer of BM-A and BM-MSC. In brief, BM-MSC were
seeded at a density of 1 x 10° cells per 9 cm?; after 24 hr a suspension of 1.5 ml BM-A
was seeded in the same flask for ceiling culture. After 48 hr, cells were irradiated (80 Gy)
for 20 min to inhibit BM-MSC proliferation and BM-A de-differentiation throughout the
co-culture period. When BM-A adhered to the ceiling, the flask was re-inverted and the
medium removed and replaced with 3 ml MyeloCult H5100 (Stem Cell Technologies,
Milano, Italy) supplemented with 1% hydrocortisone. Only flasks where more than 70%
of the surface was covered with cells were used for the assay. No cell feeder layer was
used in the negative control. CD34+ HSC were isolated from healthy BM by
immunomagnetic separation (CD34+ Progenitor Cell Isolation kit, Miltenyi Biotech,
Bologna, Italy). CD34+ HSC were seeded at a density of 50,000 cells/flask. Cultures
were performed in quadruplicate and incubated at 33°C in a fully humidified atmosphere
of 5% CO2. They were fed weekly by replacing half of the medium. The supernatant
removed in the first 4 weeks was centrifuged and the pellets containing floating cells were
seeded in methylcellulose medium HSC-CFU Lite (Miltenyi Biotech) in 35 mm tissue
culture dishes for myeloid and erythroid progenitor proliferation and differentiation

assay. Cultures were incubated at 37°C in a fully humidified atmosphere of 5% CO2 and
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after 14 days colony-forming unit-granulocyte/macrophage (CFU-GM) and burst-

forming unit-erythroid, (BFU-E) were examined and counted.

After the fifth week of co-culture the medium was removed, the wells were trypsinized,
and all cells were seeded in HSC-CFU Lite medium. After 14 days of incubation CFU

GM and BFU-E were examined and counted (Figure 4).
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Figure 4: LTC-IC assay.

(A) BM-A were seeded for ceiling culture and irradiated to avoid dedifferentiation processes. (B) CD34+ cells were added to

the BM-A culture. (C) Medium is replaced and seeded for CFU assay. (D) After the fifth week all the cells are trypsinized and
seeded for CFU assay.
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5. Immunocytochemical procedures

CFU obtained from methylcellulose assay were washed four times with PBS and attached

to slides by centrifugation. Cell morphology was evaluated by Giemsa staining.

6. OQuantitative cytokine assay

Supernatants from 7 day BM-A, AT-A, and BM-MSC cultures were collected and frozen
at —20°C. Production of IL-18, IL-3, IL-6, IL-8, IL-10, IL-17, leukaemia inhibitory factor
(LIF), stromal-derived factor 1 (CXCL12), CSF2, CSF3, macrophage inflammatory
protein 1a (CCL3), tumor necrosis factor (TNF)-o, SCF, and hepatocyte growth factor
(HGF) was measured in the supernatants by multiplex detection of human cytokines,
chemokines, and growth factors (BioPlex, BioRad, Milano, Italy) using three independent

samples per cell type (BM-A, AT-A, and BM-MSC).

7. Sample preparation and hybridization

RNA was extracted from freshly isolated adipocytes and from BM-MSC after three
culture passages (RNeasy mini kit, Qiagen, Milano, Italy). Single-strand biotinylated
cDNA was obtained as follows: 100 ng of total RNA was subjected to two cycles of
cDNA synthesis with the Ambion® WTPLUS Expression Kit (Affymetrix, Santa Clara,
CA). Firstcycle, first-strand synthesis involved using an engineered set of random primers

that exclude rRNA-matching sequences and include T7 promoter sequences. cDNA
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resulting from second-strand synthesis was transcribed in vitro with T7 RNA polymerase
to generate cCRNA, which was subjected to second-cycle, first-strand synthesis in presence
of dUTP at a fixed ratio relative to dTTP. Single-strand cDNA was then purified and
fragmented with a mixture of uracil DNA glycosylase and apurinic/apirimidinic
endonuclease 1 (Affymetrix) in correspondence of incorporated dUTP. DNA fragments
were terminally labeled with biotin by terminal deoxynucleotidyl transferase
(Affymetrix). The biotinylated DNA was then hybridized to Human GeneChip® HTA
2.0 Arrays (Affymetrix), containing more than 285,000 full-length transcripts covering
44,700 coding genes and 22,800 non-coding genes selected from the Homo sapiens
genome databases RefSeq, ENSEMBL, and GenBank. Chips were washed and scanned
on the Affymetrix Complete GeneChip® Instrument System, generating digitized image
data (DAT) files. Three biological samples for each cell type (BM-A, AT-A, and

BMMSC) were used.

8. Microarray data analysis

The DAT files were analyzed with the Affymetrix Expression Console software. The full
dataset was normalized using the Robust Multialignment Algorithm (RMA). The
expression values thus obtained were tested with R software. Further normalization steps
included per chip normalization to the 50th percentile and per gene normalization to the
median. Filtering the results for fold changes >1.5 yielded a total of number of 4047 probe
sets differentially expressed in at least one experimental condition. Statistical analysis

was performed with ANOVA using a cut-off of 0.01 as the p-value. Pathway analysis was
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performed with Ingenuity Pathway Analysis (IPA) software (Qiagen). Principal
component analysis (PCA), clustering using Ward’s method and Pearson correlation
analysis were performed with IBM SPSS Statistics 21. Gene-set enrichment analysis
(GSEA) was performed wusing Broad Institute’s  GenePattern  tools
(https://genepattern.broadinstitute.org/). Protein network analysis and gene ontology

were performed in String (http://string-db.org/).

9. Caloric Restriction Time Course, blood sampling and APN

quantification.

WT and Adiponectin KO C57BL/6NCrl mice were single housed from 8-9 week of age
and fed ad libitum to determine average daily food intake. Four-week CR (week 9-12)
were performed administering 70% of AL food intake. Mice weight was daily monitored
for the first two weeks of CR. For flow cytometry analysis and cell count blood was taken
every week from the tail vein using Microvette CB 300 capillary tubes (Sarstedt, Newton,

NC). The number and the characteristics of the mice used are shown in table 2.

Circulating APN was quantified using Adiponectin ELISA (R&D, MRP300). Plasma was
diluted with assay diluent (RD1W) 4000-fold to obtain signal within the range of the
standard curve. The provided adiponectin standard was prepared and serially diluted
according to manufacturer’s instructions. 50ul assay diluent was added to each well of
the provided 96 well anti-adiponectin coated plate followed by 50ul of sample or

standard. The plate was then incubated for 3 hours at room temperature. Wells were
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aspirated and washed 5 times with 400ul wash buffer. 100ul mouse APN conjugate
antibody was added to each well and the plate incubated for 1 hour at room temperature.
All wells were aspirated and washed 5 times again. 100ul of substrate solution was added
to each well and the plate was incubated for 30 minutes at room temperature in the dark.
100ul stop solution was added to each well and the optical density of each well measured
at 450nm with a correction against 570nm. Sample concentrations were interpolated from

standard curve and corrected for initial dilution

Sex Diet Genotype Number of mice
M AL WT 5
M AL KO 5
M CR WT 8
M CR KO 6
F AL WT 6
F AL KO 4
F CR WT 5
F CR KO 5

Table 2: Characteristics of mice included in the study.
Table shows gender, diet, genotype and number of the mice used for the study.

10. Peripheral blood cell count

PB was collected from the tail vein using Microvette CB 300 capillary tubes (Sarstedt,
Newton, NC). 1:5 dilution was performed in a solution of PBS, 2% FBS and 0.04 mM
EDTA. Cells were counted on Celltac o« MEK-6500K (NIHON KOHDEN) according to

the manufacturer’s instructions.
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11. BM Mononuclear cells (MNC) isolation and CFU assay.

Femoral metaphysis were cut and BM was flushed out using a solution of PBS, 10% FBS,
1%PS and 2mM EDTA. Cells were washed in PBS and centrifuged at 2000 Rpm for 10
minutes. Cells were resuspended in 1 ml of PBS and 300 pl were harvested and
centrifuged at 2000 Rpm for 10 minutes. Red blood cell lysis was performed resuspending
the pellet in 2 ml of Red Blood Cell Lysing Buffer Hybri-Max (Sigma, Dorset, UK) and
incubating cells at room temperature for 12 minutes. After incubation cells were
centrifuged at 2000 rpm for 10 minutes and the pellet was resuspended in 200 pl of PBS,
10% FBS, 1%PS and 2mM EDTA. Cells were diluted 1:50 for counting and 25.000 cells
were seeded into 2.250 pl of MethoCult (Stem Cell technologies) for CFU assay. A final
volume of 2.500 pl of Methocult was reached adding PBS and 1 ml of media was seeded
in 35mm tissue culture dishes and incubated at 37°C in a fully humidified atmosphere of
5% CO2 and after 10-12 days CFU-G, CFU-M, CFU-GM, BFU-E and CFU-GMEM

(granulocytes, macrophages, erythroid) were examined and counted.

12. Flow Cytometry analysis

PB cells were analyzed with the following antibodies: Alexa Fluor 488 anti-mouse CD3,
Alexa Fluor 700 anti-mouse CD45, APC anti-mouse CD4, Brilliant Violet 421 anti-
mouse CD19, PE anti-mouse Gr-1, PE/Dazzle 594 anti-mouse CD8a and PE Cy-7 anti-

mouse CD11b (all from BioLegend, London, UK).
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PB was collected from the tail vein of mice. 40 ul of blood were incubated with 1 ml of
Red Blood Cell Lysing Buffer Hybri-Max for 12 minutes at Room Temperature. After
lysis, cells were centrifuged at 500 rcf for 10 minutes, resuspended in 100 pl of PB
Staining solution Mix (PBS, 2% FBS and antibodies) and incubated for 30 minutes at 4
°C. Following incubation cells were washed with PBS, centrifuged for at 500 rcf for ten
minutes, resuspended in 400 pl of PBS + 2% FBS and acquired with BD LSR Fortessa

cell analyzer. Antibodies’ dilution is reported in Table 3

PB Staining solution

Antibody Dilution
CD3 AF488 1:200
CD45 AF700 1:200
CD4 APC 1:200
CD 19 BV421 1:200
GR-1 PE 1:200
CDS8 PE DAZZLE 594 1:200
CD 11b PE Cy-7 1:200

Table 3: Antibodies’' dilution.

Table shows dilutions used for each antibody to prepare PB staining solution Mix.

Femoral metaphysis were cut and BM was flushed out using a solution of PBS, 10% FBS,
1%PS and 2mM EDTA. Cells were washed in PBS and centrifuged at 2000 Rpm for 10
minutes. Cells were resuspended in 1 ml of PBS and 300 pl were collected for flow
cytometry analysis. BM-MNC were analyzed for Lineage Scal™ cKit" (LSK) expression
(Kiel M et al., 2008). Whole BM-MNC cells were incubated for 30 minutes at 4 °C with
100 pl of HSC Staining Solution 1 containing PBS, 2% FBS, biotinylated anti-mouse
unconjugated monoclonal antibodies for lineage markers (CD4, CD5, CD8a, GR-1, TER-

119, CDI11b and CD45R/B220) and Alexa Fluor 488 anti-mouse CD150, APC anti-
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mouse CD117, PE anti-mouse Ly-6A/E (Sca-1) (All from BioLegend, London, UK).
Following incubation cells were washed with PBS centrifuged and incubated for 30
minutes at 4 °C with 100 pl of HSC Staining Solution Two containing PBS, 2% FBS, and
Brilliant Violet 421 Streptavidin (BioLegend, London, UK). Following incubation cells
were washed with PBS, centrifuged for at 500 rcf for ten minutes, resuspended in 400 ul
of PBS + 2% FBS and acquired with BD LSR Fortessa cell analyzer. Antibodies’ dilution

is reported in Table 4 and 5.

HSC staining solution 1

Antibody Dilution
CD 4 biotin 1:1600
Cd 5 biotin 1:800
CD 8a biotin 1:800
CD 11b (Mac) biotin 1:200
CD45 R biotin 1:200
Gr 1 biotin 1:100
Ter 119 biotin 1:50
C-kit (CD117) APC 1:200
CD48 PE 1:400
SCA-1 PE Cy7 1:200
CD150 AF 488 1:200

Table 4: Antibodies’ dilution for HSC staining solution 1.
Table shows dilutions used for each antibody to prepare HSC staining solution 1.

HSC staining solution 2
Antibody Dilution
Streptavidine BV 421 1:200

Table 5: Antibodies’ dilution for HSC staining solution 2.
Table shows dilutions used for each antibody to prepare HSC staining solution 2.
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13. Statistical analysis

Data are presented as mean + standard deviation. They were analyzed using parametric
or non-parametric two-tailed Student’s t-test or oneway ANOVA according to data

distribution. Differences were considered statistically significant at p < 0.05.
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Results
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1. Isolation of adipocytes and BM-MSCs

Fluorescence microscopy showed that isolated BM-A and AT-A cell represented a pure
cell fraction as no other nuclei were present in the cell suspension or attached to the

surface of the cells. (Figure 5).
A B

Figure 5: Purity of isolated adipocytes.
The floating (4) Bone marrow adipocyte and (B) subcutaneous adipocyte fractions were stained
with Nile Red and the nuclei were counterstained with Hoechst 33342. Scale bar, 25 um.

Furthermore, adipocytes fractions showed very low expression of osteoblast markers
when compared to BM-MSC and higher expression of typical adipogenic markers such
as PPARg, ADIPOQ, FABP4, CD36, LEPTIN, and PLIN1 (Figure 6). The higher
expression of CD11b and F4/80 (leukocyte and macrophage markers highly expressed in
the whole bone marrow) observed in BM-A might partly result from a transcriptomic
specific signature left by the BM. BM-A were analysed immediately following the
isolation from the BM and, as demonstrated by Sacchetti et al (Sacchetti et al., 2016),
cells, depending on their anatomical location, can maintain a tissue-specific gene
expression profile.

BM-MSC were analysed by flow cytometry after the third passage. They were positively
stained for the common mesenchymal cell markers (CD105, CD73, CD90, CD44, and

CD29) and were negative for endothelial and hematopoietic cell markers (CD34, CDA45,
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CD14, and CD31) (Figure 7). Altogether, these findings demonstrate that the BM-A, AT-

A, and BM-MSC were pure cellular fractions free of any contamination from other cells.

A EBM-A B EBM-A
OAT-A DAT-A
14 1 BBM-MSC 14 BBM-MSC
12 -

CDI11b RUNX2 F4/80 CD13 CD14 PPARy ADIPOQ FABP4 CD36 LEPTIN PLINI

Figure 6: Molecular analysis of the purity of isolated adipocytes and BM-MSC.
Histograms show the expression levels of (A) macrophages, osteoblasts and (B)adipocytes markers in BM-A, AT-A and BM-
MSC detected by microarray analysis (*=p<0.05).
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Figure 7: Flow Cytometry analysis of BM-MSC.
Flow cytometry analysis of MB-MSC surface antigens. The open histograms
indicate negative controls.
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2. Long-term culture-initiating cell assay

LTC-IC assay represents an in vitro co-culture system optimized to assess the capacity of
an adherent stromal feeder layer to maintain the survival and the differentiation of HSCs.
Scoring of CFU after 5 weeks of co-culture showed that BM-A, even if not at the same
level of BM-MSC, were able to support HSC in co-culture. In more detail in presence of
BM-MSC 417 + 35 CFU-GM and 12 + 4 BFU-E/100,000 CD34+ were counted while in
presence of BM-A 45 + 12 CFU-GM, and 4 + 2 BFU-E/100,000 CD34+ (Figure 8). No

colonies were found in the negative control cultures (data not shown).
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Figure 8: Final CFU output of LTC-1C with BM-A and BM-MSC.
Histograms show the final number of BFU-E and CFU-GM/100,000 CD34+ cells after 5 co-culture weeks with
BM-A, BM-MSC and BM-A+BM-MSC feeder layer and 2 culture weeks in methylcellulose (*=p<0.05).

Scoring of CFU was also performed by seeding the floating cells found in the co-culture
medium collected every week. Results showed that in the first 4 weeks BM-MSC were
able to stimulate the proliferation of haematopoietic progenitor cells (HPC) leading to
production of 550 + 67, 193 =45, 130 + 40, and 75 + 11 CFU-GM and BFU-E/100,000

CD34+ cells in the 1st, 2nd, 3rd, and 4th week, respectively. In contrast, BM-A did not
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CFU-GM+BFU-E/100,000 CD34+

appear to be able to stimulate HPC growth in the first 4 weeks (never more than six
colonies/100,000 CD34+ cells) (Figure 9), but they ensured HSC survival until the end
of the co-culture. Coherently with these observations, the mixed BM-A and BM-MSC
feeder layer showed a lower colony output compared with the BM-MSC culture in the
first 4 weeks, (218+29, 148+25, 121+13, 67+13 CFU-GM and BFU-E/100,000 CD34+
cells in the 1st, 2nd, 3rd, and 4th week, respectively. Differences between BM-MSC
feeder layer and mixed BM-MSC/BM-A feeder layer are statistically significant only in
the 1% week) but produced a higher number of colonies at the end of the co-culture (524
+ 51 CFU-GM and BFU-E/ 100,000 CD34+ cells; not significant) (Figure 9). These data
suggest that BM-A could play a synergistic role with BM-MSC in the BM niche,

supporting the long-term maintenance of HSC.
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Figure 9: CFU output of the 5 weeks co-culture time course.
Histogram shows the total haematopoietic colony output (CFU-GM + BFU-E) after each week of co-culture with BM-A and
BM-MSC and after two culture weeks in methylcellulose (*=p<0.05).
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After culture in methylcellulose, CFU were collected, washed, and Giemsa staining was
performed. Most cells were macrophages, but granulocytes and erythroid progenitors
were also identified (Figure 10). There were no morphological differences between

colonies co-cultured with BM-A and those co-cultured with BM-MSC.

Figure 10: Morphology of haematopoietic colonies after culture in methylcellulose.

The panels show the colonies, collected all together after culture in methylcellulose and after cyto-centrifuge and GIEMSA
staining. (4) Most of cells are represented by macrophages (green arrows) but also several (B) granulocytes (vellow arrows)
and myelocytes are visible, (C) few erythroid-lineage cells (red arrows) have been observed.

49



3. Ouantitative cytokine assay

Based on the well-established ability of BM-MSC to support hematopoietic cell growth
via cytokine secretion (Eastment et al., 1982), BM-A and BM-MSC culture supernatants
were examined for cytokines that might positively or negatively affect HSC support. The
results documented IL-3 overexpression in BM-A and overexpression of IL-6, CSF2,
HGF, and TNF-a in BM-MSC. Interestingly, LIF and CXCL12 levels were lower in AT-
A and higher and similar in BM-A and BM-MSC, suggesting a linkage between the latter
two populations in hematopoiesis support. The levels of IL-1p, IL-10, IL-17, CCL3, IL-

8, CSF3, and SCF were not significantly different in the three cell populations (Table 6).

Cytokines BM-A AT-A BM-MSC
IL-1p ND ND ND

IL-3 47+15 243 343

IL-6 420+500 347+336 1159+154
IL-8 3700+£3860 1108+£1058 675+757
IL-10 18+32 ND 34+£12
IL-17 9.29+11.9 142 10+4
CXCL-12 173+65 40+10 1824102
CSF3 76139 56£57 10+4
CSF2 20+£25 9.51+5.98 48+15
HGF 381+387 9.16+2.05 216.25+93.88
LIF 74+88 ND 48+50
CCL3 11£5 946 11+£1

SCF ND ND ND
TNF-a 49+67 1317 73+£27

Table 6: Quantitative Cytokines assay.
Table shows level of secreted factors from BM-A, AT-A and BM-MSC. Results, showed
in pg/ml, represent the means of four samples for each category.
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4. Gene expression profile

BM-A gene expression profile was compared with AT-A and BM-MSC transcriptome.
Principal Component Analysis (PCA) and sample clustering using Ward’s method or
Pearson’s correlation analysis showed a clear separation of the BM-A from BM-MSC

and AT-A (Figure 11).
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Figure 11: Transcriptional program of BM-A, AT-A and BM-MSC.

The transcriptional profile of microarray data from sorted BM-A is largely different from that of subcutaneous AT-A
and of BM-MSC. (A) Unsupervised principal component analysis (PCA) of total microarray data, and (B) clustering
of these data using Ward complete linkage and (C)Pearson associated values.

These data demonstrate that the two adipocyte populations, though morphologically
similar, play different roles. In particular, of the 2860 genes showing differential

expression (p <0.01), 565 were overexpressed in BM-A (Figure 12).
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Figure 12: Cluster analysis of global gene expression profile in BM-A, BM-MSC and AT-A.
Heatmap shows the hierarchical clustering of global microarray data obtained from BM-A, BM-MSC and AT-A.
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4.1 AT-A-associated pathways

Since adipocytes can accumulate and release fatty acids, contributing to the energy
homeostasis, the genes involved in lipid metabolism were examined to evaluate
differences between BM-A and AT-A. Five pathways involved in energy balance
regulation were identified: lipid synthesis, fatty acid synthesis, fatty acid metabolism,
lipid concentration, and polyunsaturated fatty acid biosynthesis. Up-regulated genes (p <
0.05) were more numerous in AT-A than in BM-A in all but the last pathway, where BM-
A and AT-A presented respectively eight up-regulated and eight down-regulated genes

(Figure 13, Table 7).
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Figure 13. Differentially gene expression of lipid metabolism pathways in BM-A and AT-A.

Pathways and genes involved in lipid metabolism were analysed. (Synthesis of lipid, Synthesis of fatty acid, Fatty acid
metabolism, Concentration of lipid, Biosynthesis of polyunsaturated fatty acids). Histogram shows the number of Up
and Down-Regulated lipid metabolism genes in BM-A respect to AT-A in the analysed pathways.
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ADHS5 4.36+0.03 6.19+0.19 5.87£0.53 4.74+0.13
AKT1 6.37+0.17 7.45+0.09 MAPK14 4.75+0.04 5.82+0.25
ANGPTI 4.70+0.44 6.07+0.06 MMP9 6.60+0.31 5.67+0.22
APP 7.65+0.18 5.94+0.24 MYC 6.45+0.04 7.63+0.31
CAVI 6.12+0.83 8.80+0.14 NR4A2 6.86+0.47 5.74+0.08
CBL 5.5740.13 6.93+0.03 PIK3R1 4.89+0.12 7.21£0.58
CDKN2C 4.01+0.24 5.07+0.41 PPARG 3.97+0.04 6.82+0.68
CXCLI12 7.80+0.48 5.13+0.21 PTGS2 9.14+0.91 3.49+0.63
FGF2 7.06+0.64 8.62+0.13 PTPNI11 6.97+0.44 9.18+0.11
FLT1 4.52+0.48 2.96+0.30 RARRES2 6.20£0.11 7.94£0.38
FOXOL1 5.25+0.04 8.92+0.57 SIPR3 6.40+0.52 4.00£0.12
HTT 5.48+0.12 6.65+£0.10 SIRT1 6.11+0.57 7.64+0.39
IGF1 3.81£0.06 7.04£0.56 SLCIA3 4.87+0.36 6.38+0.55
IL1IB 7.31£0.57 3.95+0.68 SOCS3 6.55+0.55 8.86+0.35
IL6 7.29£0.16 4.77+0.68 STAT3 7.38+0.40 8.60+0.08
JAK2 4.14+0.29 5.51£0.66 STATSA 5.92+0.03 7.80£0.19
JUN 7.08+0.52 0.59+0.04 STATSB 5.88+0.13 7.71+0.08
KDR 4.60+0.43 3.14£0.34 TGFBI 6.63+0.07 5.61+0.16
KITLG 4.61+0.11 3.23+0.03 THRA 6.31+0.16 7.33£0.19
LIF 6.27+1.78 3.97+0.12

Table 7: Quantitative microarray data of lipid metabolism gene expression in BM-A and AT-A.
Values are represented as means of the three samples studied for each category and displayed in Logs. All values are
statistically significant

Considering the high plasticity of AT-A, which has been demonstrated both in vivo
(Barbatelli G et al., 2010; De Matteis R et al., 2009; Maurizi G et al., 2017) and in vitro
(Poloni A et al., 2012; 2015; 2015 B), the genes involved in white and brown adipocyte
transdifferentiation and stem cell development were also analyzed. Interestingly, 20 of
the 23 genes involved in white to brown adipocyte transdifferentiation (all except SNAI2,
VASP, and PTGS2) were up-regulated in AT-A compared with BM-A (p < 0.05) (Figure
14), whereas of the 110 genes involved in stem cell development pathways 72 were up-
regulated in AT-A and 38 in BM-A (p < 0.05) (Figure 15). Altogether, these data show
completely different gene expression profiles in BM-A and AT-A that is likely to affect

their biological properties and their role in the BM microenvironment.
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C
Genes BM-A AT-A
RGS2 4,86 5,22
SELENBP1 6,28 7,44
PPARG 4,19 6,61
ADIPOQ 7,51 10,91
LAMA4 7,14 9,04
RARRES2 6,31 7,94
EBF2 4,71 4,76
FABP4 6,48 10,58
SCD 7,40 10,76
ADRBI1 4,86 6,07
BNIP3 5,04 7,23
LGR4 4,17 6,27
EROIL 5,55 5,87
ALDH6A1 425 6,97
PEX11A 4,55 5,55
SLC2A4 4,90 6,1
CEBPA 6,30 8,27
PTGS2 9,02 3,47
VASP 5,88 5,39
TBLXR1 5,81 7,33
SIRT1 6,08 7,52
SNAI2 6,45 6,02

Figure 14: Differentially gene expression of white and brown differentiation in AT-A and BM-A.

Differentially expressed genes in white and brown differentiation were analysed. (A) Histogram shows the number of Up
and Down-Regulated genes associated with white and brown differentiation in BM-A and AT-A. (B) Table shows all the
up-regulated genes in BM-A and AT-A in white and brown differentiation pathways. (C) Table shows values of microarray
analysis represented as means of the three samples studied for each category and displayed in Logs. All values are
statistically significant.

54



A

KDMI1A  5.46+0.11 6.27+0.03  6.97+0.19 JAK2 4.20+0.23 5.50+0.65 4.62+0.36
TCEB3 5.23+0.36  6.68+0.09  6.35+0.08 TGFBR1 5.52+0.07 5.99+0.17 7.69+0.32
CDKN2C 4.39+0.30 5.43+0.48 4.73+0.06 NFIB 5.50£0.06 7.99+0.14 5.54+1.37
CYR61 7.07+£0.23  8.62+0.70  8.76+0.38 TPM2 5.63+0.19 5.62+0.07 8.24+0.55
MLLT11  3.81£0.00 3.44+0.09 4.47+0.12 TLN1 7.50£0.43 8.93+0.21 8.67+0.27
PRRX1 4.66£0.43  4.07£0.07  6.48+0.93 TNC 7.54£0.65 4.37+0.11 9.82+0.16
PTPRC 3.98+0.55 2.61+0.10 2.65+0.22 ENG 7.24+0.29 6.21+0.37 9.27+0.30
TGFB2 4.02+0.05 3.70+0.28  4.99+0.52 S1PR3  6.80£0.51 4.61+0.18 5.56+0.31
ID3 4.29+0.14 4.06+£0.19  5.92+0.49 DKK1 3.02+0.10 2.84+0.14 5.29£1.08
WASF2  6.42+0.30 8.54+0.33  7.79+0.14 SIRT1 6.08£0.56 7.52+0.39 6.21+£0.31
JUN 6.96+0.50  9.39+0.04  6.32+0.14 BMPRIA 539+0.25 7.77£0.35 7.16+0.20
ADAR 6.00+£0.04  6.68+0.36  7.03+0.20 PTEN 5.50£0.04 7.96+0.64 6.57+0.08

PTGS2 9.01£0.90 3.46+0.61  6.33+0.49 CXCL12 7.69+0.45 4.87+0.20 7.94+0.81
ZNF281  5.70+£0.20 6.13+0.14  7.27+0.03 CCND1  5.85£0.40 7.88+0.24 8.39+0.52

KDM5B  5.14+0.01 5.35£0.18  6.81+0.16 YAP1 5.43+£0.39 8.03+0.11 7.21+0.04
CCL20 4.22+1.04 2.44+036  2.38+0.18 ATM 4.15+0.21 4.59+0.09 5.30+0.36

IL1B 7.5240.52  4.18+0.63  4.46+0.44 CBL 5.50£0.18 6.77£0.04 6.52+0.12
NR4A2 6.75£0.49  5.69+0.09  5.30+0.44 GAB2 5.86+0.12 7.59+0.34 5.56+0.48

FN1 8.57+0.40 4.47+0.11  12.0+0.13 NANOG 4.12+0.22 2.86+0.14 2.77+0.20
PPARG  4.19+0.02 6.61+£0.52  3.43+0.14 MDM2  5.62+0.64 5.96+0.18 6.93+0.10
WNT5A  4.23+£0.39 3.71+0.07  6.77+0.48 HSP90B1 9.10+£1.07 9.18+0.20 10.1+0.10
GSK3B 5.97+0.27 6.99+0.13  7.17+0.23 PTPN11 6.95+0.41 9.13+0.14  7.99+0

HTT 5.49+0.12  6.59+0.11  6.26+0.00 BHLHE41 4.21+£0.08 5.97+0.61 3.85+0.18

RBPJ 4.87£0.09 5.39+0.12  6.06+0.21 KITLG  4.17£0.19 3.11+£0.06 4.51+0.28

BMP3 4.33+0.11 6.18+0.74  3.97+0.09 IGF1 4.16+0.07 6.97+0.53 3.43+0.55
FGF2 7.15+0.49  8.56+£0.10  8.28+0.04 CMKLR1 4.55+0.03 4.11+0.15 5.19+0.88
KDR 4.69+0.44 3.37+0.29  3.04+0.09 CDK2AP1 6.05+0.25 6.55+0.07 7.35+0.08

ADHS 4.28+0.04  6.08+0.15  5.50+0.23 FLTI 4.59+0.46 3.13+£0.25 2.92+0.09
SFRP2 3.83+0.21 4.83+1.97 3.43+0.04 FOXO1 5.45+0.10 8.36+0.60 5.09+0.58
NPYIR 3.57+0 6.62+0.25  2.86+0.02 YY1 5.88+0.27 6.98+0.17 6.74+0.19
PDGFRA  5.37+0.09 4.08+0.17  8.13+1.09 AKT1 6.35£0.19 7.41+0.08 7.28+0.00
SLCIA3  4.90+0.31 6.34+0.52  4.67+0.31 HIF1IA  7.68+0.42 6.95+0.38 9.61+0.16
PIK3R1 4.93+0.13  6.96+£0.61  4.76+0.26 THBS1  9.35£0.06 10.3+1.20 11.5+0.75
RADS50 4.96+0.28 6.77£0.32  6.32+0.25 FGF7 3.36+£0.08 2.64+0.10 5.51+0.71
IL6ST 8.20+£0.47 9.47+0.38  8.48+0.23 TCF12  6.07£0.27 6.97+0.14 7.21+0.17
ITGA1 4.97+0.32  7.06£0.35  5.77+0.69 SMAD3  6.01£0.60 6.57+0.15 7.24+0.30
MAPK14 4.74+0.04 5.75£0.22  5.52+0.14 RBL2 4.86+0.15 6.81£0.21 5.96+0.29
PIM1 6.81+£0.26  8.16+0.54  6.88+0.32 CBFB 5.42+0.43 6.15+£0.33 7.02+0.42

RUNX2  4.50+0.08 3.85+0.11 4.90+0.15 SERPINF1 6.79+0.05 9.87+0.31 7.12+0.27
GJA1 6.63£0.20 7.31+0.13  9.21+0.42 PSMD11 5.54+0.59 6.59+0.12 6.51+0.06
MAP3KS5  4.60+0.28  6.60+£0.84  4.38+0.10 CSF3 6.32+0.41 5.44+0.14 5.31+0.15
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IL6
HOXA7
IGFBP3

HGF
ERVW-1
CDK6
RARRES2
CAV1
NRG1
LYN
MYC
CEBPD
ANGPT1
EXT1

AT-A

7.36+0.14
5.08+0.24
6.67+0.27
3.27+0
5.02+0.62
4.95+0.08
6.30+0.06
6.00+0.86
4.14+0.04
5.66+0.55
6.63+0.05
5.72+0.17
4.59+0.37
6.92+0.50

h‘_\

4.87£0.69  6.04+0.11 STAT5A 5.98+£1.08 7.66+0.18 5.51+0.20
6.32+£0.25  5.76+0.04 NMT1 5.48+0.66 7.52+0.25 7.11£0.16
6.27+0.13  9.51+0.65 STATSB  6.05£0.22 7.64+0.11 5.91+0.05
2.81+0.12  4.19+0.70 STAT3  7.30+0.43 8.49+0.07 7.96+0.29
3.64+0.22  3.61+0.30 SOCS3  6.39+0.64 8.45+0.38 6.07+0.72
4.91+0.20  5.91+0.11 GATA6  5.18+0.13 5.93+0.06 6.38+0.46
7.93+0.31  5.86+0.28 SS18 5.71£0.31 7.01+0.10 7.19+0.12
8.61+0.17  8.04+0.16 DNMT1 5.76+£0.07 5.35£0.08 6.43+0.01
3.84+0.14  5.95+0.81 TGFBI1 6.64+0  5.57+0.22 7.74+0.11
4.61+0.12  5.07+0.45 ID1 4.99+0.35 5.28+0.17 6.50+1.07
7.71£0.34  6.53+0.08 APP 7.33£0.09 5.89+0.23 8.21+0.31
7.02+£0.24  5.90+0.31 LGALS1 7.05+0.43 9.87+0.04 10.2+0.29
5.87+0.12  4.73£0.36 MAPK1 5.54+0.21 6.42+0  6.98+0.12
7.16£0.45  9.29+0.22 LIF 5.84+1.87 3.79+0.11 5.05+0.32

Figure 15: Differentially gene expression of stem cell development
pathway in AT-A, BM-A and BM-MSC.

Differentially expressed genes stem cell development were analysed. (A)
Table shows values (represented as means of the three samples studied for
each category and displayed in Logs) obtained from microarray analysis
of each gene involved into stem cell development pathways for AT-A, BM-
A and BM-MSC. (B) Heatmap shows hierarchical clustering of stem cell
development microarray data obtained from AT-A, BM-A and BM-MSC.

BM-A BM-MSC
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4.2 Hematopoiesis-associated pathways

Since cell-cell signaling is vital for HSC maintenance and activation (Eastment C et al.,

1982; Eaves et al., 1988), five key pathways involved in the process were examined:

activation of antigen-presenting cells (A), leukocytes (B) blood cells (C), myeloid cells

(D) and phagocytes (E). The pathways exhibited differential regulation, and the cluster

analysis data demonstrated that BM-A were closer to BM-MSC than to AT-A (Figure

16). In particular, of all the genes studied, only 10 showed a more than twofold up-

regulation in BM-MSC compared with BM-A, and four were up-regulated in BM-A

(Table 8). In contrast, the BM-A and AT-A signaling pathways demonstrated greater gene

expression differences, suggesting widely different roles for the two adipocyte

populations.
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Figure 16: Cluster analysis of cell-
to-cell signalling gene expression
profile in BM-A, BM-MSC and
AT-A.

Differentially expressed genes and
pathways involved into cell-to-cell
signaling were analyzed.
Hierarchical clustering of cell-to-
cell signaling microarray data
obtained from BM-A, BM-MSC and
AT-A in (A) activation of antigen-
presenting cells, (B) leukocytes,
(C) blood cells, (D) myeloid cells
and (E) phagocytes.
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6.67+0.17
8.15+0.81
12.39+0.01
5.28+0.76
6.30+0.05
3.29+0.40
4.2940.68
5.97+0.20
5.63+0.75
4.55+0.41
4.9240.23
10.20+0.28
5.25+0.43
5.57+0.16
6.10+0.57
2.65+0.06
8.61+1.04
6.64+0.11
6.42+0.56
8.06+0.02
2.64+0.28
5.80+0.29
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7.46%0.09
6.08+0.06

5.95+0.24
7.96+0.34
6.94+0.03
5.13+0.21
4.89+0.17
8.93+0.57
6.66+0.10
7.05+0.56
3.96+0.68
4.77+0.68
7.07+0.36
5.524+0.66
3.23+0.03
9.8540.06
4.74+0.13
5.82+0.25
5.68+0.22
6.59+0.29
4.24+0.22
8.08+0.60
3.50+0.63
9.19+0.11
2.58+0.10
7.94+0.38



SERPINF1 6.95+0.10 7.30£0.25 10.02+.29

SIRT1 6.12+0.57 6.14+0.22 7.65+0.39
STAT3 7.38+0.40 8.05+0.32 8.60+0.08
STATSA 5.92+0.03 5.55+0.19 7.80+0.19
STATSB 5.88+0.13 5.83+0.06 7.724+0.08
TGFBI1* 6.63+0.07 7.86+0.13 5.61+0.16
THBS1* 9.55+0.10 11.62+0.68 10.60+1.24
TNC* 7.78+0.85 9.95+0.16 4.32+0.18

Table 8: quantitative data of cell-to-cell signalling gene expression profile in BM-A, BM-MSC
and AT-A.

Table shows values (represented as means of the three samples studied for each category and
displayed in Logs)

The secretion of cytokines and growth factors is crucial for HSC maintenance and
differentiation (Eastment C et al., 1982). Remarkably, gene expression analysis showed
the highest number of overexpressed cytokines in BM-A, as 26 of the 30 genes studied
were upregulated in BM-A compared with AT-A, and 20 were up-regulated in BM-A
compared with BM-MSC (Figure 17 A, B). Analysis of the cytokines involved
exclusively in hematopoiesis regulation again demonstrated the highest number of up-
regulated genes in BM-A; in particular LIF, CCL3, CSF3, CCL4, CCL2, IL-23A, IL-6,
CXCL10, CXCL2, PF4, CXCLI1, and IL-1B were all up-regulated in BM-A compared

with both AT-A and BM-MSC (Figure 16 C).
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Figure 17: Cluster analysis and quantitative data of cytokines gene expression profile in BM-A, BM-MSC and AT-A.

Differentially expressed cytokines genes were analysed. (4) Number of Up and Down-Regulated cytokines genes in BM-A respect to AT-

A and BM-MSC. (B) Hierarchical clustering of cytokines microarray data obtained from BM-A, BM-MSC and AT-A. (C) Histogram shows

data (represented as means of the three samples studied for each category and displayed in Logs) obtained from haematopoietic cytokines

microarray analysis in BM-A, AT-A and BM-MSC (*p<0.05).
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Examination of the gene expression profile of the extracellular growth factors not directly
involved in hematopoiesis regulation showed that fewer genes were up-regulated in BM-

A with respect to AT-A and BM-MSC (Figure 18).

Extracellular growth factors

A
10 1 m Up-regulated genes ;

INHBB®  4.11£040  6.46+0.68  3.73£0.33
8 1 EREG®  4.09+0.01  2.98£0.09  3.15+0.23
7 BMP3*  433+0.11  6.18£0.75  3.98+0.09
. PDGFC'  4.58£0.08  5.67+0.14  6.33+0.48

VEGFC® 447+022  4.69+0.17  7.57£0.79
37 BMP5®  3.95+0.60  2.47+0.08  2.42+0.07
4 - CTGF®  7.124033  6.37+1.16  10.43+0.96
3 ] LEP®  4.1120.18  924+29  3.10+0.22

NRGl  4.14+0.04  3.84+0.14  5.96+0.82
21 VEGFB® 6.48+0.09  7.93+0.17  6.88+0.04
1 FGF7*  3.36+0.09  2.64+0.10  5.52+0.72
0 | | GRN®  7.40+0.31  820+0.09  8.79+0.49

BM-A vs. AT-A BM-A vs. BM-MSC

Figure 18: Differentially gene expression of extracellular growth factor in BM-A, AT-A and BM-MSC.

Differentially expressed extracellular growth factors genes were analysed. (4) Histogram shows the number of Up and Down-
Regulated extracellular growth factors genes in BM-A respect to AT-A and BM-MSC; (B) table shows values (represented as
means of the three samples studied for each category and displayed in Logs) obtained from microarray analysis of each
extracellular growth factors gene for BM-A, AT-A and BM-MSC. (*p < 0.05; BM-A vs. AT-A; Op < 0.05 BM-A vs. BM-MSC)
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In contrast, assessment of the hematopoietic extracellular growth factors highlighted
greater differences, since BMA expressed a larger number of up-regulated genes than
AT-A. In particular, TGF-B2, INHBA, HGF, ANGPT2, DKK1, RITLG, GAS6, and TGF-
B1 were overexpressed in BM-A compared with AT-A, whereas only ANGPT2 and IGF1

were overexpressed in BM-A compared with BM-MSC (Figure 19).

Extracellular haematopoietic growth factors

B Up-regulated genes

A ODown-regulated genes B
;
10 TGFB2  4.02+0.05 3.71+0.28  5.00+0.52
FGF2" 7.16+0.50 857+0.11  8.29+0.05
8 1 INHBA 5.68+£1.13  4.10+0.10  7.30+1.01
HGF®  3.27+0.00 2.82+0.12  4.20+0.70
67 ANGPT2 4.17+1.06 2.98+0.09  2.89+0.03
ANGPT1" 4.60£0.37 5.87+0.13  4.74+0.36
47 DKKI  3.02+0.10 2.84+0.14  5.30+£1.09
5 KITLG® 4.18+020 3.12£0.06  4.52+0.28
IGF1I* 4174007 6.98+0.53  3.43+0.55
0 . GAS6™  6.54+023  5.93+0.29  8.19+0.41

BM-A vs. AT-A BM-A vs. BM-MSC TGFB1™ 6.64+0.00 5.57£0.22  7.74+0.12

Figure 19: Differentially gene expression of extracellular hematopoietic growth factor in BM-A, AT-A and BM-MSC.
Differentially expressed extracellular hematopoietic growth factors genes were analysed. (A) Histogram shows the number
of Up and Down-Regulated extracellular hematopoietic growth factors genes in BM-A respect to AT-A and BM-MSC; (B)
table shows values (represented as means of the three samples studied for each category and displayed in Logs) obtained
from microarray analysis of each extracellular hematopoietic growth factors gene for BM-A, AT-A and BM-MSC. (*p <
0.05: BM-A vs. AT-A: Op < 0.05 BM-A4 vs. BM-MSC)
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5. Caloric Restriction Time Course

During the CR time course, AL and CR mouse weights were recorded weekly. Weight
loss was statistically significant in both male and female CR mice compared to AL mice
during the dietary regimen time course. Interestingly, male mice lost weight until the 3rd
week of CR and then started to regain body mass on week 4 (not statistically significant),

whereas, females quickly adapted to the dietary regimen and stopped losing weight at

week 2.

Interestingly a statistical significance difference was detected between WT and KO AL

female mice body mass on week 3, but no genotype differences were found in male mice.

(Figure 20; Table 9).
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Figure 20: Female and male Body masses of WT and KO mice fed AL or under CR.
Each point represents the body mass of (A) female and (B) male mice during week 1, 2, 3 and 4 of CR

®ALWT
®AL KO
®CRWT
BCR KO

(*=P<0.05)
Bod g

Sex Genotype | Diet | Week 0 Week 1 Week 2 Week 3 Week 4
Female WT AL 179+1,6 | 18,8+2,0 | 19,6+2,1 | 19,7+23 | 20,620
Female WT CR | 182+1,6 | 156+1,5 | 169+12 | 168+0,9 | 17,8+1,1
Female KO AL | 18914 | 195+1,0 | 21,0+x1,5 | 21,514 | 219+1,6
Female KO CR | 185+14 | 157+1,6 | 16,713 | 162+1,3 | 168+ 1,3
Male WT AL | 24,1£27 | 242+22 | 248421 | 256+2,6 | 26,0+2,5
Male WT CR | 24,1+£27 | 201+23 | 193+22 | 184+12 | 19,6+04
Male KO AL | 23,5+1,7 | 24,6+2,5 | 24,7+3,7 | 253+4,5| 268+2)5
Male KO CR | 235+1,7 | 189+1,7 | 18,0+1,7 | 17,7+1,3 | 18,7+1,1

Table 9: Quantitative data of body masses WT and KO mice fed AL or under CR.

Table shows values (expressed in grams) of AL WT, AL KO, CR WT, CR KO male and female mice during the 4
weeks CR time course.
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Circulating levels of serum APN, measured by ELISA, were significantly increased
(p<0,05) in CR male mice during week 3 and 4 and in CR female mice during week 2, 3

and 4. (Figure 21).

Also, using immunoblotting, plasma adiponectin was detectable in the WT mice but not
in the KO mice, confirming the genotype (R. Sulston, unpublished observation, data not

shown).
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Figure 21: Female and male circulating levels of plasma APN in mice fed AL or under CR.
Each point represents the concentration of (A) female and (B) male circulating APN during week 1, 2, 3
and 4 (*=P<0.05).
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6. Peripheral white blood cell count

Peripheral white blood cell count was performed weekly prior to feeding. Caloric

restriction caused a global reduction of circulating WBC in both WT and KO animals.

Notably, at week 1 and 2, a genotype effect was observed and statistical significant

differences in the number of WBC were detected between AL KO and CR KO mice.

During week 3 and 4, CR WT mice showed a further decrease in WBC and statistical

differences were observed between CR WT and AL WT. (Figure 22; Table 10)
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Figure 22: Peripheral white blood cells count.
Histogram shows the number of circulating WBC (expressed as 10° cells/L) of
AL WT, AL KO, CR WT and CR KO mice (males and females data are combined)
(*=p<0.05).
B 0 019
Diet Genotype | Week 0 Week 1 Week 2 Week 3 Week 4
AL WT 10,0 £ 3,8 10,4 +4,0 8,08 £2,6 10,0 £ 1,1 9,02+1,2
AL KO 12,5+ 3,6 12,0 + 3,1 12,3+1,3 11,1 £1,7 12,1 £5,3
CR WT 7,95 +4,1 3,78+ 1,6 3,53+1,0 2,88 +0,4
CR KO 5,60 £2.8 2,87+1,1 3,7£2,9 4,07+ 3,0

Table 10: Quantitative data of circulating WBC.
Table shows values of circulating WBC (expressed as 10° cells/L) in AL WT, AL KO, CR WT, CR KO mice
during the CR time course. (males and females data are combined).
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7. Flow cytometry analysis of Peripheral White Blood cells

Results obtained with WBC count suggested that both CR and global Adiponectin KO
caused an impairment of normal haematopoieis. Therefore, circulating lymphocytes,
granulocytes and monocytes were analysed by flow cytometry. The global reduction of
circulating WBC, produced an increased percent of granulocytes was in CR KO mice.
Specifically, statistically significant differences were observed during the first week
among AL KO, CR KO, and CR WT mice. From the second week, the percentage of
circulating granulocytes also increased in CR WT animals and statistically significant
differences were observed only between AL KO and CR KO animals. (Figure 23, table
11). Despite the fact that it has been observed an increased percent of granulocytes in CR
KO animals, the number of total circulating granulocytes per liter of blood remains still
reduced in CR animals with respect to AL mice (Table 12). Notably, female mice didn’t
present any modulation of granulopoiesis under CR, suggesting that sex difference might

influence the Adiponectin-mediated regulation of haematopoiesis.

Granulocytes

* B Males AL WT
50 I

LI . B Males AL KO
Males CR WT

Males CR KO

% of CD45

Z
y
/
/
/
/
g
é

NN
AN
AR

Week 0 Week 1 Wee

=~

2 Week 3 Week 4

Figure 23. Flow cytometry analysis of circulating granulocytes.
Histograms show the number of circulating granulocytes (expressed as % of total CD45 cells) in male AL WT,
AL KO, CR WT, CR KO mice during the CR time course. (*=p<0.05).
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ocyte of tota D4

Sex Diet | Genotype | Week 0 Week 1 Week 2 Week 3 Week 4
F AL WT 13,6 5,6 | 11,9+1,5 12+46 12,2+£3,0 16,9 + 6,7
F AL KO 115+22 | 145+34 | 123+1,6 13,6 £1,9 12,7+3.4
F CR WT 15,8+ 13 151+78 14,0+ 74 17,4+ 10
F CR KO 11,7€22 | 12,1+£1,5 12,1+4,0 21,7+ 15
M AL WT 145+£20 | 17,6+4,1 | 13,8+3,1 13,1+3,1 148+73
M AL KO 16,7+3.8 | 185+1,3 | 16,7+22 12,6 3.4 16,4 +3.,6
M CR WT 16,6 + 8,4 18,5+ 12 20,8+ 7,5 20,9+ 6,3
M CR KO 32,6 £11 30,6 £4.9 259+ 83 29,311

Table 11: Quantitative data of circulating granulocytes.
Table shows values of circulating granulocytes (expressed as % of total CD45 cells) in females and males AL WT,
AL KO, CR WT, CR KO mice during the CR time course.

Total number of granulocytes (10°cells/L) ‘

Sex | Diet | Genotype Week 0 Week 1 Week 2 Week 3 Week 4
F AL WT 1,36 £ 0,289 1,23+£0,074 | 0,96+0,015 | 1,22+0,040 | 1,52+0,122
F AL KO 1,43+0,113 1,74 £ 0,183 1,51+ 0,031 | 1,50+0,048 | 1,53+0,276
F CR WT 1,25+ 0,669 | 0,57+0,071 | 0,49+£0,036 | 0,50+ 0,020
F CR KO 0,65+ 0,040 | 0,34+0,005 | 0,44+0,051 | 0,88 +0,397
M AL WT 1,45+0,110 1,83+0,300 | 1,11+0,089 | 1,31£0,044 | 1,33+£0,116
M AL KO 2,080,285 | 2,22+0,089 | 2,05+0,058 | 1,39+0,080 | 1,98+0,378
M CR WT 1,31+£0,454 | 0,69+0,134 | 0,73+0,055 | 0,60+ 0,015
M CR KO 1,82+0,562 | 0,870,047 | 0,95+£0,230 | 1,19+0,393

Table 12: Quantitative data of total circulating granulocytes.
Table shows values of total circulating granulocytes (expressed as granulocytes/L of blood) in females and males
AL WT, AL KO, CR WT, CR KO mice during the CR time course.

The granulopoiesis dysregulation also turned into an imbalanced proportion between

neutrophils, increased in CR mice, and eosinophils which resulted significantly reduced

(Tables 13, 14).

Neutrophils (% of Granulocytes)

Sex Diet Genotype | Week 0 Week 1 Week 2 Week 3 Week 4
F AL WT 773+£84 | 702+£53 | 533+19 | 63,9+£6,6 | 762+11
F AL KO 749+11 | 66,5+7,1 | 66,757 | 65,1+£82 | 64,615
F CR WT 85,8+ 12 78,7 +20 75,8+ 13 71,7+ 16
F CR KO 847+74 | 762+74 | 63,0+18 71,0+ 15
M AL WT 69,8+47 | 649+79 | 662+3,6 | 71,687 | 73,4+11
M AL KO 74,1+10 | 66,042 | 741+41 | 712+4,5 | 72,7+10
M CR WT 91,9+5,6 | 89,5+£83 | 88,8+£6,9 | 79,6+8,9
M CR KO 98,5+1,3 | 91,5+6,2 | 91,4+3,1 | 86,8+8,2

Table 13: Quantitative data of circulating neutrophils.
Table shows values of circulating neutrophils (expressed as % of total granulocytes) in females and males AL WT,
AL KO, CR WT, CR KO mice during the 4 weeks CR time course.
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Sex Diet | Genotype | Week 0 Week 1 Week 2 Week 3 Week 4
F AL WT 20,4 + 8,1 28 +4.8 38,6+13 | 29,5+6,3 | 18,6+9,5
F AL KO 229+11 | 31,3+7,0 | 29,6+4,6 | 31,2+6,7 | 282+13
F CR WT 12,6 £ 11 16,5+ 15 17,1+£9,2 | 20,8+13
F CR KO 13,7+6,9 2074 30,1 £13 24,0+ 16
M AL WT 28,8+4,8 | 339+7,6 | 27,6+7,0 | 24,7+10 21,311
M AL KO 24,0+£10 | 32,7+3.,6 23+2,8 249+3,8 | 21,2+7,9
M CR WT 6,72+58 | 435+4,8 | 7,74+6,5 15,3+ 10
M CR KO 0,54+0,7 | 333+49 | 6,56+1,5 | 9,63+7,3

Table 14: Quantitative data of circulating eosinophils.
Table shows values of circulating eosinophils (expressed as % of total granulocytes) in females and males AL WT,
AL KO, CR WT, CR KO mice during the 4 weeks CR time course.

Analysis of lymphocyte populations did not reveal any changes in CD3, CD4 and CDS8.
Interestingly, CD19 B lymphocytes represented the population which underwent the
highest modulation under CR, showing a statistically significant decrease in CR KO
animals with respect to AL KO during the entire CR time course. Notably, a strong
genotype effect was observed during week 1 of CR where only the KO animals showed
a reduced lymphopoiesis. The discrepancy between CR WT and CR KO animals
(statistically significant only in week 1 and week 3) can be observed for the entire CR
time course despite WT animals also showed reduced circulating lymphocytes since week

2 of CR (Figure 24 Table 15).
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Figure 24. Flow cytometry analysis of circulating B lymphocytes.
Histograms show the number of circulating B lymphocytes (expressed as % of total CD45
cells) in males AL WT, AL KO, CR WT, CR KO mice during the CR time course (*=p<0.05).

0 O D4

Sex | Diet | Genotype | Week 0 Week 1 Week 2 Week 3 Week 4
F AL WT 41,1+10, | 36,1+7,6 | 30,8+83 | 355+81 | 385+7,1
F AL KO 38,010, | 36,1+7,8 | 41,3+6,9 | 42,1+32 | 43,0+74
F CR WT 28,1+10 | 31,7+4,8 | 31,8+10 | 32,5+8,6
F CR KO 404+84 | 362+55 | 394+9,2 | 34,7+19
M AL WT 43,6+7,1 | 43,6+79 | 37,8+14, | 49,5+58 | 45010
M AL KO 43,663 | 405+6,6 | 44,6+32 | 492+58 | 51,2+5,0
M CR WT 39,6 £9,1 | 27,1+£5,8 | 379+6,0 | 33,5+7,5
M CR KO 235+84 | 21,2+53 | 25,1+5,8 | 248+10

Table 15: Quantitative data of circulating B lymphocytes.
Table shows values of circulating lymphocytes (expressed as % of total eosinophils) in females and males AL
WT, AL KO, CR WT, CR KO mice during the 4 weeks CR time course.

Monocytes were also analysed, but no genotype or diet effect was detected except from
CR male mice (both WT and KO) that, during week 1 of CR, showed reduced circulating
monocytes with respect to AL animals (AL WT: 42,6 + 4,4; CR WT: 31,6 £ 13,6; AL

KO: 43,6 £3.2; CR KO: 18,2 £+ 12,9; data are expressed as percent of total CD45 cells).
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8. Flow cytometry analysis and CFU assay of BM-MNC followig

4 weeks of CR

To test the differentiation and the proliferation capacity of HSC after 4 weeks of CR,
animals were sacrificed, BM-MNC were isolated from the femurs and seeded in
Methocult. After 10-12 days of incubation at 37°C, CFU were counted and examined.

No statistically significant differences were observed between CR and AL mice or
between WT and KO. However, of note, in the female mice, the KO genotype tended to

produce a higher number of total CFU (p>0.05) (Figure 25, Table 16).
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Figure 25. CFU output after 4 weeks of CR

Histograms shows the total number of CFU obtained in (4) female and (B) male mice AL WT, AL KO and
in CR WT and CR KO after 4 weeks of CR. Bars represent the sum of BFU-E (blue), CFU-G (orange), CFU-
M (grey), CFU-GM (yellow), CFU-GMEM (light blue).
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F AL WT 29+1,7 | 48+29 | 16,1+4,5 6,2+1,6 10,8 +4,9 | 40,8+ 10
F CR WT 2,7+2,0 | 3,9+0,8 17+2.4 6,8+2,5 9,1 +3,1 39,5+4,5
F AL KO 35+14 | 6,12+2,7 | 21,6+7,2 | 437+1,8 11+£20 46,6 + 13
F CR KO 4,1+16 | 46+16 | 21,2+64 7,9 +3,1 8,6+3,0 46,4 +12
M | AL WT 3,1£0,5 | 55402 | 193+25 6,1 £1,8 7,7+1,5 41,7+24
M | CR WT 2,85+1,7 | 3,85+22 | 182+4,0 | 4,5+3,1 592+35 | 354+38,7
M | AL KO 45+2,0 | 5,75+3,7 | 19,2+ 10, 6,5+33 7,5+1,8 435+ 11
M CR KO 291+1,1 6+1,7 17,9+2,3 4+£0,6 6,25+1,8 | 37,0+ 44

Table 16: Quantitative data of CFU output after 4 weeks of CR
Table shows the total number of each CFU type obtained in (A) female and (B) male mice AL WT, AL KO and in CR
WT and CR KO after 4 weeks of CR.

To further analyse any potential diet or genotype induced changes in HSC, flow
cytometry analysis on BM-MNC was performed. The gating strategy suggested by Oguro
et al. (2013) has been previously used to evaluate the number and the differentiation
potential of cells. In more detail, following Lineage™ C-Kit" Sca-1" selection, cells were
further separated in 4 different population using CD48 and CD150 markers. Serial
transplantation experiments showed that CD1507/CD48" fraction represent the HSC
population with long-term multilineage reconstitution capacity, while CD1507/CD48§"
cells has only transient multilineage reconstitution capacity and cannot be further
transplanted in a secondary recipient. On the contrary, CD48"/CD150" and
CD48%/CD150" fractions have restricted differentiation potential and can reconstitute the
recipient with B cells, rarely with T cells but never with myeloid cells (Kiel Mj et al.,
2008). Despite the differences detected in circulating WBC, flow cytometry analysis of
BM-MNC did not reveal any changes in male mice. However, female AL WT mice

showed an increased percent of CD1507/CD48" (statistically significant) to the detriment

of CD1507/CD48" (not significant). (Figure 26, 27, Table 17).
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Figure 26. Flow cytometry analysis of LSK population in females.

Histograms show the number of BM CD150-/CD48+, CD150+/CD48+, CD150+/CD48-, CD150-
/CD48- cells (expressed as % of total Lineage-/C-Kit+ cells) in females AL WT, AL KO and in CR WT
and CR KO after 4 weeks of CR.
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Figure 27. Flow cytometry analysis of LSK population in males.

Histograms show the number of BM CD150-/CD48+, CD150+/CD48+, CD150+/CD48-, CD150-/CD4§-
cells (expressed as % of total Lineage-/C-Kit+ cells) in males AL WT, AL KO and in CR WT and CR KO
after 4 weeks of CR.
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D4S D48 D48 D48
F | AL WT 450+ 11, | 744+13 | 152+7,7 | 32,2+43
F | AL KO 523494 | 112425 | 125+46 | 23,8474
F | CR WT 568+58 | 8,94+1,0 | 13,0+44 | 21,045
F | CR KO 634+49 | 10,6+3,7 | 985+0,8 | 16+24

M | AL WT 557+54 | 58+13 | 11,9+3,9 | 265+3,0
M | AL KO 595+54 | 686+1,6 | 10,8+0,6 | 22,7+59
M = CR WT 57,1+42 | 6,08+25 | 11,6£2,6 | 250+6,5
M | CR KO 573+8,1 | 55612 | 11,1£3,3 | 259452

Table 17: Quantitative data of LSK population in males.

Table show the values of BM CDI150-/CD48+, CD150+/CD48+, CD150+/CD48-, CD150-
/CD48- cells (expressed as % of total Lineage-/C-Kit+ cells) in females and males AL WT, AL
KO and in CR WT and CR KO after 4 weeks of CR.
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Discussion
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BM-A are the most abundant stromal cell population in the BM microenvironment, and
the gradual replacement of the red marrow with yellow marrow happening during aging
results in decreased hematopoietic activity. These findings have generated the notion that
BM-A are negative regulators of hematopoiesis (Naveiras O et al., 2009; Tuljapurkar SR
etal., 2011). However, their characterisation is still far from being exhaustive, both owing
to the difficulty to obtain and manipulate primary human BM-A. Furthermore, the
relationship between BM-A and HSC has often been explored using BM-MSC-derived
adipocytes obtained by in vitro differentiation and the biological differences between

differentiated BM-MSC and primary BM-A frequently produced contrasting results.

Varied experimental evidences seem to suggest that BM-A might actually positively
support HSC (Corre J et al., 2004, 2006; Di Mascio L et al., 2007; Gainsford T et al.,
1996; Laharrague P et al., 1998; Poloni A et al., 2013). In the present study, BM-A were
used as stromal supporting population for HSC in an in vitro model and the results
suggested that following a 5-week co-culture, primary human BM-A, even if not at the
same level of BM-MSC, were still capable of supporting HSC maintenance, proliferation
and differentiation. The LTC-IC system, which accurately reproduces HSC turnover
(Eaves & Eaves, 1988), allowed establishing an in vitro model that mimic the BM

microenvironment conditions.

Interestingly, the presence of BM-A in the co-culture led to a lower colony output in the
first 4 weeks, suggesting a reduced proliferation of the more committed HPC. These
results suggest that BM-A might exert an inhibitory action on the more committed HPC,
but that they are able to support the survival of long-term HSC. This hypothesis is further

confirmed by the results obtained with the mixed feeder layer (BM-A+BM-MSC), where
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the presence of adipocytes seemed to impair HPC proliferation and differentiation, during
the first 2 weeks (statistically significant only in week 1), but did not lead to a reduced
final colony output. The presence of inhibitory cytokines in the cell culture supernatants
is in line with an inhibitory role of BM-A exerted toward HPC particularly evident in the
first 2 weeks of co-culture. However, this effect did not critically impair HSC survival
and maintenance, although the number of CFU obtained in the mixed feeder layer co-
cultured in the 5th week was high and not significantly different from that of the cells co-
cultured only with BM-MSC. These findings suggest that BM-A do not specifically exert
an inhibitory effect on hematopoiesis itself, but rather that they contribute, together with
the other cells in the niche, to maintain and regulate HSC survival, protecting them against
excessive proliferation and differentiation stimuli that could lead to exhaustion of the BM
HSC pool. Previous authors explored the relationship between BM-A and HSC. Belaid-
Choucair et al. (2008) developed a co-culture model using fibroblast-like fat cells
(FLFC), obtained from BM-A that had lost their lipid content, as feeder layer for CD34+
cells. They found that FLFC were able to sustain macrophage but inhibit granulocyte
differentiation through interaction with neuropilin-1 (NP-1). In the present study it has
not been detected any granulopoiesis inhibition and microarray analysis revealed that NP-
1 expression was down-regulated in BM-A compared with BM-MSC and AT-A (data not
shown). Furthermore, we observed that BM-A, unlike AT-A, maintained their
characteristic morphology in culture, and that very few cells differentiated into fibroblast-
like cells. The discrepancy may be explained by methodological differences, indeed the
BM-A used by Belaid-Choucair et al. (2008) were obtained from a femoral biopsy,
whereas in this study cells were obtained from the whole femoral head of patients

undergoing hip surgery. Results obtained in 1976 Tavassoli (1976) showed BM-A
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features might differ depending on their location within BM; Scheller et al. (2015)
recently validated these observations by describing region-specific variation in the
properties BM-A and hypothesising the existence of two distinct marrow adipose tissues:
“regulated marrow adipose tissue” (rMAT) made by, smaller adipocytes interspersed in
active red haematopoietic marrow and “constitutive marrow adipose tissue” (cMAT) with
numerous, larger adipocytes found in tissue areas with low hematopoiesis. The different
results obtained here and in the study by Belaid-Choucair ef al. (2008) could therefore
rely on different subtype of isolated BM-A. In 2009, Naveiras et al (REF) studied the
haematopoietic capacity of various skeletal mouse regions that differs in adiposity. The
author found that HPC frequency in BM declined as a function of adipocyte number,
suggesting an inverse relationship between BM-A and the haematopoietic capacity of the
BM. They also developed an in vitro co-culture system using a mouse stromal cell line
(OP9) differentiated toward the adipocyte lineage and used as a feeder layer for CD34+
cells. Results obtained are similar to those found in the present study (despite the very
different experimental settings involving respectively murine differentiated BM-MSC
and primary human BM-A) although they demonstrated that the adipose differentiation
enabled OP9 cells to support HSC proliferation, albeit not as effectively as did untreated

cells.

The functional results of the present study were further confirmed by molecular analysis,
which showed closely related gene expression profiles of hematopoiesis-associated
pathways in BM-A and BM-MSC. Noteworthily, cluster analysis of total gene expression
profile segregated BM-A on a different branch of the dendrogram with respect to BM-
MSC and AT-A, suggesting that BM-A represent a different entity compared with BM-

MSC and AT-A which, on the other hand, are mesenchymal populations with strong
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phenotypic and transcriptional overlap (Wagner W et al., 2005). In contrast, cluster
analysis of restricted gene sets (cell-signaling pathways, hematopoietic support, etc.)
showed a similar gene expression pattern in BM-A and BM-MSC. Altogether, these
findings (despite they may result from tissues specific commitment (Sacchetti B et al.,
2016)) confirm that BM-A play an active role in the BM niche, contributing to BM

homeostasis together with other stromal cells.

The regulation of BM homeostasis is also mediated by the secretion of cytokines and
growth factors, which are involved in processes such as homing, adhesion, quiescence,
maintenance, self-renewal, and proliferation (Fajardo- Orduna, GR et al., 2015).
Microarray analysis of cytokine gene expression showed a greater number of up-
regulated genes in BM-A than in BM-MSC and AT-A. Analysis of the culture supernatant
concentrations of these proteins, demonstrated similar levels of key molecules such as IL-
8, CXCL12, CSF3, and LIF, in BM-A and BM-MSC, and a higher level of IL-3 in BM-
A. These molecules can both induce HSC quiescence and stimulate their differentiation,
therefore their presence in the culture supernatant suggested that BM-A can play both
roles to meet the homeostatic requirements of the BM niche (Ilangumaran, S et al., 2016).
Interestingly, all the negative hematopoiesis regulators examined in the present study
showed similar levels in BM-A and BM-MSC, except TNF-0, which was higher in BM-
MSC. These data suggest that BM-A, far from playing a passive role or suppressing
hematopoiesis, actually participate in the regulation of BM microenvironment
homeostasis (Table 2). These findings are in line with those reported by Corre et al.
(2004), who demonstrated that BM-MSC-derived adipocytes are able to induce myeloid
and lymphoid differentiation of HCP in the 1st days of co-culture and that BM-A are able

to produce cytokines directly involved in hematopoiesis support.
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Among all the adipokines secreted by BM-A, APN represented one of most intensively
studied. Being one of the hormones present at the highest concentration in the blood,
many studies focused on the relationship between adiponectin and obesity related
diseases, however, its role in haematopoiesis regulation has not been comprehensively

understood.

Cawthorn ef al. (2014) have shown that BM-A may be a major source of circulating
adiponectin, they showed that under CR regimen the number of adipocytes in the marrow

is augmented and specifically contribute to increased level of circulating plasmatic APN.

Therefore, to evaluate the role of APN in haematopoiesis regulation APN KO murine
model were placed under CR dietary regimen and their haematopoietic parameters were

studied.

WBC count revealed that CR has strong effect on the immune system indeed both WT
and KO animals showed a significantly reduced number of circulating leukocytes for the
whole CR time course. Interestingly, only KO animals showed a significantly reduced
number during the first two weeks of CR with respect to WT, suggesting an APN
mediated regulation of haematopoiesis. To evaluate which PB cell lineage was
specifically affected by genotype and dietary regimen, flow cytometry analysis was
performed, and lymphocyte, granulocyte and monocyte populations were evaluated.
Notably, especially during week 1 of CR, KO animals presented a statistically significant
reduction of circulating B cells, while WT animals revealed impaired B lymphopoiesis
with respect to AL mice only on week 4. Results obtained in WT animals are not
surprising as it has already been demonstrated that, long-term CR strongly impairs HSC

differentiation into lymphoid lineages inhibiting the proliferation of lymphoid progenitors
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and resulting in decreased production of peripheral B lymphocytes and impaired immune
function. (Tang D et al., 2016). However, the genotype effect observed at week 1 suggests
that APN may play a protective role toward the adaptive immune system in an emergency

condition such as food deprivation.

Flow cytometry analysis also revealed that on week 1 of CR, granulocyte number is
increased in KO animals and as observed for circulating B cells only at the end of week
4 of CR, the same effect was observed in WT animals. An APN mediated effect on
granulopoiesis has previously been demonstrated by several authors, however, both a
stimulatory and inhibitory effect has been observed and results are still controversial. In
more detail, Yokota ef al. (Yokota T et al., 2000) showed, in accordance with data from
the present study, that APN has an inhibitory effect on granulopoiesis; hypothesising that
this hormone might be involved in ending the inflammatory processes in the BM

microenvironment.

On the contrary, another study published by Masamoto ef al. (2016) showed that the loss
of APN causes impaired granulopoiesis and reduced antibacterial response, however this
study was performed on obese mice therefore several obesity related complications such
as chronic inflammatory status, insulin resistance or dyslipidemia might also have

influenced the effect of APN on normal granulopoiesis.

Flow cytometry data on PB blood obtained in the present study, considering the strong
genotype effect observed on week 1, suggest that APN might be involved in the regulation

of B lymphopoiesis and granulopoiesis in short-term CR.
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Noteworthily, these changes were observed only in male animals suggesting that sex
hormones might play a synergistic role together with APN in the modulation of the

response to CR.

To evaluate if changes observed in PB were the consequences of perturbation of the BM-
HSCs compartment, flow cytometry analysis and CFU assay were performed on femoral
BM-MNC. CFU assay reveals information about proliferation ad differentiation potential
of myeloid precursor cells, therefore if CR or APN play a role in the regulation of HSC
niche, variations in the number of CFU might be noticed. Similarly, Flow cytometry
analysis on LSK population can reveal a potential imbalanced proportion among Long-
Term HSC, multipotent progenitors and CD48+ progenitors with restricted differentiation
capability. However, CFU assay and flow cytometry analysis performed at the end of the
4 weeks CR time course did not reveal any APN mediated change in the proliferation and
differentiation potential of HSC suggesting that the alterations observed in PB in KO
animals might be the consequence of a systemic effect rather than a specific interaction

between HSC and APN.

In this study, the first co-culture system of primary human adipocytes directly isolated
from BM without stressful cell manipulation or differentiation protocols has been
established, to study the relationship between adipocytes and HSC. The LTC-IC system
demonstrated that there is a positive interaction between BM-A and HSC, and that BM-

A themselves are able to sustain HSC survival in the LTC-IC system.

80



This research also provides the first complete study of the transcriptome of primary
human BM-A, documenting a distinct gene expression signature compared with AT-A
and suggesting that BM-A are involved in BM niche homeostasis processes. The co-
culture, molecular, and cytokine secretion profile data described above lend further
support to the notion that BM-A play an active role in the BM niche, directly interacting

with HSC and stromal cells.

Furthermore, in vivo data demonstrated that BM-A through APN secretion, protect the
immune system from the sudden decrease of circulating white blood cells observed under
condition of food deprivation, preventing in particular the impairment of adaptive

immune system.

The present findings allow speculating that BM-A, which clearly are not the main HSC
supporting population in BM, may at least contribute to their survival together with other

stromal cells and may regulate the production of immune cells through APN secretion.
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