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Preface

On my road to science I've been blessed with many remarkable role-models and friends.

First, it was my mother who passionately engaged with me in the workings of chemistry and biology at
the kitchen table after school. Later it would be my wonderful teachers, of high-school chemistry,
Rebecca Bechard, who ignited in me a deep curiosity for the understanding of science, and then Annette
Ekblond who patiently managed to mold me into a young medical researcher throughout my master
thesis. I’'m deeply grateful and remember the years fondly that I’'ve been fortunate to learn from these
incredible women.

“Every beginning is only a sequel, after all.” — Wystawa Szymborska

As my first introduction to this new world, the Betz family were incredible early role-models in science
and art. I was encouraged to write a school essay on Rudolf Virchow, the father of pathology, which first
sparked my cutiosity for patho/physiology. From thete on and since my first understanding of stem cells,
I was mesmerized and couldn’t turn back.

I’'ve been privileged to have opportunities that placed me in the company of many great scientists, not
only at international meetings from early on but also through summer programs during my studies. I
formed the first adult friendships with motivational and empathetic study-partners (Therse Julin and Julie
Jacobsen) who understood the importance of supporting each other and keeping spirits high. At the same
time, I also cherished the friendship of Viktor Avlon, open to all and any musings under the blue and
star-filled Copenhagen skies. Ann-Kirstine Thor-Straten and Tine Schaer Popp have never wavered
from my side, even when I decided to move to another country. While I was gaining my footing at
university, I attended a summer school in Berlin where 1 would meet a handful of like-minded gitls from
different corners of the world (Aischarya Brahma, Aurora Bernal, Danijela Kostic, Anabela Cepa Areias),
and with whom I would marvel at the seemingly endless possibilities of tissue engineering. Again, I found
myself captivated by the wonders of science, and this time, of translational research.

I met other great scientists on my way, at the Center for Medical Research in Barcelona where I was a
young student in awe of the pace and possibilities of science. I appreciate the attention that especially
Nuria Montserrat, Marianna Vita, Laetitia de la Lluna, and Erika Lorenzo Vivas gave a young intern
seemingly lost in the big wotld of stem cell research. This moment in time would also serendipitously
lead me to meet first Monica McCoy, then Borja Arafié Riba, and years later Bente Malmberg and Maria
Trullas whose constant support from afar has meant the world and more importantly, with whom years
later I would celebrate momentous life events.



The European Summer School for Stem Cells and Regenerative Medicine in Hydra is somehow where
it really all began on an island in the Aegean Sea, that cemented my pursuit for stem cell research and led
me to EPFL. Here, Yann Barrandon would introduce me to my future thesis supervisor.

Aside from scientific experiences (and meeting many more influential people that cannot all be made
mention of here), I know the importance of friends and sometimes in extension also their caring families.

There is a value in relationships from way back when that persevere throughout the years. From Warsaw
to Tokyo, to Amsterdam, to Ho Chi Minh City, and back to Copenhagen, Hiromi Mizuki, Nora Goppel,
Hieu Nguyen, and Ingrid Christoffersen have shown me the significance in nurturing such connections.

By chance, one of my first encounters in Lausanne hailed from the Swiss Plasma Center (Umar Sheikh),
whose kind heart presented me to many more (Pedro Molina Cabrera, Cedric Tsui, Aylwin Iantchenko,
Hugo De Oliveira, Hamish Patten, Federico Nespoli, amongst many others). This community has
flavored life on- and off-campus through their openness and laughs that abound. Even scientific
collaborations during my thesis have planted the seeds for true friendships to blossom. The path was
made more colorful by the fantastic ladies: Olha Novokhatska, Magda Zachara, Pernille Yde Rainer, and
Shanti Rojas-Sutterlin. Their positivity and encouragement is enormously uplifting.

I’m also lucky to know Carlheinz Von Geyso, which was a meeting of two kindred souls that has since
taken root and grown from deepest darkest Africa. Meanwhile, Paola Paruta has been my earthly
protector from the very first time we met. I immensely appreciate her loyalty and vivacity, and for
introducing me to Justin Ball who always manages to bring a smile to my lips.

As with any chapter in one’s life there have been some hardships along the way. However also these pass.
“The cure for anything is salt water — sweat, tears, and the sea.” — Karen Blixen

Thankfully I have been fortunate to be by the oceans and seas on multiple occasions over the past
years. This has brought immense joy accompanied with new outlooks. I’ve also had friends who pushed
me to sweat beyond my comfort. Taking up climbing in its many forms has taught me strength and
perseverance. My fellow climbers (particulatly Xristina Gkintzou and Manuela Arici) not only showed
me the ropes but are always ready to provide a fresh breath and perspective. Another important outlet
and saving grace have been experiences with other music aficionados (especially those whose music is
transcending as that of Florian Majcherczyk and Hendrik van Boetzelear), providing a relief when I didn’t
know I needed it. They have reminded me how important it is not only to share one’s passions and also
to submit to unforgettable fun, but to open the world to inclusivity, acceptance, and metamorphosis
through freedom of expression. All of these channels have received me, including the tears, so that I
could unfold and progtess toward what awaited next.

I am grateful to have landed in Switzerland, for the (literal and figurative) mountains I have summitted,
the friendships 1 have formed, and the people I have been able to work with while embarking on a
wonderfully exciting research topic. In the following pages I hope to share if just a sliver of my passion
for biomedicine in the form of some of the experiments carried out during my doctorate to study the
adipocytic and stromal niche of the bone marrow in regenerative hematopoiesis.

Josefine Tratwal
Lausanne, 19" of November 2019

Vi









Abstract

Over the last decade, bone marrow (BM) adipose tissue (BMAT) has emerged as a distinct adipose depot
with unique metabolic properties and effects both in homeostasis and in the progression of disease.

We provide a first comprehensive review of existing and emerging technologies including accompanying
challenges for the study of bone marrow adipocytes (BMAds). The recommendations specified through
this consensus opinion for standardization of methodological approaches ate imperative on our quest to
uncover the meaning, the sense, and the significance of BMAds. Due to its challenging localization within
the bone and its fragile nature, imaging methods provide powerful tools for ex wvivo or in vivo BMAT
quantification as well as characterization through lipid profiling. While isolation methods are still evolving
in the pursuit of s¢ BMAd and its progenitor, lineage tracing and BMAT (environmental,
pharmacological, or pathological) modulation studies have identified two sub-populations of BMAds
dependent on skeletal location in the hematopoietic red or fatty yellow marrow.

We uncover changes to these compartments in the mouse skeleton with age or irradiation and bone
marrow transplantation induced aplastic conversion of the marrow, through our novel imaging
quantification tool for histological sections. Following this progression by magnetic resonance imaging
in vivo emphasized a differential hematopoietic recovery within the long bones of mice. In order to
delineate the subtle differences between BMAds of red and fatty marrow, we established first an
adipocytic differentiation, and then a co-culture system to recapitulate the BM niche 7 vitro with the OP9
stromal cell line. Notably, Raman microspectroscopic analysis revealed nuances of lipid saturation levels
previously reported in primary BMAds at the single droplet level that we propose is indicative of their
maturation state. This may have implication for the documented differential hematopoietic support
capacity of BMAds that we elucidate through co-culture with hematopoietic stem and progenitor cells.
We were able to translate the established co-culture system onto a three-dimensional scaffold for
construction of a tissue-engineered BM model. In combination with a novel approach for preparation of
its in vivo injection, we have established the direct i vitro to in vivo transfer of a biomimetic BM niche.

The novel methodological approaches presented here to study BMAds and the hematopoietic
microenvironment, have far-reaching applications for improving the outcome of BM disease modeling,
biomolecular and drug screening, as well as in regenerative medicine at large.

Keywords
skeletal | bone marrow | adipocyte | lipid | stroma | stem and progenitor cell
hematopoiesis | microenvironment | transplantation | model | imaging






Résumé

Au cours de la derniere décennie, le tissu adipeux de la moelle osseuse (BMAT) est devenu un dépot
adipeux distinct avec des propriétés métaboliques uniques et des effets a la fois sur 'homéostasie et la
progression de la maladie.

Nous fournissons un premier examen complet des technologies existantes et émergentes, y comptis des
défis pour I’étude des adipocytes de la moelle osseuse (BMAJ). Les recommandations spécifiées dans cet
avis de consensus pour la normalisation des approches méthodologiques sont impératives dans notre
quéte pour découvrir le sens, le sens et la signification des BMAd. En raison de leur localisation difficile
dans l'os et de leur nature fragile, les méthodes d'imagerie fournissent des outils puissants pour la
quantification ex ziwo ou in vivo du BMAT, ainsi que pour la caractérisation par profil lipidique. Bien que
les méthodes d'isolement évoluent dans la poursuite du BMAd et de ses progéniteurs, des études de
tracage de lignage et de modulation du BMAT (environnementales, pharmacologiques ou pathologiques)
ont permis d'identifier deux sous-populations de BMAd dépendant de la localisation du squelette dans la
rouge moelle hématopoiétique ou jaune moelle grasse.

Nous découvrons des modifications de ces compartiments dans le squelette de la soutris avec l'age ou
l'irradiation et la conversion aplastique induite par la greffe de moelle osseuse, grace a notre nouvel outil
de quantification d'imagerie pour les coupes histologiques. Suite a cette progression pat imagerie par
résonance magnétique 7z vivo, une récupération hématopoiétique différentielle au sein des os longs de
souris a été soulignée. Afin de délimiter les différences subtiles entre les BMAd de la moelle
hématopoiétique et de la moelle adipeuse, nous avons d'abord établi une différenciation adipocytaire,
puis un systeme de co-culture permettant de récapituler la niche de BM 7 vitro avec des cellules stromales
OPY. L'analyse de Raman microspectroscopique a notamment révélé des nuances au niveaux de
saturation lipidique précédemment rapportés dans les BMAd primaires au niveau d'une seule gouttelette
que nous proposons est révélateur de leur état de maturation. Cela pourrait avoir des implications pour
la capacité documentée de support différenciée hématopoiétique des BMAds que nous élucidons par co-
culture avec des cellules souches et progénitrices hématopoiétiques. Nous avons pu traduire le systeme
de co-culture établi sur un échafaudage tridimensionnel pout la construction d'un modéle de BM a
ingénierie tissulaire. En combinaison avec une nouvelle approche pour la préparation de son injection 7
vive, nous avons établi le transfert direct i vitro a in vivo d'une niche biomimétique de BM.

Les nouvelles approches méthodologiques présentées ici pour étudier les BMAd et le
microenvironnement hématopoiétique ont de nombreuses applications pour améliorer les résultats de la
modélisation de la maladie, du criblage biomoléculaire et médicamenteux, ainsi que de la médecine
régénérative en général.

Mots-clés
squelette | moelle osseus| adipocyte |lipide | stroma | cellules souches et progénitrice
hématopoiése | microenvironnement | transplantation |modeéle | imagerie

Xi






Zusammenfassung

In den letzten zehn Jahren hat sich das Fettgewebe des Knochenmarks (BMAT) als eigenstindiges
Fettdepot mit einzigartigen metabolischen Eigenschaften und Auswirkungen sowohl auf die Homoostase
als auch auf das Fortschreiten der Erkrankung herauskristallisiert.

Wir bieten einen ersten umfassenden Uberblick iiber bestehende und aufkommende Technologien,
einschlieBlich begleitender Herausforderungen fiir die Untersuchung von Knochenmark Adipozyten
(BMAds). Die in dieser Konsensmeinung enthaltenen Empfehlungen zur Standardisierung methodischer
Ansitze sind fur unser Bestreben, den Sinn und die Bedeutung von BMAds aufzudecken, von
entscheidender Bedeutung. Aufgrund seiner schwierigen Lokalisierung im Knochen und seiner Fragilitit
bieten bildgebende Verfahren Ileistungsstarke Werkzeuge fir die ex wio oder in vivo BMAT-
Quantifizierung sowie die Charakterisierung durch Lipidprofilierung. Wihrend sich Isolierungsmethoden
bei der Verfolgung des BMAd und seines Vorldufers noch weiterentwickeln, haben Studien zur
Herkunftsverfolgung und BMAT (Umwelt-, Pharmakologische oder Pathologische) Modulationen zwei
Subpopulationen von BMAds identifiziert, die von der Skelettlokation im hidmatopoetischen roten oder
fettgelben Knochenmark abhingen.

Mit unserem neuartigen bildgebenden Quantifizierungsinstrument fiir histologische Schnitte decken wir
Verinderungen dieser Kompartimente im Mausskelett mit dem Alter oder der Bestrahlung sowie
Knochenmarktransplantationen auf, die eine aplastische Umwandlung des Marks bewirken. Im Anschluss
an dieses Fortschreiten durch Magnetresonanztomographie zz vivo wurde eine variierte himatopoetische
Erholung innerhalb der langen Knochen von Miusen hervorgehoben. Um die subtilen Unterschiede
zwischen BMAds von rotem und gelben Knochenmark abzugrenzen, haben wir zuerst eine adipozytische
Differenzierung und dann ein Co-Kultursystem etabliert, um die BM-Nische 7 vitro mit der OP9-
Stromazelllinie zu rekapitulieren. Bemerkenswerterweise ergab die mikrospektroskopische Raman-
Analyse Nuancen der Lipidsittigungsniveaus, die zuvor in primiaren BMAds auf der Ebene einzelner
Tropfchen berichtet wurden. Dies koénnte Auswirkungen auf die dokumentierte unterschiedliche
himatopoetische Unterstiitzungskapazitit von BMAds haben, die wir durch Co-Kultur mit
hidmatopoetischen Stamm- und Vorlduferzellen aufkliren. Wir konnten das etablierte Co-Kultursystem
auf ein dreidimensionales Geriist fiir die Konstruktion eines Tissue Engineered BM-Modells iibertragen.
In Kombination mit einem neuartigen Ansatz zur Herstellung seiner In-vivo-Injektion haben wir den
direkten In-vitro zu In-vivo Transfer einer biomimetischen BM-Nische etabliert.

Die hier vorgestellten neuen methodischen Ansitze zur Untersuchung von BMAds und der
himatopoetischen Mikroumgebung haben weitreichende Anwendungen zur Verbesserung der
Ergebnisse der BM-Krankheitsmodellierung, des Biomolekular- und Wirkstoff-Screenings sowie der
gesamten regenerativen Medizin.

Stichworte: Skelett| Knochenmark | Adipozyten|Lipid | Stroma | Stamm- und Vorlduferzellen
Himatopoese | Mikroumgebung | Transplantation | Modell | Bildgebung
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Resumé

I lobet af det sidste érti er fedtvav af knoglemarv (BMAT) fremkommet som et distinkt fedtdepot med
unikke metaboliske egenskaber og virkninger bide i homeostase og i udviklingen af sygdom.

Vileverer en hidtil forste omfattende gennemgang af eksisterende og nye teknologier inklusive ledsagende
udfordringer til studiet af knoglemarvsadipocytter (BMAds). Anbefalingerne, der er specificeret gennem
denne konsensusudtalelse til standardisering af metodologiske tilgange, er afgorende for vores sogen efter
at afslore forstanden og betydningen af BMAds. Pd grund af dens udfordrende lokalisering inden i
knoglen og dens skrobelige karakter giver billedbehandlingsmetoder betydningsfulde varktojer til ex vivo
eller 7zn vivo BMAT-kvantificering samt karakterisering gennem lipidprofilering. Mens isoleringsmetoder
stadig udvikles i sogen af BMAd og dens forfader, har afstamningssporing og BMAT (miljemassige,
farmakologiske eller patologiske) moduleringsundersogelser identificeret to underpopulationer af BMAds
athengig af skeletplacering i den hematopoietiske rode eller fedtholdige marv.

Vi finder =ndringer i disse to partier af museskelettet med stigende alder eller bestriling samt
knoglemarvstransplantation-induceret  aplastisk omdannelse af margen, gennem vores nye
billeddannelseskvantificeringsvaerktoj til histologiske sektioner. Folgende denne progression ved hjlp af
magnetisk resonansbillede 7z vivo understregedes forskellig hematopoietisk forbedring i musens lange
knogler. For at afgreense de subtile forskelle mellem BMAds af rod og fedtholdig marv, etablerede vi forst
en adipocytisk differentiering og derefter et co-kultur-system for at rekapitulere BM-niche iz vitro med
OP9 stromalcellelinjen. Bemaerkelsesvaerdigt afslorede mikrospektroskopiske Raman-analyser nuancer af
lipidmaetningniveauer, som ogsa har varet rapporteret i primare BMAds, pa enkelt drabe-niveau som vi
foreslar er tegn péd deres modningstilstand. Dette kan have betydning for den dokumenterede differentielle
hematopoietiske understottelseskapacitet for BMAds, som vi belyste gennem co-kultur med
hematopoietiske stamceller. Vi var i stand til at omseztte det etablerede co-kultur-system til et
tredimensionelt stillads til konstruktion af en celle-ladet BM-model. 1 kombination med en ny
fremgangsmide til fremstilling af 7z vivo-injektion har vi etableret den direkte 7 vitro til in vivo overforsel af
en biomimetisk BM-niche.

De nye metodologiske tilgange der er prasenteret her for at studere BMAds og det hamatopoietiske
mikromilje, har vidtreekkende anvendelser til forbedring af BM-sygdomsmodellering, biomolekyler og
medikamentscreening samt i regenerativ medicin generelt.

Nogleord
knoglemarv | adipocyt | lipid | stroma | stam- og afkomstcelle
bloddannelse | mikromilje | transplantation | model | billedbehandling
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CGL Congenital generalized lipodystrophy
cKit Kit proto-oncogene, receptor tyrosine kinase
CXCL12 C-X-C motif chemokine ligand receptor 12
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Abbreviation Definition

DAPI 4',6-diamidino-2-phenylindole

DECT dual-energy computed tomography

DIO Diet Induced Obesity

DMI Cocktail for Dexamethasone, IBMX and insulin
DNA Deoxytibonucleic acid

DNL De novo lipogenesis

EDTA Ethylenediaminetetraacetic acid

EGFP Enhanced green fluorescent protein

EM electron microscope

ER Endoplasmic reticulum

EU European Union

FA Fatty acid

FABP4 Fatty acid binding protein 4

FACS Fluorescence-activated cell sorting
FADS Fatty acid desaturase

FASN Fatty acid synthase

FBS Fetal bovine serum

FDA Food and Drug Administration

FDR False discovery rate

FSH Follicle stimulating hormone

GDPR General Data Protection Regulation
GFP Green fluorescent protein

Glut4 Glucose transporter type 4

H&E Hematoxylin and eosin

1H-MRS proton magnetic resonance spectroscopy
Hf-WD-POM Hafnium Wells-Dawson polyoxometalate
Hm.Ar hematopoietic area

HFD High Fat Diet

HPLC High performance liquid chromatography
HSC Hematopoietic stem cell

HSL Hormone sensitive lipoase

HSPC Hematopoietic stem and progenitor cell
IBMX isobutylmethylxanthin

IHC Immunohistochemistry

IMDM Iscove’s Modified Dulbecco’s Medium
ISCT International Society for Cellular Therapy
KitLL cKit ligand

KLS cKit*Lineage Scal*

LD Lipid droplet

Lep Leptin

Lepr Leptin receptor

Lin Lineage

LPL lipoprotein lipase

mRNA Messenger ribonucleic acid

MR Methionine restriction

MRI Magnetic resonance imaging
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Ma.Ar Marrow area

Ma.V Marrow volume

MAGP1 Microfibril-associated glycoprotein-1
MUFA Monounsaturated fatty acid

M-CSF Macrophage colony-stimulating factor
MEMu Minimum Essential Medium alpha
NCD Normal Chow Diet

NSG NOD SCID-y

ORO Oil red O

OsOq Osmium tetroxide

Osx Osterix

LIST OF ABBREVIATIONS (CONTINUED)

OVX Ovariectomized

PLIN1 Perilipin 1

PCA Principle component analysis

PCR Polymerase chain reaction

PDGFRa Platelet derived growth factor alpha
PDFF proton-density fat fraction

PDMS Polydimethylsiloxane

PDX Patient derived xenograft

PEG Poly(ethylene glycol)

PFAS performic acid Schiff

PLIN Perilipin

Ppm Parts per million

PPARy Peroxisome proliferator-activated receptor gamma
PRESS point-resolved spectroscopy

PTH Parathyroid hormone

PTRF Polymerase I and transcript-release factor
P/S Penicillin/Streptomycin

PUFA Polyunsaturated fatty acid

rAAV Recombinant adeno-associated virus
rBMAds Regulated bone marrow adipocytes
RFP Red Fluorescent Protein

RNA Ribonucleic acid

RNA-seq Ribonucleic acid-sequencing

ROS Reactive oxygen species

RT Room temperature

RT-qPCR Real-time quantitative polymerase chain reaction
Scal Stem cell antigen 1

Scd Stearyl-CoenzymeA desaturase

SCF Stem cell factor

SD Standard deviation

SDF Stromal cell detived factor

SEM Standard error of the mean

SF Steel factor

SFA Saturated fatty acid
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SFF Signal fat fraction

SSC Skeletal stem cell

STEAM stimulated echo acquisition mode
SVF Stromal Vascular Fraction

T.Ar Total tissue area

TAG Triacylglycerols

TRAP Tartrate-resistant acid phosphatase
vV Total tissue Volume

TZD Thiazolidinediones

UCP1 Uncoupling Protein 1

v/v Volume/volume

VMH Ventromedial hypothalamus
vWF Von willebrand factor

WAT White adipose tissue

WFI Water—fat MR imaging

WT Wild Type

ZFP423 Zinc finger protein 423
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SCOPE OF THE THESIS

The overall objective of this thesis is to address and contribute to emerging methodologies in bone
matrow adiposity (BMA) research in order to begin to uncover the role and regulation of bone marrow
adipocyte subtypes.

Inspited by history and seminal work identifying stem cells of the bone/marrow organ, Chapter 1 guides
us to our current position today with the aspiration of researchers to apply rigorous methodologies for
the characterization of bone marrow adipocytes and their progenitors.

Chapter 2 tackles important methodological challenges in the bone marrow adiposity field and proposes
minimal reporting standards as outlined by members of the Bone Marrow Adiposity Society. The
following chapters aim to address some of these concerns.

Even with rapid technological advancements, histomorphometry remains a pillar of pathologic analysis
that is undergoing a revival in the form of digitalized automatization. In Chapter 3 we present an in-
house developed quantification tool for detection of bone marrow compartments in histological samples
that will facilitate analysis standardization.

In Chapter 4 we sought to establish an ## vifro model for bone marrow adipogenesis that recapitulates 7
vivo adipocyte subtypes. Encouraged by our results, we translated this stromal-hematopoietic co-culture
system into a three-dimensional matrix, as presented in Chapter 5. Finally, Chapter 6 summarizes the
methodological developments presented in this thesis, further challenges, and their implication for
addressing complications of bone marrow malignancies as well as their potential in contributing towards
our understanding of the elusive bone marrow adipocytes.

With the ambition to decipher some of the complexities of the bone marrow microenvironment, we may
advance one step closer to helping patients through the advancement of science and technology.

Chapters 1 & 2

Identify
methodological

y.

/ Chapter3

challenges of BMA Mo?rllt?/;vBoMA‘
BMA Isolation Yo
measure & culture
Chapter 4
m%’\élgs Model BMA
in vitro
Define Gold - .
Standards 4
Histology i) .~ Chapter 5
imaging ‘ MO[%G\'/IE(!)VIA
G - ‘
ogressen LB, e

XXVii



XXViil



CHAPTER 1

The bone marrow microenvironment



Chapter 1 — The bone marrow microenvironment

What’s in a niche?

“In stem cell biology at large, a stem cell niche has come to be seen as the specific tissue site
in which stem cells receive instructive cues that determine their behavior, in particular, their
self-renewal throughout life. Stated in a simple way, a niche is the tissue site where stem cells
remain, or even become, stem cells...However, self-renewal of stem cells may have
additional, intrinsic, as well as population-based, determinants, all of which need to be
integrated with the microenvironmental cues conceptualized in the niche.” (Bianco, 2011).

Origins of the marrow as the seedbed of our blood

Of two types of marrow and the sterm cell theory

Cell theory arose in the 1600—1800s and is often attributed to Mathias Schleiden (from plant biology) and
Theodore Schwann (in animal biology) (Hooke, 1664; Schleiden, 1838; Schwann, 1847; Conklin, 1939).
Although it was believed since the time of Hippocrates that marrow is the nutrient source of bone, the
French anatomist Pierre Duverney, observed in 1700 that some bones have no marrow (like those of the
middle ear) and it would therefore unlikely be essential for nutrition of bone (Robin, 1875; Duverney,
1700; Tavassoli, 1983). One and a half centuries later, Rudolf Virchow, regarded as the father of modern
pathology, would build on this body of work to coin the phrase “omnis cellula e cellula” (every cell from
a cell). Ernst Neumann and Giulio Bizzozero who studied with Virchow in Berlin, in 1868 first described
the presence of nucleated blood cells in the marrow (Neumann, 1868; Bizzozero, 1868; Bizzozero, 1869).
The following year, Neumann would ascertain that blood arises in the bone marrow (BM). He described
that “it operates continually in the de #ovo formation of red blood cells” (Neumann, 1869), accepting their
finite lifespan and the necessity for continuous replenishment.

“Also in the marrow rich in fat, the same cells are present but in lower quantity and their
number decreases parallel to the decrease in the number of marrow cells and the increase in
the number of fat cells.” (Neumann 1868).

This was followed by his identification of leukemia as a disease of the marrow (Neumann, 1870). Chatles
Robin would a few years later notice that in the course of development, marrow is formed after bone
(Robin, 1875). Then in 1882, Neumann established the rule governing the development of yellow marrow,
what is now referred to as Newmann’s law, which states that: at birth, all bones that contain marrow contain
red marrow, and with age, the blood-producing capacity contracts toward the center of the skeleton,
leaving the more peripheral bones with only fatty marrow. (Neumann, 1882; Tavassoli, 1983).

However, it was actually Xavier Bichat who at the end of the 18" century first recognized the two types
of marrow, coining them red marrow as seen in the fetus and fasty marrow of the adult. These sentiments
would be echoed centuries later (Emery and Follet, 1964) long after the presence of red marrow in the
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adult had been acknowledged, including the gelatinous transition state between the two (Gosselin and
Regnauld, 1849; Cheng, 1931; Tavassoli, 1983). Notably, Bichat already recognized that fatty marrow was
distinct from other types of fat, which Dunlop and Nerking confirmed in the beginning of the 1900s
through analysis of its chemical composition (Dunlop, 1907; Nerking, 1908; Cheng, 1931).

These seminal findings set the stage for eventually defining the hematopoietic stem cell (HSC). As eatly
as 1896, Arthur Pappenheim used the term szez cell to describe a precursor cell capable of giving rise to
red and white blood cells (Figure 1.1) (Haekcel, 1868; Pappenheim, 1896). Neumann followed, first
designating the origin of all hematopoietic cells the “great lymphocyte” and later also adopting the term
“stem cell” for the common precursor of the blood system (Neumann, 1868; Neumann, 1912).

Figure 1.1| Stem cell origins. The recognition of a common progenitor as the source of hematopoietic cells by
Ernst Neumann (1868), and the application of eatly staining techniques differentiating white blood cell lineages
by Paul Ehrlich (1879), led to a discussion on the existence of a bona fide stem cell in the field. Arthur
Pappenheim’s illustration in 1905 of a precursor stem cell at the center of the hematopoietic system still rings true
to some extent today. (Ramalho-Santos and Willenbring, 2007)

Thus, the stage was set. Due to limitations of experimental methods at the time, it wasn’t until the 1960s
however, that James Tim, Ernest McCulloch, and others provided definitive evidence of the existence of
the first stem cell ever described, the common hematopoietic stem cell, through the discovery of spleen
colonies following irradiation and bone marrow transplantation (Till and McCulloch, 1961; Becker et al.,
1963; Till et al., 1964). This lay the beautiful groundwork for clonal lineage tracing of cells i vivo, the
isolation of stem cells, and the establishment of hematopoietic stem cell transplantation as a treatment
for malignancies of the blood (the first and only rigorous stem cell therapy) through serial reconstitution.
Today, there are various forms of beautifully elaborate roadmaps to hematopoietic fate (Velten et al.,
2017; Rodriguez-Fraticelli, 2018; Carrelha, 2018) that take place within the marrow, for which bone

provides an essential environment.
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Of the bone and its marrow

As experimental medicine was beginning to thrive, the relation of bone and marrow would finally be
addressed beyond the ongoing speculative debates. Some of the first marrow grafts to extramedullary
sites (such as the abdomen) were performed in the later 19" century (Goujon, 1866; Goujon, 1869;
Bailkow, 1870). Goujon and Bailkow noted that the grafted marrow would transform into bone, and as
such made the first observations of the bone-forming potential of marrow cells. However, it wasn’t until
a century later (following the same time course as the discovery of the hematopoietic stem cell), that
Mehdi Tavassoli and William Crosby, simultaneously with Friedenstein et al., determined that heterotopic
transplants of marrow fragments could form not only bone but also marrow anew (Figure 1.2a) in the
form of BM organoids (marroids) or ossicles (Tavassoli and Crosby, 1968; Friedenstein et al., 1966). The
exploration of the bone marrow stroma had begun. Tavassoli would go on to define the stable and labile
fatty components of the marrow with differential lipid composition, and Friedenstein showed that indeed
the bone and marrow derived from an osteogenic progenitor cell through establishing the colony forming
unit-fibroblast (CFU-F) assay. Seeding of BM cell suspensions at clonal density resulted in discrete
colonies from single cells, with a linear dependence of colony formation on initial seeding (Friedenstein
et al. 1970). Similarly, the colony forming unit (CFU) assay had been developed to quantify hematopoietic
potential of HSCs plated in semi-solid medium (Bradley and Metcalf, 1966; Pluznik and Sachs, 1960).

At the same time as the identification of the multipotent BM stromal cell (BMSC), John J. Trentin first
presented the concept of the hematopoietic microenvironment followed by the conceptualization of the
stem cell niche hypothesis by Ray Schofield. (Wolf and Trentin, 1968; Trentin, 1970; Trentin, 1971;
Schofield, 1978). This notion that HSCs are regulated by their association with a discrete
microenvironment of the BM, was substantiated with the advent of Dexter cultures (Dexter and Lajtha,
1974; Dexter and Testa, 1976; Dexter et al., 1977). And so, the HSC or “seed” is supported by a base of
(hematopoietic stromal microenvironment) “soil” while the BMSC simultaneously functions as a stem
cell and provides a microenvironment for HSCs, thereby embodying properties of both the “seed” and
the “soil” (Tavassoli, 1989; Bianco et al., 2008).

The reticulous search for the progenitor

Space

Schofield proposed that HSCs age, or lose part of their regenerative potential, in situations of stress when
they are challenged to sustain hematopoietic reconstitution. He maintained that HSCs are stem cells in
their niche where they remain quiescent or divide conservatively, but lose part of their potential when
they are challenged and proliferate or differentiate as they move out of their niche (Bianco, 2011). Since
HSCs were observed to localize to endosteal surfaces, Schofield named the endosteum as the HSC niche,
which other studies have since supported (Gong, 1978; Nielsson et al., 2001; Zhang, 2003; Adams, 2000;
Haylock, 2007; Jiang, 2009; Nakamura, 2010). Genetic mouse models allowed for the determination of
the osteoblast as a regulatory component of the HSC niche (Visnjic et al., 2001; Calvi et al., 2003; Visnjic
et al., 2004). Notably, endosteal regions are also enriched in intra- and trans-cortical microvessels (the
former lined by an adventitial layer of alkaline phosphate positive (ALP") cells). These capillaties connect
the marrow circulation, bone, and periosteal circulation, thereby contributing to the unique endosteal
microenvironment (Adams et al., 2006; Bianco et al., 2011; Griineboom et al., 2019).
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marrow

homeostasis

8 weeks 14 weeks
C57BL/6 metatarsal post subcutaneous transplant

Figure 1.2|The hematopoietic microenvironment. a Heterotopic ossicle formation recapitulates native bone
marrow ontogeny from sites of red (left) and fatty (right) marrow (Tavassoli and Crosby, 1970). b Ossicle
formation zz vivo occurs from CD146+ clonogenic BMSCs with a scaffold carrier (top, note adipocytes lining the
sinusoid) or from a BMSC cartilage pellet (bottom) (Sacchetti et al., 2007; Serafini et al., 2014). ¢ Hematoxylin and
cosin stains of C57BL/6 female 8 week-old metatarsals containing adipocytic matrow in homeostasis and its
regeneration post subcutaneous implantation. After 8 weeks 7 vivo, hematopoietic infiltration is observed followed
by renewed osteo- and adipogenesis after 14 weeks 7z vivo. Ad: adipocyte, bm: bone marrow; hac: hydroxyapatite
catrier; hem: hematopoiesis; sin: sinusoid.

At the same time, evidence of another, perivascular niche was being provided. Hematopoiesis requires
an established sinusoid network and HSCs localize to endothelial cells of the sinusoidal walls (Kiel et al.,
2005; Sugiyama 2006; Kiel and Morrison, 2006). Interestingly, BMSCs also do so even prior to the
establishment of hematopoiesis when modelled 77 vivo (Sacchetti et al., 2007). A third candidate was
proposed as a player of the HSC niche, namely the CXCL12-expressing adventitial reticular (CAR) cell
that resides on the subendothelial on the abluminal surface of BM sinusoids (Sugiyama 2006; Sacchetti
et al,, 2007; Omatsu et al., 2010; Nagasawa et al., 2011; Sugiyama and Nagasawa, 2012). It’s skeletal stem
cell (SSC) properties were delineated by stringent 7z vivo transplantation assays showing their BM organizer
capacity (Figure 1.2b). We can then derive that this is a tale of two stem cells that share a common niche,
and that there may in fact be multiple different microenvironments for a system in terms of quiescent
precursors versus their rapidly proliferating progenitors (Bianco, 2011b; Ding and Morrison, 2013;
Bianco and Robey, 2015).

Ultrastructural studies hint that bone marrow adipocytes (BMAds, further described below) seem to arise
postnatally from anatomically-defined CAR-like cells (Tavassoli, 1976; Weiss, 1976; Robles et al., 2019).
In chemotherapy-induced hematopoietic ablation, rapid lipid accumulation converts these cells to
adipocytes. Due to the location of the CAR cells on the abluminal part of the sinus wall, this conversion
causes a constriction of the sinusoid (Bianco, 1988). Through the loss of lipids by lipolysis, the BMAds

5
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would again release space so the sinusoids could dilate and resume blood flow to the microscopic
anatomical region, followed by conversion of the marrow (from yellow to red) on the macroscopic scale
(Bianco, 2011).

Adipose conversion of the BM may be explained as a physiological change of the niche, affecting HSCs
in defined regions of the skeleton (Bianco, 2011). Indeed, BMAds themselves direct HSC quiescence
(Naveiras et al., 2009). They originate from one or several, likely ALP", stromal progenitors. These cells
also contribute to the HSC niche responsible for instructive cues in the form of bound or secreted
molecules for HSC quiescence, self-renewal, proliferation, and differentiation (Bianco, 1988). In concert
with the extracellular matrix (ECM) they also contribute regulatory signals through physical cues including
contractile forces, shear stress, temperature, and oxygen tension (reviewed in Mendelson and Frenette,
2014; Lee et al., 2013).

Time

Importantly, the C-X-C motif chemokine ligand receptor 12 (CXCL12, so-called stromal cell derived
factor 1 (SDF1) or pre-B cell growth stimulating factor) and its receptor CXCR4 regulate HSC
progenitors (HSPCs) and is critical for BM colonization and engraftment (Janssens et al., 2018; Ara et al.,
2003; Peled et al., 1999). Multiple stromal cells of the niche are characterized by their expression of
CXCL12 and may be the precursors to some BMAds (Tavassoli, 1976). Stem cell factor (SCF, so-called
steel factor (SF) or c-Kit Ligand, KitL) is produced by perivascular stromal cells for the maintenance of
HSCs which express the cKit receptor (Ding et al., 2012). Furthermore, deletion of Foxcl in CAR cells
during embryogenesis results in reduced HSPCs, normal appearance of osteoblasts, and increased bone
marrow adiposity (BMA). Foxcl deletion in adulthood, was also shown to deplete HSPCs by reducing
CXCL12 and SCF in CAR cells without a conversion to yellow marrow (Omatsu et al., 2014). Foxcl may
thus be involved in CAR cell development, including CXCL12 and SCF expression, while inhibiting the
adipogenic potential of these cells.

A wave of seminal studies catried out using transgenic mouse models show that most CXCL12 in the BM
is derived from perivascular stromal cells marked by partially-overlapping rare populations of Prx1-cre,
Nestin-gfp, or Lepr-cre, and Osterix-cre (Mendez-Ferrer et al., 2010; Pinho et al., 2013; Isetn et al., 2014;
Zhou et al., 2014; Mizoguchi et al., 2014; Hanoun and Frenette, 2013). These markers are expressed to

bright c CHS

varying degrees in the marrow, even within the population themselves. For example, Nestin-gfp
are localized to arterioles (preferentially found in endosteal BM) while Nestin-gfp*™ cells are reticular in
shape and associated with sinusoids (Figure 1.3) (Kunisaki et al., 2013). However, such results should be
interpreted with some caution due to limitations of gfp turnover or rate and efficiency of cre
recombination (Bernal and Arranz, 2018). Nevertheless, nestin-expressing cells are a promising putative
therapeutic target since reduction of nestin” contributes to myeloproliferative neoplasms (Arranz et al.,

2014).

Continuum

The hematopoietic microenvironment is intricate and much remains to be elucidated. In the abnormal
hematopoietic microenvironment of //S/-d mutant mice expressing only the soluble form of SCF, HSCs
were depleted indicating need for cell-cell contact perhaps via Notch-mediated signaling (Barker et al.,
1994; Corselli et al., 2013; Evans and Calvi, 2015). Bone marrow adipose tissue (BMAT) has been
genetically ablated in kit-deficient mice. Specifically, loss of function mutations in kit receptor or kit ligand
resulted in reduction of BMAd and precursors in long bones of Ki#"/"" and Ki#'”/*** mice respectively.

6
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Treatment with the kit receptor antagonist Gleevec (or imatinib mesylate), also reduced BMAT in normal
rats (Turner et al. 2011). Current genetic models of BMAd depletion and other models of bone marrow
adiposity (BMA) are discussed in detail below and in Chapter 2.

Relatively recently, S¢f deletion was shown to negatively affect not only the stroma but also adiponectin-
expressing cells generally allocated to BMAds and progenitors situated within the red marrow, and thus
necessary for the survival and maintenance of HSCs (Zhou et al., 2017). Adiponectin that occurs with
BMAT accumulation is likely involved in normal and pathological regulation of hematopoiesis (Yokota
et al., 2000; Yokota et al., 2003; Cawthorn et al., 2014).

Acute myeloid leukemia (AML) is distinguished by the generation of dysfunctional leukemic blasts and
impaired myelo-erythropoeisis through inhibition of adipogenic maturation (D&hner et al. 2010, Boyd et
al. 2017). Neoplastic cells in AML ate able to activate BMAJ lipolysis through hormone sensitive lipase
(HSL)-induced transfer of fatty acids (FAs) to AML blasts, impairing the BMAd niche by blast
propagation (Shafat et al., 2017; Caho et al., 2017; reviewed in Mattiuci et al., 2018). Blocking this lipid
transfer through inhibition of the fatty acid binding protein 4 (FABP4) increased survival of leukemic
mice (Shafat et al., 2017). Interestingly, in an 7 vitro study with leukemic cells, BMAds remodeled to
smaller adipocytes possibly through ATGL-mediated lipolysis contributing free fatty acids (FFA) that in
turn enhanced leukemic cell proliferation (Lu et al., 2018). Thus, smaller BMAds were associated with
leukemic growth. In xenotransplanted mice, peroxisome proliferator activated receptor-y (PPARg)
agonist induced BMA and rescued healthy hematopoietic maturation while repressing leukemic growth
(Boyd et al., 2017). Indeed, BM microenvironments of red and fatty marrow did imprint niche-specific
features to leukemic cells associated with modified survival, metabolism, and cell-cycle progression
related to chemo-resistance (Cahu et al., 2017). Other malignancies are also associated with BMAT.
Multiple myeloma (MM), characterized by clonal proliferation of transformed plasma cells, resides in
close contact with BMAds (Palumbo and Anderson, 2011). While adiponectin has been shown to inhibit
MM, mature BMAds have been shown to support tumor growth and even protect MM cells from
chemotherapy-induced apoptosis (Caers et al., 2007; Dalamaga et al., 2009; Fowler et al., 2011; Medina
etal.,, 2014; Liu et al., 2015; reviewed in Falank et al., 20106). To truly understand these seemingly opposing
effects, we must first turn to the detailed characterization of BMAds themselves.
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The Phat Fat!

A unigue adipose depot with distinct adipocyte subtypes

Learning from others

With BMAT emerging as a novel adipose depot, we take inspiration from the thoroughly described
extramedullary adipose tissues for its characterization. BMAT has followed well in the footsteps laid out
by extramedullary white adipose tissue (WAT) in that it was once considered an energy reservoir but now
is recognized as an endocrine organ with central roles in energy or nutritional homeostasis, insulin
sensitivity, and inflammation through adipokines (Majka et al., 2011). Leptin suppresses appetite,
increasing metabolic rate and fat oxidation while adiponectin enhances insulin sensitivity and diminishes
inflaimmation (Pelleymounter et al, 1995; Brochu-Gaudreu et al, 2010). The implication of
extramedullary adipose tissue at large ranges from metabolic to mechanical functions (reviewed in Rosen
and Spiegelman 2014). The large unilocular adipocytes that mostly make up the visceral WAT differs
significantly from the multilocular brown adipocytes (BAT) of the intrascapular region, known for
dissipation of stored chemical energy in the form of heat through uncoupling of the mitochondrial
membrane potential via uncoupling protein 1 (UCP1). Meanwhile subcutaneous adipose tissue contains
a mixed morphology of inducible white (termed beige or brite: brown-in-white) adipocytes that have an
overlapping but distinct signature compared to BAT (Wu et al., 2012). These cells have different origins.
While BAT derives from a common muscle precursor (Seale et al., 2007; Seale et al., 2008), WAT has
been shown to originate from perivascular progenitors through lineage tracing experiments (Tang et al.,
2008; Gupta et al., 2010; Gupta et al., 2012; Berry and Rodeheffer, 2013). Naturally, pink adipocytes also
exist. Adiponectin-expressing adipocytes make up the majority of the mammary gland that dedifferentiate
to platelet-detived growth factor alpha (Pdgfte”) preadipocytes and are replaced by alveolar structures
during lactation to then reappear upon weaning (Wang et al., 2018; Zwick et al., 2018). This cyclical de-
and re-differentiation of the pink adipocytes is indeed remarkable, and may shed light on another unique
adipose depot: BMAT.

Every one is unique

It has been suggested to call BMAds “yellow adipocytes” due to the gross anatomical color they impart
(Attané et al., 2019). However, this could lead to a misconception if applied to the entirety of BMAT due
to differences incurred by its location (desctibed below). The natute of the bone/marrow organ and the
location of BMAds therein, including the methods of isolation and analysis used, complicate its study
(discussed in detail in Chapter 2). Nevertheless, some things are becoming clear. While the SSC has been
introduced above, a committed adipogenic progenitor and pre-adipocyte of the BM (also based on Zfp423
and Pdgfra expression) have recently made their way onto the map (Ambrosi et al., 2017). BMA increases
in numerous conditions including age, radiation/chemotherapy-induced aplasia, high fat diet, immobility
and even hibernation and calorie restriction (although in extreme situations, BMAT delipidates to a
gelatinous marrow) (Kricun et al., 1985; Blebea et al., 2007; Doucette et al., 2015; Scheller et al., 2016;
Tencerova et al., 2018; Trudel et al., 2009; Trudel et al., 2017; Ozcivici et al., 2013; Tavassoli 1974; Devlin
2011; Béhm 2000; Barbin and Oliveira, 2018; Shergill et al., 2017; Devlin et al., 2010; Cawthorn et al.,
2014). Some of these changes are in stark contrast to those incurred on extramedullary adipose depots.
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This and other findings support BMAT as a unique adipose depot. Great efforts are being put forth for
its characterization as presented in Chapter 2.

Location, location, location

Similar patterns of BMAd formation occur in vertebrae species (including rodents, rabbits, and humans)
at a decreasing rate relative to increasing lifespan and size of the animal, with larger skeletons containing
more BMAT extending farther into the skeleton (Scheller et al., 2015). Generally, BMAT expansion
occurs in a centripetal pattern, originating first in the very distal skeleton, then in the epiphyses and
diaphysis of the long bones while appearing later in the axial skeleton (Blebea et al., 2007). This may
correspond with distinct waves of Osterix” (Osx") stromal, primitive, and definitive cells organizing the
developing BM (Mizoguchi et al., 2014).

It is now well-established that the stable BMAds, also referred to by some as constitutive BMAds
(cBMAds), form eatly in development appearing just after birth, are large in size with predominantly
unsaturated lipids and are not mobilized readily. In mice, these stable BMAds extend from the malleolus
in the medullary canal of the tibia until the tibia-fibular junction (Horowitz et al., 2017), while in rabbits
they form a core through the center of the medullary canal of the long bones with surrounding tBMAds
and hematopoietic marrow between the cBMAds and encompassing cortical bone (Bieglow and Tavassoli
1984). In humans, the very first appearance of cBMAds is in the terminal phalanges of the fetus just
before birth when the marrow is fully hematopoietic (Emery and Follett, 1964). It is documented that the
stable yellow marrow in the long bones first appears in the distal epiphyses and radiates from the mid-
diaphyses mostly filling the medullary canal by adulthood with the exception of the proximal metaphysis
that remains hematopoietic until old age (Kricun et al., 1985).

The labile, regulated BMAds (tBMAds) have been shown to fill the medullary canal just below the growth
plate of the primary spongiosa and appear in the secondary ossification center (Horowitz et al., 2017).
They extend through the metaphysis, accumulating preferentially along the endocortical surface of the
diaphysis in mice (both during aging and with BMA induction) (Craft et al., 2018). These BMAds are
small in size with mostly saturated lipids and are readily mobilized upon stimulation. Details on 7 vivo
modulation of BMA by environmental and pharmacological factors are discussed in Chapter 2.

The Essentials

Lessons from patients

Diseases of congenital generalized lipodystrophy (CGL) that include a complete or partial loss of adipose
depots reveal important insights into the consequences of genetic deficiencies involved in adipocytic
maturation and function (reviewed in Scheller and Rosen, 2014) and may point us in the direction of the
undetlying nature of BMAd formation. CGL Type 1 (AGPAT2 mutation) and Type 2 (Seipin/BSCL.2
mutation) are the most frequent forms with a high prevalence: of 45 pedigrees with CGL genotyped for
AGPAT?2 and BSCL2 loci, only eight had no substantial alteration in either gene (Agarwal et al., 2003).
AGPATS are critical for the biosynthesis of triglycerides and phospholipids, whereas the function of
seipin appears to be in lipid droplet assembly, maintenance, and endoplasmic reticulum (ER)
communication at >90% of lipid droplet junctions (Szymanski et al., 2007, Cartwright and Goodman,
2012). CGL3 is associated with mutations in Calveolin-1 (CA1/7) which encodes for a protein that is an
integral component of plasma membrane indentations (calveloae) binding to fatty acids for translocation
to lipid droplets. Type 4 is caused by mutations in polymerase I and transcript release factor (PTRF),
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which is essential for the biogenesis of calveolae (Liu et al., 2008; Hill et al., 2008; Hayashi et al., 2009).
Patients presenting with CGL1 have near-total loss of adipose depots including BMAT but have retained
mechanical adipose tissue, while CGL2 results in complete loss of all adipose tissues and is the most
severe form with half of patients having mild mental retardation (Lightbourne and Brown, 2017). This
may indicate that seipin universally acts upstream of adipocyte formation or lipid storage and would also
be a crucial component for BMAd formation. The general characteristics of CGL include a lack of
adipose tissue, prominent muscularity, low leptin levels, and diabetes mellitus with hyperinsulinemia and
dyslipidemia. Patients with CGL1 or CGL2 also have accelerated bone growth, cortical thickening,
advanced skeletal age and sclerosis particularly in the appendicular skeleton as well as a prevalence of
cystic lesions in the long bones, both locations where BMAT would normally be present (reviewed in
Scheller and Rosen, 2014). Meanwhile, in patients with CGL3 or CGL4 prevalence of hyperinsulinemia
and diabetes may be lower, sclerosis or cysts ate not a common feature, and the initial accelerated bone
growth slows to a normal or decreased skeletal age in childhood even leading to osteopenia and
osteoporosis. Scheller and Rosen interestingly remark that these skeletal and endocrine differences may
be linked to the persistence of BMAT in CGL3 and CGL4 which is not present in patients with CGL1
or CGL2 that indeed may have a shift towards osteoblast activity or number in the absence of BMAT.

Towards BMAT models

Valuable insights can be learned from mouse models of CGL, but it is important to note that they diverge
from the human phenotype to varying degrees mostly in the proportion of adipose tissue loss and
accompanying metabolic phenotype. Bse/2’ mice are not completely lipoatrophic before 6 months and
have some visceral and subcutancous WAT that show immature adipocytes with a defect in LD
development (Cui et al., 2011; Chen et al., 2012; Prieur et al., 2013). These models have revealed that
seipin is necessary for complete adipogenesis, since impairment in adipogenic gene (Pparg, Lep, AdipoQ,
Fabp4, Hsl, Plin1) expression patterns worsen with adipocytic differentiation. This could partially be
rescued by pioglitazone treatment inducing Ap2 and AdjpoQ expression in vivo through residual
subcutaneous adipose tissue expansion, thus improving insulin sensitivity possibly through increased
adiponectin secretion, and reducing lipotoxicity with improved liver steatosis (Prieur et al., 2013).
Interestingly, although BAT mass is reduced in Bse/2’" models, an increased expression of brown
adipocyte markers (Ugp?, Cidea) in the residual WAT depots and functional browning during adipocytic
differentiation z» vitro has been observed where lipids are directed towards lipolysis, thereby contributing
to the increased basal lipolysis of Bse/2”" adipocytes (Prieur et al., 2013; Dollet et al., 2014). The effect is
not mediated through beta3AR activation as this is downregulated in acquired Bse/2 deficiency (Zhou et
al., 2015). It has been proposed that seipin links neutral lipid synthesis with LD assembly and
homeostasis, maintaining the ER bilayer and activation of adipogenesis through PPARg. In the absence
of seipin, neutral lipid accumulation due to the inability to channel TAGs into LDs would destabilize the
ER bilayer (Cartwritght and Goodman, 2012), affecting lipid synthesis and effectively lipid unsaturation
ratio (Dollet et al., 2014).

Dropping in on ljpid droplets

LD formation (Guo et al., 2009) begins with fatty acids (FAs) that enter the cell via fatty acid transport
proteins or fatty acid translocase (Ehehalt et al., 2006; Schaffer and Lodish et al., 1994), and can also be
synthesized through endogenous de novo lipogenesis (DNL). These FAs then enter a bioactive pool to
form fatty acyl-CoA to be used by glycerolipid synthesis enzymes in the endoplasmic reticulum (ER) to
form neutral lipids such as triacylglycerols (TAGs) and eventually coalescing to nucleate to lipid lenses
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and forming LDs (Thiam and Beller et al., 2017). If attached to the ER, LDs may grow in size through
diffusion of newly synthesized lipids to the LD, and if unattached through local synthesis or fusion of
smaller LDs to larger ones. LDs increase in size during adipocytic differentiation and perilipins (PLIN's)
bind to promote their stabilization (Wollins et al., 2006; Kimmel and Sztalyrd et al., 2016). Lipases
mobilize neutral lipids in LDs for metabolic energy by fatty acid oxidation which is triggered through
nutritional, hormonal, or inflammatory activation. Adipose triglyceride lipase (ATGL) catalyzes the initial
step of intracellular TAG hydrolysis followed by hormone sensitive lipase (HSL) and monoacylglycerol
lipase into glycerol moieties (Zimmermann et al., 2004; Zechner et al., 2012). FAs are necessary for energy
production and lipid synthesis for cellular signaling and membrane formation. Despite their importance,
increased concentrations of non-esterified FAs can be detrimental contributing to lipotoxicity and thus
TAG hydrolysis and FA cycling are carefully regulated (Unger et al., 2010; Zechner et al., 2012).

The primary product of DNL is palmitic acid (16:0), in the family of unsaturated FAs that have cytotoxic
effects and induce reactive oxygen species (ROS) (Wang et al. 2013). The monounsaturaed FA (MUFA)
oleic acid (18:1) may counteract this effect possibly by activating esterification of palmitic acid into TAGs
and lipid droplet storage (Ouchi et al., 2011). Palmitic acid accumulation is therefore prevented by
increased desaturation to palmitoleic acid (16:1n-7) or elongation to stearic acid and further desaturation
to oleic acid (Carta et al., 2017; Strable and Ntambi et al., 2010; Silbernagel et al., 2012). Notably, oleic
acid inhibits palmitic-acid dependent osteoclastogenesis and palmitic acid is found to be increased in BM
serum of osteoporotic women (Ouchi et al., 2011; Miranda et al., 2016). In fact, BMAT expansion
throughout the red marrow with age and disease is associated with bone loss and fracture risk, while
cBMAd formation is positively associated with bone accrual during early development through correlative
and descriptive studies (Craft et al., 2018). Thus, we hypothesize that favoring the stabilization of cBMAds
may be beneficial to reduce lipotoxicity.

Challenging Methods

In vitro models and 7n vivo assays are imperative for delineating the BMAJ differentiation axis to better
understand these cells and their contribution to the malignant as well as homeostatic hematopoietic niche.
However, development of such assays can be complex. The more we study the BM microenvironment,
the more intricate it seems to become, with new cellular players being discovered as technologies to study
the niche develop.

Working with primary BMAds is complicated by their fragile nature on isolation, culture, and handling.
Moreover, contamination with other cells of hematopoietic or endothelial origin for example, is relatively
high as these are in close contact. Isolation of stromal cells and subsequent adipocytic differentiation
remains a mainstay for studying BM adipogenesis (discussed in Chapter 2). Isolation of the BM stromal
compartment from mouse can be done by flushing, centrifugation, or crushing of the bone followed by
enzymatic digestion of one or more of the resulting fractions (Figure 1.4a). Known cell populations are
sometimes further purified by plastic adherence or based on surface marker expression, and multipotency
of these cells can only be determined at the single cell level from clones of a single CFU-F (Bianco and
Robey, 2015) (Figure 1.4b, 1.4c). However, heterotopic transplantation remains the gold standard for
assessing differentiation capacity (Figure 1.4d). A multitude of different assays can be employed, whether
via pre-differentiated cartilage pellets or cell-laden scaffolds (Serafini et al., 2014; Scotti et al., 2013; Chen
et al,, 2012; Vaiselbuh et al., 2010). Their commonality in recapitulating BM formation lies in completing
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an initial ossification process, sometimes even with the help of exogenous bone morphogenic protein 2.
This combination allows for the recruitment of hematopoietic cells to the ossicle (Torisawa et al., 2014).
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Figure 1.4 |Isolation methods and multipotency assays for bone marrow stromal cells. a Methods vary
significantly for isolating stromal populations. b Colony Forming Unit-Fibroblast (CFU-F) assays establish that
enzymatic digestion and cell culture selects for cells with high clonal expansion capacity. The CFU-F capacity
varies greatly between isolated fractions, correlating inversely with the number of hematopoietic cells contained
in the respective fractions (data not shown). ¢ Tri-lineage differentiation (here, of murine bone chip cells into
adipocytic, osteogenic, and chondrogenic lineages) is conventionally and erroneously used to asses multipotency
in vitro. d Transplantation 7z vive is currently the only stringent test for multipotency by observing ossicle
formation through differentiation of transplanted cells and recruitment of hematopoietic components. 20x10°
nucleated cells from a bone marrow biopsy of a 53-year-old female were isolated from hematopoietic (blue) and
serum (purple) fractions and implanted together with PEG hydrogel in a multiplex PDMS array subcutaneously
into 26-week old NSG female mice. Upon recovery after eight weeks, ossification (white) was observed by uCT
scan. Hydroxyapatite scaffolds were seeded with 1x106 OP9 cells, implanted subcutaneously into NSG female
mice, and harvested after eight weeks for hematoxylin and eosin stain. Figures (a-c) were produced in
collaboration with Dr. Shanti Rojas-Suttetlin. Subcutaneous implantation in (d) was performed with Dr. Queralt
Vallmajo-Martin. BC: bone chip; BM: bone marrow; CB; compact bone; NSG: NOD SCID-y; k: 1000, P1:
passage one; PDMS: polydimethylsiloxane; PEG: poly(ethylene glycol).

In vitro, the first HSC-supportive systems were the Dexter cultures. Since then, protocols for culturing
numerous different cell types in combination or without cytokines for HSC maintenance or hematopoietic
expansion have been developed (Tajer et al., 2019; Isern et al., 2013; Butler et al., 2012; Jing et al., 2010;
Li et al., 2007). Advancements in biomaterials and tissue engineering have promoted efforts to translate
two dimensional (2D) cultures into three dimensional (3D) ones to better recapitulate the architecture of
the hematopoietic niche. These include the use of poly(ethylene glycol) (PEG) hydrogels, collagen
membranes, or mineralized scaffolds, and BM-on-a-chip PDMS constructs (Blache et al., 2016; Raic et
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al,, 2014; Sieber et al., 2018; Torisawa et al., 2014; Lecarpentier et al., 2018; Bourgine et al., 2018). The 7
vitro to in vivo transfer of these types of niche constructs is usually not directly possible, requiring cell
recovery first, which poses a significant problem for the adipocytic component due to the caveats
mentioned above.

Establishing and building on robust 2D iz witro models of BM adipogenesis either through the
differentiation of primary stroma or available BM cell lines, is the foundation for designing physiologically
relevant 3D models to better study interactions of the niche. Thus, biomimetic 3D models of marrow
adipogenesis in the form of BM organoids have a promising future in assisting the study of BMA and
disease modeling.
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Preface

It was through Paolo Bianco that Olaia and I learned of the first meeting on Bone Marrow Adiposity
(BMA) in 2015 that we would attend in Lille, France. This was the beginning of a community of
researchers and clinicians, coming together from the fields of bone, cancer, and endocrinology research
to understand the meaning, the sense and the significance (Bianco, 2013) of bone marrow adipocytes. In
the past few years, we have come a long way. In 2017, we hosted the 3 International Meeting on BMA
in Lausanne together with the Bianco/Riminucci lab. This was a success in btinging additional leading
experts from the fields of hematology and engineering to the community. It was an immense satisfaction
to see a year of preparation come together, and I thank Olaia for entrusting me with the majority of the
organization as well as the fellow organizers (in particular Mara Riminucci, Alessandro Corsi, and Biagio
Palmisano) for bringing it to fruition. At the same time, the Bone Marrow Adiposity Society (BMAS)
was born thanks to the vision and dedication of Olaia and many other prominent members who invested
their efforts and time to make it a reality. Two years on, we now have established multiple working groups
that are tackling important issues for the field moving forward. As coordinator of the Methodologies
Working Group, 1 have been fortunate to work with many passionate and talented people on addressing
the current challenges of working with bone marrow adipocytes. In the process 1 have learned so much
about other things than just these cells. Writing the review together was the collective effort of all the
Working Group members and others of the Society who jumped on-board to help it come together. This
was a truly positive collaborative effort with all members, and I’'m appreciative to have been a part of it.

Olaia Naveiras and Annegreet Veldhuis-Vlug have been forces of nature taking calls in-between
patient rounds at the hospital and their kid’s afterschool activities, with nothing but smiles. Looking back,
forming a trio together and being able to bounce or ideas around is something I greatly value having had.

I'm also grateful to the librarians at the Swiss Federal Institutes of Technology in Lausanne (EPFL) and
Zirich ( ETHZ) as well as Ziirich University Hospital and University of Bern for finding the multitude
of original historical research articles that I requested throughout the years, so that I could dive into the
beautiful world of bone marrow adiposity and the hematopoietic niche.

This chapter aims to bring together the consensus of leading experts for a review of the current literature
to set the first standards for bone marrow adiposity research. We have identified accepted standards in
BMA research, emerging techniques, known confounding factors, and present minimal reporting
standards to encourage facilitated comparison across studies. Challenges remain the harmonization of
methodologies and the identification of methods to modulate BMA independently from other tissues.
With this we hope to have provided common starting reference point for BMA and other researchers.
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Introduction

Bone marrow adipocytes (BMAds) reside in the bone marrow (BM) in close contact with bone,
hematopoietic cells, marrow stromal cells, nerves, and blood vessels. Bone marrow adipose tissue
(BMAT) thus refers to BM areas where BMAds are the predominant cell type, and bone marrow adiposity
(BMA) refers more broadly to BMAT across all skeletal locations and metabolic states. Over the last
decades, interest in the functional role of BMAds has gradually increased and it is now evident that
BMAGs are actively involved in bone metabolism, hematopoiesis, and energy metabolism (Cawthorn and
Scheller, 2017;Li et al., 2018). In addition, a possible role for BMAds in many diseases has emerged
(Veldhuis-Vlug and Rosen, 2018), and research groups all over the world are investigating the origin,
function, and interaction of BMAds. However, different methods, models, and techniques are being used,
which creates a challenge to compare or combine the results. Therefore, the International Bone Marrow
Adiposity Society initiated a Methodologies Working Group to describe the existing methodologies, to
identify associated challenges, and to establish standards in reporting as guidance for future studies in the
field.

BMAT encompasses a heterogeneous population of mature adipocytes and preadipocytes, with distinct
morphologies, lipid content, gene expression and function. Committed preadipocytes have a fibroblast-
like morphology when observed iz vitro, and are therefore morphologically indistinguishable from the
progenitor populations encompassed within the term bone marrow stromal cells (BMSCs). However,
preadipocytes are phenotypically very different from mature adipocytes. Preadipocytes are defined as
cells committed through adipogenesis and characterized by the expression of eatly adipogenic genes
(PPARY and CEBPa) (Raajendiran et al., 2016;Ambrosi et al.,, 2017). Mature BMAds express late
adipogenic genes (ADIPOQ, GLUT4, FABP4, LPL, PLIN1, ZFP423) and contain a single large lipid
droplet, therefore resembling white adipocytes in appearance. In particular, adiponectin (AdipoQ))
expression is already present in BM preadipocytes and stromal precursors, then increases with
differentiation (Mukohira et al., 2019a). Additionally, Krings et al. (2012) have revealed that BMAT from
whole tibiae in C57BL./6 mice possibly have a distinctive phenotype, expressing genes characteristic of
both WAT and BAT, congruent with the expression pattern of purified, primary human BMAds (Krings
et al., 2012;Lecka-Czernik et al., 2017;Mattiucci et al., 2018a).

Indeed, Tavassoli et al. identified in 1976 two distinct populations of BMAds: after treatment with
hemolytic anemia-inducing agent phenylhydrazine (Jain SK and Subrahmanyam D, 1978) one population
remained stable while another population disappeared, and was described as labile BMAds. These two
different “stable” and “labile” BMAd populations could be distinguished using performic acid Schiff
(PFAS) staining (Tavassoli, 1976). The presence of two different populations of BMAds localized to
different regions of the skeleton was also more recently shown by Scheller et al. In mice, smaller BMAds
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(31-33um cell diameter) are interspersed between hematopoietic cells in the femur, the proximal portion
of the tibia, and almost all skeletal segments that contain hematopoietic BM, while larger BMAds (38-39
um) are localized in the distal portion of the tibiae and phalanx (Scheller et al., 2015) (Figure 2.1). When
challenged with cold exposure, BMAds interspersed in the red/hematopoietic marrow decteased in size
and number, while the adipocytes localized in the yellow/adipocytic matrow did not change. The terms
“regulated” and “constitutive” BMAT, respectively, have thus been proposed.

BMSCs and committed BM pre-adipocytes are more easily isolated and have seen a larger number of iz
vitro assays developed than mature BMAds, which are more difficult to handle in culture or to process in
whole bone samples. 17 vivo lineage tracing models have started to pave the way, while specific markers
for BMAd maturation remain to be identified. If successful, identification of specific biomarkers at the
different stages of BM adipogenesis in both mouse and human will provide tools to dissect the impact
of BMA in physiology and disease. Iz »ivo imaging technologies are being adapted from studies of
different tissues (e.g. peripheral adipose tissue) and species (e.g. human to mouse), while novel ex vzvo
imaging techniques are being adapted and developed specifically for BMAds and BM stromal imaging.
All such techniques and their limitations and challenges are reviewed in the six sections that constitute
this review, and guidelines for reporting of BMA-related results to maximize comparability are proposed
in the concluding remarks (Table 2.1).

Of note, even with such significant technological advances over the last decade, histological analysis has
been a historical contributor in the understanding of BM composition and architecture, and is rapidly
evolving through automatization via Digital Pathology. Histomorphometry therefore remains an
important aspect of standard methodological practices in basic or translational research as well as clinical
laboratories

In addition, although rats and non-rodent animal models are recommended by the FDA or European
Union as a model for osteoporosis, the field of BMA extends beyond bone health itself to the study of
energy metabolism, hematopoiesis and metastatic bone disease, amongst other subfields. Mice constitute
very important models for these other aspects of BMA research, especially in their quality of premier
animal for genetic studies, and are thus recognized as preclinical model in this context. Nonetheless, we
would like to encourage the study of BMA in larger animals and other rodents, especially when bone
health and biomechnanical properties of bone are being assessed.
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Table 2.1| Challenges and goals ahead for the BMA field and the BMAS WG in Methodologies.

MAIN CHALLENGE

TECHNICAL ASPECTS

CLINICAL
PERSPECTIVES

CHALLENGES GOALS

Increase comparability by:
e Homogenous definitions (c.f. BMAS consensus in nomenclature)
e Homogenous reporting (c.f. BMAS Reporting Guidelines below)
Increase reproducibility by:
e Establishing consensus on standardized bone sites for analysis
(e.g. tBMAT/cBMAT transition zones: tibia, caudal vertebrae)
e  Establishing consensus on reference groups
Standardize e  Establishing recommended standardized protocols:
o for in vivo modulation
o forin vivo extraction of primary BMAd and BMSCs
o for method-specific thresholds for BMA detection
e  Minimize effects of known confounding factors, to increase inter-study
and multi-site comparison
e Increase availability and accessibility of imaging techniques to implement
use in routine clinical practice

Implement the following “BMAS reporting guidelines”:
e  Specify precise BMA skeletal location in all figure legends

e  Report known confounding factors for all experiments:
o skeletal location, gendet, age, strain
o ambient temperature (e.g. average housing temperature)
o nutritional status (e.g. average food intake, antibiotics)
o metabolic state (e.g. fasting, time of collection)
o exercise (e.g. type of enrichment material in cages)
e Report isolation technique with sufficient precision to reproduce; consider
depositing protocol (e.g. protocol sharing platforms as recommended in

Adhere to minimal
reporting
guidelines

the BMAS working group site at www.bma-society.org)

e  Report BMAd purity (e.g. hematopoietic/ CD45+, endothelial
contamination, and CFU-F/BMSC) and viability/intactness

e  Report detailed imaging parameters, postprocessing tools and algorithms

Development of:
e models for specific BMAd deletion
Innovate e specific BMA biomarkers
e recommended reference gene-set for adipogenic differentiation
Move from descriptive to mechanistic studies
Define the normal physiological values and increase functional
understanding:
Define standards . %n hu.rnans by age, gender, Fkéletal location and lipid composition
e in animal models by establishing a consensus reference group to be
included as comparison in all animal studies (i.e. C57BL/6] eight-week-old
female mouse as homeostatic control group)

Facilitate access and use of unbiased BMA methodologies to non-expetts

Disseminate o .
(e.g. automated imaging, reference gene sets, reference cell trajectory maps)

BMA: bone marrow adiposity; BMAd: bone marrow adipocyte; BMAS: Bone Marrow Adiposity Society; BMSC:

bone marrow stromal cell.
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Synthesis

Histomorphometry

The field of bone histomorphometry was accelerated in 1976 when Dr. Parfitt published “Terminology
and symbols in bone morphometry” which lay the foundation for the first Guideline on Bone
histomorphometry (Parfitt, 1976). We can now build on this important consensus to establish additional
guidelines on histomorphometry of BMAT. In 1987 Parfitt et al. listed three different meanings for bone;
mineralized bone matrix, bone matrix, and bone tissue (Parfitt et al., 1987). Bone tissue encompasses
bone and a soft tissue within it, the BM. The BM includes hematopoietic cells and its precursors,
physically and functionally supported by diverse BM stromal cell populations (reviewed in (Mendelson
and Frenette, 2014). The latter is a three-dimensional network of cells in contact with developing blood
cells in the extravascular space. The known main cell types that constitute this network are: osteogenic
cells near bone surfaces, perivascular cells associated to sinusoids, and adipocytes. As discussed in this
first section, methods to quantify marrow components via histomorphometry are based on different
sample preparation, embedding and staining techniques, most requiring an intermediate step of
decalcification and some allowing for epitope conservation for immunostaining. Paraffin-embedded
samples have the advantage of access to large retrospective collections and potential comparability across
sites, especially for the clinical setting where paraffin-embedding is standard. Other conservation
procedures allow for more precise histomorphometric quantification, and some do not require
decalcification (methyl methacrylate, MMA, or resin embedding, including technovit 900).

Sample preparation

Histomorphometric analysis relies predominantly on the quality of the sample. Therefore, careful
consideration of the sample preparation is important. To prepare a BM sample, either calcified or
decalcified bone samples can be embedded in paraffin or plastic, depending on the desired staining
procedure (Erben and Glosmann, 2012;Malhan et al., 2018). For both procedures, the BM sample is
regularly fixed in 4% Paraformaldehyde. Afterwards, the sample can be sectioned in conventionally 4-
5um sections.

Decalcification

Several options of decalcifying agents are available, though Ethylenediaminetetraacetic acid (EDTA) is
advised as compared to acid-based decalcification to enable most enzymatic and immunohistochemical
stainings (Prasad and Donoghue, 2013). Different factors can control the rate of the decalcification
process: concentration of decalcifying agent, temperature, density of the sample, agitation and thickness
of the tissue. In general, a large volume (e.g. 20x that of the sample), a high concentration of decalcifying
agent and a high temperature (e.g. 20°C-37°C) during decalcification can speed up the reaction process.
In contrast, increase of the size, density, and thickness of the sample may require longer decalcification
time (Prasad and Donoghue, 2013;Malhan et al., 2018). For an optimal immunostaining, an uniform
decalcification of the sample is important, and we recommend decalcification at room temperature or 4C
on constant shaking, a large volume of EDTA to sample (at least 10:1 v/v) and several refreshments of
the solution (every 3-4 days) to prevent calcium saturation (Kusumbe et al., 2015).

Decalcification can also be performed using acidic agents to dissolve the calcium salts from the bone.
This group of agents includes strong and weak acids. However, strong acid agents (nitric and hydrochloric
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acid) should be avoided in order to preserve the integrity of the cells and the enzymatic activity if
subsequent immunostainings are desired (Savi et al., 2017). Among the group of weak acids (picric, acetic,
and formic acid), decalcification performed with Morse’s solution (50% formic acid and 20% sodium
citrate) can also preserve the integrity of the sample for immunohistochemistry while allowing for high
quality architectural evaluation with Hematoxylin and Eosin (H&E) staining (Gonzalez-Chavez et al.,
2013). Dehydration is required prior to embedding. Ethanol dehydration, in graded increases of ethanol
and xylene, can also allow for long-term storage of bones in 70% ethanol prior to embedding (Iwaniec
and Turner, 2013).

Embedding

To embed the samples after dehydration, several options exist. Most common and available is paraffin
embedding. Decalcification is, however, necessary. This protocol is very useful to perform
immunostaining, but the integrity of BM content, due to the juxtaposition of hard (decalcified bone)
versus soft (marrow) tissue is not guaranteed. Alternatives to paraffin are MMA or technovit 900
embedding. These do not require decalcification and allow for better preservation of the adipocyte
morphology. However MMA and technovit 900 are less available in most laboratories and
immunohistochemical staining becomes a challenge due to the destruction of the antigen presentation
with the conventional MMA embedding protocols (Yang et al., 2003). With all embedding methods the
histological procedure dissolves all the lipids in the vacuole, therefore the adipocytes are referred to as
‘ghosts’, which makes it impossible to investigate lipid content and composition in combination with
histology.

To resolve this issue, Erben et al. developed an alternative protocol for plastic embedding, that avoids
the complete loss of enzymatic activity in the tissue by adding methylbenzoate during the infiltration
process and polymerization of the plastic (Erben, 1997). Here, cold embedding seems to be crucial for
antigen presentation in the immunohistochemical procedure. Enzymatic activity is also preserved by
using another resin embedding system (e.g. Tecnovit 9100) that contains methyl methacrylate and
catalysators that allow the polymerisation at low temperature (4°C) (Beck-Cormier et al., 2019).

Staining

Although the adipocyte lipid vacuole is empty due to the ethanol-based dehydration necessary for
histological procedures, these mature adipocyte ghosts are easily identifiable with several standardized
staining procedures. The most frequently used in paraffin embedded bone is the H&E stain. Standardized
staining procedures for plastic embedded bone, such as Goldner’s trichrome, toluidine blue and Von
Kossa staining can also be used to identify mature adipocyte ghost cells (Erben, 1997).

The discrimination between BMAds and blood vessels in a cross section can be difficult since the BM
microenvironment is densely populated by blood vessels of different types and diameter and the
endothelial wall is not always identifiable (Bixel et al., 2017). Immunohistochemistry for Perilipin (Zhou
et al., 2017), a marker of mature adipocytes, is therefore useful for identification of BMAds in both
human and murine tissues (Figure 2.1). Alternatively, immunostaining for Endomucin and/or CD31,
markers for endothelial cells can be used to discriminate between blood vessels and adipocytes (Kusumbe
et al,, 2016b).
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proximal

25 mm

Figure 2.1|Histological characterization of BMAT. a Distal-proximal representative images in Hematoxilin &
Eosin (H&E) stain of 4um paraffin sections of femur, tibia and tail of eight-week-old mice. Note that the
artefactually empty region in the center of tibia and femur corresponds to the expansion of the central vein lumen
due to fixation-mediated retraction. b Left panels: Murine bone marrow adipocytes in the distal tibia of 24-week-
old mice (cBMAT) of 3um paraffin sections stained with H&E (top) and 6pm sections stained with von
Kossa/Methylene Blue (bottom). Right panels: murine bone marrow adipocytes in the proximal tibia of 24 weeks-
old mice (rBMAT) of 3um paraffin sections stained with H&E (top) and 100um sections stained with perilipin
immunofluorescence (bottom, Perilipin in green and TO-PRO-3 nuclear counterstain) of 50-week-old mice. All
images cotrespond to C57BL/6 female mice housed at room temperature fed ad libitum standard diet. BM: bone
marrow; BMAd: bone marrow adipocyte; CB: compact bone; cBMAT: constitutive bone marrow adipose tissue;
H&E: hematoxlin and eosin; IBMAT: regulated bone marrow adipose tissue.

Quantification

Two types of dimensional quantification are possible: two dimensional in terms of perimeter, diameter
and area, and three dimensional in terms of volume and surface (Silva et al., 2015). Moreover, as described
in the consensus on bone histomorphometry (Dempster et al., 2013) and extensively discussed in the
BMAS nomenclature position paper, BMA parameters should be presented in relation to a reference
region (Bravenboer et al., 2019). By using a common referent, it is possible to assess changes in the
number or percentage of adipocytes following an intervention or comparing physiological and
pathological states. For histological measures of BMAT, two-dimensional measurements of BMAT are
applicable and two reference areas should be used: Marrow area (Ma.Ar) and total tissue area (T.Ar). It
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is important to distinguish between these two areas since the interpretation is notably different. When
bone mass is lost and replaced by other marrow tissue, the Ma.Ar is increased while T.Ar remains similar.
Marrow adiposity increases only when the area of BMAds increases relative to the marrow space. For
three-dimensional ex vio ot in vivo measurement, Marrow volume (Ma.V) and Total tissue Volume (TV)
should be used. A priori, two-dimensional measures should be used in standard bone histomorphometry
and three-dimensional measures should be reserved for techniques which rely on 3D measurements, as
discussed in the ex wivo or in wivo sections. Three-dimensional measurements may be used in
histomorphometry when analysis of serial sections is performed to approximate volumes.

Additionally, measurement of the size of individual adipocytes is important in the analysis of BMAT,
since the changes in total adipose tissue can be due to cither an increase in the number of adipocytes or
an increase in the size of the adipocytes. This distinction is important since the mechanism behind these
changes can reveal both differences in adipogenic differentiation (affecting the number) or in lipolysis
(affecting the size). In consensus with the Nomenclature working group of the BMAS, we suggest to use
the terms Perimeter (Ad.Pm), Diameter (Ad.Dm), and mean Adipocyte Area (Ad.Ar) to address
adipocyte size. Adipocyte areas can be reported for individual BMAds, giving rise to the frequency
distribution of BMAd areas and corresponding measurement of mean or median Ad.Ar. In addition,
adipocyte area can be reported at the tissue level as % of total adipocyte area relative to hematopoietic
area (XAd.Ar/Hm.Ar), tissue area (XAd.Ar/T.Af) or, most commonly, to marrow area (XAd.Ar/Ma.Ar)
also commonly reported as “marrow adipose area” or less precisely as “marrow adiposity”.
Hematopoietic area is defined either by CD45 positivity in immunohistochemistry or, morphologically,
by the areas defined by the high density of hematopoietic cell nuclei within the marrow space. Exhaustive
recommendations on BMA nomenclature are available in a white paper authored by the BMAS Working
Group in Nomenclature (Bravenboer et al., 2019).

Another important histological measure for adipocytes is the density of adipocytes. This is also used to
differentiate between adipogenesis or enlargement of the adipocyte due to lipid storage. Adipocyte
density can be measured as number of adipocytes per marrow area (Ad.N/Ma.Ar), number of adipocytes
pet hematopoietic area (AdN/Hm.Ar) or as number of adipocytes per tissue atea (Ad.N/T.Ar).
Adipocyte density varies greatly in the endocortical versus trabecular regions of the bone, and thus
detailed annotation and standardization of the quantified region is paramount, as detailed in the BMAS
reporting guidelines (Table 2.1).

Software

To quantify these parameters, a selection of software packages are available. Some have been developed
for extramedullary adipose tissue and require manual adipocyte measurements, while others are designed
for assessment of BM sections and are semi-automated, with a few entirely automated (listed in Table
2.2). Automated or semi-automated detection programs use shape (roundness, circularity) and the
absence of color within the lipid vacuole for detection of BMAds. While such software packages are not
yet routine, most laboratories have developed them in-house in order to perform adipocyte
histomorphometry. Some of these software packages are freely available online (peet], fathisto, and
MarrowQuant, see Table 2.2).
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Challenges and limitations

Histomorphometric analysis is a very useful tool to determine the quality of bone and assess changes in
the number and size of cells. One of the limitations is that histomorphometry is a time-consuming
technique requiting microscopy, software and/or manual quantification. In addition, it is a technique that
until now has relied on the interpretation of the single investigator, and therefore demands a solid quality
control system. The detection of BMAds can be hampered by the close connection of adipocytes in
yellow/adipocytic areas, making the separation and adequate counting of clustered adipocytes a big
challenge, in particular if membranes are not intact. In mice, the number of adipocytes in long bones
tends to be lower in sites of regulated BMAT, and thus separate adipocytes can be more easily discerned
and counted in the red/hematopoietic matrow.

However, the distinction of adipocytes from small blood vessels can be a challenge, whether for manual
quantification or automated algorithms, especially in the younger animals or in the context of marrow
regeneration. Additional immunostains to discern microvasculature from adipocyte ghosts are thus highly
recommended as a validation step. Moreover, one must keep in mind that histological sections are a
cross-section of the bone/marrow organ and thus of the BMAd itself. In general, validation of automatic
detection of adipocytes is not described, neither by presenting data on quality control measurements nor
by comparison with a manual method. We therefore consider manual detection of adipocytes the gold
standard for histomorphometry until automated software packages have been validated. Annotation and
standardization of the quantified region, as well as reporting of the experimental parameters as detailed
in the BMAS reporting guidelines (Table 2.1) cannot be emphasized enough. Additionally, correlation of
histomorphometry findings with ex vivo or in vivo bone measurements of lipid content to calcified tissue
constitutes a much-valued biological validation of findings. Finally, a recommendation on which bone
may be considered as standard for reporting is premature, but we agree that choosing areas of transition
between regulated and constitutive BMAT is most informative (e.g. tibia and/or caudal tail for mice).

Ex Vivo Whole-Bone Imaging

Histological slicing and histomorphometry remain the gold standard for the ex wivo evaluation and
characterization of biological tissues in general, and BMAT in particular, by measuring adipocyte cell size
and cell number. However, histological assessment (sectioning, staining, imaging, and analysis) remains
a challenging, time-consuming, and often costly technique (Silva et al., 2015). Moreover, spatial patterns
as well as the spatial inter-relationship between different tissues within one sample (for example BMAT
in relation to bone and vasculature) can be inaccurate or impossible. To overcome some of the limitations
of 2D analyses, several 3D imaging techniques have emerged to quantify the morphometry, spatial
distribution of BMAT and its inter-relationship with other tissues in the marrow.

Contrast-enhanced microfocus computed tormography

X-ray microfocus computed tomography (uCT) is a very powerful tool for 3D imaging of mineralized
tissues (Neues and Epple, 2008). High-resolution pCT (<2um voxel size) and nanoCT (down to 150nm
(Salmon, 2007)) scans are achievable and a high field of view to voxel size ratio can be obtained
(Kerckhofs et al., 2016). While one of the biggest advantages of uCT is its non-destructive character, a
considerable limitation of this technology is its lack of specificity for soft tissues. Phase contrast uCT is
a possible solution, as it can be used to, for example, enhance edges, which allows a better visualization
of soft tissues (Ritman et al., 2011). Indeed, it provides information concerning changes in the phase of

28



Chapter 2 | Methodologies of bone marrow adiposity research

an X-ray beam that passes through an object. Moreover, it uses monochromatic X-rays, resulting in
accurate measures of the attenuation coefficient, and thus enabling quantitative nCT imaging. This
technique requires, however, highly dedicated hard- and software, and is not readily available. In addition,
to the best of our knowledge, phase contrast imaging has so far not been used to visualize BMAT.
Therefore, the focus of this review is rather on desktop single energy, polychromatic absorption contrast-
enhanced uCT (CE-CT) imaging. Although having its limitations in the cone-beam shape of the X-ray
bundle and the lower X-ray flux compared to synchrotron nCT, scanning times down to 15 minutes for
high-resolution imaging can be achieved nowadays. For this kind of CE-CT, typically, there are two kinds
of contrast agents used for the visualization of soft tissues: perfusion contrast agents, mostly used for in
vivo or ex vivo indirect imaging of vasculature, and contrast agents that bind to the tissues for ex vivo
imaging, further referred to as contrast-enhancing staining agents (CESAs). Here, we will focus on
CESAs, which have proven to allow CE-CT imaging of BMAT.

The introduction of CESAs has enabled contrast-enhanced CE-CT to become a very important tool in
biomedical imaging. CESAs bind to tissues of interest, increasing the X-ray attenuation coefficient (De
Bournonville et al., 2019). The very first reports on the use of CESAs for CE-CT imaging of soft tissues
go back to only about a decade ago. Indeed, several groups (Johnson et al., 2006;Litzlbauer et al.,
2006;Ribi et al., 2008) used osmium tetroxide (OsO4) on mouse embryos, pig lungs, and honeybees,
respectively, to enable virtual 3D anatomical analyses using CE-CT. Although in these studies OsO, was
used for general tissue staining, it is well known for its specific binding to unsaturated lipids (Palade,
1951;Turello et al., 1984). Consequently, several years later, Scheller ez a/. reported the use of OsOs for
3D CE-CT visualization of BMAT and quantification of its amount and distribution in long bones of
mice using standard uCT (Scheller et al., 2014;Scheller et al., 2015) and, subsequently, ultrahigh-resolution
pCT (Khoury et al., 2015).

OsOy4-based BMAT characterization requires a two-step scanning protocol: first, bones are detached and
thoroughly cleaned from soft tissues, fixed, and scanned to enable characterization of 3D calcified bone
parameters. The fixed bones are subsequently decalcified and then stained with OsO, for 48 hours
(Scheller et al., 2014) or longer if the mouse models develop severe BMAT accumulation. Subsequently,
OsOy-stained bones are rescanned. These images provide 3D quantification of BMAT structural
properties, such as adipocyte volume/total volume (Ad.V/TV), adipocyte volume/marrow volume
(Ad.V/Ma.V), and adipocyte volume/bone volume (Ad.V/BV), which are quantified based on the
amount of osmium-bound lipid. When combining OsOy staining with high-resolution pCT imaging,
individual adipocytes can be distinguished (Figure 2.2a, 2.2¢ and 2.2¢) and a distribution of diameter can
be calculated. When combined with image coordinate registration, this technique allows alignment of
both the BMAT distribution and bone micro-architecture, as well as calculation of the distance of the
BMAds from the bone surface (Coutel et al., 2018). Some studies have also used this approach to measure
BMAd density (cells/mm* Ma.V) (Xiao et al., 2014). The use of OsO, for CE-CT-based BMAT
visualization in mouse bones has quickly become widespread due to its compatibility with existing pCT
infrastructure, ease of use, and reasonable cost (Balani et al., 2017;Liu et al., 2017;Styner et al., 2017;Yu
et al., 2018). As with most techniques, a high level of standardization is needed for each step in the
procedure (fixation, decalcification, OsO; staining, imaging, and analysis). For example, insufficient
decalcification can lead to problematic osmium penetration and staining (Metscher, 2009). Indeed, the
limited tissue penetration capability makes staining of dense regions of adipocytes or larger bones
problematic, restricting this technique primarily to whole bones in mice. Moreover, OsOj, staining is
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highly toxic, needing careful handling within a fume hood and appropriate disposal (Makarovsky et al.,
2007;Nakakoshi et al., 2011).

To overcome these limitations, a recent study by Kerckhofs e a/ reported the simultaneous visualization
of mineralized and soft tissue structures within bones (Figure 2.2f) utilizing Hafnium Wells-Dawson
polyoxometalate (Hf-WD-POM) as CESA (Kerckhofs et al.,, 2018). For this technique, murine long
bones are incubated in POM powder dissolved in phosphate buffered saline while shaking gently for 48-
hours to five days. Samples are then scanned in the staining solution, or wrapped in parafilm and put in
a sample holder for scanning. Thanks to the combination of the hydrophobic behaviour of adipocytes
and the binding of Hf-WD-POM to the BM tissue, visualization of the adipocytes is possible. When
combining this CESA with high-resolution scanning (about 2um voxel size - maximum total image
volume about 6 x 4.8 x 6 mm? -), BMAds can be imaged at the single cell level (Figure 2.2b, 2.2d and
2.2f). This not only facilitates measurement of the volume fraction of BMAT within the bone (Ad.V),
but also enables the quantification of the BMAd Number (Ad.N), density (Ad.N/TV), and Diameter
(Ad.Dm). Additionally, with sufficient contrast, the vascular network can be discriminated from the other

Figure 2.2|Zoom of a longitudinal CE-CT cross-section of the metaphysis of a murine tibia from a 16-week-
old C57BL/6Rj male mouse fed ad libitum standard diet, using (a) osmium tetroxide and (b) Hf-WD POM
staining, on the same sample. The orange arrows indicate the same adipocyte. The black arrow in (b) indicates the
bone and the white arrow indicates a blood vessel. Zoom of a longitudinal CE-CT cross-section of the diaphysis
of a murine long bone using (c) osmium tetroxide and (d) Hf-WD POM staining on the same sample. Scale bars
are 250pum. 3D rendering of (e) an osmium tetroxide stained murine femur (left) and tibia (right) from an 11-week-
old C57BL/6] male fed ad libitum standard diet at room temperature, where adipocytes are presented in datk grey
and bone in light grey. £ Hf-WD POM stained murine tibia from a 30-week-old C57BL/6R;j male mouse fed high
fat diet for 22 weeks, (reprinted with permission from Kerckhofs et al. 2018), where white represents the bone,
orange the blood vessels and yellow the marrow adipocytes. g 3D EM image of an adipocyte (reprinted with
permission from Robles et al., 2019). Lipid is shown in grey, mitochondria in green, cytoplasm in semi-transparent
yellow, vascular sinusoid in red, petivascular cells in pink and orange, and blood cells in turquoise. 3D: three-
dimensional; CE-CT: contrast-enhanced computed tomography; EM: electron microscopy; Hf-WD POM:
Hafnium Wells-Dawson polyoxometalate.
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marrow tissues. This allows for full 3D blood vessel network assessment (i.e. branching and spatial
distribution). Hence, Hf-WD POM-based CE-CT provides complementary data to standard
histomorphometry, with enhanced 3D spatial information and inter-relation between different tissues in
the BM compartment (Figure 2.2f). This was recently used to show that BMAT increased after
menopause, and that increased BMAT was associated with osteoporosis and prevalent vertebral fractures
(Beekman et al., 2018). It should be highlighted that Hf-WD POM is non-invasive and non-toxic, and
does not interfere with subsequent histological processing and immunostaining. A limitation of Hf-WD
POM, however, is that it is not yet commercially available, although it can be requested in the frame of a
collaboration.

When making a direct comparison between Hf-WD POM and OsOy using high-resolution CE-CT, it
was observed that both CESAs performed equally well for detecting BMAds (Figure 2.2). For locations
with a low to medium BMAT amount, however, OsOjy staining was more sensitive in visualizing the
sparsely distributed adipocytes (Figure 2.2a-b). For medium to high BMAT content, OsOy tended to
overestimate the adipocyte size due to high contrast difference between stained adipocytes and
background, and thus contributed to the partial volume effect (Figure 2.2¢c-d). For this condition, Hf-
WD POM allowed more accurate separation of individual adipocytes. Advantages and disadvantages of
these ex vivo techniques are summarized in Table 2.3.

Future challenges. 30D microscopy

In recent years, standard microscopy techniques have also been optimized to gain 3D information about
whole-bone cellular networks and nanoscale insight into the microenvironment of single cells. For
example, tissue clearing strategies in skeletal tissues allow mapping of vascular networks and cell
distributions in whole bones using light-sheet or two-photon microscopy (Greenbaum et al., 2017;Jing
et al., 2018). Similarly, >50um-thick section immunohistochemistry can provide ex vivo insight into cell
localization in 3D via conventional confocal microscopy (Coutu et al., 2017). Though not yet published,
we anticipate that clearing techniques described for marrow tissue will be used to provide novel
information about BMAT localization and function. A key advantage relative to CT-based analyses is the
ability to interrogate local cells and pathways that are defined based on expression of specific proteins
and biomolecules using antibodies or genetically modified rodents.

At the nanoscale, focused ion beam scanning electron microscopy (EM), a form of serial EM that allows
for 3D reconstructions at subcellular resolution, was recently applied to the BMAT adipocyte niche
(Robles et al., 2019). This work builds upon previous 2D EM analyses of BMAT (Tavassoli, 1976) and
has helped to define interactions of BMAT with surrounding cells at the endothelial interface, within the
hematopoietic milieu, and at the bone surface (Figure 2.2g). The major limitation of all of these
techniques is the need for specialized imaging equipment. In many instances, data handling and analysis
paradigms, which require very sophisticated statistical analysis to correct for the boundaries imposed by
the confined bone architecture (Gomariz et al., 2018), are also just beginning to emerge. In any case, the
development of regularly revised common standards and the commitment to BMAS reporting guidelines,
as specified in Table 2.1, will increase comparability and pave the way for the comparative studies
necessary to determine future gold standards in this rapidly evolving field.

31



Chapter 2 — Methodologies of bone marrow adiposity research

Table 2.3 | Main quantitative parametets assessed when using ex vivo imaging techniques to explore bone
marrow adipose tissue.

2D TECHNIQUES

3D TECHNIQUES

PARAMETERS

Histomorphometry

Adipocyte number (Ad.N)
Adipocyte size (Ad.V)

Adipocyte density
(Ad.N/Ma.Ar)

Spatial localization (2D)

pUCT — Osmium

BMAT volume (mm?3)

BMAT density (%)
Adipocyte number*
(Ad.N)

Adipocyte size* (Ad.V)
Spatial localization (3D)

uCT - POM

BMAT volume (mm?3)

BMAT density (%)
Adipocyte number*
(Ad.N)

Adipocyte size* (Ad.V)
Spatial localization (3D)

FIB-SEM

Ultrastructure
Cell-cell interactions

METHOD

Resin, paraffin, or
frozen sections

(<5-10um)

Whole bones or
tissue samples,
decalcified &
stained in osmium
tetroxide solution.

Samples imaged &
analyzed with p-
or high-resolution
CT

Whole bones or
tissue samples are
immersed in POM

solution.

Samples imaged &
analyzed with p-
or nanoCT.

3D electron
microscopy

ADVANTAGES

General availability
Can be used in all
species

Pairs well with
histological stains

Adapts existing CT
infrastructure and
analysis techniques
Simple protocol
Low cost
Commercially
available reagents

Highly sensitive for
sparse BMAds

Simultaneous
visualization of
bone, BMAT, and
vessels in a single
dataset*

Adapts existing CT
infrastructure and
analysis techniques
Simple staining
protocol
Non-invasive
Accurate measure

of Ad.Dm

Cellular and sub-
cellular resolution
of BMAd within
niche

LIMITATIONS

Slice/region bias
Limited field of view
Time consuming
High cost

Poor penetration in
large, or high
adiposity samples
Two-step scanning
protocol for bone
and BMAT analyses
Overestimates

Ad.Dm
Highly toxic

High spatial and
contrast resolution
needed to
discriminate blood
vessel network
Not yet
commercially
available

Not very sensitive
for sparsely BMAds
Diffusion can take
several days,
depending on the

sample size

Requires highly
specialized
equipment
Time-consuming
Limited field of view
High cost

*High-resolution pCT only (<2um resolution). Ad.Dm: Adipocyte diameter; Ad.N: Adipocyte number; Ad.V:
Adipocyte volume; BMAd: bone marrow adipocyte; BMAT: bone marrow adipose tissue; FIB-SEM: Focused
Ion Beam Scanning Electron Microscopy; POM: polyoxometalate; Ma.Ar: Marrow Area; nCT: micro-

computed tomography.
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/n Vivo Imaging

While ex-vivo techniques provide ample information of structures and allow for specific quantification of
tissues, non-invasive imaging tools are essential when it comes to clinical studies so as to better
understand the pathological processes that affect the BM 7z situ. To date, magnetic resonance imaging
(MRI) is considered as the reference imaging modality to appraise 7# »ivo BMA (Hu and Kan,
2013;Karampinos et al., 2018). This powerful imaging tool has been used in animals, for example to
follow the effects of zoledronic acid treatment on marrow adipogenesis in ovariectomized rats (Li et al,,
2014a), to quantify the decrease in BMAT volume in obese exercising mice (Styner et al., 2017), and to
follow the progression of BMA in murine hematopoietic recovery (Chapter 3, Figure 2.3c and 2.3d). Due
to their small size, such measurements are not straightforward in rodents, as they require very strong
magnetic fields for meaningful BMA signal detection, and dual-energy uCT is a valid alternative. MRI
techniques are primarily applied 7z vivo in humans (Figure 2.3a, 2.3b). Indeed, the growing interest in
BMA in relation with postmenopausal osteoporosis, fractures, metabolic perturbations, as well as over-
or undernutrition states, opens up potential exciting perspectives for clinicians (Paccou et al., 2015).
However, the multiple interfaces between trabecular bone and bone marrow foster local magnetic
inhomogeneities and challenge the accuracy and precision of BMAT quantification.

Figure 2.3| MRI of human and mouse bone marrow. a-b. Proton-density fat fraction (PDFF) maps generated
using chemical shift encoding-based water-fat imaging from a commercially available sequence on a 3 Tesla
magnetic resonance scanner. Coronal oblique acquisition of the left hip (a) and sagittal acquisition of the lumbar
spine (b) of a 69-year-old woman with chronic lumbar and inguinal pain. Regions of interest can be drawn to assess
bone marrow adiposity (1: 94%, 2: 77%, 3: 71%, 4: 96%) at different anatomical sites through the PDFF parameter.
c-d A triple-point Dixon acquisition using a spin-echo based sequence with fat-water chemical shift was conducted
on a 9.4 Tesla horizontal magnet, to assess BMAT in vivo at the peak of aplasia after irradiation and bone marrow
transplant in an eight-week-old C57BL/6 female mice housed at room temperature fed ad libitum standard diet
with antibiotics supplemented in the drinking water. The lower limb is shown as imaged in maximal flexion.
Normalized fat content map (c) and fat content overlaid a magnitude image, red 10% - yellow 100% (d) show high
BMAT content in the distal femur and also some BMAT in the proximal femur (horizontal, top of image) and
throughout the tibia (diagonally across the image), in comparison to fat signal of surrounding extramedullary
adipose tissue. BMAT: bone marrow adipose tissue; PDFF: proton-density fat fraction.

What can we measure?
Main MR imaging biomarkers

The most relevant imaging biomarker used to quantitatively assess BMAT using MRI is the proton-
density fat fraction (PDFF), which is the ratio of u#nconfounded fat signal to the sum of the unconfonnded fat
and water signals (Hu and Kan, 2013) (Reeder et al., 2011;Reeder et al., 2012;Hu and Kan, 2013) (Table

2.4). As a result, the main challenge and limitation with quantitative BMAT assessment using MRI is to
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minimize the confounding factors to measure only signals coming from lipid protons. Interestingly,
PDFF assessment of BMAT has benefited from technical developments in abdominal imaging. These
technological improvements have been crucial for the emergence of reliable and non-invasive approaches
to quantify adipose tissue in a standardized manner, especially through single-voxel proton spectroscopy
('"H-MRS) and chemical shift encoding-based water-fat imaging (WFI) techniques (Reeder et al., 2011).

The second most common quantitative parameter reported in the literature reflects BMAT fatty acid
composition. This specific evaluation is a topic of growing interest, as saturated fatty acids may have
deleterious effects on the osteoblast lineage and may play a role in multiple inflammatory processes along
with certain polyunsaturated fatty acids, affecting bone health (Pifio et al.,, 2019). Fat composition
assessment can be performed through an expression of its degree of unsaturation or polyunsaturation,
calculated respectively as the ratio of signal coming from the olefinic protons at 5.31 ppm or diallylic
protons at 2.8 ppm on '"H-MRS acquisitions, to the sum of all lipid signals (Table 2.4), as discussed in
detail in section below (Karampinos et al., 2018).

Robustness of 'H-MRS and WFI methodologies

When the main biases are taken into account, WFI sequences appear to be robust in quantifying PDFF
against changes in expetimental parameters, in good agreement with '"H-MRS (r=0.979 reported by Li et
al., 2017, and R*=0.92 by Ruschke et al., 2017), using calibration constructs (BM phantoms: R*=0.97;
Gee et al., 2015), and in agreement with histology using excised lumbar vertebrae (+=0.72; MacEwan et
al., 2014). The intraclass correlation coefficients for repeatability and reproducibility of WFI were
respectively 0.997 and 0.984 (Zhang et al., 2018), and the coefficient of variation in the quantification of
PDFF varied from 0.69% to 1.70% (Aoki et al, 2016). Moreover, a negative correlation (r=-0.77;
Karampinos et al., 2015) was demonstrated between 'H-MRS-based PDFF and ex vivo biomechanical
vertebral properties (failure load), highlighting the relevancy of this parameter in bone strength
(Karampinos et al., 2015). The reproducibility of "H-MRS is known to be excellent, especially when
assessing the lumbar spine iz vivo, with an average coefficient of variation of vertebral bone marrow
content of 1.7% (Li et al., 2011; Karampinos et al., 2018). Although 'H-MRS has long been considered
the gold standard (Li et al., 2011), WFI seems therefore to be a relevant and efficient alternative due to
its ability to derive spatially resolved PDFF maps, with an absolute precision error of 1.7% between C3
and L5 vertebrae (Baum et al., 2015), and no significant differences with spectroscopic assessment in
children (Ruschke et al., 2017) or in adults (Li et al., 2017).

With regard to BMAT composition, although similar values have been reported between measurements
from high-resolution proton spectroscopy acquisitions on ex vivo specimen and 7 vivo imaging (R=0.61;
Li et al,, 2017), the true BMAT unsaturation level is consistently underestimated in 7z vivo acquisitions
because of the fewer visible peaks. As a result, Li et al. preferred the use of psendo-unsaturation level to
better discriminate the apparent BMAT composition assessment in iz wivo studies from ex vivo
measurements. This differentiation in terminology reflects well the need to bear in mind the technical
limitations encountered when evaluating fat composition 7 vivo.
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Towards a better standardization of MRI technigues

Because 'H-MRS and WFI can be performed in most clinical facilities, their main technical limitations
must be taken into account when assessing 7z vivo BMAT. A better standardization of the methodologies
used to quantitatively assess BMAT would increase the accuracy of the reported PDFF in the literature,
as well as the relevancy of inter-study comparisons.

Single-voxel proton spectroscopy

Based on the frequency shift which exists between molecular groups, signals from water and lipid protons
can be disctiminated in a defined voxel of interest through 'H-MRS. However, although the area under
each peak of the acquired spectrum is related to the number of protons of a specific chemical moiety,
the MRS acquisition and post-processing analysis to calculate PDFF needs to consider the following
confounding effects:

First, the water and fat components of BMAT have different T> relaxation times. Therefore, in the
absence of any T>-cotrection, the calculated signal fat fraction from "H-MRS acquisitions is T>-weighted,
depends on sequence parameters and overestimates the true PDFF. An 'H-MRS acquisition at different
echo times combined with a T> correction can removed Tr-weighting effects (KKarampinos et al.,
2014;Dieckmeyer et al., 2015).

Second, even though initial 'H-MRS studies mainly considered the methylene group peak at 1.3 ppm to
calculate bone matrow fat fraction or lipid/watet ratio, adipose tissue has a complex spectrum made of
multiple peaks. An oversimplification of the model used may reduce the accuracy of the qualitative and
quantitative fat assessment. However, the trabecular microarchitecture promotes broad spectral peaks
which make peak fitting challenging (Karampinos et al., 2018). Nevertheless, constrained peak fitting
methodologies have been depicted and performed successfully at the hip and lumbar spine (Karampinos
et al., 2014;Dieckmeyer et al., 2015).

Third, the short T value of bone marrow fat compared to water induces a relative amplification of the
measured signal. PDFF calculations might be subsequently biased if T effects are not minimized. This
effect can be minimized by using long repetition times for 'H-MRS acquisitions (Liu et al., 2007;Reeder
etal., 2011;Hu et al., 2012;Karampinos et al., 2018).

Finally, the choice of the sequence mode is also of importance and depends on the employed echo times.
By lowering J-coupling effects and being able to acquire spectra using shorter echo times, stimulated
echo acquisition mode (STEAM) might offer a more accurate precise BMAT quantification compared
to point-resolved spectroscopy (PRESS) sequences, despite its relatively noisier sensitivity (Karampinos
et al,, 2018).

The consideration of the above confounding effects is critical for assuring the robustness of MRS-based
PDFF measurements across imaging protocols and imaging platforms, and essential towards the
standardization of MRS-based PDFF measurements.
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Water-fat imaging
Dedicated WFI techniques for BMAT assessment

WFI techniques share comparable confounding factors with 'H-MRS: there is a need for T decay
correction and T bias minimization, as well as a consideration of the multi-peak spectral characteristics
of fat.

Indeed, due to the complex bone microarchitecture, the multiple interfaces between trabeculae and bone
marrow induce an important but differential To*-shortening effect affecting both water and fat. T>* decay
effects have therefore to be considered in the estimation of PDFF based on WFI. Despite its theoretical
justification, a dual-T>* decay correction adjusting both water and fat relaxation times provides accurate
bone marrow fat fractions at a nominal fat fraction close to 50% but noisy PDFF maps were reported in
the spine in regions with lower values (Karampinos et al., 2015). Therefore, a single T2* decay model
should be at least adopted in BMAT WFI (Karampinos et al., 2018).

Regarding the Ti-effect, the relative signal amplification can be easily lessened by using low flip angles or
predetermined calibration values on WFI acquisitions (Liu et al., 2007;Reeder et al., 2011;Hu et al,,
2012;Karampinos et al., 2018).

Finally, concerning the multi-peak spectral characteristics of fat, one direct consequence in WFI that
illustrates an oversimplification of the model used is the “grayish” appearance of adipose tissues on watet-
only images generated from WTFI reconstructions considering a single fat peak. This residual fatty signal
may come from an incomplete discrimination of fat and water signals, especially between olefinic fat
protons and water (Yu et al., 2008). Although this simplification is acceptable for most clinical
applications, a more advanced modeling of the fat spectrum is necessary for a quantitative purpose.

Commercially available WFI solutions

As mentioned above, the methodological improvements of fat quantification using MRI emerged mainly
from abdominal imaging. Most MRI vendors have played an active role in the development of these
sequences. Although these commercial quantitative WEI solutions aim to quantify liver PDFF, these
techniques may be an easier and interesting alternative to 'H-MRS in quantifying BMAT. An
approximation with the multi-peak liver fat spectrum can indeed be considered, as only a negligible
difference between the total signal fat from the 3 main peaks was reported when comparing the proximal
femoral bone marrow and the liver (87% versus 90% respectively) (Karampinos et al., 2014;Le Ster et al.,
2016;Karampinos et al., 2018). In addition, these sequences implement de facto a T>* decay correction,

and because the Ti-effect can be simply lowered through a low flip angle, these solutions might be
performed for BMAT PDFF assessment.

Other technical considerations

Other confounding factors may also be taken into account, such as noise-related bias (especially when
using complex-based methods), eddy currents effects, gradient timing mis-registrations, phase errors in
WFI and correction of J-coupling effects and chemical shift displacement effects in 'H-MRS (Hu et al.,
2012;Karampinos et al., 2014;Ruschke et al., 2017). Their description goes beyond the purpose of this
review, but they are fundamental for the development of future techniques.
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Current challenges when imaging in vivo BMAT
A more accurate description of BMAT fatty acid composition

Reporting of BMAT fatty acid composition through an expression of its degree of unsaturation
constitutes the second most common quantitative parameter provided in the literature after PDFF-based
quantification of total BMAT. Currently, only "H-MRS can reliably assess BMAT composition.

However, contrary to PDFF assessment, there is not sufficient literature on the methodological
considerations that should be followed in imaging studies. The importance of STEAM acquisitions over
PRESS when assessing BMAT composition has been nevertheless highlighted, as a low reproducibility
of unsaturation level measurements has been reported using the latter, with a reported coefficient of
variation of 10.7% (Li et al,, 2011).

Moreover, the proximity and partial overlap of the olefinic peak with the water peak (present at 4.7 ppm)
reduce the robustness of the peak fitting process. As a result, in addition to the previously described
technical considerations, postprocessing the spectra for this specific purpose is challenging, especially in
young adults. Areas with low fat content, more frequently encountered in red bone marrow, limits the
accuracy and precision of the reported measurements (Karampinos et al., 2018). The extraction of BMAT
unsaturation levels is subsequently less prone to variations in yellow bone marrow or red marrow with
elevated fat content.

Consequently, there is an urge to standardize and improve the reliability of this potential biomarker, as
the degree of unsaturation of BMAT might have clinical implications, such as its potential role in the
occurrence of fragility fractures (Yeung et al., 2005;Patsch et al., 2013).

A better depiction of physiological values

To date, studies performed in healthy subjects have allowed for the description of physiological
variations, especially in the spine. In children, WFI showed a decrease in PDFF measurements from the
lumbar to the cervical spine, with a natural logarithmic increase with age but without sex difference
(Ruschke et al., 2017). However, in adults, sex-related variations in addition to age-dependence of PDFF
have been reported in the spine (Baum et al, 2015;Dieckmeyer et al, 2015). Regarding BMAT
composition, differences in the degree of saturation have also been observed between adult males and
females, with unsaturated lipids being higher in women (Maciel et al., 2017).

Nonetheless, even though these physiological variations are critical for a better understanding of BMAT
> g phy 2 g
physiology, data is still insufficient in the literature to determine the exact normal values by age and
gender, primarily due to the lack of standardization in methods used to assess BMAT.

Alternatives to 1H-MRS and WFI

Diffusion weighted-imaging, relaxometry, texture analysis, direct signal intensity and dynamic contrast-
enhanced imaging are alternative tools that have been performed to assess bone marrow adiposity.
Although they provide interesting information, such as functional parameters related to bone marrow
vascularization (Budzik et al., 2014), these MRI techniques have not yet reached a consensus due to the
insufficient number of relevant publications.

On the contrary, dual-energy computed tomography (DECT) is an emergent technique which may
become a powerful alternative to MRI techniques as it can provide quantitative parameters representing
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both mineral and organic bone components (Goodsitt and Rosenthal, 1987). Consequently, whereas
conventional single-energy quantitative computed tomography methods underestimate volumetric BMD
measurements, DECT can correct for BMAT, resulting in more accurate densitometric measurements
(Laval-Jeantet et al., 1986;Arentsen et al., 2017) (Rosenthal et al., 1989). Furthermore, BMAT content
can be explored reliably, as good correlations have been reported with WFI and histology on cadavers
(Arentsen et al., 2015;Magome et al., 2016), and 'H-MRS in vivo (Bredella et al., 2015). Potential
interesting applications exist in oncology, to follow marrow fat expansion and BMD involution in
patients after chemotherapy or radiotherapy (Hui et al., 2015). The main limitations of this modality are
the radiation exposure, the need for prior phantom calibration, and the lack of standardization and data
regarding reproducibility between different scanners and manufacturers.

In summary, MRI constitutes the current gold standard for 7z vivo imaging of BMAT in a clinical research
setting, with current acquisition methods allowing for inter-center comparability. The field would
however benefit from increased standardization, both in terms of reporting of confounding factors of
the measured subjects as recommended in Table 2.1 and in terms of definition of standard sites of
measurements, in order to increase comparability and to establish physiological reference ranges in
humans and possibly larger mammals. The use of MRI for mouse models is only starting, due to the need
for very strong magnetic fields for meaningful BMA signal detection; dual-energy pCT is a valid

alternative for murine 7 vivo imaging.

From Cell Isolation to In Vitro Modulation

Bone marrow adipocytes exist in a complex microenvironment within the bone, embedded within the
marrow tissue where access to live cells for functional analysis is not trivial. Complementary to the above
discussed challenges associated to BMAd imaging within their native environment, iz vifro systems and
ex vivo assays are crucial for understanding of the BMAd and its subtypes at the cellular level. The difficulty
in isolating and handling primary mature adipocytes from the BM has led to the use of 7 vitro adipogenic
differentiation assays from BM stromal cells as a surrogate method to study BMAd, an approach widely
used in the field of peripheral adipocyte biology. This approach relies on the isolation of a stromal
vascular fraction (SVF) from adipose tissue which is then plated and expanded in tissue culture plastic.
The resulting adherent monolayer of stromal cells isolated from the BM, the so-called bone marrow
stromal cell (BMSC) fraction, acquires the phenotype of multilocular and sometimes fully mature
unilocular adipocytes in the presence of specific differentiation cocktails in standard 2D cultures. Mature
BMAds, which 7z vive develop only after birth (Bianco and Robey, 2015), most likely originate from a
specific subset of progenitor cells present within the BMSC fraction. This biological sequence thus
suppotts, in part, the use of differentiated BMSCs to model BM adipogenesis. Ir vitro differentiation
assays, however, reveal a cellular response to chemical stimuli resulting in a sum of specific phenotypes
which describe iz vitro plasticity, but do not necessarily reflect their native 2z vivo differentiation potential.
The 7 vitro plasticity of BMSCs is in fact often larger than the plasticity revealed by iz vivo readouts in
native or injury-repair conditions, highlighting the importance of complementary 7z vitro assays and i vivo
readouts to establish cell fate mapping within the BM, as described below and extensively reviewed
elsewhere (Bianco and Gehron Robey, 2000;Kassem and Bianco, 2015). The sections below summarize
key challenges and practical considerations to minimize variability and increase comparability in future
BMAT cell-based studies, whether based on the isolation of primary BMAds or ## vitro adipogenesis from
BMSCs.
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BMAT: Location and Isolation

The BM is a soft tissue within the medullary cavity of compact bone. A mixture of hematopoietic
precursors and differentiated cells, adipocytic cells, stromal cells, blood vessels, and nerve fibers occupy
the marrow space within a complex network of extracellular matrix. Several techniques to isolate BMAT
have been developed, all of which require invasive procedures to extract different populations from the
encompassing bone.

In juvenile (age 8-12-week-old) mice, yellow/adipocytic marrow is present essentially in the distal tibia
(filling up about one third of the total shaft length), the tail vertebrae and phalanx. Of the mouse strains
systematically compared, BMAT is maximal in these locations in C3H/He] mice, and minimal in
C57BL/6] mice (Scheller et al., 2015). Older mice show a progtessive increase in BMAT from distal to
proximal, gradually gaining mature adipocytes in most skeletal sites of red/hematopoietic matrow.
BMAT development and progression varies with strain and gender (Hardouin et al., 2016). Sites of
murine BMAT for isolation in steady-state are thus small, and obtaining sufficient number of cells for
cell sorting or cell culture purposes requires in most cases pooling samples from several animals.

It is important to note, as discussed in the 7 vivo modulation and 7z vive tracing sections, that there may
be differences in developmental origin according to the site of BMAT isolation. Due to the high degree
of yellow/adipocytic matrow in the distal tibia, which also contains less trabecular bone than the caudal
vertebrae, isolation of intact BMAT is relatively straightforward from the tibia after section at the
epiphyses followed by gentle flushing or centrifugation. Contrarily, enzymatic digestion or mechanical
disruption provides a higher yield of primary adipocytes from the tail due to the high number of caudal
vertebrae and the predictable yellow/adipocytic matrow transition in the murine tail from the non-weight
bearing segments (O.N., J.T., B.P., E.S., personal communication). It is particularly important to note,
however, that the fibrous tissue surrounding tail vertebrae is very rich in subcutaneous and periosteal
adipocytes which require extensive mechanical removal or enzymatic digestion prior to isolation of
BMAds to avoid contamination from subcutaneous adipocytes. One should also be aware that crushing
bones can result in high cell death of BMAds and BMSCs, and it is thus to be avoided. Extraction of the
intact BM plug or gentle mechanical disruption of the bone by fragmentation with a scalpel or scissors is
thus preferred. Alternatively, a disrupted marrow plug can be obtained from smaller bones by removing
the epiphysis and placing the open shaft in a qPCR tube with a pierced bottom inside an Eppendorf tube
containing a small amount of media (e.g. 200ul), then gently centrifuging (e.g. 1 second at 500g). BMAd
markers are present in the top buoyant layer, while hematopoietic markers are only present in the pellet
fraction upon RNA transcription analysis (P.B., personal communication).

The long bones of mice are of similar size than human iliac crest biopsies, also called trephine biopsies,
which involve the spongy bone and are performed for diagnostic purposes in hematology (1-2cm long
and 0.2-0.4cm in diameter). Isolation and mounting approaches are thus often appropriate for both
murine and human samples. Bone marrow aspirates are in most instances performed in parallel to
trephine biopsies. In pediatric practice, BM aspirates are often performed from the sternum. Either are
excellent sources of BMAT for research purposes after appropriate ethical approval. Debris from hip- or
knee-replacement surgeries, including limb amputations, as well as spine neurosurgery also provide
material rich in BMAds, as these are skeletal sites of abundant yellow/adipocytic marrow in the human
adult.
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Due to physiological BMAT specific variations according to species, strain, age, gender and skeletal site,
as well as variations imposed by the isolation technique (flushing, spin-down, direct collagenase digestion,
other enzymatic digestion), it is extremely important that researchers detail these parameters and indicate
yield of primary BMAds or BMSC populations to favor comparisons across groups. Future efforts of the
tield should include evidence-based recommendations on extraction protocols that best preserve the
heterogeneity of BMAd and their precursors. Other factors that may influence BMAT quality, and
therefore yield, are related to body weight, bone weight or length and presence of metabolic perturbations
or disease. BMAT obtained from human samples may be normalized to weight (ug) of tissue. Weight-
based normalization remains however challenging for the small murine samples, where normalization per
bone or “per leg” (e.g. tibia and femur) is standard (Colvin et al., 2004).

Mature BMAGJSs: Isolation and Culture

Isolation of primary mature BMAds has been done to high purity by multiple gentle centrifugation steps
(Poloni et al., 2013;Mattiucci et al., 2018a; Fan et al., 2017;Hozumi et al., 2010) and may include enzymatic
digestion to aid dissociation of BMAds from their surrounding connective tissue. BMAds, just like
visceral adipocytes, are fragile cells that are very sensitive to the strains of handling and temperature
gradients. Samples must be manipulated gently and typically at 17-37°C to avoid lipid droplets from
bursting. Generally, BMAd numbers obtained from murine bones ate low due to the small volumes and
their affinity to plastic and proneness to floatation or bursting, which encumbers handling. Cell counting
of mature adipocytes by hemocytometer or flow cytometry is not representative of the sample at hand,
and quality controls for purity and viability need to be devised through other methods including, for
example, immunofluorescence for adipocyte yield and quantification of hematopoietic cell contamination
(e.g. DAPI, phalloidin, LipidTox-DR and anti-CD45) or nuclei counting coupled to ceiling culture for
quantification of yield of viable mature adipocytes. For claims on purified BMAds, especially those that
refer to population based transcriptional analysis or proteomics/lipidomics, it is paramount that
researchers specify the degree of hematopoietic and undifferentiated BMA cell contamination in both
mouse and human BMAT. Single cell RNA sequencing techniques will facilitate BMAT studies, albeit at
a high cost.

The possibility of fluorescence activated cell sorting (FACS)-based purification of mature adipocytes for
downstream studies has been recently desctibed for extramedullary adipocytes, based on forward/side
scatter light signal and viability ensured by manual adjustments to the sorting pressure (Hagberg et al.,
2018). It is to be demonstrated whether this approach may be compatible with primary BMAd isolation.

Regardless of the isolation approach, a large number of primary BMAds must be initially isolated for
most downstream assays (see section on BMAJ assessment 7z vitr). On successful isolation of mature
BMAGs, their culture is delicate and short-lived. Ceiling culture in 2D allows for maintenance of BMAds
for about one week (Figure 2.4e), after which de-lipidation is often observed. To avoid de-lipidation,
irradiation of the cells has proven to be technically beneficial prior to culture (Mattiucci et al., 2018a).
The recent description of protective 3D BMAd cultures in engineered devices or silk scaffolds holds
great promise to recapitulate important clues for their behavior 7z vivo (Torisawa et al., 2014;Bourgine et
al., 2018;Fairfield et al., 2019), but raises new challenges to develop efficient cell extraction protocols for
endpoint analysis and 3D imaging techniques compatible with these set-ups.
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BMAdJ Progenitors: Isolation, Culture, and Modulation In Vitro

Mature BMAds coexist hand-in-hand with their immature progenitors, which constitute a subset of the
total BMSC fraction. The BMSC fraction has been defined by ecither (i) exclusion of endothelial and
hematopoietic markers (typically CD31 to exclude endothelial components, CD45 to exclude
hematopoietic components, and either murine Ter119 or human Glycophorine A to exclude nucleated
erythroid lineage cells which lost CD45 expression, as discussed in (Boulais et al.,, 2018), or (i) by
adherence and expansion in tissue culture plastic. Specific subpopulations with functionally validated z
vivo stem cell or progenitor function, the so-called skeletal stem cells (SSCs) and their downstream
committed or partially committed stromal, bone and cartilage progenitors have been recently described
in mouse and human BM (Worthley et al., 2015;Chan et al., 2018). They present 7 vitro adipogenic
potential and different degrees of 7 wivo adipogenesis, with human CD146 constituting the best
functionally characterized marker for prospective isolation of SSCs (Tormin et al., 2011;Serafini et al.,
2014). Other skeletal multi-potent populations have been identified within the BM, including P«S (CD45
Terl19PDGFRaScal™) (Houlihan et al., 2012;Li et al., 2014b), although care must be taken when
defining clonal multi-potency (Serafini et al., 2014;Bianco and Robey, 2015). Specific markers to
prospectively isolate intermediate steps within the stromal to adipocyte commitment axis have also
recently been identified in mice by Ambrosi et al. Namely, a tri-potent bone/cattilage/adipocytic
petivascular CD45CD31°Scal "CD24" stem-cell like population, a CD45CD31 Scal " CD24 adipocytic
progenitor population and a more mature CD45CD31 Scal Zfp423" BMAd precursor population were
identified in the context of aging, high-fat diet (HFD) induced obesity and bone regeneration (Ambrosi
etal., 2017). No equivalent adipocytic differentiation hierarchy has yet been described in the human BM.

Due to the difficulty in isolating and expanding highly purified BMAd progenitors in mice, and to the
lack of specific prospective BMAd progenitor markers in human BM, most studies to date have used
unfractionated murine BMSCs, or 7z vitro expanded human BMSCs complying with International Society
for Cellular Therapy (ISCT) standards (Dominici et al., 2006) to produce 7 vitro differentiated BMAds
for functional studies. ISCT standards provide a minimal set of surface markers and functional assays to
validate human BMSC homogeneity. Standardized downstream functional assays have been proposed by
the FDA (Robey et al., 2015;Tanavde et al., 2015;Arcidiacono et al., 2018). BMSC cultures rely on the
rapid adherence of the cells to the culture dish, which allows exclusion of most hematopoietic cells from
the culture. Nonetheless, passaging and sometimes sorting are necessary to eliminate macrophage
contamination. As for primary isolated BMAds and to maximize comparability across studies, it is
paramount to detail the source of BMSCs (gender, age, strain if applicable, metabolic diseases, skeletal
location) and the method of isolation, such as specific enzymatic (e.g. collagenase-1, -2, -4, a combination
thereof, trypsin) or mechanical dissociation as well as the specific expansion protocol, whose
heterogeneity may explain some disparities in the field (summarized in Table 2.5, BMAS reporting
guidelines as summarized in Table 2.1), (Nagasawa et al., 2011). It is equally important to include
quantification of contamination with hematopoietic or endothelial cells, and, specifically for BMSC
populations, and to quantify the overall progenitor function of the primary isolate through fibroblastic
colony forming unit assays (CFU-F) prior to adipocytic differentiation.
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Induction of adipogenesis from BMSCs i vitro has included a variety of inducers in standard 2D culture
conditions, as summarized for primary murine samples in Table 2.6. Most differentiation techniques are
based on methods developed for murine extramedullary pre/adipocytes (e.g. 3T3L1) or BMSCs primed
for adipogenic differentiation (such as C3H10T1/2 or OPY9). The common denominator includes a
combination of the corticosteroid dexamethasone, which ultimately induces master transcriptional
regulator of adipogenesis C/EBP-u, and phosphodiesterase inhibitor isobutylmethylxanthine (IBMX),
which leads to cAMP accumulation, protein kinase A activation and thus PPAR-y expression. The
cocktail is classically accompanied by insulin exposure, whether from the serum or exogenously
administered. Thus, the acronym “DMI” cocktail for Dexamethasone, IBMX and insulin (Scott et al.,
2011). In addition, adipogenesis can be further boosted through the use of COX inhibitor indomethacin
or PPAR-y agonist rosiglitazone. Of note, the mechanical properties of the substrate are also determinant
for BMSC differentiation, and even dominant to exogenous biochemical signaling (Gobaa et al., 2015),
with softer matrixes favoring adipogenesis. The role of extracellular matrix components in this context,
and its rate of degradation, has been however largely understudied in this context.

BMAd Differentiation Assessment: /n vifro Assays and Applications

Multiple different cell types have the ability to accumulate lipid droplets, and thus we must evaluate the
criteria with which we distinguish BMAds from other cells of the BM. In the context of extramedullary
stromal differentiation, some groups have adopted the criteria of presence of at least four lipid droplets
to define an adipocyte (Gubelmann et al., 2014). This is especially useful as a threshold in imaging
techniques where lipid droplets are visible (Figure 2.4a, 2.4c, 2.4¢). As such, each investigator should
critically evaluate what threshold is used as a definition.

Adipocytic differentiation is not completely efficient from primary BMSCs obtained on isolation, and the
heterogeneity in cultures is well known (Whitfield et al., 2013). This may be due to undetected
heterogeneity of the initial BMSC population and adipocyte progenitors therein, to paracrine signaling
cues in the culture, or, possibly, to presence of stromal cells that actively inhibit adipogenesis as recently
described for CD142" SVF cells in murine extramedullary adipogenesis (Schwalie et al., 2018). Moreover,
as discussed above, 7z vitro differentiation potential may not faithfully reflect iz vivo potential. Stringent 7
vivo assays in the form of heterotopic marrow formation by zz vive transplant in permissive conditions
should thus be the norm to reveal the true lineage potential (Friedenstein et al., 1968;Sacchetti et al.,
2007;Serafini et al., 2014). Researchers must therefore rely on genetically modified mouse models with
differential donot/recipient marker expression, ot, in the case of human samples, in xenotransplants into
immune-deficient mice with species-specific surface marker, Alu sequence or mitochondrial DNA
detection to determine donor versus host BMAds.

Upon isolation and culture or differentiation 7z vitro, assessment of BMAd maturation relies on the
definition of the BMSC-to-BMAd axis and on established or forthcoming readouts. Classical biochemical
techniques (including western blot, real-time qPCR, flow cytometry, RNA sequencing, lipidomics)
require relatively large cell numbers, thereby limiting assay performance for BMAds. Importantly, the
cells on each extreme of the maturation spectrum vary greatly, as simply illustrated by the morphological
changes when comparing the spindle-shaped BMSCs with large lipid-filled BMAds (Figure 2.4). This
must be accounted for in the selection of suitable references, such as reference genes for RT-qPCR that
do not change upon adipocytic differentiation. Thus, cytoskeletal or metabolic genes must strictly be
avoided as reference genes, while at least two eatly/mid- (PPARg, CEBPa) and two late- (ADIPOQ,
GLUT4, FABP4, LPL, PLIN1) stage markers should be quantified as genes of interest to cover the

45



Chapter 2 — Methodologies of bone marrow adiposity research

adipocytic maturation spectrum. The stability of reference genes needs to be demonstrated upon
differentiation in every experimental setting, but others have identified good reference gene in the context
of adipocytic differentiation from peripheral stromal cultures human and rodent studies (Krautgasser et
al., 2019; Santos et al., 2010).

In vitro microscopy-based readouts classically detect lipid droplet formation with fluorescent dyes (e.g.
Nile Red, ORO, BODIPY) (Figure 2.4f), or use of cells from fluorescently-tagged reporter mice (e.g.
tdTomato, RFP, GFP as extensively reviewed here). Whether for microscopy or flow cytometric
applications, careful interpretation of results is required, as most mature BMAds will be lost on liquid
handling, and care must be taken not to count lipid vacuoles from broken cells as BMAds. More recently,
label-free techniques such as digital holographic microscopy (Figure 2.4b) or Raman-based
microspectroscopy have been developed for 7 vitro BMAd cultures with high resolution and potentially
improved performance over classical techniques (Smus et al., 2015;Campos et al., 2018). By preventing
staining and liquid-handling biases, these methods provide additional information on lipid content along
with quantification of morphological parameters. Additionally, microspectroscopy holds the promise to
reveal information on chemical composition at the single cell level, which may reveal physiologically
relevant heterogeneity.

Figure 2.4| In vitro differentiation. a Bright field image (objective 10x) of OP9 cells differentiated in presence of
serum, dexamethasone, insulin and IBMX (DMI cocktail) for 6 days and b, Digital Holographic Microscopy
(DHM) image of OP9 cells differentiated in DMI for 7 days. c-d Primary murine BMSC after 7 vitro differentiation
in similar conditions imaged by light-transmission microscopy, where lipid droplets show a high refractive index
(c) or stained with neutral lipid oil-soluble colorant Oil Red O (d). e-f Primary murine BMAds from 2-month-old
FVB female mice as seen by light-transmission microscopy (e) or stained with Oil Red O (f). BMAd: bone marrow
adipocyte; BMSC: bone marrow stromal cell. DHM: digital holographic microscopy
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Challenges in Cell-based Assays

Isolation of primary BMAds remains challenging in both mouse and human. Iz vitro BMSC or BMAd
precursor differentiation provides a valid alternative for studying the role of BMAds in cell-based assays,
although potential differences with 7z vivo differentiated BMAds should always be acknowledged. This
presents a challenge for normalization with age-matched control groups where the BMAds do not
undergo similar changes. For appropriate normalization, it is thus important to account for both cell
number and tissue weight, with pooling of control group mice to reach similar levels of BMAd isolation
from the experimental and control groups for appropriate comparisons. For both primary BMAds and
BMSCs, the cell mixtures obtained are highly dependent on the source and handling, and thus gender,
age, skeletal location, metabolic perturbations, as well extraction and culture methods should be
thoroughly described as detailed in the recommended BMAS reporting guidelines (Table 2.1). With the
application of zz vivo BMA induction protocols (reviewed in Tables 2.7 and 2.8), BMAds are modulated
in cell size, number, and phenotypic/functional propetties. Additionally, measutes of BMAd purity and
BMSC CFU-F progenitor function should be reported to increase comparability of results across
different researchers. It is imperative that as the BMA field matures, so must the publication of consensus
protocols as well as definitions for both BMAd and BMSC isolation and differentiation.

In vivo BMAT modulation
In vivo lineage Tracing

It is now well accepted that BMAds differentiate from a small number of radioresistant mesenchymal
progenitor cells that reside in the bone marrow. The ability to identify these eatly progenitor cells, more
mature precursor cells, mature marrow adipocytes, and other mesenchymal lineage derived cells (e.g.
osteoblasts), has been accomplished by the advent of modern lineage tracing using relatively specific Cre-
drivers and fluorescent reporters (Kalajzic et al., 2008;Mizoguchi et al., 2014;Zhou et al., 2014;Worthley
etal., 2015;Ambrosi et al., 2017;Horowitz et al., 2017;Yu et al., 2018). This approach has the added benefit
of being able to compare marrow adipocytes to white, brown, and beige adipocytes, and adipocytes in
different anatomical locations z vivo.

Today’s lineage tracing consistently depends on the Cre/Lox system (Kretzschmar and Watt, 2012). In
the standard Cre/Lox system, Cre recombinase is exptressed under the control of a tissue-specific
promoter to permanently activate a reporter gene that functions to mark the original Cre-expressing cell
population and all daughter cells that develop. Therefore, it is paramount that one has a detailed
understanding of the Cre driver’s spatiotemporal expression. Lack of this understanding can result in
false interpretations of the origin of the cells. As an example, PdgfRa-cre traces all the adipocytes in white
adipose tissue, but within the bone marrow, it traces about 50% of the adipocytes (Horowitz et al., 2017).
By contrast, Prx-7-cre traces all marrow adipocytes (Horowitz et al., 2017). It also traces posterior
subcutaneous white adipose tissue, including beige adipocyte precursors, as the mesenchymal origin of
this depot gets recombined during limb development. In contrast, Prx7 does not trace the majority of
brown adipocytes or any visceral adipocytes (Sanchez-Gurmaches et al., 2015). Thus, it is useful because
of its relative specificity, especially compared to Adjponectin-cre, which traces all adipocytes including
marrow adipocytes (Figure 2.5a), and a range of BMSC precursors (Mukohira et al., 2019b). Another
advantage to this system are inducible Cres. As an example, Prx7-ER-¢re, where Cre expression is activated
in Prx1 positive cells by tamoxifen injection. These types of constructs allow for the timed induction of
the reporter. A caveat to be considered when using tamoxifen and ER-inducible cre-drivers, however, is
that the dose of tamoxifen required to efficiently activate Cre expression can be 100-1,000 times greater
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than required to activate estrogen receptors. A single dose of tamoxifen is reported to have irreversible
effects on the uterus. Furthermore, tamoxifen crosses the blood brain barrier to regulate energy
metabolism, is a potent immune modulator in mice, and can induce bone marrow failure (Hammad et
al,, 2018;Perry et al., 2005;Ye et al., 2015). Investigators who choose to use tamoxifen in spite of its potent
estrogen receptor-mediated actions, should be advised to include a no treatment control as well as a
tamoxifen-treated/no Cre control. Equally important is the nature of the reporter gene used. For
example, adipocytes possess little cytoplasm relative to other cell types, therefore cytoplasmic reporters
such as LacZ are not optimal for tracing adipocytes. Instead, membrane-targeted reporters such as
mT/mG (membrane Tomato/membrane GFP) provide superior results (Sotiano, 1999;Muzumdar et al.,
2007). For extensive discussions on this topic see Jeffery et al. (Jeffery et al., 2014) and Sanchez-
Gurmaches et al. (Sanchez-Gurmaches et al., 2010).

Once the Cre-reporter has been selected, which will be dictated by the demands of the experiment, either

an ex-vivo or in situ approach can be taken.

The ex-vivo approach involves dissecting out the femur, cutting off the femoral head and removing the
distal epiphysis above the growth plate. A 20-gauge needle can then be inserted down the medullary canal
(from proximal to distal), and punching out the needle through the distal growth plate. Because the distal
growth plate is intact this causes the bone marrow to fill the needle. The needle is then attached to a
syringe and the marrow plug can then be deposited on a microscope slide by depressing the barrel of the
syringe. The adipocytes in the marrow plug can then be prepared for imaging by confocal microscopy.
Femora are preferred for this technique because they are fairly uniformly cylindrical along the length of
the bone making them amenable to boring.

Adpantages: 1) This is a straight forward simple method that requires no specialized equipment, with the
exception of the confocal microscope; 2) The method is rapid. It avoids the requirement of
decalcification or sectioning; 3) Using »T/mG tepotter mice, in addition to tracing mature marrow
adipocytes, will show whether marrow adipocyte precursors (GFP”) expressed the gene of interest; 4)
The marrow adipocytes, in the marrow plug, can be stained with a fluorescent lipophilic dye (i.e.
LipidTOX) allowing for easy identification of the mature adipocytes. This also allows for better
determination of cell counts and size. This approach can be combined with immunofluorescence to co-
stain for other cell markers if desired.

Challenges: 1) Because adult mice (C57BL/6 background) have few marrow adipocytes in the femur,
induction of marrow adipogenesis is recommended. However, the choice of which induction protocol
to be used (x-irradiation, high fat diet feeding, feeding with a methionine restricted diet or a rosiglitazone
containing diet, see Tables 2.7-2.8) will depend on the experimental design; 2) The femoral medullary
canal in adult mice is the only site sufficiently large to collect a workable bone marrow plug; 3) Because
the cells are removed from the marrow their anatomical location, especially as it relates to trabecular bone
and the endosteum is lost.
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Figure 2.5 | Lineage tracing of BMAds and BMSCs. a Adjponectin-cre:nT/mG mice received a single dose
of x-irradiation (1000 rads) to induce bone marrow adipogenesis. Following irradiation, the mice were
reconstituted by an i.v. injection of 106 syngeneic bone marrow cells to prevent radiation induced bone
marrow damage. Bone marrow was collected from the femur as an intact plug, stained with LipidTox
(fluorescent lipophilic dye), and marrow adipocytes visualized by confocal microscopy. Greater than 95%
of the cells were eGFP" indicating they were traced by expression of Adiponectin. b The femur
from Twist-2-cte:mT/mG mice was isolated, the femoral head removed and the bone fixed in 4%
paraformaldehyde overnight. The bones were then immersed in 30% sucrose for 3-4 days, then placed
in OCT, and frozen. 5-10um thick-sections were imaged by confocal microscopy. Columns of growth
plate cartilage cells were eGFP". In the bone marrow (outlined by atrows and appeating red), a small
number of eGFP” cells can be seen. In addition, approximately 50% of osteocytes (* denotes bone,
appearing black) were also eGFP'. Cells that were eGFP" were traced by the expression of Twist-
2. BMAds: bone marrow adipocytes; BMSC: bone marrow stromal cells; eGFP: enhanced green
fluorescent protein.

The second, 7 situ, approach maintains anatomical location with respect to the growth plate and
endosteum, but by maintaining the calcified bone matrix, introduces its own complications. Although
the i sitn approach involves collecting fresh femurs, from that point, the method varies significantly from
investigator to investigator. The bones can be fixed in paraformaldehyde overnight and then given a
partial decalcification in EDTA, sucrose incubation follows, and then embedding in either a cryomedia
or carboxymethyl cellulose, followed by frozen sectioning (Figure 2.5b). Some of the best images have
been acquired using a tape-transfer system and cutting 10-30pm sections (Kalajzic et al., 2008;Mizoguchi
et al, 2014;Zhou et al., 2014;Worthley et al., 2015). Other investigators have even used paraffin
embedding instead of frozen sections, although this necessitates the use of antibodies, even in
fluorescence reporter mice (Ambrosi et al., 2017). After sectioning, the tissue can then be stained with
the desired antibody-conjugate (direct i.e. GFP, or indirect using a secondary fluorescent antibody or
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biotin-avidin conjugate), and imaged by fluorescence or confocal microscopy. However, the fixation and
decalcification can vary greatly form investigator to investigator, including some who use no fixation and
rapid freezing (Mizoguchi et al., 2014). In addition, to immunofluorescent staining, transient fluorescent
reporter mice (e.g. Zp423-EGIP) or Cre/Lox lineage tracing fluorescent reporter mice can be used.

Adpantages: 1) The major advantage to this method is that it allows for direct visualization of the cells
within intact bone. Thus, the spatial relationship between marrow adipocytes, other cells, and bone is
maintained; 2) Using #T/mG reporter mice can be a significant advantage; 3) Mature marrow adipocytes
can be imaged.

Challenges: 1) This method requires expertise and experience in bone histology and specialized histologic
equipment (e.g. tungsten-carbide knifes to section bone); 2) Sectioning small bones (e.g. distal tibia and
caudal vertebrae) can be difficult; 3) Difficulties using the tape-transfer systems have been reported; 4)
The embedding techniques and section preparation often exclude the combined use of lipid-tracing dyes.

It is clear that great progress in lineage tracing of marrow adipocytes has been made during the last few
years, due to advances such as the Cre/Lox system. Our ability to delineate cells in the bone marrow
adipocyte lineage will only get better with the advent of more specific Cre-drivers and more robust
reporters. Refinements in our ability to process bone to make it more accessible to these methods will
result in an even better understanding of the lineage, how it relates to other mesenchymal lineage cells,
and the myriad of other cells in bone marrow.

In vivo modulation of BMA

BMAT is a complex and dynamic depot that is highly regulated and can affect the function of other
tissues/ organs. Whether presence of BMAT is necessary for normal physiological responses is still
controversial. While some studies have shown that BMAT is negatively influencing bone mass, a study
in BMAT-deficient Ki"/"~" (BMAT") mice suggested that the absence of BMAT did not have any relevant
effect on ovariectomy-induced bone loss (Iwaniec et al., 2013). However, a recent study in BMAT" male

mice has shown that absence of BMAT exacerbated bone loss during hindlimb unloading (Keune et al.,
2017).

The expandability of BMAT is regulated by nutritional and environmental factors, aging, endocrine
signals, and pharmacological agents. Here, we critically summarize experimental models used to study 7
vivo regulation of BMAT development and function.

Nutritional and environmental interventions

In C57BL/G] mice, a strain susceptible to obesity and diabetes, HFD feeding induces also BMAT
expansion (Doucette et al., 2015;Scheller et al., 2016). When diet-induced obesity (DIO) is reversed by
switching to normal chow diet (NCD) to mimic weight loss, the HFD-induced BMAT recedes (Scheller
et al., 2016). Some of these alterations are microbiota-dependent (Luo et al.,, 2015). The alterations
induced by the HFD on BMAT gene expression differ from that observed in peripheral adipose tissues.
In contrast to visceral white adipose tissue (WAT), pro-inflammatory gene expression was decreased
while the expression of genes of the insulin signaling pathway increased in BMAT of HFD-fed mice,
suggesting a differential metabolic regulation of BMAT adipocytes (Tencerova et al., 2018). Walji et al.
(2016) used microfibril-associated glycoprotein-1 (MAGP1) deficient (Mfzp2~'") mice that develop adult-
onset obesity that precedes insulin resistance. In these mice, BMAT increased relative to WT mice
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coincident with the development of insulin resistance, and not with excess peripheral adiposity,
hyperglycemia, change in trabecular bone volume or hematopoiesis.

Exercise is a life-style intervention proposed to prevent/counteract obesity-associated BMAT expansion
(Table 2.7). Voluntary wheel running in C57BL/6 fed NCD or HFD demonstrated that exercise
prevented the increase in BMAT acquisition (Styner et al., 2014). Styner et al. (2015) found that exercise
(alone or in combination with rosiglitazone) reduced BMAT volume and upregulated UCP1 expression
in whole tibia (Table 2.8). Exercise can also reverse the increase of BMAT observed in previously obese
animals (HFD-fed for 3 months) by decreasing both adipocyte number and size (Styner et al., 2017).
Exercise was associated with higher trabecular and cortical bone quantity in lean and obese mice, but
HFD itself did not influence bone quantity. Importantly, a recent study, also provided evidence that
physical exercise modulates vertebral BMAT in humans (Belavy et al., 2018).

The differential 7z vivo regulation of BMAT by nutritional status also occurs in animal models of caloric
restriction (CR). In contrast to what is observed in visceral or subcutaneous WAT, BMAT is preserved
ot even increased in states of CR (Devlin et al., 2010;Cawthorn et al., 2016;Devlin et al., 2016;Scheller et
al., 2019) (Tables 2.7-2.8). Indeed, CR (30%) in young growing mice alters bone formation, but despite
having a lower body weight and body fat percentage, they exhibit a dramatic increase in BMAT (Devlin
et al,, 2010). In patients with anorexia nervosa, CR is also associated with increased BMAT (Mayo-Smith
et al., 1989;Bredella et al., 2009). However, in New Zealand rabbits moderate or extensive CR did not
cause BMAT expansion (Cawthorn et al., 2016). It has been suggested that the increase in BMAT is
especially prominent when nutrient deprivation occurs during periods of skeletal growth, such as
childhood or adolescence (Scheller et al., 2019). This period of rapid skeletal growth may already be
poised for BMAT development as this is also a time of rapid baseline BMAT accumulation (Moore and
Dawson, 1990).

The expansion of BMAT during CR has also been associated with changes in several neuroendocrine
factors that are modulated in response to energy deprivation. The decrease in leptin that occurs during
CR-induced weight loss may account for the increased BMAT. Indeed, BMAT is increased in leptin-
deficient 0b/0b mice (Hamrick et al., 2004), and subcutaneous leptin treatment induces loss of BMAT
adipocytes and increases bone formation in these mice(Hamrick et al., 2005). Moreover, peripheral leptin
therapy is effective in reversing the increased BMAT observed in type 1 diabetic mice and CR models,
but does not stop the bone loss that occurs concomitantly (Motyl and McCabe, 2009;Devlin et al., 2016)
(Table 2.8). Furthermore, central injections of leptin into the ventromedial hypothalamus (VMH) of
Sprague-Dawley rats, as well as leptin gene therapy (intraventricular administration of recombinant
adeno-associated virus (tAAV)-leptin gene) to ob/ob mice also reduced BMAT (Hamrick et al.,
2007;Lindenmaier et al., 20106). Interestingly, mice with selective deletion of the leptin receptor (Lepr) in
limb bone marrow stromal cells (Prx1-Cre;Lepr”” mice) exhibited normal body mass and hematopoiesis,
but have decreased BMAT, and increased osteogenesis(Yue et al., 2016). Moreover, Prx1-Cre;Lepr™"
mice were protected from the HFD-increases in BMAT and reductions in osteogenesis. It therefore
appears that hypothalamic and peripheral leptin signaling may have different or multiple effects on
adipogenesis within bone marrow.
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Aging

Increased BMAT is also observed during aging, and has been negatively correlated with bone health, and
sometimes precipitates impaired hematopoiesis in animals (Takeshita et al., 2014;Ambrost et al., 2017)
and humans (Justesen et al., 2001;Tuljapurkar et al., 2011;Bani Hassan et al., 2018). Dietary strategies
have also been proposed to counteract the increased BMAT associated with aging, and combination of
conjugated linoleic acid with fish oil can dectrease age-associated BMAT in C57BL/6] mice (Halade et
al., 2011). Dietary methionine restriction (MR) increases longevity in rodent models, however MR
promotes BMAT accumulation in contrast to WAT reduction (Plummer et al., 2017).

Endocrine Reguiation

From an endocrine perspective, bone and BMAT metabolism are tightly linked and therefore BMAT is
under extensive hormonal regulation. First of all, already a long time ago it has been observed that
ovariectomy increases BMAT in animals (Martin and Zissimos, 1991) and ovariectomy is now commonly
used to induce BMAT in animal models. These observations have been extended to humans, as BMAT
increases during aging and this increase is accelerated in women around the time of menopause (Baum
et al,, 2018). Postmenopausal hormonal replacement therapy with estradiol, both long term (1 year) and
short term (two weeks) decreases BMAT in women (Syed et al., 2008;Limonard et al., 2015), showing
that indeed estradiol is an important regulator of BMAT. At the same time that estradiol secretion by the
ovaries ceases, compensatory follicle stimulating hormone (FSH) secretion by the pituitary gland
increases. In addition to the effect of hormonal replacement therapy, also FSH blocking therapy has been
shown to decrease BMA in mice (Liu et al., 2017). In addition to gonadal hormones, glucocorticoids have
a profound effect on adipose metabolism and this also holds true for bone marrow adiposity. Cushing’s
disease, defined by increased adrenocorticotropic hormone (ACTH) production by a pituitary adenoma
and therefore hypercortisolemia, increases BMAT and this reverses again following surgical cure by
removal of the pituitary adenoma (Maurice et al., 2018). Also, long-term glucocorticoid treatment leads
to increased BMAT (Li et al., 2013b) and can be used to induce BMAT in animal models. Finally,
parathyroid hormone, an important regulator of bone metabolism and potent osteoanabolic drug, also
has an effect on BMA. Teriparatide treatment in osteopenic women reduces BMAT (Yang et al., 20106)
and animal studies showed that this effect can be recapitulated by genetic deletion of the parathyroid
hormone receptor in skeletal stromal cells (Fan et al., 2017). Interestingly, additional studies from the
Rosen lab showed that the effect of PTH is not only on the differentiation of the SSC into the adipocytic
lineage, but that PTH can also induce lipolysis in BM adipocytes (Maridas et al., 2019). In addition, growth
hormone (GH) is an important regulator of skeletal growth and growth hormone deficiency or resistance
has been associated with changes in BMAT. In growing rats, hypophysectomy dramatically increases
BMAT and this could not be reversed by treatment with either estradiol, thyroid hormone, cortisol or
Insulin Growth Factor-1 (IGF-1), but was completely reversed by treatment with GH (Menagh et al,
JBMR 2010). In healthy, premenopausal women, vertebral BMAT measured with 'H-MRS was inversely
associated with IGF-1 concentrations, but not stimulated GH concentrations (Bredella et al Obesity
2011). However, treatment with recombinant GH for 6 months in premenopausal obese women, did not
change BMAT, although there was a significant difference between the GH treated and placebo treated
groups due to the decrease in BMAT in the placebo group (Bredella et al Bone 2014). Therefore, the role
of GH in the regulation of BMAT in adult humans remains uncertain and studies in children during
growth have not been performed.
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BMAT is not only regulated by hormones, but also acts as an important endocrine organ itself. Cawthorn
et al. (2014) found that increased BMAT significantly contributes to the higher circulating adiponectin
levels during CR. Moreover, studies in Ocn-Wnt10b mice, which resist BMAT expansion during CR,
demonstrated that increased BMAT is required for the elevated circulating adiponectin in this condition.
Furthermore, BMAT and adiponectin levels increase in patients undergoing therapy for ovarian or
endometrial cancer, despite no change in total fat mass (Cawthorn et al., 2014). Increased adiponectin
levels and BMAT volume were also observed in DIO WT (C57BL/6]) mice treated with Rosiglitazone.
However, female Ocn-Wnt10b mice treated with Rosiglitazone had mildly blunted hyperadiponectinemia
(Sulston et al., 2016) while males did not, suggesting a sex-specific response.

Pharmacological modulation

Several drugs also regulate BMAT. PPARYy is a master transcription factor for adipocyte differentiation,
and treatment with the insulin-sensitizing drugs thiazolidinediones (TZDs), which are PPARy agonists,
affects marrow adiposity. As shown in Table 2.8, treatment with several PPARy agonists such as
Rosiglitazone and Troglitazone enhanced BMAT in different animal models (Tornvig et al,
2001;Lazarenko et al., 2007). However, the effects of TZDs on BMAT seem to be strain-specific (Ackert-
Bicknell et al., 2009) and age-dependent, favoring BMAT accumulation in older mice rather than in
young-growing animals (Lazarenko et al, 2007). In ovariectomized (OVX) rats, treatment with
rosiglitazone (BRL49653) exacerbated bone loss and increased BMAT (Sottile et al., 2004). On the other
hand, several studies have shown that treatment with PPARy agonists increased BMAT without affecting
trabecular bone volume, suggesting that adipogenesis and osteogenesis can be regulated independently
in vivo (Tornvig et al., 2001). Similatly, netoglitazone administered to 6-month-old C57BL/6 mice had a
strong adipogenic induction with no change in the trabecular architecture and modest decreases in
cortical bone mineralization (Lazarenko et al., 2000). In contrast, a reduction in BMAT has been observed
in all studies administering PPARy antagonists after chemo/radiotherapy, which are potent inductors of
BMAT (Table 2.7) (Botolin and McCabe, 2006;Naveiras et al., 2009;Duque et al., 2013;Zhu et al., 2013;Lu
et al., 2016;Sato et al., 2016). Moreover, genetic models of PPARy loss show a pronounced increase in
bone mass with extramedullary hematopoiesis (Cock et al., 2004;Wilson et al., 2018). The effects of
BMAT in the recovering of hematopoietic compartment seem apparently contradictory, possibly due to
the differential effects of distinct BMAd subtypes and differentiation stages in hematopoietic progenitor
support (reviewed in Mattiucci et al., 2018b;Cuminetti and Arranz, 2019). Methodologically, it is to be
noted that although effective in reducing BMAT, the most commonly used PPARy “antagonist” for i
vivo experimentation, Bisphenol A Diglycidyl Ether (BADGE), has partial PPARy agonist effects and is
a potential endocrine disruptor receptor anti-androgenic and pro-estrogenic properties (Seimandi et al.,
2005;Desdoits-Lethimonier et al., 2017;van Leeuwen et al., 2019). It is therefore recommended that
future n vivo studies use a more specific PPARy antagonist such as GW9662 (Sato et al., 2016).

BMAT thus accumulates following hematopoietic marrow ablation. A wave of BMAT precedes
hematopoietic repopulation and peaks from 2-3 weeks after whole-body radiation depending on dose
and recipient characteristics (700-1000 Gy) (Naveiras et al., 2009;Horowitz et al., 2017). BMAT is then
lost and the timing of recovery depends on the radiation dose and on the number of hematopoietic cells
used for the rescue. Sublethal models which do not require hematopoietic rescue have also been
developed with 5-fluorouracil or cytarabine treatments (Zhu et al., 2013;Lu et al., 2016). Both radiation
and chemotherapeutic treatments induce dramatic increases in BMAT also in patients (Bolan et al.,
2013;Cawthorn et al., 2014), whereas cettain disorders of inefficient hematopoiesis (e.g. W/Wv mice) are
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associated with greatly reduced BMAT and a modified lipid composition of the stroma (Geissler and
Russell, 1983;Potter and Wright, 1980). The biological implications of BMAT in neoplastic progression
within the BM microenvironment are only beginning to unravel (Chen et al., 2010;Wang et al., 2017;Boyd
et al,, 2017;Cahu et al., 2017;Lu et al., 2018).

Sympathetic regulation

A very important issue when studying the 7z »ivo modulation of BMAT is to consider the region-specific
variation in the properties of the skeletal adipocytes, as already discussed in the BMAT isolation section.
The studies of Scheller et al. (2015) in mice strongly support the existence of a constitutive (¢(BMAT) and
a regulated (tBMAT) depot. cBMAT is in the distal long bones fills the medullary canal from the tibia-
fibular junction into the malleolus and caudal vertebrae, histologically resembles WAT, appears rapidly
in the early postnatal period, does not usually respond to stimuli or pathophysiological changes (Horowitz
et al, Adipocyte 2017), though it can reduced over several months with thermoneutrality (Huggins and
Blocksom, 1936). In contrast, IBMAT is situated in the proximal regions of long bones and in spinal
vertebrae, develops after cBMAT, and is interspersed with hematopoietic cells. tBMAT increases or
decreases in various conditions (DIO, aging, CR, etc.) (Suchacki and Cawthorn, 2018).

The study of Scheller et al. (2015) also revealed that knockout of PTRF (Ptrf’" mice, 2 model of congenital
generalized lipodystrophy 4) selectively inhibits formation of rBMAT adipocytes without affecting
cBMAT, which could be one step towards generation of a genetic model of rBMAT ablation (Scheller et
al., 2015).

The lack of response of BMAT adipocytes to lipolysis during energy deprivation has been attributed to
resistance to -adrenergic stimulation, but this effect also shows region-specific differences. Acute fasting
(48 h) decreases cell size of BMAT adipocytes within the proximal tibia but not within the tail vertebrae
in Sprague-Dawley rats (Scheller et al., 2019). Moreover, BMAT from distal tibia and tail vertebrae of
these rats resist B-adrenergic-induced phosphotylation of HSL and/or pertilipin, which are requited for
stimulation of lipolysis. Furthermore, treatment of C3H/He] mice with CL.316,243, a 33-AR agonist,
caused remodeling/beigeing of WAT, but only moderate remodeling of lipid droplets in BMAT of
proximal tibia without affecting mid or distal tibia (Table 2.8). Furthermore, 3-adrenergic stimulation
through cold exposute shows lipolytic response by tBMAT (decreased tBMAT in the tibial epiphysis and
in the proximal tibia) while cBMAT remained unchanged (Scheller et al., 2015). Therefore, these data
suggest that the lipolytic response to 3-adrenergic stimulation is more pronounced in tBMAT than in
cBMAT (Scheller et al., 2019).

Another important factor to take into account when designing and interpreting studies about 7 vive
BMAT regulation is the effect of housing temperature. Most of the studies in mouse models are
petformed at room temperature (RT, around 22°C), which is below the thermoneutral temperature for
mice (around 32°C). Therefore, RT housing can increase non-shivering thermogenesis by the
sympathetic outflow and the activation of UCP1 in BAT (Cannon and Nedergaard, 2011;Iwaniec et al.,
2016) showed that thermoneutral housing not only reduces UCP1 expression in BAT, but also increase
BMAT and the percentage of body fat as compared with RT-housed mice. Therefore, the mild cold stress
induced by RT-housing could be a non-considered confounding factor in mice studies.
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In vivo modulation challenges

All these studies have demonstrated that BMAT expansion accompanies metabolic dysfunction.
However, many physiopathological changes take place in these processes, and dissecting the role of
BMAT expansion from the role of peripheral adipocytes and other metabolic perturbations make
mechanistic studies a challenge. Furthermore, the divergent BMAT responses to different strains/species
suggest the existence of a strong genetic background effect, which should be considered when designing
studies, highlighting once more the importance of adhering to the BMAS minimal reporting guidelines
when communicating results (see Table 2.1). Possibly, standard 7z »ivo experimental conditions need to
be defined for inter-laboratory comparisons. As we continue to identify the physiological processes that
underlie the formation of BMAT and the environmental and genetic cues that control its accumulation,
it is becoming increasingly evident that BMAT may be heterogenous.

Finally, in spite of their limitations, wider use of available genetic models of non-selective BMAT
depletion (e.g. Ptrf”, W/Wv), which have lesser metabolic phenotypes than severely lipodystrophic mice
(e.g. A-ZIP/F), should advance the field until models of highly-specific BMAT depletion can be
developed. Furthermore, it is paramount to consider that the BMA, bone, vascular and hematopoietic
compartments are tightly interlinked within the BM, such that zz vivo analysis requires functional

measurements of all four compartments to reach mechanistic conclusions.

Biobanking

The BMAS Working Group on Biobanking has the ambition to generate standardized approaches
towards isolation, characterization and long-term storage of tissues/cells related to BMA and their
associated data and annotations. Although difficult to achieve due to several challenges (see below),
creating minimal standards to isolate and characterize BMAds as well as freezing protocols for long-term
storage should significantly reduce variability in outcomes between studies and laboratories. This is
especially important to ensure viability and conservation of heterogeneity in cell-based assays, and to
ensure sample stability for chemical analysis including mass spectrometry. Most importantly, unified
biobanking standards along with the protection of associated data will enable responsible use and
exchange of samples for comparative and larger-scale studies. Ultimately, the field will benefit from
improved applicability of animal and human BMA-related samples, which may better facilitate the
discovery of novel therapeutics to target BMA.

In a complementary fashion to the BMAS Working Group in Methodologies, one of the foci of the
BMAS Biobanking Working Group will be to congregate methodologies related to the collection,
freezing/thawing and long-term storage of BMAds. Additional aspects of biobanking that the working
group will scrutinize ate privacy regulations regarding patticipants/patients, data protection and ethical
guidelines to facilitate collaborative efforts. Main challenges towards this objective are briefly introduced
below.

56



Chapter 2 | Methodologies of bone marrow adiposity research

910T “Te 39 voIs|ng

TTOT “Te 39 supy]

600Z “Tv 32 [PUPIGIPY
S10T “Te 30 1oufig

£002 Te 32 oyuaseze |

100z “Te 39 Sauiof,

#00T “T¢ 32 9[H0S

910C “Te 3 Mg
910T “T¢ 32 JorEWUIpUI|
LOOT “Te 3 YoHwWeH
910T “T¢ 3 UIA(
600T 2qvDIIN pue [0y

S00T “Te 32 YPFweH

S3ION3H343Y

(LM ‘0) 1A\ 7 LVING 4

(MDd-1, 9-H) 991w dnoqeIp Ul Soud3 Iy ¢ 9SEdFUT 10U
921w 9 /TG0 JO morrew Ut uorssaidxo auad Ty M/ ILVd !

G-H) LVING <[/}
0-H) LVING < :[¢/vdd
G-H) LVING | “[PH/HED

G-H) LVING | *[9/714.5D

(1D ‘O) suozearSisos Aq poonpurl-T VNG A 9t

(-H) (oqumu ad>odipe) LVING | [9/ 145D

0-0)
CFV'IN/FVPY) LVINL |

O-1)
IYVIN/IVPV] VN VPV | VNIV PY >

G-H)

LVING |
01

uopnemoy auoq || ‘LVING 1
O-H)
sa1foodipe 1 YINg JO Foquinu 1
(H LO" ‘0)
ANG ©> WO £q paonpur vopewsoy TYING 0
(o ‘1)
$SO[ Ssew 2U0(q <> ‘Foquunu 2Loodipy 0
0-H)
UopEWwIog duoq | ‘umpoa I VING 0

(SAVSSY)
SAINODLNO

(391p I poxr)
0TW qOTIVA\-U20O

e /Aay nnoSe mofPA onaqer(

oo (/v
2o [z/vad
oo [OH/HED
2o (9/T9L8D

ISIIXG + IIW 9/ TdLSD

201w (9 /748D

(3o1p M poxTI)
2orw _,_gody

(o8eAES)

SIeJ JeIST X\

o [9/7T4L5D
(a1 dorT-AVYF)
Q01w g0 /g0
(wondafur HINA)
syex fopme(r-ongerdg
(os)
dopw {9/ 746D
(sdwnd snowso *2's)
ooty onaqer( | 2dAT,
(sdwmnd snowso *2°s)
o1 9o /40

(NOILYHLSININGY 4O 31NOHY)

13A0OIN TVININY

auoze)l|bisoy

suozeyl|bou]
auozeyl|bisoy + XAO
(XAQ) Awoio8LeAQ
suozey|bisoy
sisluoby Advdd

Aw0108pIy210

updeT

NOILNIAYILN| OANIA N|

‘S[opows [ewiue Ul sSJu9atuleal} MNUMMOMOUNE.HNQQ pue [euowroy %ﬁ# onssn wwonm—%d MOIIeW 2U0(q JO uonempow oau U] _w.N oIqe 1,

57



Chapter 2 — Methodologies of bone marrow adiposity research

W oy tH)
LVING |
G-TIN 2 ds9sF -ON)
ONMw TCN HUQESC ﬁ/\ 4—\

9L61 “Te 32 OA[ED)

Jo1de
¢ i VIN/PYVINE |
(xo" 1)
600 “T¢ 32 SEIPAEN] A/dIZ-V A S39P¥,, T QNG | ‘LVING <>
LVING |
(1o" 51

¢10C "ER T ANgp ‘LVING |

(OHI ‘107 ‘0) ‘(1 rewrxoid)
sa1foodipe 1 yVINg Jo Suropowas 1ardosp prdiy 91e3opojA
6102 “Te 32 PIPYPS
sisdjody] poonpur-o18iouaipe
-¢] S1S1S9F 9€3(21I0A [Ted PUE BIQN [EISTP WOIJ TVING
(4Od~1 D
£3910293 oparodorewoy 1 LVING 4

(4Dd-1Y ‘A1 “LO™ 9-H)
QNG 2nosa1 ‘LYING <>

910z “Te 30 03eS

G0z “Te 30 o[

€10C “Te 3@ ny7,

(002 (¢ 19 SEIIATN] £39002923 dporodoreway 1 SLVING 4

¢102 Pﬂw 19 USTUQ (@IS /& aﬁgm \_r

900z “[¢ 32 ufoIog anNg < LYING 4
(SAVSSY)

S3ON3d343Y S3ANOCDLNO

‘S[OpPOW [EWUE UT S1UaUneax) [edrsojosewireyd pue [euowroy £q anssp asodipe Moxrew oUoq JO UONLNPOW 044 4]

AV V3 onssp asodipe aaym (T A\ BIqn 2 ourds :ds
‘WNUINS 1S {SNIPeF F (FUTUTEIS 9PIXOFA winTws() :O) {eauoimadenur d'T (ANSTUOYDOISTYOTNWWI ()] 99U2IS2I0NFOUNUIWY &, ‘snrowny :ny {Anowoydrowolsmy
H “nuwej i SAISUSp [eFUTW JU0q (TN Onssn 9sodipe morrew ouoq L VA Onssn asodipe umorq 1y 93UByd ON<> sea1ou] N Umdwuuoﬁ\_,

s3op o[deog

201w (9/74LSD

dAd
(dp

MW (9/TdLSD
(dp

201 [OH /HED
(dp

syex Ao[me(-ongerdg

(dp

ersede g ounww-( 1D 0 9/ TdLSD

dy

(%) 391p Ie3 Y31y + 291w [9/77gd /5D

aurqeseIfd + 201w 9 /7d/SD
UORVIPELIL [Ed] 4 W (9 /7 /SD)

MW [9/7TGLSD d[ew

(s232qerp paonpur-upolozoidons) o /g vy
(NOILVHLSININQY 40 3LNOH)

T3dON TYININY

uonelue|dsuel |
NG + uonelipedl [eyle

auoseylewexaq

€¥2'9LET0
1o |ouaJs)0idos|

sisiuobe olbisualpy £-9

(1siuobeiue
aind) 2996MD

(seiadold 1siuobeiue

[ened) 3Havg 4oyl
IP10AIBIQ v [ousydsig
sisiuobeiuy Agydd

NOILNIAYTLN| OAIA N

8°C dlqe.L

58



Chapter 2 | Methodologies of bone marrow adiposity research

Isolation of BMAds

Different types of materials have been and will be employed to study BMA, including BM aspirates,
biopsies, specific cell types, BM plasma fraction, etc. After having defined these, recommended standard
procedures are required regarding BMA isolation, processing and characterization. For example, isolation
protocols vary substantially between laboratories (digestion with collagenase or other enzymes,
incubation times, etc.). In addition, it is important to distinguish protocols for animal studies versus
human materials as BMA is different in composition, location, metabolism and regulation. For human
bone marrow—related samples, recommended patient screening should be additionally established (HIV,
Hepatitis B and C virus). Finally, minimal standards should also be established for sample annotation,
which should include description of the site of collection, method of collection and isolation, including
time and type of digestion, time from collection to freezing, etc.

Characterization of BMAds

One of the biggest challenges is to define a healthy control set, especially for human samples (see Table
1). What is regarded as normal population and a standard site of collection and how do we define this?
What is the minimal set of parameters required to define such a set? One solution is to propose a minimal
set of specific surface molecules, gene expression markers and/or other biomarkers (e.g. lipid profiles)
to facilitate comparisons and thus also multicenter studies. Some specific markers have been proposed
(adipokine markers, absence of hematopoietic, endothelial and hematopoietic markers) but additional
species-specific markers are needed to be able to characterize BMAds in a uniform and reliable fashion.

Long-term storage of BMA-related samples

To date it has proven impossible to freeze BMAds, and the only access point to retrospective samples
relies on the identification of adipocyte ghosts in paraffin blocks. Tissue samples containing adipocytes
are being collected but these requite purification and/or digestion steps before freezing. On the other
hand, storage of precursor cells (SSCs) may pootly reflect the BMA situation at the time of isolation,
most often due to cellular expansion (and deviation) 7 vitro before or after freezing. In order to create as
much homogeneity as possibly, it is vital to define freezing and thawing procedures employed with a
minimum of interfering steps as well as viability and cell growth/differentiation characteristics of
previously stored BMA samples. Non-frozen samples, including paraffin blocks, may pose less issues,
but still homogeneity in tissue processing and database management are required to optimize storage and
exchange of samples.

Ethical issues and data protection

With the installment of the General Data Protection Regulation (GDPR) in 2018 (EU GDPR Portal
(website), accessed August 27, 2019, http://eugdpr.org) the protection of people and data has become

more stringent. Trying to come up with a standardized procedure towards biobanking will face
challenges, including different national regulations, institutionalized rules, etc. Ethical guidelines varying
between countries should be dealt with to assess the possibility to generalize ethical topics into one
document for samples to be collected in the future. Related to this, a general template for informed
consent and awareness of mutual use of obtained samples by all involved may improve standardization
and the possibility to share samples, which is especially relevant in the context of rare diseases. A BMAS
consortium-wide material transfer agreement may be instrumental for this.
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Issues related to data protection include the assurance that patticipant/patient data remains anonymous
at all costs. Although the consciousness around this subject is increasing, the working group will assess
these issues in detail and will aim to propose a comprehensive recommended protocol to safeguard
anonymity and data protection that originates from any of the laboratories. Data obtained in the EU
often cannot be stored on servers outside the EU and similar regulations may apply to different
continents as well. Therefore, a robust data management plan needs to be installed that can explore and
potentially overcome challenges such as decentralized storage of samples and associated files.

In conclusion, biobanking and methodological challenges are tightly linked. Minimal standards and
international overarching ethical guidelines for BMA sample collection and data protection will be critical
to increase the quality of fundamental and multicenter clinical studies, and interpret with greater
confidence the outcome and impact of BMA research within the next few years.

Conclusion

Specific methodologies for the study of BMA have been developed in the last decade, paralleling the
increasing interest in the field. Gold standard methodologies currently exist for the assessment of BMA
ex vivo, in vivo and in vitro (e.g. histomorphometry and OsO4.3D contrast-enhanced pCT for ex vivo, WEI
and 'H-MRS MRI sequences for iz vivo studies, lipid-dye-based and RT-qPCR-based assessment for
assessment of 7z vitro BM adipogenesis) and emerging techniques may soon come to complement or
substitute these gold standards (i.e. digital pathology algorithms for histomorphometry, POM-based
contrast-enhanced CT for ex vivo imaging, dual energy CT for 7 vivo imaging as well as more reproducible
parameters for 7z vivo MRI spectroscopy, label-free or 3D microscopy and microspectroscopy for i vitro
imaging, or 3D adipose organoids for 7z vitro cultures).

However, great challenges still remain. First, given the inherent fragility of BMAds and their difficult
access within the bone, protocols for extraction, ex vivo handling, and 7z vitro culture/differentiation of
BMAds or BMSC progenitors vary greatly. Thus, recommended standardized protocols for in vivo
modulation and extraction, minimal standards for BMAd purity assessment, and standardization of
method-specific thresholds for BMA detection would greatly increase inter-study comparison and multi-
site collaborations. Second, given the number of factors that affect BMA mass, and possibly type (e.g.
skeletal location, gender, age, strain, nutritional status, metabolic state, exercise, ambient temperature,
isolation technique), great attention needs to be paid in careful annotation and reporting of these
confounding factors for all BMA scientific output. Third, in order to move forward the functional
understanding of BMA, tools for the specific ablation of BMAds are urgently needed to uncouple the
local BMA-effects from the metabolic effects of systemic lipodystrophy.

The BMAS Working Group in Methodologies and the collaborative BMAS community at large present
the opportunity to reach methodological consensus guidelines and propose minimal standards that would
strengthen the quality of our scientific output, increase comparability and prepare the field for multi-site
preclinical and clinical studies which can pave the way to sound clinical translation. As a first step,
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incorporation of the BMAS nomenclature (Bravenboer et al., 2019) and adherence to the methodology
reporting guidelines presented here (Table 1) will ensure a common language for our community.
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Preface

The work in this chapter started as a side project, as most are wont to do. Having taken it upon myself as
one of my first missions on arrival in the lab, to dissect multiple whole mouse skeletons in order to see
the transitions of red to yellow marrow, it was only natural for Olaia to ask me to find or develop a tool
to quantify it. Not having located something available to my satisfaction, I embatrked on the later. With
my minimal knowledge of image processing or anything related to software development, I was
immensely lucky to have a talented bachelor student, Chiheb Boussema, join me in this quest. We would
work together closely and laboriously to iterate and re-iterate the code to near-perfection that he
developed for detection of bone marrow compartments in histological sections of murine bones. In
collaboration and under the steady guidance of Olivier Burri from the Bioimaging and Optics Core
Facility (with help also from Romain Guiet), we established a first version of the quantification tool
described in this chapter. The students that followed Chiheb, namely Teresa Koloqi and Ibrahim Bekri,
arduously worked to improve the next versions of the code, to bring it to a working condition that could
be shared with the community. It is a great pleasure to receive requests from labs across the world asking
to use it, and having come to the point where we can finally share what will hopefully become a useful
tool to the bone marrow adiposity community and beyond. While Teresa and 1 were eager to develop the
tool for human trephine biopsies, it became clear that the samples varied too greatly from those of mouse
for proper detection, and it would require in depth analysis and changes to the code. It is gratifying to
know that this is now being undertaken as a PhD project by Rita Sarki.

The realization of this tool would not have been possible without the expertise of Bettina Bisig, Rossella
Sarro, and the support of Laurence De Leval from the Pathology Department at the Centre hospitalier
universitaire vaudois, as well as Carmen Barcena in Spain and Valentina Nardi in Massachusetts. I am
humbled by their wisdom, incredible kindness, and generosity that know no bounds. It has been my honor
to have the opportunity to discuss fundamental questions and to receive their invaluable feedback for the
project.

The amount of bone marrow transplants, bone dissections, tissue processing, sectioning, slide scans, and
quantifications that accompany this project are immense. Therefore, I am grateful to any help that I had
from Shanti, Vasco, Aurélien, Frédérica, and Naveed along the way — be it in preforming a transplant or
a blood sampling or changing decalcification solutions and performing quantifications, those times when
I had another experiment running in parallel. We were also lucky to have the opportunity to test our
plugin on sections processed with a different protocol in another lab, and for that I thank Erica Scheller
for her generosity and readiness to provide the samples.

The team of the Histology Core Facility require particular acknowledgement for the patience of
developing new protocols for bone (that aren’t always straight-forward) with the expertise of Jessica
Dessimoz and the technical help of Gianni Mancini, Agneés Hautier and Nathalie Miller.
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Graham Knott and Stéphanie Rosset from the Bioelectron Microscopy Core Facility were especially
kind to provide materials and help with the osmium staining of the bones. Roy Combe from the
Phenotyping Unit was also very supportive with initiating me into pCT, always doing his best to find

answers to my many questions.

Incredibly, Nicolas Kunz who worked at the Center for Biomedical Imaging, was offered his time and
talent generously to for a first attempt and visualizing the BM by Magnetic Resonance Imaging (MRI) in
mice. This is an incredible undertaking knowing the size of a murine bone that is no more than two
centimeters long and a few millimeters wide with the marrow cavity that is to be detected even smaller.
This falls just barely within the sensitivity of a 14.1 or 9.4 Tesla MRI machine. This was Nicolas’ first time
imaging murine bones and I thank him for his faith and commitment to the project. There were many
times when it seemed we were fighting against the limits but with Nicolas’ trust and perseverance, we
managed to reach our dream after three years of unwavering effort. Being able to work with Nicolas was
a true joy and one of the most positive experiences of my doctorate, for which I am very grateful. The
sequence that we developed is a powerful tool for 7 vive temporal quantification of marrow adipose tissue
changes, that I hope others in the lab will be able to make good use of in the years to come.

Bringing together the methods described above, this chapter aims to provide robust, reliable, and
reproducible ways in which to quantify changes in BMA in the mouse skeleton. First, we describe the
novel digital pathology tool for detection and quantification in histological hematoxylin and eosin stained
paraffin sections of murine bones. We validate the developed tool by comparison to assessment of
hematopoiesis by the pathologists, and by comparison to bone and adipocytic volume through uCT
measurements coupled to osmium-tetroxide stains of decalcified bones. We then apply the tool in a
homeostasis setting of the standard C57BL6/] female juvenile mouse as well as with increasing BMA in
age. We also use it to quantify changes in the marrow compartments in the setting of irradiation- and
transplantation induced aplasia. We are able to draw similarities between the quantification of these
changes with those observed in the same setting with MRI measurements. These quantifications also
allow us to observe whether a reciprocity exists between any of the BM compartments.
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Introduction

Bone marrow adipocytes (BMAds) were long considered as passive fillers of the marrow cavity, but have
relatively recently accepted as occupying an important role within the bone marrow microenvironment
in health and disease, while also contributing to whole-body energy homeostasis (Scheller and Rosen,
2014, Scheller et al. 2016).

At birth, the murine and human skeleton is entirely hematopoietic. BMAds appear shortly thereafter and
increase throughout juvenile development in a centripetal fashion as the skeleton matures (Kricun et al.
1985). This reciprocal relationship between adipocytic and hematopoietic content has been known since
the enunciation of the “Neumann” law in 1902, describing the age-driven adipocytic conversion of the
marrow on distal bones. In humans, adipocytes become the most abundant cellular component in the
adult BM. In mice, age-dependent adipocytic conversion of the marrow is highly strain-dependent
(Scheller et al. 2015). Notably, the C57BL./6 murine strain, which constitutes the most widely used model
for experimental hematopoiesis, presents the lowest degree of BM adipocyte content upon homeostatic
skeletal maturation. A massive adipocytic conversion upon hematopoietic ablation (e.g. after chemo- or
radiotherapy) has however, been described in humans and across different mouse strains. The BM is thus
heterogeneous depending on specific skeletal location and age. Indeed, due to the macroscopic coloration
of the predominant cell types, the marrow has been broadly categorized as hematopoietic/red or
adipocytic/yellow marrow (Neumann, 1882).

At the single-cell level, however, BMAd heterogeneity was first described by the terms “labile” and
“stable”. These terms were coined upon the discovery that performic acid Schiff (PFAS) positive and
negative stains respectively differentiate “labile” BMAds interspersed within the hematopoietic red BM,
which respond to hematopoietic demand (PFAS positive) from “stable” BMAds comprising the non-
hematopoietic yellow BM of the distal long bones (PFAS negative) (Neumann, 1882; Tavassoli, 1976;
Scheller et al., 2015). The integration of macroscopic characteristics and single-cell response at the tissue
level resulted on the terms regulated Bone Marrow Adiposity (tfBMA) and constitutive BMA (cBMA),
and prompted further investigation on differential skeletal distribution, cell size and relative lipid
composition. Mechanistically, specific loss of tBMA with conservation of cMAT has been described in
the long bones upon cold exposure, and in lipodystrophic P#f knock-out mice, while an overall loss of
BMAds is characteristic of c-kit mutant W/ W» mice (Scheller et al., 2015; ITwanec et. al, 2013; Keune et
al. 2015; Scheller et al. 2015).

The association between increased vertebral fracture risk and BMA in humans, as well as hematopoietic
stem cell quiescence and BMA has prompted increased interest in marrow adiposity. Adipocytic
conversion of the marrow has been associated to increased vertebral fracture risk in humans, although a
cause-effect relationship is not clearly established (Schwartz et al. 2015). While mature BMAds generally
induce hematopoietic stem cell quiescence in human and mice, BMAd precursors and their adiponectin-
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expressing immature counterparts support hematopoietic expansion in vitro and in vivo (Zhou et al.
2017; Mattiucci et al. 2018; Naveiras et al. 2009; Ambrosi et al. 2017; Spindler et al. 2014; Ding et al. 1012;
Ding and Morrison, 2013; Méndez-Ferrer, 2010; Nakamura et al., 2017). In mouse models and patients
suffering acute BM failure or receiving chemo- or radiotherapy, a rapid and massive adipocytic infiltration
of the BM takes place (red-to-yellow transition). Following the treatment with intensive chemotherapy,
sometimes followed by hematopoietic stem cell transplantation, hematopoietic recovery ensues when
BMAds recede and functional hematopoiesis is restored (yellow-to-red transition). In the clinic,
hematopoietic activity is assessed by pathologists’ scoring of BM cellularity in trephine bone biopsies of
the iliac crest, and is functionally correlated with circulating blood cell counts. In vivo, contrast-enhanced
(CE) osmium tetroxide (OsOy) lipid staining coupled to micro-computerized tomography (uWCT) is used
in rodents, while magnetic resonance imaging (MRI) fat-to-water ratio is used in humans as Gold
Standard for quantification of marrow adiposity in the research setting. However, although highly
informative, especially on higher resolution such as nano-CT, some labs may not have access to this
method due to the high cost and toxicity of sample preparation. Accessibility to CE micro/nanoCT
and/or MRI expettise can be, thus, limited outside of clinical laboratoties ot specific research settings,

We set out to develop a tool which could provide quantitative information on BMA with means
accessible to all laboratories. Histological information obtained from hematoxylin-and-eosin (H&E)
stained paraffin sections has long been the standard method to provide information on the architecture
of biological samples. While the bone/matrow is a particulatly difficult organ to work with, in patt due
to the soft hard tissue that are juxtaposed to one another, the overall analysis of its multiple components
(bone, blood, adipocytes) provides important information to understand its physiopathology. Available
histomorphometric analysis programs usually specialize in detecting individual components, and either
require targeted staining protocols to detect specific components within the bone fraction, or use less
adapted tools from the extramedullary adipose field to quantify the BMAd fraction (Radzilo et al. 2010;
Keune et al., 2017; Iwaniec et al. 2013; Beckman et al. 2017; Styner et al., 2017; Costa et al., 2019; Syed
et al., 2008; Lee et al., 2018; Devlin et al., 2010; Bornstein et al., 2017; Wessling-Perry et al., 2017; Yang
etal,, 2018; Li et al., 20106) . In order to reduce inter-observer variability and to quantify sections of entire
bones rather than representative fields of view, automation and standardization of methods are key. We
have developed a semi-automated digital pathology Image]/Fiji plugin compatible with QuPath, named
MarrowQuant, which subdivides and quantifies the total marrow area (Ma.Ar) in H&E stained, paraffin-
embedded mid sections of mouse bones. The plugin subclassifies Ma.Ar into four actively detected
compartments: bone, the hematopoietic, the adipocytic, and the intersticial/microvascular
compartments, as well as an “undetected” area, when present. Then, MarrowQuant provides upon
segmentation a BM Ad.Ar and size distribution for individual adipocytes, both in the context of BMAd
and of extramedullary adipocytes. MarrowQuant thus provides absolute and relative areas for discrete
BM compartments, thus calculating the hematopoietic cellularity and adiposity on H&E stained paraffin
sections from murine whole-bones sections and, preliminarily, from human bone trephine biopsies.
Additionally, the stand-alone AdipoQuant plugin quantifies relative number and performs adipocyte
ghost size fragmentation on H&E-stained extramedullary adipose tissue.

Our software is thus complementary to other available plugins in that, together with more classically
reported values for individual adipocytes or bone components, it provides quantification of
hematopoietic cellularity while providing overall architectural segmentation of the BM space. We predict
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MarrowQuant will be a valuable addition to the rapidly evolving Digital Pathology field for use in a
fundamental or, possibly, clinical research setting.

Results
Digital plugin

Based on a combination of color and texture of whole-bone H&E stained paraffin-sections as compared
to background, MarrowQuant performs the segmentation and area quantification of four actively detected
compartments in bone sections (i) the cortical and trabecular bone, (ii) the nucleated/hematopoietic cells,
(iii) the BM adiposity, based on adipocyte ghost detection, and (iv) the interstitium/microvasculatute,
which recognizes both red blood cells and the eosinophilic protein or serous infiltrate that fills the
remaining marrow space. If present, areas within the marrow space that are not recognized as any of the
above will be categorized and shown as “Undetected area”. The total marrow area (see “Image processing
logic” for definitions) is then used as denominator to calculate the percentage of each of the detected
areas. From the adipocyte ghost segmentation, MarrowQuant additionally approximates the adipocyte
count and size distribution. This function can be also applied to extramedullary adipose tissue sections
with the stand-alone AdjpoQuant script that runs directly through Fiji. The MarrowQuant plugin for bone
sections operates through QuPath using Fiji as an extension, thus allowing the user to work with a more
intuitive interface.

Image processing logic

Image files from total slide scans acquired at 20x magnification (VSI format or extracted TIFF files) are
directly loaded into QuPath or opened with Image] for processing. Firstly, and prior to image processing,
the user must manually identify the region of interest (ROI) to be analyzed, denoted as “Tissue
Boundaries”. The magnetic wand tool in QuPath greatly simplifies this step. The user may also classify
at this step regions that should be excluded from processing as “Artefacts”. In our dataset, we excluded
at this step fixation artefacts which are common upon retraction of the marrow tissue from the
endosteum. We also systematically excluded the retraction artefact that creates a central vein lumen.
Secondly, a representative small area within the Tissue Boundaries must be defined as “Background” and
will serve as a reference background correction factor for the whole ROI. These regions are selected
manually by the user with built-in drawing tools in QuPath and assigned the corresponding annotation
class. Preset parameters for adipocyte ghost circularity, roundness, and size are defined, but may be
changed by the user depending on their application (e.g. tissues of different origin).

Extramedullary adipocyte quantification with AdipoQuant

As suggested by the opposing effects of adipocyte hyperplasia and adipocyte hypertrophy, the
measurement of adipocyte size and number has become relevant in the context of multiple
patho/physiological conditions (Shao et al., 2018; Lu et al., 2018). We thus developed AdipoCount to
provide the adipocyte detection function as a stand-alone plugin which detects the total area covered by
adipocyte ghosts and identifies individual adipocyte ghosts through recognition of the remaining
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membranes, providing a fragmentation size distribution count which can be applied to extramedullary
tissues (Figure 3.1). Of note, adipocytes can only be identified as lipid ghosts in H&E images, as the lipid
content in the vacuoles is dissolved on the alcohols used for the processing. Changes in relative adipocyte
size of a whole adipose tissue may be thus quantified with the AdipoCount script directly in Fiji, without
the need to install QuPath for the full MarrowQuant plugin. The user must manually outline “Tissue
Boundaries”, unwanted “Artifacts”, and the “Background” as described above. Not drawing any “Tissue
Boundaries” will result in the plugin analyzing the entire image. A .txt file is generated upon processing
which lists the adipocyte ghost fragmentation count and size. The tool relies on identification of intact,
clearly H&E stained membranes for the most reliable generation of a watershed algorithm that fragments
the mask. Therefore, a reliable size distribution is highly dependent on the quality of sample preparation
(including staining, sectioning, and image acquisition).
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Figure 3.1|Extramedullary adipocyte fragmentation as petformed by AdipoQuant. a unprocessed image, b
adipocyte ghost membrane detection and fragmentation (cyan), ¢ adipocyte size fragmentation distribution. Scale
bars are 50um.

Bone marrow quantification with MarrowQuant

Following the initial manual steps performed by the user in setting “Tissue Boundaries”, excluding
“Artifacts”, and defining the “Background” within the QuPath environment as described above, the full
MarrowQunant plugin first identifies the bone compartment within the given “Tissue Boundaries”. The
bone mask is then subtracted to generate the total area of interest that we define as the “Total Marrow
Area”. Within the “Total Marrow Area”, nucleated cells are first detected to generate the “BM
Hematopoietic Cellularity” mask. A watershed mask then detects and defines adipocyte ghosts by their
intact cell membranes in the remaining area to generate the “BM Adiposity” mask. Finally, both the
serous infiltrate and the red blood cells, located either within the microvasculature or dispersed across
the marrow space, arte detected based on their ecosinophilic properties to define the
“Interstitium/microvasculature” mask. The remaining area within the “Total Marrow Area”, if any, is
then quantified as “Undetected Area”. The five masks are mutually exclusive in the priority order
specified above. Thus, MarrowQuant segments the marrow space to provide an output of four
compartments, plus the remaining undetected area when applicable, and after excluding the “Bone” mask
uses the “Total Marrow Area” as denominator to calculate the “percent BM Hematopoietic Cellularity”,
as well as the “percent BM Adiposity”. Derived parameters are then the adipocyte size fragmentation
distribution, and the ratio of hematopoietic area over the hematopoietic and adipocytic areas combined.
A mask output for the four defined compartments overlaid on the original image (Figure 3.2) lets the
user confirm the results.
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Figure 3.2| Masks of bone marrow compartment areas detected by MarrowQuant. a Unprocessed H&E image,
b bone detection (green), ¢ nucleated cell detection (violet), d adipocyte ghost detection (yellow), e interstitium
and microvasculature (pink). Scale bars are 50um.

Comparison with gold standards

MicroCT is an established technique used to quantify changes in bone mineral density and bone
architecture. It is now widely used in the field of BM adiposity for lipid detection. Ex »ivo CT imaging of
the native bone when it is combined with a second CT acquisition after bone has been decalcified and
stained with the highly lipophilic dye OsO,. This procedure is usually referred to as OsO, contrast
enhanced microCT or OsO,4-CE-uCT. We thus compared the volumetric assessment of lipid content via
OsO4-CE-uCT in C57BL/6 murine long bones to the MarrowQuant two-dimensional assessment of BM
adipocyte area in mid-bone sections (Figure 3a, 3b). Importantly, mid-bone sections were defined by a
complete bone silhouette plus the presence of the distal marrow space in the mid-sagital tibial sections,
and the femoral head marrow space in mid-longitudinal sections of the femur. Quantification of
contralateral bones (right versus left) with the two techniques over a range of percentage adiposity
spanning from 0% — 64% indicates a high correlation (R*=0.81) despite the comparison of a volumetric
with a two-dimensional assessment.

Hematopoietic cellularity, often simply referred to as marrow “cellularity”, is the assessment by trained
pathologists of the percentage hematopoietic content within the marrow. This assessment is often
complementary to molecular and cytogenetic techniques for establishing the diagnosis of certain
hematological disorders characterized by either hypercellularity (e.g. myeloproliferative neoplasias) or
hypocellularity (e.g. hypoplastic bone marrow failure syndromes), or to follow disease progression and
response to treatment. A common example is the evaluation of leukemic response to treatment after
myeloablative chemotherapy. Of note, in the clinical diagnostic setting, values for normal cellularity of
standard trephine biopsies from the pelvic bone in humans are corrected for age such that normal, age-
adjusted cellularity is described by the formula: 100% - age (years).

While studying a “training-set” of 79 images from murine marrow spanning pathologist evaluated
cellularities of 0% to 100%, which was used to set up the MarrowQuant code, we noticed that
pathologists seem to subconsciously exclude the vascular space to estimate cellularity. As our program
presently does not distinguish between the interstitium and microvasculature, we propose two general
calculations to estimate cellularity depending on the type of sample, and therefore the biological context.
These two calculations can be presented as the equations below.

hematopoietic area

ratio = (Equation 3.1)

(hematopoietic+adipocytic) area

hematopoietic area

ercent = uation 3.2
p (Eq

total area of interest
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We find that BM sections of high cellularity, where the BM cavity is mostly taken up by hematopoietic
cells, or in sections of high adiposity where hematopoietic cells are interspersed within an adipocytic
marrow, Equation 3.1 (that we define as a ratio of hematopoietic area to the combined hematopoietic
and adipocytic area) best fits the pathologists’ estimate of the hematopoietic content. This calculation
excludes the area taken up by blood vessels centrally. In images of bones with intermediate states of
adiposity, especially in cases of aplasia when lesions of blood vessels typically occur and their hemorrhagic
components disperses within a large part of the marrow space, Equation 3.2 (a percentage hematopoietic
area of the total area of interest) is applied to account for the hemorrhage and as such regarding the total
marrow space.

MarrowQuant computes both equations and they have a high correlation with pathologists’ evaluations
when applying either calculation to the training-set of images. While Equation 3.1 ratio (Supplementary
Figure Al.1a, Appendix A, R*=0.91) strongly agrees on the high cellularity cases, there is a discrepancy
on mid- to low cellularity samples. Equation 3.2 becomes more robust in determining the % BM
cellularity in these intermediate cellularity and hemorrhagic cases (Figure 3.3¢c, R*=0.95) as the calculation
takes into account all components of the marrow space (Total Marrow Area as denominator). However,
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(as opposed to pathologists’ evaluations) BM cellularity calculated with Equation 3.2 never reaches 100%
precisely because it takes into account the entirety of the marrow space. In highly hematopoietic samples
pathologists seem to make a subconscious switch to use Equation 3.1 instead. Despite these context-
dependent choices on denominator for the pathologist Gold Standard assessment, MarrowQuant is
robust and precise in delivering the percentage area of a compartment relative to the total marrow space
(as a combination of all compartments). Reproducibility was assessed on a separate validation-set of
images (n=59 Supplementary Figure Al.1b, Appendix A).

Applications

We hypothesize that quantification of BM components as a first architectural assessment of BM
regeneration may provide valuable information on homeostatic states and disease progression. The
C57BL/6 mouse constitutes the most widely used animal model in experimental hematopoiesis. Its
skeleton is often assumed to be homogeneously hematopoietic, whereas it has now been well-described
that BMAds are interspersed within specific regions of the marrow (Naveiras et al. 2009; Scheller et al.
2015).

Homeostasis

Here we provide for the first time a quantitative BMA skeletal map of the homeostatic C57BL/6 eight
week-old female mouse, which reveals a transition of low adiposity (high cellularity) red BM to high
adiposity (low cellularity) yellow BM in the proximal to distal regions of the skeleton (Figure 3.4). This
transition is most notable in the proximal-to-distal tibia, and the first caudal vertebrae of the tail
(Supplementary Figure A1.2). The extremities of the skeleton such as the metatarsals or caudal tail
vertebrae (e.g. Cd5, 6216% adiposity) are highly adipocytic whereas the axial skeleton such as the sternum
(1.0£0.5% adiposity) and thoracic/lumbar vertebrae are almost entirely hematopoietic. These gradients
of red and yellow marrow have also been reported in human, where the adult skeleton is nearly completely
adipocytic. Location-specific BM adiposity may be explained from the perspective of skeletal
development, musculoskeletal forces, and temperature gradients (Tavassoli and Yoffey, 1983).
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Age

BMA has been described to increase with age, which may in part be attributed to the terminal
differentiation and depletion of BMAd precursors, and in part to the potential protective function
assigned to mature BMAds of surrounding cells such as HSCs. In C57BL/6 mice, significant differences
in BM adiposity are seen between eight weeks and 18 months of age (Figure 3.5a, 3.5b). The femurs of
juvenile mice at eight weeks of age contain relatively few BMAds (2£1%) that are mostly located at the
distal site. With age, BMA in this region increases slightly to 4+2% adiposity (P=0.03) and also appears
in the proximal femur (Figure 3.5a, 3.5¢). While the distal tibia already contains BMAds at an eatly age
with 4+1% adiposity at eight weeks old, BMA expands further up the BM cavity, especially at the
epiphysis of the proximal tibia to 31+14% (P=0.01) at 18 months old (Figure 3.5b, 3.5d). BMAJ size
fragmentation distributions of the distal versus proximal tibia in homeostasis (eight week-old C57BL/6
females) shows the distribution shifted toward larger adipocyte size on the distal tibia (Figure 3.5¢) as has
been previously reported (Scheller et al., 2015). Aged mice (18 month-old C57B6 females) have a similar
distribution of BMAJ size fragmentation of the proximal and distal tibia with comparatively larger sizes
in the proximal tibia with regard to the young animals (Figure 3.5f). Interestingly, other strains such as
the C3H, with high bone mass, or NSG, that are prone to obesity, have highet BMA than the C57BL/6

strain.
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Figure 3.5|Red-to-yellow transition with aging. MarrowQuant results of (a) femurs (n=3) and (b) tibiac (n=3)
from eight week-old and 18 month-old C57BL/6 females with representative images of femurs (c) and tibiae (d).

Error bars represent mean =+ s.d. P-values indicated for purple hematopoietic compartment and yellow adipocytic
compartment are *P<0.05, **P<0.01. e BMAd fragmentation distribution of the proximal (purple) and distal
(orange) eight week.old tibia (n=10) versus (f) the 18 month-old tibia (n=3). BMAd: bone marrow adipocyte.

Stress hematopoiesis

In pathophysiological circumstances such as in osteoporosis, anorexia, or obesity, the marrow becomes
infiltrated with adipocytes. Particularly in stress hematopoiesis such as the aplasia associated to
hematopoietic failure, the plasticity of the marrow becomes very apparent. In the timespan of several
weeks, the marrow undergoes a rapid red-to-yellow conversion. To overcome malignant hematopoiesis,
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the BM is ablated with radio- or chemotherapy followed by BM transplantation. In our lethal irradiation
model, the marrow initially becomes necrotic and highly hemorrhagic due to the breakage of the
sinusoidal wall (day 4-10 post-transplant) and release of red blood cells (RBCs) and serous infiltrate.
During this time, circulating white blood cells and platelets are reduced 10-fold (data unpublished).
Shortly thereafter BMAds begin to occupy the marrow space such that the BM reaches peak adiposity at
day 15-20 post-transplant (Figure 3.6). With revascularization, the new hematopoietic system starts to
recover around day 25 post-transplant with circulating blood levels exiting severe thrombo- and
neutropenia (<200 cells/ul and <0.5 cells/ul respectively). Over the next several weeks, blood counts
increase and eventually return to normal levels of functional hematopoiesis (Supplementary Figure A1.3).
Importantly, the overall peak of aplasia and time of recovery in this model closely resembles that observed
in patients undergoing HSC transplantation (Schmitz et al, 2002; Dominietto et al, 2002).
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Figure 3.6 |Red-to-yellow-to-red transition in bone marrow aplasia and hematopoietic recovery. MarrowQuant
results for quantifications of (b) femurs and (c) tibiae in hematopoietic recovery. d changes in BMA fraction
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from MarrowQuant measurements extracted from (c), n=10. All error bars represent mean + s.d. BM: bone
marrow; BMA: bone marrow adiposity; BMAd: bone marrow adipocyte; MRI: magnetic resonance imaging.

Examination of the C57BL/6 skeleton at murine peak of aplasia shows that myeloablation renders the
entire skeleton of the C57BL/6 eight week-old female mouse non-hematopoietic and highly adipocytic
(Figure 3.6a2). Changes in BMAJ size fragmentation of lethally irradiated mice as compared to
homeostatic C57BL/6 eight week-old females, indicates a shift toward more and larger BMAds in the
proximal tibia (Figure 3.5e¢ and 3.6e). The increase in number and size signifies hypertrophy and
hyperplasia of the labile BMAds at the peak of aplasia putatively originating from a differentiation of
skeletal stromal/stem cells or pre-BMAds. However, a small change in size fragmentation of the stable
BMAGds in the distal tibia suggests that the these could also be undergoing regulation. A similar red-to-
yellow-to-red conversion occurs in the femur during the time of aplasia. Just as with CE-puCT in
homeostasis, we set to validate these findings with MRI as an available tool for Gold Standard
measurements of BMA. This is to our knowledge the first BMA quantification performed in murine limb
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bones, which was possible through access to a 9.4 Tesla magnet for small animal imaging. We chose MRI
in vivo imaging as an alternative to ex vivo imaging because repetitive imaging allows for a very significant
reduction on the number of animals required to study the kinetics of marrow recovery, as compared to
the ex vivo terminal experiments. MRI analysis validated the time course of marrow recovery in the femurs
of mice undergoing lethal irradiation followed by HSC transplantation, as compared to MarrowQuant
quantification of full bone mid-longitudinal sections (Figure 3.6d). Additionally, MRI analysis could also
reveal that the proximal femur appears to recover more rapidly than the distal portion, which already
contains some BMAds duting homeostasis (stable/constitutive BMAds). In conclusion, volumettic
measurements by MRI show a progression of fat signal that corresponds to the bidimensional
quantification of adipocyte ghosts observed on histology with one of the most commonly used
techniques to estimate fat content of a tissue (Glover, 1991).

Human samples

MarrowQunant has been developed for quantification of mouse bone H&E stained paraffin sections and is
also able to detect BM compartments in human trephine biopsies (Figure 3.7). Due to the different nature
of human biopsies compared to mouse samples, several parameters of the plugin must still be optimized

to obtain accurate and reliable measurements.

AR 5

Diagnosis: Acute myeloid leukemia with macrophage activation syndrome

B, oo YTy o, ot - £

Figure 3.7 | Application in human samples. a MarrowQuant detects BM compartments in human trephine biopsies
that complements disease state and pathologists’ diagnosis. Scale bars are 50um.

While samples analyzed from mice have the entire bone encompassing the marrow still intact, trephine
biopsies although similar in size (roughly 2cm long and 5mm in diameter) also have trabecular bone but
not the cortical bone encompassing the marrow. Cells are larger in general thus presenting a different
texture to stained mouse sections and may also present with a larger degree of serous infiltrate that is not
detectable with the current version of MarrowQuant. Initial correlations, however indicate promising
results (pathologists n=2, images n=37, R*=0.93, data not shown).

Conclusion

While standard practices of evaluating BM cellularity in the field of hematology have existed for many
years, the field of bone marrow adiposity is newly emerging and thus methods of quantification are
currently being defined. Classical methods such as histomorphometry reveal abundant information about
a specimen but automatization of not only sample preparation but also quantification is required to
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increase accuracy, comparability, and reproducibility of results. This is rapidly developing in clinical and
experimental pathophysiology with image-analysis programs emerging for quantification and detection
of specific cell types related to disease progression. Classical histomorphometry in combination with
fluorescent staining, has the possibility to reveal as much information of cells in highly multiplexed images
as conventional flow cytometry analyses. Eventually such tools may supplement and become routinely
integrated in current diagnostics.

General and hematopoietic detection

MarrowQuant relies on the uset’s definition of a region of interest and artifacts that may arise from sample
processing (such as fixation retractions). High-quality stained sections provide best results as the tool
relies on intact adipocyte membranes and an even staining coloration for quantification. Image
acquisition is also an important initial aspect of preparation as the tool relies on background identification,
and therefore stitched images should not show a gradient that would produce an uneven shade of the
background and influence subsequent processing steps. Despite these measures that must be accounted
for on setup, the automation of image quantification with MarrowQuant means that numerous samples
can be batch processed. While the automated quantification takes up to four times longer than a
pathologists” assessment of BM cellularity (four minutes versus one minute per image), it provides
information on several BM compartments at once that the human eye may not be able to estimate in
parallel. Apart from initial setup, human biases are eliminated and area values are given in absolute terms.
Thus, MarrowQuant does not provide a regional gradient of cellularity or adiposity within the whole organ
(such as for example in the case of hematopoietic recovery post-aplasia with first loci of hematopoiesis
appearing), nor does it proved a fine evaluation of what the cellularity means like a cytology report would
provide. Despite discordances in mid-cellularity regions, MarrowQuant cellularity calculation falls within
the range of pathologists’ estimations. As such, the potential value to the clinic lies in the standardization

of evaluations, and automation for research laboratories is also pertinent.

Adlipocyte detection

In our hands, the adipocyte-only detection function of AdjpoQuant is somewhat more convenient to apply
on extramedullary tissue than other current open-source softwares developed specifically for white
adipose tissue. Although the number of adipocytes obtained ate similar, the area identified by
MarrowQunant seems truer to size in that the fragmentation of the adipocytes lies clearly on the membranes
and not within the adipocyte itself when compared to Adiposoft. Identifying an area of interest before
quantification also allows the user to quantify whole tissue sections and eliminating regions that may be
irrelevant for a particular analysis (such as vasculature) and therefore obtain a result without additional
fragmentations of areas that do not consist of adipocytes. One caveat is that adipocyte size fragmentation
is a comparative measure and MarrowQuant may hyper- or hypo-fragment adipocytes where membranes
are not clear when Adiposoft more frequently does not. This goes in hand with the detection of false
positive adipocytes (Supplementary Figure Al.4, Appendix A), however, this does not contribute
significantly to the overall size fragmentation distribution of the adipocytic area (data not shown). When
membranes are intact, as is more often the case with extramedullary adipose tissue due to the nature of
the samples, it is a negligible factor. However, for BM sections this will be largely dependent on the
quality of the sample and absolute values must be interpreted with caution. Thus, while Adiposoft may
give a more accurate total adipocyte count, MarrowQuant will be truer to the total adipocytic area and
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distribution. Importantly, histological tissue sectioning provides only a segmentation and therefore an
estimate of adipocyte size but is comparable to whole volumetric measurements with other methods.

Inherent errors

While megakaryocytes may contribute to bone area due to their large cytoplasm and similar staining color,
this does not affect the total bone area significantly (data not shown) Similatly, osteoblasts or bone lining
cells that have a similar color and texture to the nucleated cells that make up the hematopoietic mask, are
included in the hematopoietic area (Supplementary Figure A1.4, Appendix A). If this has importance for
the user, the cells lining the endosteum may be excluded from the region of interest (or included as
artifacts) initially. The interstitium/microvasculature is well detected by MarrowQuant but may be slightly
problematic in specific cases such as on hemorrhage with leakage of vessels if most red blood cells and/or
serous infiltrate does not remain to fill the space upon tissue fixation. In these cases empty spaces must
be taken as artefacts in order for them not to be counted as adipocytes, thus changing the total area of
interest. Depending on the section of a bone in general, it may be cut through the central sinusoid that
then fills a large proportion of the marrow cavity and thereby also influences the total area of interest
(that includes all compartments). These are examples of issues that the user should be familiar with and
aware of when presenting results.

Human application

The most important difference between human and mouse samples that affect MarrowQuant results lies
in the fact that hematopoietic nuclei are less densely packed in human tissue. The cytosolic space of
mouse hematopoietic cells is relatively small in histological sections and therefore not an issue for
MarronwQuant that currently only recognizes the nuclei as the hematopoietic compartment. In human
samples, where the cytosolic space is comparatively larger, it will be necessary to include the cytosolic
space when trying to assess the cellularity. This raises new technical questions outside of the scope of
this paper on how to segment the hematopoietic compartment in human samples to overcome this issue.
Other less problematic processing issues come from visible color differences between mouse and human
samples. The duller stain of the human samples has consequences on the efficiency for the thresholding
methods used in the code and can sometimes result in mis-segmentation. The observed color difference
may be due to the nature of the samples, the preparation and staining protocols, and subsequent storage
of slides before image acquisition. The method for decalcification of the bone is different which may
influence bone staining. Additionally, human slides were imaged weeks after staining whereas mouse
image where scanned days after staining. These points could explain the observed color alteration in
human samples. Thus, technical adaptations are still needed for an improved quantification of human
BM.

Outlook

The semi-automated digital pathology tool for QuPath or Image], quantifies four detectable BM
compartments (adipocytic, hematopoietic, bone, intetstittum/mictovasculature) and the remaining
undetected area, if any, on H&E stained paraffin sections of whole intact murine bones. H&E is one of
the most common and routinely performed histological stains. While paraffin sections present only one
slice of the whole organ, in our expetimental setup with bones of C57BL/6 mice, the quantification
correlates highly with expert pathologist evaluations in H&E and volumetric quantifications of the
contralateral whole bone by microCT combined with osmium-tetroxide staining. Moreover, we were able
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to apply the non-invasive technique of MRI to follow changes in fat signal on hematopoietic recovery
that corresponds to histological assessment with MarrowQuant and blood recovery. In addition,
MarrowQuant provides a size fragmentation distribution of adipocytes and thus may additionally be
applied to H&E sections of extramedullary white (omental or inguinal) adipose tissue.

Future iterations of the tool applied to human samples will incorporate machine learning methods to
overcome the hurdles of the distinct morphology of human tissue and detection of specific cells (e.g.
macrophages and megakaryocytes with large cytoplasms, immune cells). While we also aspire to separate
the extravascular marrow space (interstitium) from the vascular space (microvasculature), our technology
does not currently allow for that. Close collaboration with clinical pathologists will help to further develop
this tool for human application.

Methods
Mice

Eight-week old C57BL/6] were purchased from Charles River Laboratories International and maintained
at the Center for Studying Living System (CAV) at the EPFL in microisolator cages. Mice were provided
continuously with sterile food and water ad libitum, and bedding. In vivo procedures were carried out in
accordance with the Swiss law after approval from the local authorities (Service Vétérinaire de ’Etat de
Vaud) and experiments were designed according to the ARRIVE guidelines.

Human samples

Images of human bone marrow H&E stained paraffin sections from diagnostic samples of patients
undergoing treatment for acute myeloid leukemia were received for analysis as blinded images form from
the Centre Hospitalier Universitaire Vaudois (CHUYV). The trephine biopsies were processed for standard
pathology diagnosis and H&E stained paraffin sections were scanned using a 20x objective. This work
was performed under the approval of the local ethical authorities (CER-VD).

Bone marrow transplantation

Eight week-old female C57BL/6 mice wete lethally irradiated with a total 850 rad dose in a X-ray radiator
(RS-2000, RAD SOURCE) 24 hours before transplant. The dose was split in two doses of 425 rads
separated by a 4-hour interval. Total bone marrow cells were isolated from crushed bone marrow of eight
week-old female C57BL/6] donor mice in phosphate buffered saline (PBS, Life Technologies
10010056) solution with ImM EDTA (Thermo Fisher Scientific 15575020). Total BM cells for
transplantations by S.R.S were obtained by flushing instead of crushing. Red blood cells were removed
by incubation with ice-cold lysis buffer (BioLegend) for 30 seconds. Samples were filtered through a
70pm cell strainer (Sigma Aldrich CLS431751) and centrifuged at 300g for 10 minutes at 4°C. Recipient
mice were injected with 125,000 donor cells via tail-vein injection. For at least two weeks after lethal
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irradiation mice were treated with paracetamol and antibiotics in the form of 30mg of Enrofloxacin
(300wl of Baytril 10% solution, 100mg/ml, Bayer) and 5mg of Amoxicillin (100ul of Amoxi-Mepha
200mg/4ml, Mepha Pharma AG) as well as 500mg of Paracetamol (Dafalgan®) to 250ml of drinking
water protected from light. Peripheral blood was collected to assess blood recovery (blood volume 50ul)
and analyzed by standard veterinarian blood cell counter (ABC™). Mice were sacrificed by CO.
inhalation.

Magnetic Resonance Imaging

All experiments were conducted on a 9.4T/26cm hotizontal magnet (Agilent/Varian) using a home-built
quadrature transceiver of 20mm diameter loops (Figure A3.1, Supplementary 3, Appendix A). Animals
were anesthetized with 1.5% of isoflurane, respiration and temperature were monitored during the whole
study. Animals were placed on their side and the leg was immobilized in a contracted position. A triple
point Dixon acquisition (Glover, 1991) was performed using a spin-echo based sequence (te=9ms,
tr=1.5s) with ten coronal slices of 0.8 mm on a FOV 25x20 mm?2 (acq. Matrix 192x128). Dixon’s
technique in combination with a spin-echo based sequence minimized signal loss of the marrow due to
bone magnetic susceptibility. Three acquisitions were performed with the echo acquisition shifted 0, 0.4
and 0.8 ms corresponding to the fat-water chemical shift of 1250Hz at 9.4T. Images were reconstructed
using a homebuilt Matlab script to extract water and fat maps. Phase unwrapping was performed using a
toolbox from Matlab file exchange (Ghiglia and Pritt, 1998). At the end of the MR acquisitions, animals
were sacrificed, tibia and femur were dissected to conduct histology and validate MR Dixon acquisitions.

Histology

Bones were extracted, and cleaned of soft tissue. Long bones and cranium were placed loosely in
histology cassettes while spine (including tail) and paws were placed in histology cassettes (Simport M505-
11) with sponges (Simport M476-1). Bones were fixed for 24 hours at room temperature in 10% neutral
buffered formalin (VWR 11699404), then rinsed three times with phosphate buffered saline (1x PBS)
solution. Bones were decalcified in 20% sodium-citrate (Sigma Aldrich 71405) and formic acid (ROTH
4724.3) solution (v/v) for 30-36h ot in 0.4M EDTA pH 7.4 (Sigma Aldrich 607-429-00-8) for two weeks
(solution changed every three days) at room temperature. Bones were washed three times in PBS or under
running tap water for two hours before transferring to 70% ethanol (Reactolab 96170). The tissues were
submitted for stepwise dehydration and embedded in paraffin blocks for sectioning at 3-4um thickness
with a rotary microtome (RM, Leica microsystems). After floating on a water bath to flatten, sections
were mounted on glass slides (Superfrost+ slides, Menzel gliser). Paraftin sections were stained with
Hematoxylin and cosine (H&E) using the Tissue-Tek Prisma automate (Sakura) and permanently
mounted using the Tissue-Tek glas G2-coverslipper (Sakura) to assess morphology.

Image acquisition and processing

Whole-slide images were acquired with an automated slide scanner (Olympus VS120-SL) at 20x
magnification with focus points along the total area of interest or using the in-situ focus mode using the
accompanying software (Olympus VS-ASW 1100 2.9). VSI files obtained from scanning were directly
loaded into QuPath for analysis on Windows or Mac operating systems. Extracted TIFF files were also
used for analysis. Parameters are pre-set but adjustable by the user if deemed necessary (see tutorial). The
software workflow follows basic morphological operations, color deconvolutions, thresholding,
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smoothing operations and watershed as annotated in the code provided as open source and described in
the technical guidelines. When accounting for pre-processing steps such as the drawing of the regions of
interests as well the as the segmentation process, it typically takes around ten minutes in order to obtain
MarrowQuant outputs for an image with a sample of a mouse bone. Technical details are annotated in
the code and details on download, installation and use of the plugin with the Fiji and QuPath softwares
are given in the tutorial (Supplementary 2, Appendix B).

MicroCT

Fixed bones were scanned for reconstruction of undecalcified bone. Samples were placed in an
Eppendorf tube with PBS and scanned using a Quantum X-Ray Micro-CT Scanner (Perkin Elmer
Quantum) at 90kV, 160pA, CT 160, live 80 and field of view (voxel size) 20um? at setting Fine for two
minutes per sample. A hydroxyapatite phantom was included as control. The software suite provided by
the manufacturer was used for image acquisition and reconstruction. Bones were then processed further
with formic acid decalcification and osmium tetroxide staining.

Osmium Tetroxide Staining

Decalcified bones were rinsed in distilled water. Osmium tetroxide solution was prepared fresh (1%
osmium tetroxide (Electron Microscopy Sciences 19110), 2.5% dichromate potassium solution (VWR
1.04864.0500)) and samples stained in 20ml glass scintillation vials (Electron Microscopy Sciences 7632)
in 2ml of solution at room temperature for 48 hours. Bones were washed with distilled water three times
and transferred to Eppendorf tubes with distilled water for microCT acquisition as done previously.
Quantifications were done on the Analyzer 10.0 software (Analyze Direct, Inc.).
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Preface

This chapter brings together biology and engineering in an example of what can come of a beautiful
international collaboration. It started at a BMA kick-off meeting in 2017 where Olaia Naveiras,
Guillaume Penel, and Guillaume Falgayrac discussed the possibility of applying Raman
microspectrosopy to study the lipid composition of bone marrow adipocytes. It seemed to me at the time
almost too simple to bear fruit. Of course, it was Guillaume Falgayrac from the University of Lille
who would apply his technical expertise and diligence to analyze thousands of lipid droplets that made
their way from Lausanne to Lille. At the same time a student landed in the lab, Naveed Tavakol, who
would perform many of the differentiation protocols.

It was always interesting to discuss the project with Guillaume and to understand it from the engineer
and biologist’s perspective. It was through many Skype sessions that we were able to piece together the
beginning of a manuscript. Along came Alexandrine During who would bridge the gap, willing to
perform HPLC analysis on our samples. Early results were positive, encouraging us to perform RT-qPCR,
for which Aurélien Oggier in our lab was an incredible help. Vasco Campos also lent his expertise for
the co-culture assays and provided material for Pernille Yde Rainer who was understanding and kind
enough to perform RNA-seq analysis days before a meeting.

The road has been long afterall, and for me it started in my early days at EPFL long before that initial
meeting as I started collecting patient marrow aspirates, carefully isolating the oil fraction of the scarce
bone marrow adipocytes. This tie to the hospital was encouraging and is what often motivates me.
Fortunately, or unfortunately, the mouse model is a strong contender for experiments as human samples
are relatively rare and precious. I was able to isolate oil from the distal tibia of mice and convince
Jonathan Paz Montoya to perform mass spectrometric analysis on this and one human sample. Over
the years I have scraped together any bone marrow adipocyte oil samples I could for subsequent lipid
analysis.

This chapter aims to highlight differences in BM adipocytes on the population, single cell, and single
droplet with regard to lipid composition and on the hematopoietic support capacity in culture.
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Introduction

Bone marrow adipocytes (BMAds) make up an intriguing adipose depot contained within the bone
marrow cavity of vertebrate animals (Craft and Scheller 2017). While two subtypes of BMAds with distinct
properties are known to exist, much about their nature remains elusive. The distal parts of the skeleton
predominantly house the adipocytic or yellow marrow made up of the so-called stable or constitutive
BMAds (cBMAds) that appear just around birth, while proximal locations of the skeleton contain the
labile or regulated BMAds (rBMAds) interspersed within hematopoietic or red marrow (Kricun et al.
1985, Scheller et al. 2015). While rBMAds are smaller in size and respond readily to induction of BMA
such as high fat diet caloric restriction and lipolytic stimuli including phenylhydrazine or beta3-adrenergic
activation through environmental factors or pharmacologically, it is argued that cBMAds do not
(Doucette et al. 2015; Scheller et al., 2016; Tencerova et al., 2018; Thouzeau et al., 1997; Cawthorn et al.,
2014; Tavassoli et al., 1974; Scheller et al., 2015; Scheller et al., 2019), (Scheller et al. 2015; Scheller et al.,
2019;cCraft and Scheller 2017; Horowitz et al.,2017).

The international BMA community is adamantly working towards characterizing the different BMAds
and their origin within the skeleton. While concrete definitions are being established and true BMAd
classification markers are yet unidentified, the gold standard for classifying the two known types of
BMAGs is by the composition of their lipid content (Chapter 2; Tratwal et al., 2020). The first reports by
Mehdi Tavassoli showed that the yellow marrow from the os calcis of rabbits was high in the unsaturated
palmitoleic acid (16:1), whereas fatty acid composition of the red marrow of the vertebrae was richest in
saturated palmitic acid (16:0). Congruently "H-MRS and gas chromatographic data from human subjects
consistently showed that BMAT from sites of red marrow has highly saturated lipid content compared to
the mostly unsaturated lipids detected at yellow marrow sites (Ren et al. 2008, Scheller et al. 2015). Primary
cBMAds from rat tail vertebrae and distal tibia were likewise shown to contain a higher proportion of
unsaturated fatty acids as measured by unsaturation ratio of 16:1n-7/16:0 and 18:1n-9/18:0, compated to
the tBMAds isolated from lumbar vertebrae or femur plus proximal tibia (Scheller et al. 2015). From
murine samples, it is considerably more challenging to obtain sufficient BMAT samples due to the size
of the animal as well as the amount of BMAT present in the bones. To our knowledge, the lipid
composition of murine BMAds has not been described to date. However, it seems there is a conservation
of the differences in the fatty acid unsaturation ratio (16:1n-7/16:0) and saturation index (18:0/18:1n-9),
at least from rat- to rabbit- to human, between BMAT of red and yellow marrow.

In a model of congenital generalized lipodystrophy (CGL) that is marked by partial or complete loss of
adipose tissue Ptrf/- mice have BMAT only in the tail vertebrae and very distal tibia with a loss of BMAds
at- and proximal of the tibia-fibula junction (Hayashi et al. 2009, Liu et al. 2008, Ding et al. 2014, Scheller
et al. 2015). This is accompanied by a small increase in cortical bone mineral content in adult male mice
and a large increase in trabecular number and cortical bone mineral content in females (Scheller et al.
2015). PIRF encodes for cavin-1 which is a protein required for the formation of caveolae and formation
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of caveolins (Thorn et al. 2003, Hill et al. 2008, Liu and Pilch et al. 2008). These results point toward
differential regulation of lipid droplet (LD) formation in red and yellow marrow, but to what extent this
is due to divergent transcriptional programs or part of a stabilization of the adipocytic differentiation
program remains to be determined. Isolation of BM stroma for differentiation and analyses of BMAds 77
vitro to study these processes in mouse models is challenging due to the amount of material obtained from
one bone (let alone the distal portion of the tibia alone). This is compounded by the fact that the defining
surface markers that would aid in purification of BMAd progenitor populations from homeostatic mice
are still not clearly defined or do not discriminate between the labile and stable BMAds (Ambrost et al.
2017).

A promising alternative to primary cells for 7z vitro studies is the multipotent bone-marrow derived non-
clonal OP9 stromal cell line (Gao et al. 2010, Naveiras, 2008). It is originally derived from the calvaria of
newborn osteopetrotic mice ((C57BL/6xC3H)F,-op/op) deficient in macrophage colony-stimulating
factor (M-CSF), useful for studies of hematopoietic cell development and differentiation that is sensitive
to M-CSF (Nakano et al. 1994, Takakura et al. 1996). OP9 cells have been described as preadipocytes
capable of readily differentiating to adipocytes, and express the transcriptional activators
CCAAT/enhancer binding proteins (C/EBP) « and B, together with the master regulator of adipocyte
differentiation peroxisome proliferator activated receptor-y (PPARg), and perilipin (PLIN), a
phosphoprotein associated with the surface of lipid droplets (Wollins et al. 2006). Thanks to their
multipotency, hematopoietic support-, and adipocytic differentiation capacities, these cells are optimal for
in vitro studies on BM adipogenesis. Due to their non-clonal nature and inherent heterogeneity, it would
be of interest to study the differentiating OP9 cells at the single cell level. Established assays such as
single-cell RNA sequencing provide the potential for powerful gene expression analysis (Tratwal et al.,
2020). Caveats in this rapidly-evolving field are dominated by the importance of cell preparation, which
is especially cumbersome with fragile lipid-filled adipocytes. More recently a high-throughput image
quantification platform of adipocytic differentiation by lipid droplet accumulation has been developed
requiring minimal handling to avoid perturbation of the culture (Campos et al., 2018). While not limited
by end-point analysis or introduction of handling or preparation biases, this technique does not provide
information on the molecular composition of the cells. Techniques capable of combining manipulation-
free, label-free single-cell imaging with analysis of molecular composition are thus of great interest to the
field of adipogenesis.

Raman microspectroscopy is a powerful technique attracting growing interest in a variety of scientific
disciplines. The Raman effect originates from the inelastic or non-linear scattering of photons with
vibrational energy gained by a molecule from the shift in energy of the incident photons, and thus can
directly probe vibration states in molecules (Jones et al. 2019). This vibrational spectroscopic technique
combines multiple advantages for the characterization of cells such as differentiated osteocytes and lipid
accumulation in adipocytes or translocation of lipids within macrophages in culture (Ghali et al. 2015,
Stiebing et al. 2017). It is a label-free method, non-invasive and does not require specific sample
preparation, with a sub-cellular resolution on the scale of ~1pum. Raman microspectroscopy provides the
molecular composition with spatial data, where standard methods provide bulk information (e.g. mass
spectroscopic and chromatographic methods). Therefore, OP9 adipocytic differentiation in minimal or
standard conditions, combined with lipid profiling by Raman microspectroscopy would make for a
powerful tool to aid in the understanding of BM adipogenesis.
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We set out to further characterize the OP9 stromal cells and OP9 differentiated adipocytes (whether
spontancously or through induction of the adipogenic differentiation program) by their gene expression
and lipid profiles to draw a comparison with that currently known for primary BMAds. Additionally, to
test the interaction with a hematopoietic component, we assessed the hematopoieic support of OP9 cells
from these conditions in short-term co-cultures with hematopoieic stem and progenitor cells (HSPCs).
We hypothesized that the OP9-derived adipocytes that develop upon simple serum induction may
resemble labile/regulated BMAds in their lipid composition and hematopoietic support capacity, while
OP9-derived adipocytes generated from full biochemical induction of the adipogenic differentiation
program may better resemble stable/constitutive BMAds.

Results

Differentiating OP9 cells resemble primary BMAds

Mass-spectrometric analysis revealed similar lipid profiles for primary isolated murine and human BMAds
from highly adipocytic regions of the marrow, with triacylglycerols (TAGs) as the most abundant lipid
species (Figure 4.1). For human BMAds, primary oil samples were collected from human tibial plates as
the floating layer during the first centrifugation steps for the preparation of bone fragments for clinical
grafting (Figure 4.1a). For murine samples, distal tibiae were first carefully flushed and then centrifuged
to obtain the oil sample by flotation (Figure 4.1b). Although similar lipid profiles are observed in the two
species, the minor differences observed may be either species-specific or secondary to the isolation
procedures. Obtaining high adiposity samples from mice for lipid profiling is thus possible and could be
enhanced via induction of BMA through dietary modification, pharmacological administration, or
secondary to chemotherapy. However, as discussed in Chapter 2, the sample size remains very small for
subsequent analysis and cell-culture-based studies. Moreover, the BMAds isolated upon BMA induction
may be inherently different to the constitutively present BMAds. For these reasons we set to develop
alternative /z vitro methods to test the relationship between BMAJ lipid content and hematopoietic

function.

To circumvent the challenges of handling and culturing primary BMAds (that are prone to bursting and
rapidly de-differentiate in culture), we chose to work with the OP9 cell line (Gao et al .2010) that readily
differentiate to adipocytes in culture (Wolins et al. 2006) under minimal conditions (in the presence of
serum) and may be induced by a classical adipocytic differentiation cocktail (containing insulin,
dexamethasone, and IBMX). Upon 17 days in culture, both conditions contained a majority of
differentiated adipocytes (Figure 4.2) with a significantly greater prevalence of Oil Red O staining of
lipids in the induced condition (p<<0.01) compared to bascline undifferentiated OP9 cells (Figure 4.2g).
The spontaneous condition stained less with Oil Red O and the spontaneous OP9-adipocytes (sOP9
adipocytes) seemed to contain smaller lipid droplets than the induced OP9-adipocytes (OP9-adipocytes)
at day 17.
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Figure 4.1| TAGs are the most abundant lipid species in primary human and murine BMAds. Oil purified from
primary BMAd samples obtained from (a) human tibial plate preparation from a 56-year-old female, or (b) flushed
murine BM of the distal tibiae pooled from two eight-week-old B6 females, were analyzed by mass spectrometry
revealing TAGs as the main lipid species. BMAds: bone marrow adipocytes; TAGs: triacylglycerols.

Global differences in lipid content measured with high performance liquid
chromatography

Following the 17-day 7 vitro culture, we analyzed the global fatty acid composition of the cultured BM-
derived OP9 cells on the two differentiated conditions by high performance liquid chromatography
(HPLC). Total FA contents and profiles were similar in undifferentiated and spontaneous OP9s (uOP9
cells and sOP9 cells, respectively). When comparing the induced versus spontaneous conditions, classical
adipogenic induction of OP9 cells iOP9) led to a six-fold higher total FA accumulation than the
spontaneous OP9 differentiation, sOP9 (Figure 4.3c, note the logarithmic scale). Relative fatty acid
composition (Figure 3.3a-b) revealed similar enrichment for saturated FAs (SFAs), and preferential
overall enrichment of monounsaturated FAs (MUFAs) in iOP9 (Figure 4.3a2). Interestingly,
polyunsaturated FAs (PUFAs) were relatively enriched in sOP9 as compared to the iOP9 condition
(Figure 4.3a), while the absolute content in PUFAs was similar for both conditions (Figure 4.3c). Fatty
acid profiles (Figure 4.3c-d) revealed a preferential enrichment in MUFAs in iOP9 cells (47% against only
36% MUFAS in sOP9 cells), mostly to the detriment of PUFAs (only 2% in iOP9 cells versus 10%
PUFAs in sOP9 cells) (Figure 4.3c). The most abundant PUFA species was arachidonic acid (20:4 n-0),
whose abundance was significantly higher in the iOP9 condition. In relative terms, though, PUFAs
linoleic (18:2 n-6) and arachidonic acid (20:4 n-6) were enriched in the sOP9-adipocytes at 5% of total
FA while making up only 1% of FA in iOP9-adipocytes (Figure 4.3b, d). Analysis of individual FA
composition for SFAs and MUFAs revealed most notably a significant enrichment for palmitoleic acid
(16:1) MUFA in the iOP9 condition (29%) versus the sOP9 (9%) condition, with a trend to consistent
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reciprocal enrichment of 18 carbon FAs in the sOP9 condition: steatic acid (18:0, sOP9 11% vs. iOP9
4%, oleic acid (18:1, sOP9 26% vs. iOP9 16%) and linoleic acid (18:2 n-6, sOP9 4% vs. iOP9 1%)).

Undifferentiated Spontaneous Induced

5x objective

10x objective

g OilRedO

b

20x objective

Figure 4.2| Population-level differences in minimal and classical induction of adipogenesis. a-h OP9 cells were
(a, d) passaged subconfluently and remained undifferentiated on day 17 in culture, (b, e, h) differentiated
spontaneously upon confluency in the presence of serum for 17 days, or (e, f, i) induced with a classical adipogenic
differentiation cocktail in the same serum-containing conditions, also after confluent plating and 17 days in culture.
g Oil red O measurements show the highest adipogenic differentiation in the induced condition at day 17 in

culture. **P<0.01 by Bonferroni’s multiple comparisons test. Error bats represent mean T s.d.
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Figure 4.3 | Classical induction of murine-derived OP9 cells leads to preferential accumulation of unsaturated
lipids at the population level. a-d HPLC analysis of spontaneously-differentiated or induced OP9-adipocytes
revealed (a) a higher unsaturation content in induced (67%) versus spontaneous (50%), and (b, d) nuances of the
most abundant saturated, mono-, and polyunsaturated lipid species. **P<0.01, *P<0.05 by two-tailed Students t-
test. Error bars represent mean T s.e.m.

Overall, the most abundant saturated and unsaturated lipid species revealed by the HPLC profiles were
stearic acid (18:0), most prevalent in the sOP9-adipocytes, and palmitoleic acid (16:1), most abundant in
the iOP9-adipocytes (Figure 4.3b). The prevalence of palmitoleic acid (16:1) in iOP9-adipocytes
corresponds to the most abundant FA species historically described within the highly adipocytic areas of
the rabbit skeleton, then-denominated yellow or stable marrow and which encompasses the now-
denominated constitutive BMAds. Similatly, the HPLC profiles obtained for the spontaneous condition
(sOPY) correspond closely to those described for proximal areas of the skeleton containing adipocytes
intermingled within highly hematopoietic marrow (Tavassoli et al. 1977). These results indicate that, at
the population level, sOP9 adipocytic cultures may share similarities with the labile/regulated BMAds of
the red marrow and that the iOP9 adipocytic cultures may have characteristics of the stable/constitutive
BMAds of the yellow marrow.

Raman microspectroscopy captures unsaturation content at the single
droplet level

While HPLC analysis can measure differences in chemical composition at the population level, it does
not capture the heterogeneity within the individual adipocytes. Raman microspectroscopy represents a
powerful yet non-invasive and label-free method to assess the lipid composition of adipocytes 7 vitro.
Molecular imaging allows for the acquisition of individual spectra and the evaluation of morphological
features at the level of single lipid droplets (Figure 4.4).
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Raman shift ‘ Raman images

Figure 4.4 |Single-cell level heterogeneity in differentiating OP9 cells. a-b Differentiating OP9 cells in culture
show heterogeneity of lipid droplets within cells for which Raman spectra are acquired at a given position in (a)
spontaneous OP9-adipocytes, and (b) induced OP9-adipocytes. Numbers within the lipid droplets indicate the
position of the individual Raman spectra acquired per lipid droplet. ¢ Individual Raman spectra of saturated (blue)
and unsaturated (red) lipids are produced for each lipid droplet measured. d Representative Raman images of
saturated (top) and unsaturated (bottom) lipids from the same cell. Scale bars are 10um.

Raman spectra, representative of the molecular composition of LDs, were acquired in adipocytes of the
spontancous and induced conditions only, as the undifferentiated condition presented with very few if
any lipid droplets. As a first approach, we assessed the unsaturation ratio at the population level. The
unsaturation ratio is recognized as a measure for the content of unsaturated FA and is obtained by the
proportion of saturated to unsaturated bands (Equation 4.1).

AWC=C)

Unsaturation ratio =
A(WC—H)

@.1)

Equation 4.1| Lipid unsaturation ratio measured by Raman microspectroscopy.

Following global analysis, the lipid composition was assessed at the adipocyte level by the analysis of
averaged spectra per adipocyte by PCA. It revealed two main Raman spectra characteristic of saturated
and unsaturated lipids. On the PCA score plot, each point represents an averaged spectrum per adipocyte.
Most of the spectra from iOP9-adipocytes (81%) form a cluster in the negative score along PC1, while
the spectra of sOP9-adipocytes are scattered along PC1 (Figure 4.5a). This indicates that the molecular
composition of LDs in sOP9-adipocytes is heterogeneous compared to iOP9-adipocytes, and that the
conditions are not characterized by LDs that are uniformly composed of either saturated or unsaturated
lipids, but rather a mixture thereof.

PC1 captures 78.20% of the variability and separates the Raman spectra based on the saturated and
unsaturated profiles (Figure 4.5b). Based on both score plots and PC1, the cluster LDs of iOP9-
adipocytes is assigned to unsaturated lipids. The LDs of sOP9-adipocytes are composed of a mixture of
unsaturated and saturated lipids. The mixture exists between adipocytes and also within the adipocytes
themselves as illustrated by the Raman image showing LDs composed of saturated and unsaturated lipids

(Figure 4.4d).

These results are in congruence with the results of Scheller and colleagues who found the unsaturation
index to be a discriminant factor between lipid profiles from primary rat lumbar vertebrae, femurs, and
proximal tibia (hematopoietic red marrow rich in labile/regulated BMAds) compared to distal tibia and
caudal vertebrae (adipocytic yellow matrow rich in stable/constitutive BMAds) (Scheller et al., 2015).
Thus, our data on lipid unsaturation of 7 vitro sSOP9- versus iOP9-adipocytes agrees well with the extent
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of variability explained by the lipid unsaturation ratio measured 7z vivo on proximal BMAds from
hematopoietic marrow versus distal BMAds from adipocytic marrow.
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Figure 4.5|Raman microspectroscopy measures lipid content at the single droplet level revealing two dominant
spectra of saturated and unsaturated spectra. a PCA score plot of Raman spectra labelled according to spontaneous
(orange) and induced (yellow) conditions. b The same PCA score plot as (a) labelled according to the assignment
of Raman spectra as saturated (blue) and unsaturated (red) lipids.

We first hypothesized that the smaller size of lipid droplets in sOP9 adipocytes may solely explain their
lower unsaturation ratio. While LD diameter was significantly greater (p<<0.0001) in the iOP9-adipocytes
(7.44£3.47um) versus the sOP9-adipocytes (4.80+1.81um) (Figure 4.6a), this could not directly predict
the difference in unsaturation ratio of 0.16+0.05 versus 0.124+0.02 respectively as obtained by Raman
microspectroscopy (data not shown). The overall differences in unsaturation ratio was more pronounced
with HPLC analysis (p=0.0004) at 1.02%0.27 versus 0.19£0.11 for iOP9-adipocytes and sOP9-adipocytes
respectively, aligning with previous reports for primary stable/constitutive and labile/regulated BMAds
(Scheller et al. 2015). Notably, analysis of the LD diameter to unsaturation ratio, shows that the size of
saturated LDs is similar in both conditions (Figure 4.6a). However, unsaturated LDs are overall bigger in
size than unsaturated LDs, with a possible predominance in iOP9 (Figure 4.6b).

Whereas at the population level there is a predominance of saturated or unsaturated lipids in spontaneous
or induced OP9-adipocytes, their individual LDs consist not purely of one species but rather a mixture
where the largest LDs are predominantly unsaturated. Taken together, this points to possible sequential
stages of LD (and adipocyte) maturation in the sOP9 versus the iOP9 conditions, and thus suggests a
continuum with smaller LD being mostly saturated, an intermediate stage of LD maturation that are of
largely mixed composition, and the most mature LDs that are large and unsaturated.
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Figure 4.6 | Raman measures lipid unsaturation ratio at the single droplet level. a Lipid droplet diameter is greater
in induced OP9-adipocytes (yellow) versus spontaneously differentiated OP9-adipocytes (orange). b Lipid droplet
diameter does not correspond with difference in mean unsaturation ratio (r2=0.005). A trend toward larger
unsaturated lipid droplets in the induced condition is observed. Error bars represent s.e.m. **P<0.0001 by
Student’s t-test.

Saturation differences may be due to incomplete adipogenic maturation

To better understand the kinetics of adipocyte and LD maturation, we analyzed the gene expression
profiles by RT-qPCR on the spontaneous and induced OP9-adipocytes after seven or 17 days in culture
compared to undifferentiated OP9 cells. While all differentiated OP9 cells expressed the fatty acid
binding protein (Fabp4), a marker of adipogenesis, at significantly higher levels than undifferentiated OP9
cells, the expression of early transcription factors and mature adipocyte markers in iOP9-adipocytes was
slightly shifted compared to that of the sOP9-adipocytes (Figure 4.8a). On day 17, the carly stage BMAd
marker adiponectin (AdipoQ) was slightly more elevated in sOP9-adipocytes however C/¢bpa was most
highly expressed in iOP9-adipocytes on day 17. C/EBPa acts in concert with PPARg which was more
evenly expressed in the differentiated cells. Interestingly, lipoprotein lipase (Ip/)) which catalyzes the
hydrolysis of extracellular TAGs to FAs and glycerol for uptake, was highest in sOP9-adipocytes on day
7 and significantly lower in iOP9-adipocytes on day 17 of culture. The opposite was true for adipose
triglyceride lipase (A#g) that catalyzes the initial step of intracellular TAG hydrolysis, which increased
with time and differentiation in culture.

From these results it would seem that sOP9-adipocytes tend to express earlier markers of adipogenesis
than iOP9-adipocytes and favor FA uptake, whereas the iOP9-adipocytes express maximal levels of
classic markers of adipogenic maturation while favoring intracellular lipolysis. This may indicate earlier
and later stages of adipocytic maturation, as would be measured by morphological features such as LD
accumulation and dissipation over time, leading us to investigate how this could partially be reflected in
enzymatic markers of FA biosynthesis (Figure 4.8b). FAs are synthesized by de novo lipogenesis (DNL)
via fatty acid synthase (FAS encoded by the fatty acid synthases gene FLASN) from malonyl-CoA or
obtained from the diet (or culture medium) as essential fatty acids (Figure 4.9). SFAs are desaturated to
MUFAs by A9-desaturases stearyl Co-A desaturase-1 (§ed7) and -2 (§¢d2). These are elongated by
clongation of very long chain fatty acids proteins (Elovls). w6 essential FAs can be further desaturated
by A6- and A5-fatty acid desaturases (Fads) to long chain PUFAs and eventually converted to eicosanoids.
Sed is highly expressed in all differentiating OP9 cells but most significantly upregulated in iOP9-
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adipocytes on day 7 (Figure 4.8b). S¢d2 is also significantly increased compared to undifferentiated OP9
cells. Fads? and Fads2 however, are slightly higher in sOP9-adipocytes than in the induced condition.
Elovll similarly decreases with long-term induced differentiation. These gene expression patterns are in
agreement with the Raman and HPLC results that showed SFAs and PUFAs to be most frequent in the
sOP9-adipocytes while the MUFA palmitoleic acid (16:1n-7) was most abundant in the induced condition
(Figure 4.3).
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Figure 4.8| Kinetics of gene expression in short- and long-term differentiating OP9-adipocytes compared to
undifferentiated OP9 cells. a Markers of adipogenesis are increased in induced OP9-adipocytes. b Desturase
expression is highest in day 17 induced OP9-adipocytes while an elongation marker of fatty acids is decreased.
#FP<0.0001, ¥¥*P<0.001, **P<0.01, ¥P<0.05 by Bonferroni’s multiple compatisons test. Error bars represent
mean T s.d. Undiff.: undifferentiated; Spont.: spontaneous; Induc.: Induced. RT-qPCR of the day 17 spontaneous
condition did not yield results, likely due to poor RNA quality.

The majorly saturated FA content of sOP9-adipocytes versus unsaturated FAs of iOP9-adipocytes,
supported by differences in adipogenic and desaturase gene expression, may reflect an incomplete
adipogenic maturation of the OP9 cells 7 vitro that replicates the iz vivo reported differences of labile and
stable BMAds. This is also reproduced in RNA-sequencing (RNA-seq) data (Figure 4.10) where
adipogenic genes are most highly expressed in 17-day differentiation of iOP9-adipocytes as is Scdl,
whereas Fads are more upregulated in sOP9-adipocytes, congruent with our results by RT-qPCR.
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Figure 4.9| Schematic of fatty acid synthesis of major lipid species. Green: most frequent in spontaneous OP9-
adipocytes by HPLC or RT-qPCR analysis; blue: most frequent in induced OP9-adipocytes by HPLC or RT-qPCR
analysis; grey: not measured by HPLC or RT-qPCR; dotted grey arrow: not a process in vertebrates. Chemical
structures were generated with MolView v2.4.

Labile BMAds reside in hematopoietic areas of the marrow whereas stable BMAds comprise the less
hematopoietic, more predominantly adipocytic marrow. Although mature BMAds inhibit hematopoietic
proliferation through the induction of hematopoitic stem cell quiescency (Naveiras et al., 2009), immature
BMAds may be supportive to hematopoiesis (Zhou et al., 2018). Indeed, RNA-seq data revealed that as
compared to day 7 iOP9-adipocytes, day 7 sOP9-adipocytes more highly and significantly express the
hematopoietic supportive factors C-X-C Motif Chemokine Ligand 12 (Cx¢/72) and c-Kit Ligand (KizL).
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Figure 4.10| Expression of significant markers by RNA-seq in short-term differentiation of spontaneous and
induced OP9-adipocytes. a Expression of desaturases (violet). b Adipogenic matkers (blue) are upregulated in
induced while hematopoietic supportive factors (red) are upregulated in spontaneous OP9-adipocytes.

Hematopoietic support capacity

The RNA-seq data from the short-term OP9 differentiation, indicate that sOP9-adipocytes express lower
levels of adipocyte-specific genes compared to iOP9-adipocytes while expressing hematopoietic
supportive factors more highly. To quantify the effect of hematopoietic support in a functional manner,
we co-cultured hematopoietic stem and progenitor cells (HSPCs) identified as cKit LinScal™ (KLS) for
seven days with the differentiated OP9 cells at a ratio of 1 HSPC to 10 OP9 cells. A high number of KIS
cells was added in proportion to OP9 cells in order to confound the effects of the heterogeneity of the
HSPC population. This avoids downstream stochastic, clone effects on analysis secondary to differences
in the HSC content across wells, which although small, would be exponentially exaggerated after co-
culture. At the end of the seven-day co-culture period, flow cytometric analysis revealed that total
hematopoietic expansion of 2,000 seeded HSPCs was 4.5-fold greater (p<0.0001) with the sOP9-
adicpoytes as feeder (Figure 4.11a). The total hematopoietic cells in suspension were significantly lower
in the induced versus spontaneous condition (p<0.05) whereas the more immature progenitor cells that
are typically in close contact and adherent to the OP9 cells were significantly lower in the undifferentiated
condition (p<0.01). This suggests iOP9-adipocytes may favor support of immature hematopoietic
progenitors, although not with the same efficiency as the sOP9-adipocytes. These phenotypic analyses
are supported by assessing the functional capacity in cobblestone-forming assays (Figure 4.11b). The
total number of hematopoietic colonies per initial number of HSPCs seeded, after the seven-day co-
culture was significantly higher with sOP9-adipocytes as feeder cells at 0.13 colonies per KLS versus 0.01
colonies. All three colony categories, from the shiny consisting of more mature hematopoietic cells to
the mixed and cobblestone colonies which contain the most immature hematopoietic progenitors were
all significantly increased (P<<0.05) in the spontaneous condition. Thus, HSPCs co-cultured with sOP9-
adipocytes could form cobblestone colonies characteristic of hematopoietic stem and primitive
progenitor cells in culture, but not with iOP9-adipocytes reflecting the 7 vitro short-term hematopoietic
expansion characteristics. To understand to which extent secreted factors from the OP9-adipocytes
contributed to hematopoietic expansion, HSPCs were cultured for two days in different concentrations
of conditioned media of OPY cells. The conditioned media were prepared by allowing OP9 cells to
differentiate spontancously for five days, or by short and long induction of OP9 adipogenesis for five
days and seventeen days respectively. Following the differentiation period, the media of the OP9-
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adipocytes was then changed to fresh basal medium, and harvested after two days for culture with HSPCs.
The conditioned medium from undifferentiated OP9 cells was hatrvested from confluent OP9 cells that
were cultured for two days in basal medium. HSPCs were then sorted and cultured in the absence of
stroma in increasing ratios of conditioned medium to basal medium. After two days, hematopoietic
expansion was greatest for HSPCs cultured in the highest concentration of undifferentiated-conditioned
medium (Figure 4.11c). HSPCs cultured in conditioned medium from iOP9-adipocytes didn’t show a
significant expansion after two days in culture, independently of an iOP9 induction protocol of seven or
seventeen days. However, the conditioned medium from sOP9-adipocytes was substantially more
supportive to HSPC maintenance, although less than those cultured in conditioned media from
undifferentiated OP9 cells. This effect increased with higher ratios of conditioned-to-basal medium.
Thus, secreted factors from OP9 cells are sufficient to maintain HSPCs for at least two days z»-vitro, while
this capacity markedly decreases upon adipocytic differentiation of the OP9 cells.
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Figure 4.11|Short-term co-culture of OP9-adipocytes with hematopoietic stem and progenitor cells favors
hematopoietic expansion in the spontaneous condition. a Total hematopoietic cell expansion of 2000 initial HSPCs
after seven days in co-culture (including cells in adherent and cells in suspension) is significantly higher (p<<0.0001)
when hematopoietic stem and progenitor cells, HSPCs, (cKit*Lin-Scal*, KLS) are co-seeded with spontaneous-
compared to induced OP9-adipocytes. b The colony forming capacity of HSPCs seeded with spontaneous OP9-
adipocytes is significantly higher (P<0.05) than when cultured with induced OP9-adipocytes. ¢ Total hematopoietic
expansion (in the absence of stroma) after two-day co-culture of 2000 HSPCs in conditioned medium from OP9-
adipocytes comprising increasing ratios of conditioned-to-fresh media. ****P<0.0001, **P<0.01, *P<0.05 by
Bonferroni’s multiple comparisons test. Error bars tepresent mean * s.d.

Indeed, in a competitive transplantation setting, progeny from KLS that had been co-cultured with iOP9-
adiopcytes had significantly lower short-term reconstitution capacity one month post-transplant
compared to those cultured with sOP9-adipocytes (Naveiras, 2008). Interestingly, this was ameliorated
in the long-term reconstitution six months post-transplant and was attributed to the hematopoietic cells
in suspension, suggesting that iOP9-adipocytes maintain HSCs in quiescence in semi-/suspension. Taken
together, the hematopoietic support capacity iz vitro of sOP9-adipocytes is supetior to that of iOP9-
adipocytes, aligning with the 7 vivo counterpatts of the labile/regulated and stable/constitutive BMAds.
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Conclusions

This chapter presents a novel application of Raman microspectroscopy to measute lipid un/saturation
heterogeneity at the individual LD resolution in a label-free, non-destructive manner, which we have
applied in the context of 7 vitro adipogenic differentiation. Raman microspectroscopy has allowed us to
propose the spontaneous/induced OP9-adipocyte differentiation system as an 7z vitro model to study the
metabolic and functional characteristics of the two described subtypes of BMAds: labile or regulated and
stable or constitutive.

We show that sOP9-adipocytes resemble primary labile BMAds and are more permissive to
hematopoiesis than iOP9-adipocytes, resembling the stable BMAds of the marrow. This is reflected in
their gene expression profiles upon adipocytic differentiation, the lipid composition, and hematopoietic
supporttive properties. OP9 cells that spontaneously differentiate towards adipocytes in the presence of
serum more highly express eatly adipogenic markers and have a high unsaturation content of palmitic
and stearic acid. Meanwhile OP9 cells that were actively induced toward adipocytic differentiation have
higher levels of unsaturated lipids, in particular palmitoleic acid while also having increased expression
of the A9-desaturase S¢d! and showing upregulation of later markers of adipogenesis. These results are
in good agreement with reports on primary rat, rabbit, and human BMAT of the red a yellow BM
(Tavassoli et al. 1976, Scheller et al. 2015). The sOP9-adipocytes had significantly higher expression of
Lp/ that mediates fatty acid uptake for storage while iOP9-adipocytes had increased expression of Azg,
the key enzyme that initiates hydrolysis of TAGs. This could support the notion that these two adipocyte
types may present two different maturation stages of the adipogenic differentiation program. Indeed, the
sOP9-adipocytes are more supportive to hematopoiesis (either through contact or secreted factors) than
the iOP9-adipocytes, as seen by their capacity to form hematopoietic colonies and to stimulate
hematopoietic expansion (Figure 4.11). This agrees with reports of adiponectin expressing BM
pre/adipocytes being necessary for hematopoietic expansion (Zhou et al. 2017) while mature BMAds
rather inducing HSCs in quiescence (Naveiras et al., 2009).

Outlook

Diseases of lipodystrophy may provide insights into the formation of BMAds that we are still struggling
to understand (Scheller and Rosen 2014, Scheller et al. 2015). Patient-derived serpin-deficient
lymphoblastoid cell-lines, were shown to have an increased proportion of SFAs with a decrease in
MUFAs which are the principle products of Scdl, indicating decreased Scdl activity. Moreover, LD
number and size were increased compared to control (Boutet et al. 2009). Impaired A9-desaturase activity
in nematodes also led to decreased TAG accumulation and LD size that could not be rescued completely
by supplemented dietary oleate (Shi et al. 2013). Therefore, it appears that LD size is driven by the ability
of Scdl to synthesize unsaturated FAs. Although our results did not show a strong correlation of LD
size with lipid unsaturation, which may be marked by the heterogeneity of the combined cultures, we did
observe that the largest LDs were always predominantly unsaturated. The increase in S¢d7 that we observe
with induced adipocytic differentiation is a promising lead supporting the hypothesis that iOP9-
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adipocytes resemble cBMAds which may represent a more stable counterpart to the sOP9-adipocytes.
Further studies will reveal if this holds true with knock-down of Scdl in OP9 cells that should not be
able to then unsaturate FAs during differentiation. Likewise, Scd1 reporters may facilitate the study of
the differential properties of labile/ regulated versus stable/constitutive BMAds. All together, these
results open avenues for future work on the OP9-adipocyte system to understand the mechanisms
underlying BMAd heterogeneity, to then translate findings to primary human BMAds ## vitro.

Methods

Human samples

Human oil sample of tibial plate surgical debris from a 56-year-old female was obtained from upon tissue
sample preparation for bone grafting from an anonymous organ and bone tissue donor from the
Transplants, Cell Therapy and Regenerative Medicine Unit at the Central University Hospital, Oviedo,
Spain after local IRB approval for the collaboration.

Lipidomics by LC-HRMS
Standards and solvents are listed in the Supplementary Table B.1, Appendix B.

Lipid extraction

Human oil sample (50ul, 0.041g) and separately mouse oil sample (9ul) were diluted 15 times with
chloroform/methanol 1:1. One aliquot of 5ul of each sample was extracted using a modified version of
the Blight and Dyer protocol (Blig et al. 1959). Briefly, 50ul of methanol and 120l of chloroform were
added to the sample and shaken for 2 minutes. After addition of 45ul of deionized water and vortexing
for 1min, the mixture was centrifuged at 4°C for 3min at 2000g and the lower phase was collected. The
organic phase was vacuum dried for 20min (ScanVac, Labogene) and solubilized in 50ul mobile phase A
prior analysis.

Liquid chromatography and mass spectrometry

Lipid extracts were separated on a HILIC Kinetex column (2.6um, 2.1x50mm) on a Shimadzu
Prominence UFPLC xt system. Mobile phase A was acetonitrile/methanol 10:1 (v/v) containing 10 mM
ammonium formate and 0.5% formic acid. Mobile phase B was deionized water containing 10 mM
ammonium formate and 0.5% formic acid. Gradient flow elution at 200ul/min began at 5% B with a
linear increase to 50% B over 7 min; the 50% B were held for 1.5 min and lastly the column was re-
equilibrated for 2.5 minutes. Sample solvent was chloroform/methanol 1:2(v/v), of which 2ul were
injected.

Data were acquired in full scan mode at high resolution on a hybrid Orbitrap Elite (Thermo Fisher
Scientific, Bremen, Germany). The system was opetated at 240’000 resolution (m/z 400) with an AGC
set at 1.0E6 and one microscan set at 10 ms maximum injection time. The heated electro spray source
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HESI 1T was opetated in positive mode at a temperature of 90°C and a source voltage at 4.0KV. Sheath
gas and auxiliary gas were set at 20 and 5 arbitrary units respectively while the transfer capillary
temperature was set to 275°C.

Data analysis

Mass spectrometry data were acquired with LTQ Tuneplus2.7SP2 and treated with Xcalibur 4.0QF2
(Thermo Fisher Scientific). Lipid identification was carried out with Lipid Data Analyzer II (LDA v.2.5.2,
IGB-TUG Graz University) (Hartler et al. 2011). The LDA algorithm identifies peaks by their respective
retention time, m/z and intensity. Care was taken to calibrate the insttument regulatly to ensure a mass
accuracy consistently lower than 3 ppm thereby leaving only few theoretical possibilities for elemental
assignment. Data visualization was improved with LCMSexplorer in a homemade web tool hosted at
EPFL (https://gecftools.epfl.ch/lemsexploret/login).

OP9 cell culture

OP9 cells (generously provided by T. Nakano, Kyoto University, Japan, via the Daley Lab, Children’s
Hospital, Harvard Medical School) were plated in 24-well plates (Falcon) with CaF, substrates (Crystran)
for Raman microspectroscopy and RT-qPCR, in 6-well plates (Falcon) for HPLC analysis, and in flat-
bottom tissue culture-treated 96-well plates (Falcon) for co-culture assays. OP9 cells were plated
subconfluent at a density of 5,000 cells per cm* (undifferentiated OP9 cells) or at confluency of 20,000
cells per cm® (differentiated OP9 cells) in complete medium consisting of Minimum Essential Media
alpha (MEMa) with GlutaMax™ (Gibco, catalog no. 32561) and 1% Penicilin/Streptomycin (P/S, Gibco,
catalog no. 15140) supplemented 10% fetal bovine serum (FBS, Gibco, catalog no. 10270-106) at 37°C
and 5% CO, with media changed every 2-3 days.

OP9 in vitro adjpocytic differentiation and quantification

Confluent OP9 cells were allowed to spontaneously differentiate over time in culture or induced toward
adipocytic differentiation. The adipogenic induction cocktail consisted of complete medium
supplemented 10uM dexamethasone (Sigma, catalog no. D4902), Sug/ml insulin (Sigma, catalog no.
10516), and 0.5mM isobutyl-methylxanthine IBMX, Sigma, catalog no. 15879). After four days, the
adipogenic induction medium was changed to a maintenance medium consisting of complete medium
with insulin and dexamethasone only. Media was changed every 3-4 days with aliquots prepared fresh
from stock solutions (IBMX in DMSO, insulin in phosphate buffered saline, dexamethasone in ethanol)
kept at -20°C in the dark. Short-term experiments were performed at day seven of adipocytic
differentiation and long-term experiments were carried out on day 17. Neutral lipids were stained at day
17 of culture with Oil Red O for quantification of adipogenesis in 96-well plates. First, cells were gently
washed with phosphate buffered saline (PBS, Gibco, catalog no. 10010015) then fixed for 10 minutes at
room temperature with 4% paraformaldehyde (PFA) diluted in PBS from 32% stock solution, and gently
washed three times with PBS. 100ul filtered Oil Red O solution prepared from stock solution (Sigma,
catalog no. 01391-250ML) diluted 3:2 with distilled water was added to the wells. Cells were incubated
with Oil Red O at room temperature for 45 minutes on a shaker, then washed gently with PBS three
times. 100ul isopropanol was added to the wells and incubated at room temperature. After 10 minutes,
70ul of the solution was transferred to a new 96 well plate and OD measurements read at 520nm with
isopropanol as background.
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Raman microspectroscopy

Raman acquisitions were done on a LabRAM HR800 equipped with an immersion objective (Nikon,
numerical aperture = 1, Japan) and a diode laser A=785 nm. The lateral resolution was 1-2um. Spectral
acquisition was made in the 400~1800 cm™'range and spectral resolution was 4 cm ™. The acquisition time
was set at 60s per spectrum. Raman spectra were processed using Labspec software (HORIBA, Jobin-
Yvon, France). The water immersion objective focused the laser on the center of individual lipid droplets
where one spectrum corresponds to one adipocyte lipid droplet. In total 2944 spectra were measured
over 120 sOP9-adipocytes (on average 24 spectra per adipocyte) and 2971 spectra over 138 iOP9-
adipocytes (with an average of 21 spectra per adipocyte). From the Raman spectra. The number of spectra
per well was between 60 to 110. The unsaturation ratio was calculated as ratio of area under the curve of
bands 1654cm™ / 1441cm™.

High-performance liquid chromatography

Cells were fixed with PFA as described for the adipocytic quantification above. After washing, 500ul of
PBS was left in the wells, plates were sealed with parafilm and stored at 4°C until processing for HPLC
analysis. Cells were detached from the plate with 1 mL (2 x 0.5ml) of PBS and lipids extracted with
chloroform/ methanol (2:1; v/v) under agitation for 30 min at room temperatute. The resulting lipid
extract was then subjected to a saponification, followed by a fatty acid derivatization into naphthacyl
esters as described previously (During A. 2017). Fatty acid derivatives were applied into the HPLC
Alliance system (2695 Separations Module, Waters, Saint-Quentin-en-Yvelines, France) equipped of an
autosampler (200ml-loop sample), a photodiode array detector (model 2998), and the Empower software
for data analyses. Fatty acid derivatives were eluted on a reverse phase YMC PRO C18 column (3mm,
4.6x150mm, 120A) by using two solvent systems: a) methanol/ acetonitrile/ water (64:24:12; v/v/v) and,
b) methanol/ dichloromethane/ water (65:28:7; v/v/v) under identical conditions repotted previously
(During A. 2017). Fatty acid derivatives were detected at 246 nm and quantified by an external standard
curve realized with the naphthacyl 19:0 derivative. Note that 19:0 was also used as internal standard to
evaluate FA recoveries.

Real-time quantitative PCR

At day seven or 17 of adipocytic differentiation, RNA was extracted with Trizol and cDNA was
synthesized using Taq DNA polymerase (catalog no. 10342020, Life Technologies) according to
manufacturer’s instructions. Quantitative PCR was performed in technical triplicates using the Fast SYBR
Green qPCR Mastermix with 250 pM of primer concentration (Applied Biosystems) on QuantStudio 6
(Life Technologies). AACt method was used with primers pre-validated for high efficiency (Taylor et al.,
2019). The geometric mean of housekeeping genes (RPL73 and YWHAZ) was used as reference to
calculate the fold expression of each gene relative to the samples of undifferentiated OP9 cells. Primer
sequences obtained from Microsynth are listed in Table B.2, Appendix B.

RNA-sequencing

As described previously (Campos, 2019), following a short-term 7z vitro OP9 adipocytic differentiation as
described above, 96-well plates were washed once with PBS and the total RNA was extracted using the
ZR-96 Quick-RNA extraction kit (R1050, Zymo Research) following the manufacturet’s instructions,
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including a DNA-digestion step and was finally reconstituted in 25ul ddH20. 20ng RNA was used to
prepare the library following BRB-seq protocol (Alpern et al. 2019). Only genes expressed in at least
three samples with a cpm (counts per million) greater than 1 were kept for the rest of the analysis. The
data was normalized using DESeq2 (Love et al. 2014). The differential expression analyses were
performed using DESeq pipeline with a cut-off of 2-fold increase and FDR>0.05.

/n vitro HSPC co-culture

After a short-term 7n vitro adipocyte differentiation of OP9 cells, cells were gently washed with PBS and
added pre-warmed Iscove’s Modified Dulbecco’s Medium (IMDM, catalog no. 12440053, Gibco)
supplemented 10 % FBS and 1% Pen/Strep. The washing was done using the Caliper Sciclone ALH
3000 (Caliper Life Sciences, USA) and consisted of four cycles of removing 140ul media and adding
140ul fresh IMDM media, to dilute the previous media. The wells were left with 100ul IMDM 10% FBS
and 1% P/S. HSPCs extracted from B6 ACTb-EGFP mice were plated at a ratio of 1:10 initial OP9 cells
(in volume of 100ul IMDM, totaling 200ul volume per well).

Bone marrow extraction and HSPC sorting

Total bone marrow was extracted from eight-week-old B6 ACTb-EGFP females housed in 12 hour day-
night light cycles and provided ad-libitum sterile food and water as described previously, in accordance
to Swiss law and with the approval of cantonal authorities (Service Veterinaire de I’Etat de Vaud). Total
bone marrow cells were extracted from femur, tibia and pelvis by crushing using a mortar and pestle in
ice-cold PBS supplemented 1mM ethylenediaminetetraacetic aid (EDTA, catalog no. 15575020, Thermo
Fisher Scientific). The samples were dissociated and filtered through a 70uM cell strainer (catalog no.
352350, Falcon), lysed for 30 seconds at room temperature in red blood cell lysis buffer (Biolegend,
catalog no. 420301), washed with ice-cold PBS-EDTA and centrifuged at 1300rpm for 10 minutes at
4°C. For HSPC sotting prior to co-culture with OP9 stroma, the cell pellet was stained with 50ul
biotinylated ‘lineage’ antibodies (BD, catalog no. 558451) in 1ml PBS-EDTA per six bones for 15 minutes
on ice. The sample was washed with PBS-EDTA and stained with 50pl magnetic beads of the same kit
in PBS-EDTA for 10 minutes on ice. The samples were then washed and filtered through a 70um cell
strainer (catalog no. 352350, Falcon) prior to lineage depletion using the AutoMACS Pro (Miltenyi Biotec,
USA). After depletion the negative fraction was resuspended in an antibody mix containing antibodies
against Streptavidin-TxRed (1:200), cKit-PECy7 (1:200), Scal-APC (1:100) and PI (1:1000). Cell sorting
was performed on a FACSAria Fusion (Becton Dickinson, USA) cell sorter.

In vitro HSPC co-culture

As previously described (Campos, 2019), after seven days of co-culture, the 96-well plates were removed
from the incubator and placed on ice. To count non-adherent cells, the cells were stained with CD45-
PacBlue at final concentration of 1:200, PI at 1:1000 and 5ul CountBright beads (catalog no. C36950,
Invitrogen) directly added to the media. Without any further manipulation, the plates were analyzed using
the High Throughput Sampler (HTS) module of a LSRII (Becton Dickinson, USA) flow cytometer. For
accuracy, the settings were programmed to mix the wells thoroughly before sample uptake. To count
adherent cells, separate plates were taken from the incubator, the media manually removed, and wells
washed once with 200ul PBS. 40ul of Trypsin EDTA (0.5 %, catalog no. 25300-054, Gibco) was added
to each well and incubated for five minutes at 37°C. 160ul of ice-cold PBS containing FBS (to neutralize
the trypsin), CD45-APCCy7 (1:200), PI (1:1000) and CountBright beads were added to the plates. The
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plates were stained on ice and directly analyzed via flow cytometry with an LSRII cytometer (Becton
Dickinson, USA) with the same settings as for the non-adherent cells.

In vitro condiitioned media preparation and culture

Conditioned media of four conditions were prepared. Medium from undifferentiated OP9 cells seeded
in six-well plates at confluency (20,000 OP9 cells/cm?) in IMDM (catalog no. 12440053, Gibco)
supplemented 10% FBS and 1% P/S (basal IMDM) was hatvest after two days in culture and stored at -
20°C. Confluent OP9 cells were grown in MEMu for five days, after which wells wete changed to IMDM
following three washes, and medium of the spontanecous OP9 cells harvest after two days and stored at
-20°C. Conditioned medium from short-term and long-term induced OP9 cells followed the same
protocol but with confluent OP9 cells submitted to five-day or 17-day adipogenic induction protocols
respectively before change to IMDM for harvest.

2000 live-sorted HSPCs were then plated per well in 96-well round-bottom plates in the absence of
stroma. Different ratios of conditioned-to-basal IMDM media were added. After two-day culture the
cells were stained with Annexin V, Propidium Iodine (PI) and CD45 to select for live CD45"
hematopoietic cells via flow cytometric analysis with an LSRII cytometer (Becton Dickinson, USA.
CountBright beads were added to count absolute cell numbers.

Cobblestone formation assay

OP9 cells were plated at 20,000 cells/cm’in gelatin-pre-coated 6-well plates and cultured with «-MEM
media supplemented with 10%FBS and 1%P/S. The cells were induced to differentiate using the standard
differentiation cocktail DMI, which was changed two times per week. After seven days of differentiation,
the media was washed three times with PBS and changed to IMDM supplemented with 10%FBS and
1%P/S. On the same day, 200 sorted KIS cells were added into each well. After 7 days of co-culture the
hematopoietic colonies are manually counted and scored the following way: (i) shiny colonies (defined as
round and bright cells, because they float above the OP9 stromal layer) should not contain more than 10
cobblestone cells; (i) cobblestone colonies (defined as darker ‘cobblestone’like cells, because they are
below the OP9 stromal layer) should not contain more than 20% of shiny cells; and (iii) mixed colonies
that contain both shiny and cobblestone cells.

Statistical Analysis

Values are shown as mean plus or minus the standard deviation or standard error of the mean as
indicated. Student’s t-test was performed for all experiments when comparing two conditions only, or a
Two-Way ANOVA when comparing multiple conditions, with P-values indicated for statistical
significance.

Raman spectra were processed by Principal Component Analysis (PCA). Prior to PCA, all the spectra
were normalized and mean centered. The PCA analysis allowed to highlight the difference in spectral

features between the spontaneous and induced conditions. The PCA was carried out using the PLS
Toolbox (v8.7 eigenvector Research, Inc., USA) and Matlab (Mathworks Inc., USA.)

All data are reported as mean * standard deviation. All statistical analyses were performed using
GraphPad Prism (version 8.0.0, GraphPad Software). Mean values were compared by one-way or two-
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way analysis of variance (ANOVA) followed by Bonferroni’s post hoc test. Statistical significance was
accepted for P<0.05, and reported.
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Preface

The following project sprung from a group of cross-disciplinary and dedicated scientists merging
bioengineering and biomedicine. I admire Thomas Braschler for his infectious enthusiasm, who seems
to have an ease of doing science with creative solutions, and it has been a real pleasure to work with
Fabien Bonini to make these come to life.

Thomas and Fabien provided the magical scaffold in this context, relentlessly testing it for the optimal
conditions for cell-seeding and survival. Naveed Tavakol and I performed the cellular assays that quickly
amounted to many samples. Together with Martina Genta, we catried out the rewarding 7z vivo assays.

As a team, our efforts were rewarded, yet at the same time we were lucky to bring together our own
experiences for just the right conditions. This took the form of a manuscript that was accepted without
revisions, and within 24 hours we had completed the proofs of the manuscript and filed a patent
application. Talk about efficiency!

The approach presented here and the aim of this chapter is to provide a minimalistic, scalable,
biomimetic 7z vitro model of hematopoiesis in a microcartier format that preserves the HSPC progenitor
function, while being injectable zz-vivo without disrupting the cell-cell interactions established é# vitro.
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Introduction

Hematopoietic stem cells give rise to the entirety of cellular blood components. Clinically, hematopoietic
stem and progenitor cell (HSPC) transplantation is routinely used to treat a number of hematological
diseases, namely blood cancers such as leukemias and lymphomas, as well as genetic diseases of the blood
including severe immune deficiencies and hemoglobinopathies. Successful engraftment of the HSPC
transplant in the bone marrow (BM), as well as elimination of residual disease, depends on a multitude
of factors, including the BM microenvironment or niche (Derakhshani et al., 2019; Wei and Frenette,
2018). Emergent applications for 7z vitro expansion of HSPCs and models of hematopoiesis for drug
testing also critically depend on our understanding of the BM microenvironment. Intense research efforts
have been made to recapitulate and analyze the BM niche both 7 vitro and in vivo (reviewed in Abarrategi
et al., 2018; Bello et al., 2018; Raic et al., 2014; Shih et al., 2017). To date, no standardized model, which
is applicable both 7z vive and in vitro, exists. To address this limitation, our study aims to provide a
bioengineered system to allow for simple and defined culture of hematopoietic populations, while
remaining injectable in a minimally invasive fashion for direct transfer of an 7 vitro niche to an in vivo

environment.

In vitro models have the advantage of being relatively inexpensive, and therefore provide the opportunity
for potentially large screens of therapeutics and disease conditions. Not only have 7 vitro models been
used in developing improved hematopoietic expansion protocols (Tajer et al., 2019), but they have also
demonstrated great potential for patient-specific drug screening in “organ-on-a-chip” systems
(Ronaldson-Bouchard and Vunjak-Novakovic, 2018). Beyond the classical Dexter 2D cultures, more
controlled zz vitro models include bone marrow-on-a-chip PDMS constructs (Sieber et al., 2018; Torisawa
et al., 2014), co-cultures of endothelial cells or bone marrow stromal cells (BMSCs) with HSPCs (Butler
et al,, 2012; Isern et al,, 2013; Jing et al., 2010; Li et al., 2007) in polyethylene glycol (PEG) hydrogels
(Blache et al., 20106; Raic et al., 2014), collagen membranes or mineralized scaffolds (Lecarpentier et al.,
2018; Boutrgine et al., 2018). Yet these models are typically not conceived for intact niche transfer 7 vivo,
as they require cells to be recovered from cell culture plates or bulky scaffolds.

3D in vivo systems are designed to be physiologically more relevant than 2D models. To create and control
ectopic BM niches, 7z vivo approaches have typically focused on the induction of mineralized ossicles.
Heterotopic bone structures can be generated under the kidney capsule or subcutaneously by direct
transplantation of stromal cells or pre-differentiated cartilage pellets (Tavassoli and Crosby, 1968;
Friedenstein et al., 1982; Scotti et al., 2013; Serafini et al., 2014), implantation of biomaterials together
with growth factors (Shah et al., 2019), or a combination of both cells and biomaterials (Chen et al., 2012;
Vaiselbuh et al., 2010). Such 7# vivo models have paved the way for the development of powerful tools
for preclinical research or personalized-medicine. Patient-derived xenografts (PDX) models indeed allow
for in vivo studies of normal or malignant marrow (reviewed in Abarrategi et al., 2018), and provide a
platform for physiological drug screening assays. Major challenges persist in the establishment of PDX
marrow models, as ossicles need to be established through rather complex protocols (Reinisch et al.,
2017), and expanded via hormonal treatment with daily parathyroid hormone injections for a month or
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via i situ growth factor delivery (Bolander et al., 2016; Shah et al., 2019). To enable minimally invasive
delivery of ossicle precursor material, Matrigel has been used as a carrier (Reinisch et al., 2016) with rising
concerns over the heterogeneous and batch-dependent composition of this native extracellular matrix-
derived material (Hughes et al., 2010).

Here, we develop a harmonized single system for 7z vivo and in vitro experiments in the form of a living,
injectable hematopoietic niche. To achieve this goal, we have created a co-culture system that allows for
a simple, scalable and chemically well-defined microcarrier culture of HSPCs. Concentrated into minimal
volumes, this system is also subcutaneously injectable in mice. To mimic the cellular interactions of the
hematopoietic niche, the system enables the 7z vitro co-culture of stromal supportive cells and HSPCs in
a scalable culture system, as well as a cytokine-free environment, to facilitate 7z vitro screening and possible
mass production. During the injection, the system protects the integrity of the cellular payload while
maintaining cellular interactions. Finally, zz w»ive, the biomaterial system reconstitutes a porous,
mechanically stable structure that over time allows the ingrowth of a vascular and stromal component of
host origin to complete the transplanted niche.

Our choice of scaffold is driven by the partial structural and mechanical resemblance of porous hydrogels
to trabecular bone, which have been previously shown conductive to 7 vitro (Raic et al., 2014) and 7n vivo
(Shah et al, 2019) support for hematopoiesis. Among the various porous scaffolds, compressible
scaffolds are of particular interest due to their high mechanical resilience enabling injectability (Bencherif
etal, 2012, 2015). Indeed, bulk “BM cryogels” have recently been used as minimally invasive vehicles to
generate ossicles z situ for enhancement of T cell generation via presentation of the notch ligand DLL-
4 (Shah et al., 2019). Here, we develop a cryogel-based, compressible, Collagen-coated Carboxymethyl
Microscaffold (CCM). In dilute suspension, these sub-millimetric scaffolds act as microcartiers, enabling
scalable cell culture. Yet, thanks to their specific elastic properties, they can be concentrated into a paste-
like living biomaterial, prior to minimally invasive implantation by subcutaneous injection. Iz vivo, the
microscaffolds intetlock to provide a stable, porous implant (Beduer, Bonini, Verheyen et al., manuscript

under revision) with a structure reminiscent of trabecular bone.

Our choice of stroma is driven by biological mimicry of the post-natal hematopoietic bone marrow niche.
To favor maintenance and expansion of HSPCs in the bone marrow, the importance of various
endogenous cell populations has been highlighted, including osteoblasts, endothelial/petivasculat cells,
and a subset of BMSCs named CXCL12-expressing adventitial reticular (CAR) cells (Bianco, 2014; Calvi
et al,, 2003; Ding et al., 2012; Sugiyama et al., 2006; Zhang et al., 2003). CAR-like primary BMSCs cells
have been shown capable of expanding human HSPC 7 vitro (Isern et al., 2013), albeit scalability of 3D
systems has been limited by HSPC penetrability into the tight spheroids formed by BMSCs cultured in
the absence of scaffolds (Schmal et al., 2016). Here we chose to seed our CCM porous scaffolds with the
murine, non-clonal BMSC line OP9 (Nakano et al., 1994) to generate a living, injectable stroma
supporttive for hematopoiesis. The OP9 cell line secretes hematopoietic supportive cytokines Cxe/72, Sef,
and Angpt1 when co-cultured with HSPCs (Supper et al., 2015) and possesses, in non-clonal assays, the
tri-lineage differentiation potential characteristic of BMSCs (Gao et al., 2010), with a particular facility
for adipocytic differentiation reminiscent of the recently reported adipoCARs (Baccin et al., 2019). Most
importantly, OP9 cells have been shown to provide efficient support of hematopoiesis as compared to
other stromal cell lines, probably in large part through paracrine mediated-signaling (Ji et al., 2008;
McKinney-Freeman et al., 2008). Indeed, OP9 cells are by themselves sufficient to support hematopoiesis
without the need of exogenous cytokines (Naveiras et al., 2009). This minimal co-culture system reduces
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interference with 7z vitro screening applications and avoids the difficulty of iz vivo growth factor delivery
(Shah et al.,, 2019).

Altogether, our approach provides a minimalistic, scalable, biomimetic 7 vitro model of hematopoiesis in
a microcarrier format that preserves the HSPC progenitor function in the absence of exogenous cytokines
for in vitro study, while being injectable for functional 7z vivo readouts, without disrupting the cell-cell
interactions established 7 vitro.

Results

The study aimed to provide a microcarrier co-culture system for convenient and minimally invasive
injection of a tissue-like living biomaterial, without disrupting cellular viability and multi-cellular
interactions during the injection procedure. We simultaneously seeded stromal OP9 cells and HSPCs on
porous CCM microscaffolds (Figure 5.1a). The system self-organized such that the OP9 stroma lined the
scaffolds coated with collagen I to support the HSPC subpopulations (Figure 5.1b), and allowed for in
vitro studies in diluted microcarrier suspension cultures. For subsequent validation 7z vivo, the intact co-
cultured CCMs, together with their cellular payload, were dehydrated by a custom dehydration device
and delivered » vivo by subcutaneous syringe-injection (Figure 5.1d).

Experimentally, our starting biomaterials are highly elastic and porous microscaffolds consisting of
crosslinked carboxymethylcellulose (Beduer, Bonini, Verheyen et al., manuscript under revision). A 3D
view based on confocal reconstruction after staining with rhodamine 6G is provided in Figure 5.1e. The
microscaffolds are designed to be reversibly compressible. This allows for facile exchange of the pore
fluid by arbitrary sequences of dehydration and rehydration. To obtain the collagen-coated
microscaffolds CCM, we made use of such cycles to efficiently and covalently functionalize the
microscaffolds with collagen type I to provide native stromal cell adhesion motives.

For the purpose of scaffold seeding, we generated green fluorescent protein (GFP) OP9 cells and
obtained red fluorescent primary murine HSPCs (cKit'Lineage Scal”, referred to as KLS) from the
marrow of DsRed C57BL/GJRj mice. We then co-seeded a mixture of OP9 stromal cells and KLS+ cells
into our CCM scaffolds by making use of the spontaneous aspiration capacity of dehydrated scaffolds to
distribute the cells throughout the microscaffolds. In vitro culture of this system demonstrated self-
organization into a stromal compartment, adopting the scaffold architecture and hosting the HSPCs and
their progeny (Figure 5.1f, Figure 5.1g).
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Figure 5.1| Transplantable bone marrow niche. a For in vitro culture, stromal cells (OP9) are combined with
hematopoietic stem and progenitor cells (HSPC, selected from bone marrow as lineage, cKit*, Sca-1* cells); the
resulting cell mix is loaded onto collagen-coated carboxymethylcellulose microparticles (CCMs). b During in-vitro
culture, the stromal cells adhere to the scaffold and at the same time provide support to the proliferating and
differentiating HSPC. ¢ For in-vivo implantation, the cell-loaded CCMs are slowly dehydrated to form a paste-like
implantable living biomaterial. Both dehydration speed and final dehydration level are carefully controlled. d The
resulting tissue-mimicking biomaterial is injected subcutaneously for 7z vivo follow-up. e Structure of a CCM. f
CCM (stained by cell impermeant Hoechst dye) along with green fluorescent stroma and red fluorescent
hematopoietic compartment. g Assignment of the different areas as scaffold, HSPCs and lineage-committed

progenitors, and stromal cells (OP9). Confocal images are linearly contrast adjusted.

Collagen-coated, mesenchymal stromal cell-seeded scaffolds promote
hematopoietic cell proliferation over time

We first assessed the capacity of the artificial stroma, consisting of CCMs lined with OP9 marrow stromal
cells, to support hematopoiesis in vitro. We made use of the constitutively expressed fluorescent proteins
to allow for the visualization and semi-quantitative analysis of co-cultures by confocal microscopy (Figure
5.2).

Indeed, confocal imaging showed effective spreading of OP9 stromal cells on the CCM scaffolds and
attachment of the co-seeded HSPCs to the OP9 cells, with continuous proliferation of hematopoietic
cells within the scaffold over 11 days in culture (Figure 5.2a). The stromal cells are essential, since at 24
hours HSPCs failed to adhere to the CCMs in the absence of the OP9 cells (Figure 5.2b, Figure 5.2¢). In
the presence of OP9, we found distinct signs of HSPC supportive characteristics within our in vitro
hematopoietic niche analog. This included HSPC nestling within OP9 stromal cells (Figure 5.2d) and
colony formation within the matrix after 3-4 days of culture (Figure 5.2¢). Together with the absolute
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requirement for stromal cells in the absence of exogenous cytokines, this indicated intimate and favorable
3D interactions between the two cell types when loaded into the CCMs.

We then quantified the relative proliferation of the HSPCs in our system. To do so, we seeded the CCMs
at two relative HSPC densities: high (1:10) and low (1:100) seeding density (HSPCs to OP9 cells). We
followed the relative proliferation of the HSPCs and their progeny by evaluating the area occupied by
red fluorescence (DsRed) as compared to green fluorescence (green) in confocal sections of the live co-
seeded CCMs over time. By also measuring the average area occupied per HSPC and OP9
(180um*+90um? for the HSPC vs. 1270um*+460um?” for the OP9, n=8 cells in each case), we converted
the area measurements to number ratios of HSPC:OP9. Figure 5.2f shows that the ratio of HSPCs (and
their descendant progenitors) to OP9 cells within the CCMs increased from 0.07£0.02 to 1.3+0.4 for the
high seeding density (intended initial 0.1=1:10 ratio) during 11 days of culture. Likewise, the number ratio
HSPCs (and their descendant progenitors) to OP9 increased from 0.018%0.01 to 0.12£0.03 for the low
seeding density (1:100).

This indicated that the seeding density after the initial adhesion step, followed by dilution of the CCMs
into a large volume of medium, reflected the original 1:10 and 1:100 ratios. In addition, at both seeding
densities, a significant increase in relative numbers of HSPCs and their progeny took place within the
CCMs, consistent with effective multiplication and expansion of the HSPCs and their differentiated
progeny supported by the OP9 cells in an exogenous cytokine-free environment. However, this
microscopic assay underestimated the HSPC multiplication, as numerous cells were observed outside of
the CCMs in suspension. Moreover, it does not account for the proliferation of OP9 BMSCs. Due to
the constitutive expression of DsRed, it is uninformative regarding the fate of the HSPCs in regards to
differentiation or maintenance of stem cell properties, which was thus evaluated through surface protein
phenotyping and functional colony assays.

Functional quantification of hematopoietic proliferation on stromal cell-
seeded scaffolds as compared to 2D cultures

We next aimed to better characterize the fate of the HSPCs during 7# vitro culture. For this purpose, we
used flow cytometry to analyze the co-cultures in 3D on CCMs, and compared them to corresponding
standard 2D controls with the same 1:10 and 1:100 initial HSPC:OP9 seeding densities. The constitutive
expression of GFP and DsRed by the OP9 cells and HSPCs/progeny, respectively, allowed for the
visualization and separation of the OP9 stromal versus the HSPC-detived hematopoietic populations.
For example, the dot plot in Figure 5.3a shows the composition in terms of GFP and DsRed expressing
cells for a 3D, 1:10 experiment after 12 days of culture. We found that the HSPCs and their progeny, as
identified by the DsRed"GFP" population, consisted neatly exclusively of CD45" cells, as expected for
all cells of the hematopoietic lineage derived from bone marrow HSPCs (Figure 5.3b) (Weissman and
Shizuru, 2008). These cells, which expressed no lineage markers in the cell surface at seeding (Linage- is
part of the KIS definition), consisted at day 12 on a mixture of lineage negative and lineage positive cells
(Figure 5.3b). Acquisition of major lineage markers thus revealed hematopoietic differentiation within
the CCM coculture. Preservation of c-Kit" expression in a subset of the lineage negative DsRed"GFP
CD45" cells (Figure 5.3c) suggested the preservation of progenitor function, as later tested in Colony-
forming unit (CFU) assays.
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Figure 5.2|In vitro co-culture of OP9 cells and HSPCs on CCMs. a Serial confocal imaging qualitatively
demonstrates an increase in hematopoietic populations over the span of nearly two weeks in co-culture, for both
1:10 and 1:100 seeding densities (HSPC:MSC); green: GFP+; OP9 MSCs; red: DsRed* HSPCs. Qualitative
observations from imaging demonstrate large-scale structural outline of the seeded CCMs. b DsRed+ HSPCs
requiring MSCs to attach and proliferate very few DsRed+ cells are found at 24h with OP9 support. c-e Confocal
imaging of co-seeded scaffolds at higher magnification showing HSPCs nestling within the MSC feeder layers (d)
and 3D colonies (e), appearing throughout the scaffolds over as short as four days in culture. Note that in the
absence of OP9 stroma ¢ HSCPs are not retrieved within the scaffold at day 4 f-g Quantification of proliferation
ratios for HSPC to OP9 in co-seeded scaffolds from confocal image z-stacks (f for 1:10 seeding ratio, g for 1:100

seeding ratio, 25 total images petr “n”’; n=8 per condition, total of 200 slices). Confocal images are lineatly contrast
adjusted. Scale bars are 200um for all images except in e where it is 50pum.

Quantitative comparison showed that the total CD45" cell expansion was significantly higher in 2D 1:10
“high” (254.0%£164.4) compared to 3D 1:10 “high” (32.0+13.0, p=0.0094) cultures, as well as in 2D 1:100
“low” (530.0£126.3) versus 3D 1:100 “low” (19.0£11.3, p<0.0001) cultures (Figure 5.3d). Very
interestingly, although fold expansion of total CD45" cells was consistently higher in 2D versus 3D
conditions, fold expansion of the hematopoietic progenitor compartment as reflected by quantification
of phenotypic progenitors (CD45 LincKit" population) was similar for 2D (4.1£3.0) and 3D (2.6+1.2)
cultures of the 1:10 “high” seeding density (Figure 3E). Progenitor expansion was higher in 2D versus
3D in the 1:100 condition (4.1£2.7 versus 0.4+0.3, p=0.0092). However, total cell recovery from the 3D
microscaffolds was challenging to achieve, and thus quantification of hematopoietic expansion may have
been underestimated for the 3D conditions, especially for the scarce CD45 LincKit" progenitors in the
1:100 condition, which tightly associate to the stroma to form cobblestone-like colonies.
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Figure 5.3|3D culture outcome compared to 2D controls via flow cytometry and colony forming unit assays.
a-c Example flow cytometry analysis gating (Coculture in CCM scaffolds, initial seeding density 1:10 KL.S:OP9,
analysis at 12 days. After initial gating to live cells (low DAPI labeling due to intact membrane, isolation from
counting beads, not shown), we performed a first gating using the intrinsic DsRed (HSPC and progeny) and GFP
(OPY) expression (a). The DsRed*GFP- was further analyzed for Lineage and CD45 markers, allowing to isolate
the Lin-CD45* population (B). The stem and progenitor fraction was obtained as cKit* cells within the Lin- CD45*
population (c). d Total CD45+* expansion through flow cytometry, identifying 2D and 3D cell proliferation for
both the 1:10 and 1:100 seeding densities. e Total CD45*, cKit* cell expansion for the same conditions,
demonstrating closer similarities between the four conditions. f Total colony count after 7 days in methylcellulose
medium, after harvesting total cells from the CCMs (after 12 days of in vitro culture). Scale bar is 10mm. Error

bars represent mean =+ s.d.

In order to complete the analysis with functional hematopoietic potency in the co-cultures, we performed
CFU assays, which quantify the number of oligopotent progenitors able to form functional hematopoietic
clonal colonies after a 7-10 day culture in semi-solid, cytokine-rich media. Like for the FACS analysis,
2D and 3D HSPC/OP9 co-cultures seeded at “low” (1:100) and “high” (1:10) relative HSPC:OP9 ratios
were enzymatically digested to obtain a single cell suspension after a 12 day co-culture and plated for
CFU assay. Figure 5.3f shows an example of a CFU assay at 7 days. For the purpose of comparison and
to obtain the total number of CFUs produced by each culture condition, CFU counts were normalized
per 1000 HSPCs seeded with OP9 cells at Day 0 (starting HSPC concentration: 1000 KLS, n=6 for each
condition). The number of CFUs was not significantly different (p=0.166 via Two-Way ANOVA)
between the 2D and 3D conditions at each seeding density (1:10 or 1:100, Figure 5.3g), which is
congruent with the CD45"ckit” hematopoietic progenitor quantification by flow cytometry for the 1:10
“high” density (Figure 5.3b). The number of relative colonies is significantly higher in the “low” (1:100)
seeding condition (2D: 1093.861+567.88, 3D: 764.69+306.84) as compared to the “high” (1:10) condition
(2D: 408.34£126.32, 3D: 369.42199.46), suggestive of either nutrient competition or a negative paracrine
regulation by differentiating hematopoietic cells at higher CFU seeding densities. Compared to controls
obtained by direct plating of fresh KLS cells without culture prior to the methylcellulose assay, we
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observed a maintenance, or minor expansion, of the functional HSPC compartment. This is expected
and reflects a biomimetic, homeostatic condition, as there is no exogenous addition of any of the
cytokines commonly used for 7z vitro HSPC expansion (e.g. thrombopoietin, stem cell factor, or Fms-
related tyrosine kinase 3 ligand, (Costa et al., 2018)). The aim here was indeed to provide a minimalistic
system enabling further screening without interference from exogeneous cytokines. Overall, we conclude
from the 7z vitro functional characterization of our HSPC/OP9 co-cultures that 3D co-culture in CCMs
promotes similar expansion of functional hematopoietic progenitors to conventional 2D conditions, with
a teduced output of differentiated CD45"cKit hematopoietic cells.

Injection of co-seeded CCMs demonstrates both OP9 and donor
hematopoiesis in the engineered niche over 12 weeks /n vivoin NSG
immunodeficient mice

Compressible porous scaffolds have previously demonstrated promise in providing an injectable solution
to traditional cell-based tissue engineering techniques (Béduer et al., 2015; Bencherif et al., 2012). In
addition to the preservation of hematopoietic progenitor function in the 3D HSPC/OP9 co-culture

conditions, we were interested in testing the biocompatibility and hematopoietic support capacity of the
HSPC/OP9-loaded CCMs 77 vivo.

Figure 5.4a-d shows the workflow for transitioning from a microcarrier-like suspension culture to a
transplantable co-culture biomaterial. After a predefined time of iz vitro culture as a dilute suspension
(Figure 5.4a), the CCMs are collected and dehydrated to a controlled level by a device specifically designed
for that purpose. The device applies a pre-set hydrostatic pressure to the CCMs by means of a capillary
conductor. As the hydrostatic pressure sustained by the biomaterial constituted by the CCM is strongly
linked to its concentration, this ensures constant material consistency compatible with regards to injection
and hematopoietic niche reconstitution 7z vive. Here, we set a hydrostatic pressure difference of 0.2kPa,
equivalent to a fluid level difference of about 2cm, to concentrate the co-culture biomaterial to
261+3mg/ml. At this concentration, the material remains easily injectable and matches the kPa range for
the vascular part of the bone marrow niche (Bello et al., 2018). After concentration of the co-culture
biomaterial, the transfer tip is fitted onto a syringe, and assembled with a catheter (Figure 5.4c) for
subcutaneous injection (Figure 5.4d). By performing the injection into a cell-culture dish containing
medium, we assessed whether the procedure of partial dehydration and passage through the catheter
during the injection would be harmful to the cells (Figure 5.4¢). We found that we are able to retain high
viability of cells immediately after injection and 24 hours-post injection, as compared to the pre-injection
controls in both the GFP™ OP9 cells and DsRed” HSPCs (Figute 4¢; p=0.822 via Two-Way ANOVA).

For assessment of the 7z vivo performance of the co-culture biomaterial, we injected the living co-culture
biomaterial prepared via the dehydration device into the subcutaneous dorsal region of NSG (NOD
SCID-y) mice. The implants were easily visible externally up to the end of the 12-week follow-up period
(Figure 5.4f). At sacrifice, skin flaps from the back of the animal revealed macroscopic vascularization of
the injected scaffolds within the dermal tissue of animals.

120



Chapter 5 | Biomimetic transplantable bone marrow co-culture system
c d
transfer tip
@AP A
N waste

injection sites  harvest (12 weeks)

capillary
conductor

in culture

immediately
after injection

24h after
injection

M HSPC (DsRed)
I OP9 (GFP)

Figure 5.4 |Implantation of CCM-based co-cultures. a After seeding, the co-cultures can be cultured in-vitro as
classical microcarrier suspension cultures. b To prepare an implant, the material is partially dehydrated to by
equilibrating to a predefined hydrostatic pressure level (AP), typically on the order of 0.2kPa (ca. 2cm water
column). This is done in a specifically designed transfer tip. ¢ Once equilibrated and filled with implantable co-
culture biomaterial, the transfer tip is attached to a syringe and an implantation catheter (to avoid accidental
intravascular injection). d The co-culture biomaterial is injected subcutaneously. e I vitro assessment of injection
viability as quantified through GFP+ OP9 BMSC and HSPC cell confluence before, immediately after, and 24
hours after injection (n.s.). Biomaterial seeded 1:100 HSPC:OPY, injected after one day 7 vitro. £ Macroscopic
external view of the implant in the subcutaneous dermal tissue 12-weeks post-implantation. g Visibly vascularized
scaffold after sacrifice, seen from the inside of the skin flap.

We carried out two independent sets of experiments to assess the 7 vivo evolution of the co-culture
biomaterial. In both sets, the samples consisted of CCMs seeded with HSPCs and OP9 cells, at the 1:10
initial seeding ratio and cultured for 14 days prior to partial dehydration and implantation. In the first set,
we included a control group of scaffolds seeded with OP9 only, whereas in the second set, the control
group consisted of completely cell-free CCMs. The aim was to dissect the effect that the scaffold alone,
the OP9-seeded scaffolds, or the OP9/HSPC co-seeded scaffolds would have on the 7z vivo outcome. In
both sets, after 12 weeks 7 vivo, hematoxylin and eosin (H&E) standard histological staining revealed
intact scaffold particles (Figure 5.5a, 5.5d and 5.5¢). In all conditions, the scaffold was host to diverse cell
types. Immunohistochemistry (IHC) against GFP revealed strong persistence of confluent OP9 stroma
across the scaffolds shown by the large areas stained in brown (Figure 5.5¢ and 5.5h). Such staining was
absent from the initially cell-free CCM implants (Figure 5.5b), providing evidence for the specificity of
the anti-GFP staining. Similarly, anti-DsRed IHC revealed a positive signal only for scaffolds loaded with
both GFP™ OP9 cells and DsRed” HSPCs (Figure 5.5i), indicating persistence of hematopoietic cells
from the donor DsRed” HSPCs 12 weeks after implantation. Lack of DsRed" signal on scaffolds loaded
with only OP9 cells (Figure 5.5f) and initially cell-free implants (Figure 5.5¢) attests to the specificity of
the anti-DsRed IHC.
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Figure 5.5| Histology and cellular composition of implanted scaffolds. Unseeded CCMs (a-c), as well as CCMs
cultured with OP9 (d-f) or with 1:10 “high” co-cultures of OP9 and KLS cells (g-i) were implanted into the dorsal
skin of NSG mice, and retrieved after sacrifice at 12 weeks. Samples were processed for hematoxylin/eosin (H&E)
staining (a, d, g), as well as immunohistochemistry with primary antibodies directed against GFP (b, e, h, marker
for OPY cells) and DsRed (c, f, i, marker of HSPC and progeny). Scale bars are 100um.

The HSPC/OP9-loaded scaffolds macroscopically appeated to vascularize better and conserved a higher
proportion of donor-derived stroma (Figure 5.6f and 5.6i) than cell-free scaffolds (Figure 5.6¢). Indeed,
HSPC/OP9-seeded scaffolds showed a 6.6 times higher vasculatrization (p=0.003, t-test with Welch
approximation after log transform) than cell-free scaffolds, as quantified by relative number of CD31"
vessel segments (Figure 5.6j).

In the study groups, we observed multinucleated DsRed” cells, suggesting the presence of specialized
donor-derived hematopoietic progeny within the implants, morphologically reminiscent of
megakaryocytes, the specialized sessile hematopoietic cells responsible for platelet production. In order
to assess megakaryocytic differentiation within the implant, we therefore performed von Willebrand
factor (vWF) IHC stains (Figure 5.6a, 5.6d and 5.6g). Only HSPC/OP9-seeded scaffolds contained highly
positive vWE" cells (Figure 5.6d and 5.6g), indicative of megakaryocyte lineage commitment within the
scaffold, and thus of active z situ hematopoiesis. Finally, in order to assess adipocytic differentiation
within the implanted scaffolds, we performed IHC stains with perilipin (Figure 5.6b, 5.6e and 5.6h).
HSPC/OP9-seeded scaffolds (Figure 5.6e and 5.6h) but not the unseeded controls (Figure 5.6b),
presented frequent areas of adipocyte ghosts with a cytoplasmic perilipin positive signal characteristic of
mature adipocytes. In summary, we can conclude from 7 vive experiments that murine HSPC/OP9-
seeded CCM scaffolds can be implanted in NSG mice to produce highly vascularized structures which
retain donor stroma and contain locally active hematopoiesis as well as interspersed adipocytes, features
reminiscent of adult marrow (Weiss, 1981).
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Figure 5.6 | Immunohistochemistry of scaffolds transplanted 7 vivo. Unseeded scaffolds (a-c) and HSPC/OP9-
seeded scaffolds (d-i) were recovered 12 weeks after subcutaneous transplant. Paraffin sections of scaffolds were
stained with anti-vWF (a, d, g, arrows indicate megakaryocytes), anti-Perilipin (b, e, h), and anti-CD31 (c, f, i), and
antibodies. Scale bars are 100um. CD31+* vessels were quantified (j), error bars indicate mean * s.d. **P<0.003 by
Welch’s t-test.

Conclusions

In this study, we developed an easy-to-use system enabling smooth transition from in vitro co-culture to
an injectable that self-assembles in situ to recapitulate structural and mechanical features of the
hematopoietic marrow. Its aim was to bridge the gap between vatious defined co-culture systems iz vitro
and more realistic but complex 7 vivo niches such as long-described heterotopic ossicle formation
(Tavassoli and Crosby, 1968; Maniatis et al., 1971; Friedenstein et al., 1982). In orthopedics, porous
scaffolds have long been used in conjunction with BM aspirates to enhance bone formation (Yoshii et
al., 2009). More recently, they have also been identified as a solution enabling localization of BM niches
to a biomaterial, enabling thorough in vitro testing of scaffolds prior to implantation, and also targeted
implantation (Shah et al., 2019; Shih et al., 2017). Yet, due to the bulk format of these scaffolds, it is
difficult to perform live imaging or high-throughput screening on them. We therefore sought to combine
the advantages of a microcarrier culture system with the mechanical robustness of a bulk scaffold for

hematopoietic niche engineering.

To achieve this goal, we based our system on compressible sub-millimetric carboxymethylcellulose
scaffolds. In vitro, they can be used as classical microcatrier cultures. Additionally, 7 wive, these
specifically engineered CCM scaffolds self-assemble by microscaffold interlocking (Beduer, Bonini,
Verheyen et al., manuscript under revision). The process creates a mechanically stable implant, inducing
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colonization with a fibrovascular stromal tissue. This dual behavior enables smooth injection of arbitrary
scaffold volumes, followed by in situ regeneration of a porous niche structurally resembling trabecular
bone, with mechanical moduli in the vicinity of 1kPa (measured ex-vivo, as reported for the vascular
niche of the BM (Bello et al., 2018). From a practical point of view, CCMs are easily fabricated with
standard equipment (freezer, autoclave for sterilization, laminar flow hood for coating under sterile
condition), such that production is easily scalable at affordable cost and compatible with Good
Manufacturing Practice (GMP) production.

To enable the adhesion of the stromal OP9 cells, the CCMs feature covalently bound collagen I (Béduer
et al., 2018; Serex et al., 2018). Indeed, among a series of extracellular matrix molecules, collagen type 1
has been shown to provide the highest proliferation levels with KLS cells (Choi and Hatley, 2017).
Further, contrary to Matrigel used for generation of hematopoietic ossicles (Bello et al., 2018; Hughes et
al., 2010; Reinisch et al., 2017), collagen type 1 is a single protein of defined composition that is amenable
to clinical use (Lecarpentier et al., 2018; Salvade et al.,, 2007). OP9 cells have been shown to direct
pluripotent stem cells towards the hematopoietic fate, and also have an ability to maintain engraftable
hematopoietic stem cells in 7z vitro 2D co-culture systems for up to 2 weeks in the absence of additional
cytokines (Naveiras et al., 2009). In this study, the combination of OP9 cells and CCMs was found not
only to enable the baseline culture of HSPCs over 12 days in culture, but also to provide for easy and
effective implantation of the hematopoietic scatfolds iz vivo for a follow-up of 12 weeks in NSG mice.

By stable transfection of OP9 cells with GFP and the usage of KLS from DsRed mice, the CCMs were
readily imaged in 3D culture, and serial imaging gave qualitative insight into eatly-stage HSPC nestling
and cobblestone-like colony formation within the 3D scaffolds. We believe this is indicative of a similar
hematopoietic supportive behavior from the stromal cells as compared to 2D controls. We further
analyzed the cellular populations phenotypically by flow cytometry, and functionally by CFU assays. We
found the output of the 3D cultures, measured as total fold hematopoietic expansion (CD45%), to be
lower in 3D than in 2D (Figure 5.3d). However, the HSPC compartment, as measured by the CFU counts
in the 2D versus 3D cultures (Figure 5.3g), is essentially unaffected by this lower output of total
hematopoiesis. As the 3D cultures are effectively concentrated in a much smaller volume with higher
local cytokine levels (Rédling et al, 2017), our results point towards differential regulation of
hematopoiesis in our configuration leading to HSPC enrichment, which may be ascribed to the difference
in balance of the hypothesized “vascular” versus “endosteal” niches (Leisten et al., 2012; Sanchez-
Aguilera and Méndez-Ferrer, 2017).

Our CCM-based co-culture system was not only amenable to live, high-resolution imaging on sub-
samples obtained by simple pipetting, but also allowed for standardized aggregation prior to injection by
the use of a specifically designed dehydration device. This avoided loss of cell viability during preparation
and injection. At the end of the experiment, the scaffold aggregates were both visible beneath the surface
of the animal’s skin and were also easily identifiable with integrated host vasculature after opening of the
dermal tissue (Figure 5.4). Histological staining showed the presence of the GFP" OP9 cells with colonies
of DsRed” HSPCs interspersed throughout the recovered tissue sections. Moreover, these implanted
CCMs demonstrated no morphologically visible innate inflammatory foreign body response or fibrous
capsule surrounding the injected materials. This unique finding supports the hypothesis that homeostatic
extramedullary hematopoiesis may be engineered iz vivo in the form of subcutaneous implants, in the
absence of ossification surrounding a marrow cavity, analogous to the soft-tissue masses of benign
extramedullary hematopoiesis, often intermixed with adipose tissue, that occur in humans upon extreme
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hematopoietic demand (Roberts et al, 2016). Previous systems have employed calcified bone
surrounding an engineered niche to model hematopoiesis 7 vitro or to encourage hematopoiesis once
implanted iz vivo (Torisawa et al., 2014; Holzapfel et al., 2015; Shafiee et al., 2017; Ventura Ferreira et al.,
2016; Blache et al., 2016; Shih et al., 2017; Reinisch et al., 2017; Bourgine et al., 2018). To our knowledge,
the system presented here is the first of its kind to show hematopoiesis after long-term in vivo
subcutaneous transplantation of BMSCs without any calcified bone component.

Outlook

In this study, we were also cognizant of the multi-cellular complexities associated with BM function,
along with recent models incorporating BM adipose tissue 7z vitro (Henriksson et al., 2017; Fairfield et al.,
2019). We found mature adipocytes within the scaffolds transplanted with both OP9 cells and HSPCs,
indicating that our model may be of use to study the complex relationships between hematopoiesis and
adipocytes 7 vitro and 7n vivo (Mattiucci et al., 2018), a field that has been hampered by the difficulty of
immobilizing mature adipocytes in co-culture.

Future work follows the premise of further recapitulating the BM microenvironment by manipulating
culture conditions, including addition of hematopoietic cytokines, and the modification of the stromal
compartment by replacing the OP9Y cells in the CCMs with a human CAR cell line equivalent for a
minimalistic niche, or possibly a mix of cell lines to better reflect the niche heterogeneity. Moreover, by
using primary human samples, we may be able to further address the limitations of patient-derived
xenograft PDX models (de la Puente et al., 2015; Sanchez-Aguilera and Méndez-Ferrer, 2017; Shah and
Singh, 2017; Song et al., 2019). In this respect, our system offers new perspectives for personalized-
medicine techniques with the possibility for high-throughput screening 7 vitro followed by validation of
selected treatments in a direct implantation 7 vivo.

In summary, we present in this report a novel 3D co-culture system of HSPCs and BMSCs for studying
BM hematopoiesis on chemically defined, collagen-coated cryogel-based scaffold microcarriers. The
method for co-seeding two cell populations of the BM is simple and scalable, requiring no exogenous
cytokine supplementation for hematopoietic progenitor cell maintenance and proliferation. We further
designed a dehydration device enabling on-the-fly preparation of a paste-like injectable implant from
dilute suspension cultures. Through minimally invasive subcutaneous transplantation of this living
implant, both the stromal and hematopoietic cell populations were able to survive iz vivo for 12 weeks,
showing incorporation into the native tissue via de novo vascularization and positive staining for donor
GFP" (OP9 BMSCs) and donor DsRed” cells (HSPC progeny), including megakaryocytes. Moreovet,
our tissue engineered BM has provided a first indicator of supporting subcutaneous, extramedullary
hematopoiesis in healthy adult murine tissue without simultaneous ossification. We observe some
induction of adipogenesis, pointing towards bidirectional communication between the niche and the
hematopoietic compartment. A tool allowing to study such bidirectional signaling could be invaluable in
both research on PDX models and radiation-induced BM adiposity. In conclusion, this 3D engineering
BM niche demonstrates promise to better model the BM microenvironment through a defined i vitro to
in vivo transition, enabling future work in fundamental and patient-specific applications in hematology
and bone marrow biology at large.
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Methods

Scaffold fabrication

Compressible carboxymethylcellulose scaffolds are produced by cryogel bulk scaffold synthesis, using
established protocols with minor modifications. Briefly, a reaction mix consisting of 13.56mg/ml
carboxymethylcellulose (AQUALON CMC 7LF PH, 90.5 KDa, DS: 0.84) and 0.486mg/ml adipic acid
dihydrazide, buffeted with 6.3mg/ml PIPES neutralized to pH 6.7 by 1.2mg/ml NaOH was prepared
and filtered through a 0.22um filter (Stericup). After activation by 2.7mg/ml 1-Ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC), the mix was frozen at -20°C in 30ml syringes. After 48 hours
of cryo-incubation, the syringes were thawed. The scaffolds thus obtained were then fragmented through
a 22G catheter to obtain a suspension of microscaffolds (Beduer, Bonini, Verheyen et al., manuscript
under revision). These microscaffolds were then extensively washed, and autoclaved for sterilization.

We express polymer mass, and respectively its concentration, of microscaffold suspensions as dry weight
and dry weight per volume. For dry weight determination, microscaffolds contained in a solution or
suspension of interest are collected on a 40um cell strainer, followed by thorough washing with deionized
(DI) water three times, and oven- or microwave-drying of the remaining polymerized material to constant
weight (within 1mg).

Collagen CCM surface coating

To allow stromal cell (OP9) adhesion, we modified the surface of the sterile microscaffolds with collagen
type I (from bovine skin, catalog no. C4243, Sigma), producing collagen-coated carboxymethylcellulose
microscaffolds (CCM). For this, we used a previously published protocol with adaption to the particulate
nature of the CCMs (Serex et al., 2018). Briefly, we dehydrated the microscaffolds using a cell strainer in
a SteriCup filtration system (catalog no. C3240). They were washed sequentially with DI water and acetic
acid buffer (pH=4, 100mM). Then, the microscaffolds were immersed in a coating solution containing
10% collagen type I (mass of protein/dry mass of microscaffolds) diluted in acetic acid buffer (pH=4,
10mM). After coating, the collagen-coated carboxymethylcellulose microscaffolds (CCM) were rinsed
twice with DI water in order to remove the excess of non-adsorbed proteins. Thereafter, covalent
crosslinking of the collagen was performed by immersing the CCMs in a solution containing EDC
(1mg/ml) and MES buffer (pH 4.5, 100mM) in deionized water for ten minutes. Finally, the CCMs were
abundantly rinsed with DI water and a solution of Na,CO; (pH 11, 100 mM) and kept in PBS at 4°C.

Animals

All experimental procedures were approved by the Animal Care and Use Committee of the Canton of
Vaud (ACUC, Vaud, Switzerland). All animals were hosted in the EPFL facilities and were kept under a
controlled 12 hours light/dark cycle and at constant room temperature 22£2°C. DsRed C57BL/GJRj
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(DsRed) adult male mice were sactificed and tibiae and femurs were collected for DsRed” HSPC
isolation. 8-16 weeks old NOD SCID-y (catalog no. NSG 5557, Jackson laboratories) immunodeficient
female mice (n=3 control; n=06 experimental) were used as recipients in the transplantation model.

Culture of OP9 stromal cells

Using an established murine mesenchymal stromal cell line (OP9 cells) (Nakano et al., 1994), cells were
expanded at 70-80% confluency for one to two weeks in alpha-minimum essential media (MEMoa) plus
Glutamax (catalog no. 32561, ThermoFisher), 10% fetal bovine serum (FBS, catalog no. 10270-100,
GIBCO), and 1% Penicillin/Streptavidin (P/S, catalog no. 15140122, Thermo Fisher Scientific). OP9
cells were donated from the Daley laboratory (McKinney-Freeman et al., 2009), who received them
directly from the Nakano laboratory (Nakano et al., 1994). They were transfected at passage 7-10 with a
constitutively expressed GFP lentiviral construct, as specified below, and expanded. Cells were kept at
37°C and 5% COs, and were passaged every 2-4 days at 3:1 or 4:1 ratio, until they reached 70-80%
confluency. OP9 cells were not kept in culture for more than three weeks before use in experiments.
Cells were washed with PBS (10010056, Life Technologies) and trypsinized with 0.05% Trypsin-EDTA
(catalog no. 25300054, Life technologies), counted, and kept in suspension on ice prior to use.

OP9 stromal cell transfection

Lentiviral particles for GFP introduction were produced by transfecting HEK293T cells using
XtremeGene HP transfection reagent with lentiviral packaging plasmid pCMVR8.74 (catalog no. 22030,
Addgene), VSV-G envelope expressing plasmid pMD2.G (catalog no. 12259, Addgene) and third-
generation transfer vector pRRLSIN.cPPT.PGK-GFP.WPRE (catalog no. 12252, Addgene); all three
plasmids were a gift from Didier Trono. Supernatants were collected at 36 and 60 hours post transfection,
filtered through 0.22um filters and concentrated 1000x using ultracentrifugation. OP9 cells were stably
transfected using the concentrated virus titers. Transfected cells were sorted based on GFP expression
using FACS after three weeks of culture.

[solation of HSPCs

DsRed adult mice were euthanized with CO; according to approved protocols and both tibiae, femurs,
and pelvis extracted. After cleaning the bones of all soft tissue, they were kept in PBS on ice until all
bones wete isolated. Bones from age and gender-matched C57BL/6] wild type controls were isolated in
parallel for fluorescence-activated cell sorting (FACS) single-color controls. Bones were subsequently
crushed using a mortar and pestle in buffer solution (PBS, 1mM EDTA (catalog no. 15575020, Thermo
Fisher Scientific), 2% FBS), until no large chunks of cells were visible. All cell isolation steps were carried
out on ice. Cells in suspension and the crushed bones were washed through a 70um cell strainer and spun
down (10 minutes, 300g, 4°C). The cell pellets were resuspended in red blood cell lysis buffer (catalog
no. 420301, BioLegend) for 30 seconds, before being diluted with buffer solution, and spun down again
(5 min, 300g, 4°C). The cell suspension was stained with a lineage antibody cocktail, washed, and
incubated with magnetic beads according to manufacturer’s instructions for hematopoietic Lineage
depletion (Lin depletion kit, catalog no. 558451, BD Pharmingen). The total bone marrow cell pellet was
resuspended in 3mL volume and loaded into a magnetic separation cell Sorter (AutoMACS, Miltenyi) to
remove all lineage positive (Lin") cells in suspension. The resulting cells were then blocked for 15 minutes
on ice (5pg/ml hIgG; 14506-10MG, Sigma Aldrich), and finally stained for one hour on ice with lineage
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Streptavidin-PO (1/200), as a conjugate to label any remaining Lin" cells, as well as c-Kit PE-Cy7 (1/200),
Sca-1 APC (1/100). After washing the stained cells with buffer solution and straining through a 85um
filter, the cell suspension was run through a FACS system (Aria Fusion) and the resulting Lin'c-Kit"Sca-
(KLS) cells were sorted into Iscove’s Modified Dulbecco’s Medium (IMDM) + Glutamax, 25mM
HEPES (31980022, Life Technologies) supplemented with 10% FBS and 1% P/S. In total, 2-3 adult
male DsRed"” mice (aged 8-12 weeks) were euthanized to collect approximately 200,000 KLS" cells in
suspension for each experiment. After FACS, cells were kept on ice for approximately 1-2 hours until
co-seeding with OP9 cells on the scaffold.

Co-culture of HSPCs and stromal cells

All cells for co-seeding experiments were cultured in 50% fresh basal media IMDM + Glutamax 25mM
HEPES, 10% FBS, 1% P/S) and 50% conditioned IMDM media (CM). Conditioned media was obtained
by culturing confluent GFP" OP9 cells with IMDM media for two days (48 hours), filtering the CM, and
freezing the media for no longer than two months at -20°C. After HSPCs and OP9 cells were collected
in suspension and counted, cells were kept on ice for maximum 1 hour.

3D co-seeding: Collagen-coated microscaffolds (CCMs, 13.5mg/ml in PBS) were dried using a cell
strainer in a SteriCup filtration system (catalog no. C3240), using an autoclave cloth to transmit the
capillary pressure. Once dried, the globule of CCMs was transferred to a 6-well ultra-low adhesion plate
(catalog no. CLS347, Corning) using the tip of a 2ml stereological pipette. For each condition, the two
cell types (HSPCs, OP9 cells) were combined, spun down, and re-suspended in a minimal amount of
media (approximately 100ul in total). For 2mg of scaffold per well (dry weight), the following cell ratios
were used for the 1:10 “high” seeding (150,000 OP9 cells; 15,000 HSPCs) and 1:100 “low” seeding
(150,000 OP9 cells; 1,500 HSPCs). After adding the cell suspension (~100ul) to the dried scaffold on the
ultra-low adhesion plates, the CCMs with cells were incubated for one hour at 37°C and 5% CO,. After
1 hour, 3ml of IMDM media (50% conditioned, 50% fresh) was added per well. Co-seeded CCMs were
then left in culture for 12 days, with a supplementary dose of 3ml IMDM media (50% conditioned to
50% fresh basal media) at day seven, without removing any of the previous media.

2D co-seeding: OP9 stromal cells were plated on tissue culture-treated plates at a density of 120,000 cells
per well in a 6-well plate one hour prior to HSPC seeding (~13,000 cells/cm?), using IMDM media (50%
conditioned: 50% fresh). HSPCs were seeded at the previously established co-seeding ratios, 1:10 “high”
(12,000 HSPCs per well) and 1:100 “low” (1,200 HSPCs per well). If limited by HSPC cell number, the
2D condition was performed with only the low seeding density. Cells were fed at D7, complementary to
the 3D culture timeline, with 3ml added and no media removed, then cultured at 37°C and 5% CO, for
12 days in total. Co-seeding experiments were repeated in at least two separate experiments, with technical
triplicates within each experiment.

Compression testing of cells on scaffolds

After three months of culture with weekly half-media changes, the medium was complemented with
Hoechst 33342 (0.1pg/ml), which stains DNA but also to some extent scaffold filaments due to its
cationic nature. The scaffold suspension was then transferred to a compression chamber, for a first
viability assessment (see below). This operation resulted in an estimated CCM concentration of 8§+2
mg/ml. On this suspension, we performed a first linear compression by 75% (10um/s comptession rate
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at initial sample heights around 2.5mm). In addition, we performed a second compression by nominally
100% for positive control of cell killing by excessive mechanical forces. We assessed viability by confocal
imaging. After every defined set point of compression, 0%, 75%, and 100% trespectively, at least five
images for every tested sample were taken with a confocal microscope (Zeiss LSM 700 Inverted Confocal
Microscope). This procedure was repeated for two independent replicates. The images were analyzed by
manually counting OP9 cells (green), HSPCs (red) and dead cells (strongly blue nuclei with loss of both
red and green fluorescence). From this, both viability and the ratio of OP9 cells to HSPCs within the
viable population were determined.

Isolation of cells at day 12

Cells were collected for each condition (high/low; 2D/3D) in three fractions: cells in suspension, cells
adherent to the CCMs, and any cells adherent to the ultra-low adhesion plates. For cells in suspension,
media was collected in a 50ml falcon tube, and cells were washed and collected twice with serum-free
media. For the CCMs adherent fraction, cells were detached via enzymatic digestion as follows. CCMs
were transferred to 24 well plates with a 1000 um pipette tip and 1ml of collagenase I (catalog no. 17100-
017, ThermoFisher Scientific) 0.04% was added pet well of CCMs for 25 minutes at 37°C and 5% COs.
The collagenase digestion was stopped with media complemented with serum, and a stereological pipette
was used to dissociate any cells from the CCMs. Finally, cells in solution were run through a 100um cell
strainer and collected for further manipulation. Trypsin digestion was used for the very limited number
of cells adherent to the ultra-low adhesion plates. Cells were spun down and re-suspended in a buffer
solution. At this point, each of the conditions (four total: 2D/3D, high/low seeding density) and each
replicate (n=3 per experiment; two independent experiments) were processed for flow cytometry and for
methylcellulose colony forming unit (CFU) assays. Each fraction (non-adherent suspension, collagenase-
digested CCM-associated, and bottom-adherent trypsin-digested) was processed separately and the
results are presented for all fractions compounded after analysis, based on the total number of cells
recovered per well for each of the fractions.

Flow Cytometry

Cell suspensions for each conditon and fraction were re-suspended with blocking solution (5pug/ml
hlgG) for 10 minutes at room temperature and then Lineage cocktail was added (1:20 dilution) for 20
minutes on ice. After washing with buffer solution and filtered with a 85um cell strainer, cells were
pelleted and re-suspended with antibody mix for 45 minutes on ice. The antibody mix contained: c-Kit
(PE-Cy7; 1:200), Sca-1 (BV711; 1:50), CD45 (AF700; 1:100), CD3 (BV421; 1:50), B220 (PE-Cy5; 1:50),
CD11b (APC-eFlL 780; 1:1000), and Gr1 (APC; 1:500), diluted in BD Brilliant Stain Buffer (catalog no.
563794, BD Pharmingen). The antibody mix also contained a 1:4 dilution of BrightCount beads (catalog
no. C36950, Invitrogen). Cells were then diluted with DAPI solution (PBS-EDTA and DAPI-UV at
1:5000) and run through a BD LSR II SORP flow cytometer, while resting on ice during the stain
preparation.

Methylcellulose Colony-Forming Unit Assays

Single cell suspensions, as isolated in 3D (non-adherent, scaffold-adherent, and bottom-adherent) and
2D (non-adherent and bottom-adherent), were separately kept on ice. Each fraction was plated in 1.1ml
methylcellulose (M3434, STEMCELL Technologies) in duplicate for each condition and each replicate
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for hematopoietic colony forming unit (CFU) assay (Mcniece et al., 1990). CD45" cells were counted
with FACS using BrightCount beads (catalog no. C36950, Invitrogen), to be able to back-calculate the
exact number of cells plated. At days seven and ten, each CFU plate was read using a StemVision
instrument (Stem Cell Technologies), and total colonies were assessed automatically (StemVision
proprietary software) and verified manually on the acquired high-resolution whole-plate images according
to colony number, size, and cell distribution (Mcniece et al., 1990).

Subcutaneous Transplantation

After 14 days of i vitro culture, seeded-CCM:s in suspension were collected from the well plate and poured
into the column of the drying device allowing for the CCMs to settle down into the reservoir and reach
the desired polymer concentration (26+3 mg/ml). This condenses the CCMs into a paste-like matetial
with a Young modulus of 1.2+0.6 kPa, which we find sufficient to sustain a 3D architecture 7z vivo. Sterile
syringes were used to aspirate 0.1ml of coated scaffold without cells, followed by 0.1ml of air to ensure
separation between them. The reservoir with the sedimented cultured scaffold (50ul) was connected to a
1mL syringe and a 20G flexible catheter (BD Biosciences 381703) was plugged in the other end.

NSG mice were chosen for the experiments as OP9 stromal cells are derived from a mixed genetic
background and therefore purely syngeneic transplantation was not possible. Prior to injections,
anesthesia was induced in NSG mice with 4% isoflurane USP-PPC (Animalcare Ltd). An ophthalmic
liquid gel (Viscotears, Alcon) was used to protect the eyes and local isoflurane was reduced to 2%. Mice
were placed on a heating pad to keep the temperature constant during intervention, and the back of each
mouse was shaved at the area of the injections. Betadine (Mundipharma Medical Company) was spread
onto the shaved regions to disinfect the skin.

To perform the subcutaneous injection, a small orifice was created in the disinfected skin using a 18G
needle and the 20G catheter (Tro-Vensite i.v. canula, Troge, Hamburg), connected to the loaded syringe,
which was gently inserted subcutaneously about 2 cm from the pierced skin. For each mouse, two
separate injections of 50ul each were performed subcutaneously on either side of the spine. No sutures
were required. At the end of the procedure, the mice were placed back in the cage grouped per condition.
The entire preparation of the scaffolds and all the injections were performed under the hood to ensure
sterility throughout the whole procedure. Each injection, from start to finish, lasted less than 20 minutes

per mouse.

Animals were treated with antibiotics in drinking water consisting of 30mg of Enrofloxacin (300ul of
Baytril 10% ad us. vet, 100 mg/ml, Bayer) and 5mg of Amoxicillin (100 pl of Amoxi-Mepha 200mg/4ml,
Mepha Pharma AG) as well as 500mg of Paracetamol (Dafalgan®) in a total of 250ml sterile water for
the entire duration of the study and replaced every seven days. Animals were monitored daily by the
researchers, and after two weeks, they were monitored daily by animal care services.

Sacrifice and samples harvesting

NSG immunodeficient mice were euthanized 12 weeks post-injections through inhalation of COz (six
minutes). The back was shaved gently to better localize the two implants. The samples were harvested in
each mouse being careful to keep some subcutaneous tissue around to study the integration of the
scaffolds within the normal tissue. Samples were then fixed for 24 hours in 4% paraformaldehyde at 4°C
(10ml PFA in 15ml Falcon tube), washed three times with PBS, and embedded in paraffin.
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Histology

Tissues were fixed in paraformaldehyde (PFA), submitted for stepwise dehydration and embedded in
paraffin blocks for sectioning at 3-4 um thickness with a rotary microtome (RM, Leica microsystems).
After floating on a water bath to flatten, sections were mounted on glass slides (Superfrost+ slides,
Menzel gliser). Paraffin sections were stained with Hematoxylin and eosine (H&E) using the Tissue-Tek
Prisma automate (Sakura) and permanently mounted using the Tissue-Tek glas G2-coverslipper (Sakura)
to assess morphology. Detection of rabbit anti-GFP (Abcam, ab6673, diluted 1:400), rabbit anti-Dsred
(MBL, PMO005, diluted 1:500), rat anti-CD31 (clone SZ31, Dianova, DIA-310-M, diluted 1:50), rabbit
anti-vWF (Abcam, ab9378, diluted 1:100) or rabbit anti-Perilipin (Abcam, ab3526, diluted 1:200) was
performed manually. After quenching with 3% H>O, in PBS 1x for 10 minutes, a heat pretreatment using
0.IM Tri-Na citrate pHG6 was applied at 60°C in a water bath overnight. Primary antibodies were
incubated overnight at 4°C. After incubation of a goat, a rat or a rabbit Immpress HRP (Ready to use,
Vector Laboratories), revelation was performed with DAB (3,3'-Diaminobenzidine, Sigma-Aldrich).
Sections were counterstained with Harris hematoxylin and permanently mounted. Number of CD31"
stained vessels were counted in 2-7 images (500um x 500um) covering the entire area of the sectioned
scaffold (amounting to 2-7 images per scaffold depending on the size of the scaffold) for four scaffolds
each in both the unseeded and seeded conditions.

Microscopy and image quantification

Co-seeded CCMs were kept in 3D culture for 12 days 7z vitro. At days 1, 4, 7, and 11, a small volume of
suspended CCMs were removed and transferred to a deep cavity glass microscope slide (produced in lab
for imaging). Within an hour after transferring CCMs to the imaging chamber, they were imaged at
varying magnifications (20x for imaging quantification; 63x for cell morphology) using a Zeiss LSM 700
Inverted Confocal Microscope. As the cells were endogenously labeled for GFP (OP9 cells) and DsRed
(HSPCs), serial imaging was conducted at each time point without significant cellular manipulation. Each
image acquired was kept to the same microscope settings as the DO condition, though as more cells
proliferated on the CCMs, laser power was changed to allow for clear image acquisition. In image
processing, the ratio of DsRed” to GFP" cells was accounted for in order to compare cell proliferation
over time. At end point, the seeded CCMs were stained with Hoescht 328 (0.1ug/ml) to visualize the
scaffold filaments themselves.

Images used for quantification were composed of a 25-z-stacked, volume-rendered image. To analyze
the data, each fluorescent channel was separated and the compiled volume-rendered image was used.
Each image/channel was analyzed using Fiji/Image]’s threshold tool, with the resulting quantified
fluorescent areas converted to cell numbers by using the mean area per cell, as established by manual
identification of a subset of the cells. For each 3D experiment, a total of eight independent CCMs were
analyzed from two experiments to plot the relative cell proliferation over time.

Statistical Analysis

Values are shown as mean plus or minus the standard deviation (mean * s.d.). Student’s t-test was
performed for all experiments when comparing two conditions only, or a Two-Way ANOVA for
multiple conditions over time. The p-value for statistical significance was P<0.05.
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Synthesis

In this thesis, we aim to present quantitative imaging tools that allow for monitoring changes in bone
marrow adipogenesis across the skeleton, and the identification of lipid composition at the single droplet
level. Additionally, we have developed a biomimetic transplantable co-culture system to model the
hematopoietic niche 7 vitro and in vivo. These novel methodological approaches have helped to reveal
site-specific differences in hematopoietic recovery of the long bones and in hematopoietic support
capacity of BM pre/adipocytes. Further investigations will reveal the distinct profiles of these cells and
place them in the context of the BM niche.

Chapter 1 explores the history of the BM microenvironment leading to the identification of the
hematopoietic and skeletal stem cells through rigorous functional assays. These are beautiful examples
of how the BMA field may aspire to approach the search for and eventual identification of the true BMAd
precursor. Methodological developments will also aid in further characterize BMAd subpopulations and
their differentiation axis, placing them in their niche proper within the marrow. Further, bioengineering
approaches will be invaluable for applying BMA research in translating findings from bench to bedside.

With the advent of the BMA Society we have been fortunate to be involved in tackling fundamental
and complicated issues in this nascent field. The methodological review presented in Chapter 2,
discusses advancements in BMA research and minimal reporting guidelines established by the Working
Group on BMA Methodologies this past year. We describe existing methodologies and discuss the
challenges and future directions for 1) histomorphometry of BMAds, 2) ex vivo BMA imaging, 3) in vivo
BMA imaging, 4) cell isolation, culture, differentiation and z» vitro modulation of primary BMAds and
BM stromal cell precursors, 5) lineage tracing and 7z vivo BMA modulation, and 6) BMA biobanking.
We identify as accepted standards in BMA research: manual histomorphometry and OsO4 3D CE-uCT
for ex vivo quantification, specific MRI sequences (WFI and H-MRS) for 7 vivo studies, and gene-
expression or lipid-based assays for 7z vitro quantification of BMA. Emerging techniques are described
which may soon come to complement or substitute these gold standards. Known confounding factors
are presented, and use of the minimal reporting guidelines (Table 2.1) is encouraged to facilitate
comparison across studies. These are important steps for facilitating advancement of the field of BMA.

Our first approach to facilitate reliable, reproducible, quantitative compatisons of BMA changes in the
skeleton is in the form of a semi-automated bioimaging tool, MarrowQuant, developed for quantification
of BM components in histological sections described in Chapter 3. Histological sample preparation has
the advantage of being a standard of laboratories world-wide and sometimes used to aid in diagnosis of
disease. A quantifiable approach to detect differences in BMA and other BM compartments would
benefit researchers for standardized analysis in an unbiased manner. We have found quantification of
BM hematopoietic cellularity with MarrowQuant to lie within the range of scoring by four independent
clinical pathologists. Quantification of the total adipocyte area in whole bone sections compares with
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volumetric measurements of lipid-rich areas by CE-pCT upon OsOy staining of lipids. As a product of
these measurements, we present here a standardized map of BM hematopoietic cellularity and adiposity
in mid sections of bones in the standard homeostatic C57BL/6 mouse model. We observe the highly
predictable red-to-yellow transitions in the proximal section of the caudal tail and in the proximal
versus distal tibia. Additionally, we present a comparative skeletal map of adiposity and hematopoietic
cellularity induced by lethal irradiation, with quantification of the red-to-yellow-to-red transition over
two months in C57BL/6 femurs and tibiae. We find that, following HSC transplantation, MarrowQuant
measurements of BM adipogenesis inversely correlates with kinetics of hematopoietic recovery, with
comparable kinetics to quantification of the recovery i vivo through MRI. MarrowQuant was also tested
on human trephine biopsies and successfully recognizes the BM adipocytic, hematopoietic and bone
compartments, opening avenues for its application in experimental or clinical contexts that require
standardized human BM measurements.

In Chapter 4, we provide an 7z vitro model of BM adipogenesis in the form of the OP9 adipogenic
differentiation system described. By the current standard of lipid content supported by gene expression
analyses, we show that spontaneously-differentiated OP9-adipocytes resemble primary labile rBMAds
while induced OP9-adipocytes possess the characteristics of stable cBMAds. Indeed, sOP9-adipocytes
have a higher content of SFAs with decreased S¢d7 but higher Lp/ expression, while the reverse is true
for iOP9-adipocytes with higher unsaturation content and 47/ expression, favoring a maturation of
adipogenesis. This is supported by their differential hematopoietic support capacities directly on HSPCs
in co-culture or indirectly via secreted factors, mimic the increased support by earlier adipogenic
progenitors 7z vivo. We present a robust model system for studying the dynamics of BMA, particularly
where isolation of primary BMAds is a limiting step. Furthermore, we show that Raman micro-
spectroscopy presents a high-resolution method for studying adipogenesis 7z vitro in a label-free manner,
not just as the single cell level, but to the resolution of individual LDs. This has highlighted that there
exists a stark heterogeneity of LD composition within the differentiated cells, with a mixture of lipid
species also within the droplets themselves.

Modeling the interaction between the supportive stroma and the hematopoietic stem and progenitor cells
(HSPCs) is of high interest in the regeneration of the BM niche in blood disorders. The translation of
our 7n vitro co-culture system into a three-dimensional system for modeling these interactions was a
natural progression. In a collaborative effort, we established a 3D hematopoietic niche by the co-culture
of supportive OP9 mesenchymal cells and HSPCs in porous, chemically defined collagen-coated
carboxymethylcellulose microscaffolds as described in Chapter 5. Flow cytometry and hematopoietic
colony forming assays demonstrates the stromal supportive capacity for iz vitro hematopoiesis in the
absence of exogenous cytokines. Following culture, we recovered the paste-like biomimetic niche by
partial dehydration. Cell viability and the association between stroma and HSPCs were maintained in this
process. We were able to subcutaneous inject this living artificial niche 7 vivo, observed maintenance of
stromal and hematopoietic populations over 12 weeks in immunodeficient mice with enhanced
vascularization in the presence of HSPCs. The application of such a platform of BM organoids, or
marroids, is far-reaching. From studying BMA to pharmacological screenings and direct application in
the clinic, it has promising potential. Some of these possibilities are discussed below.
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Discussion

On BMAT distinctions: the cBMAT/rBMAT conundrum

There remains significant debate in the field about a clear division between tBMAT and cBMAT. Is the
tBMAT/cBMAT distinction a simplistic approach? While general BMAT expansion is similar between
species, specific differences exist in its development within the marrow. There is a temporal onset of
BMAT in the distal versus proximal tibia of rodents, yet in humans BMAT radiates from the central
location of the midshaft and from the metaphyses in the long bones. Is it then justified to distinguish
BMAT as functionally different defined by skeletal site? We know that some BMAds are labile and others
are stable. Yet the possibility remains that what we currently distinguish as tBMAds and cBMAds within
the long bones are cells that are nearly identical, defined by their microenvironment but not necessarily
by location. How so?

Nuances of bone marrow adipocytes

The cBMAds in the metatarsals, phalanges, and distal tail vertebrae of mice have higher trabecular bone
mass and are contained within small bone compartments at the extremities, while long bones contain a
mixture of IBMAds and cBMAds in close contact. This makes the division of the so-called tBMAT and
cBMAT a challenge without a physical delineation between the two. At present when performing ex vivo
experiments (e.g. image analysis, cell processing), the fibula-tibia junction is used as a marker for this
distinction. However, this is based on a rough visual estimation and not the appropriate location at which
to separate the bone for least contamination between the two regions, presenting challenges to data
interpretation. An example is illustrated below.

We observe variations in size and number of BMAds as quantified on histological sections (Chapter 3) in
the proximal tibia of 8 week-old C57BL/6 female mice at the peak of bone marrow aplasia in the
irradiation and transplant setting versus homeostatic conditions. This is reflected in changes to the
hematopoietic compartment. Figure 6.1a shows a significant decrease in hematopoietic cellularity by
quantification of total CD45" cells with flow cytometry analysis in the proximal tibia at days 17 and 21
post lethal irradiation and total BM transplant compared to homeostatic controls. We also observe a drop
in cellularity in the distal tibia on day 17 with a small increase on day 21 post BM transplant. Overall there
is a larger number of total CD45" hematopoietic cells in the BM of the proximal compared to the distal
tibia. These differences in hematopoietic cellularity of the proximal and distal tibia in homeostasis and at
peak of bone marrow aplasia is partially reflected in their functional hematopoietic colony forming unit
capacity. The frequencies of CFUs per 10,000 CD45" cells in the proximal and distal tibia are significantly
higher in the homeostatic C57BL/6 female as compated to day 17 which is slightly lower than on day 21
post BM transplant (Figure 6.1b). Surprisingly, the CFU capacity of the marrow from the proximal versus
distal tibia are not significantly different within each condition although with a tendency toward more
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CFUs in the proximal tibia. This tendency is not observed on day 17, however. Taking into account that
the total hematopoietic cellularity is reduced in the distal tibia on day 17 post BM transplant compared to
the proximal tibia (Figure 6.1a), but that the CFU frequencies from these locations are similar, raising the
question whether HSCs present in the distal tibia are more potent. Transplants of sorted HSCs from the
distal versus proximal tibia would determine their reconstitution and long-term engraftment capacity.
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Figure 6.1| Hematopoietic cellularity and colony forming unit capacity of the proximal and distal tibia in
homeostatic control versus at peak of bone marrow aplasia on day 17 and 21 post lethal irradiation and total bone
marrow transplant. a Total number of CD45* bone marrow cells per mouse from two tibiae, measured by flow
cytometry and CountBright beads. b Number of colonies per 10,000 CD45* bone marrow cells seven days after
plating in methylcellulose. Some samples were pooled for sufficient cell numbers for plating. Error bars represent
mean * s.d., n=10 mice per condition. ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05 by Bonferroni’s multiple

comparisons test. BM: bone marrow; c.f.u.: colony forming unit; D: day.

Differences in hematopoietic phenotype and function of marrow in distal skeletal locations rich in
cBMAT compared to marrow from proximal sites containing tBMAT have been described for the thorax
versus tail vertebrae (Naveiras et al., 2009) but not within long bones such as in the proximal versus distal
tibia.

On the formation of the microenvironment

Largely similar to the general exo- and endo- skeletal classifications of vertebrate species, human skeletal
tissue has multiple embryonic origins. Most of the skeleton derives from the mesoderm. That is, the axial
skeleton (i.e. vertebrae, ribs, sternum) derive from the paraxial mesoderm and the appendicular skeleton
(i.e. limb bones) from the lateral plate mesoderm. The flat bones of the skull, clavicle, and most of the
cranial bones, however, originate from the neural crest of the ectoderm (Bianco and Robey, 2015). In the
adult bone/matrow organ, a common SSC exists that joins skeletal, adipogenic, and hematopoietic
physiology by regulating osteoclasts and the microvascular network (Bianco and Robey, 2015). Prx1-
expressing cells overlap with a major proportion of SSCs in BM limb bones but not the axial skeleton, a
notable difference in the adult marrow of these skeletal sites (Yue et al., 2016). What other disparities exist
in the organization of the bone/martow organ? To answer this, we can turn to the sequential formation
of the marrow and its effect on the hematopoietic niche.
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Vascularization

Mesodermal cells that differentiate into hemangioblasts migrate to the primary ossification center,
forming the first primitive vessels through vasculogenesis with subsequent angiogenesis expanding the
vasculatization (Riseau and Flamme, 1995; reviewed in Sivaray and Adams, 2016). Blood vessels extend
within the growing bone towards the epiphyses and morphologically distinct capillary beds can be
distinguished. Blood vessels then invade the epiphysis contributing to formation of the secondary
ossification center (Sivaray and Adams, 2016). Arterial blood thus enters long bones through the afferent
artery (CD31"Endomucin®aSMA™) at the inner surface of compact bone and at its distal ends (Ramasamy
et al,, 2016). In the metaphysis, the blood flows through type H capillaties CD31"Endomucin™) that are
densely packed and organized as vessel columns interconnected at the distal end of the long bones near
the growth plate (Kusumbe et al., 2014; Ramasamy et al., 2016; Sivaray and Adams, 20106). At the interface
between the metaphysis and diaphysis, the blood flows from type H capillaries (CD31"Endomucin™) into
the branched sinusoidal network that constitutes the type L capillaries (CD31°Endomucin®) (Kusumbe
et al., 2014; Aird, 2007; Kopp et al., 2005). The blood is then drained by the central vein
(CD31”Endomucin”«SMA) running through the center of the diaphysis. Type H vessels are surrounded
by PDGFRp" cells also expressing neural/glial antigen 2. They sectete osteogenic factors mainting Osx”
progenitors that associate with these vessels (Kusumbe et al., 2016; Ramasamy et al., 2016). Meanwhile,
type L vessels, ate covered by two types of petivascular cells, namely LepR PDGFRo" cells and CAR
cells (Sivaray and Adams, 2016). Interestingly, in aging animals and in ovarietomized mice, type H vessles
and thereby blood flow declines, whereas type L vessels do not decline with age (IKusumbe et al., 2014).
Recently a new type of capillary has been identified, the trans-cortical vessels, that are either arterial or
venous in nature connecting the periosteum with the BM, with the greatest contribution of blood flow in
and out of the bone (Griineboom et al., 2019). Whereas the more recent study identified trans-cortical
vessels in the entire length of the tibia, other studies mainly show results for the femur or proximal
metaphysis and diaphysis of the tibia (Kusumbe et al., 2014; Ramasamy et al., 2016). Although it may
seem evident, it would indeed be interesting to ascertain whether there are similarities or differences in
the capillary network of the distal tibia, as variations in the vasculature and associated niche cells have an
effect on the regulation of hematopoiesis.

BMA within the marrow is essential for HSCs however the reciprocity between vascularization and BMA
indicates that reduced vascularization in cBMAT negatively affects HSC frequency (Zhou et al., 2017).
Thus, a balance must exist for optimal HSC maintenance in the form of stimulatory and inhibitory
interactions and cytokines through their microenvironment (Gainsfor et al., 1996; Camacho et al., 2017).
Irradiation and chemotherapy disrupt the sinusoidal blood vessels within the marrow, depleting stromal
cells and HSCs (Zhou et al., 2015). BMAds of the tail vertebrae inhibit vascularization whereas those of
the long bones promote hematopoietic recovery after irradiation consistent with decline in BMA (Zhou
etal., 2017). The majority of HSCs reside near sinusoidal vessels although arteriolar niches have also been
identified (Acar et al., 2015, Kunisaki et al., 2013). The more primitive quiescent HSCs with lower
metabolic state and low ROS are localized to hypoxic arteriolar niches proximal to endosteal zones,
whereas active HSPCs higher in metabolic state and high ROS ate localized near sinusoids of the central
marrow (Itkin et al., 2016; Kunisaki et al., 2013; Suda et al., 2011; Ito et al., 2014; Yu et al., 2013, Suda et
al., 2013).
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On lipids and hematopoiesis

cBMAd-dense regions of the distal skeleton maintain HSCs, and the tBMAd-containing red marrow
contributes to expansion of their progenitors, which differ in their metabolic profiles. Most HSCs with
low mitochondrial potential rely mainly on anaerobic glycolysis while HSPCs require a high energy
production through mitochondrial oxidative phosphorylation (Takubo et al., 2013; Yu et al., 2013; Simsek
et al., 2010). Studies have also revealed that HSCs and leukemic cells can rely on PPAR-mediated FA
oxidation (Ito et al., 2012). Indeed, we have shown that BM stromal cells with lower overall lipid content
(e.g. sSOP9 cells versus iOP9 cells, Chapter 4) associate to increased hematopoietic expansion capacity
compared with more mature BMAds that are high in lipid content (or iOP9 cells). Studies suggest that
there is an optimum of maturation along this axis with regard to hematopoietic support in particular
through the expression of Angptl, SCF, and Cxcl12 that are attenuated in terminally differentiated
adipocytes (Oh et al., 2007). Specific differences in FA of BMAds may contribute to the nuances of
differential hematopoietic support. For example, palmitic acid was shown to have a lipotoxic effect on
hematopoietic-supportive osteoblasts, and high levels are present in aged and osteoporotic bone
associated with decreased hematopoiesis (Saedi et al., 2019; Sing et al., 2018). This may in part explain the
overt myeloproliferation that is seen on the aged skeleton. Future studies will focus on lipase- and
desaturase-deficient animal models (such as the Atgl-KO or Scd1-KO) to better understand the role of
FA mobilization on hematopoiesis.

In age

Changes in BMAd number and size occur in the proximal and distal tibia upon ageing of the C57BL/6
female mouse (Chapter 3). At 18 months old, BMAds in both parts of the tibia appear more frequent and
larger in size compared to young controls at eight weeks of age. However, upon BMA stimulation by
irradiation and total BM transplant, such a drastic effect in the changes of adipocyte morphology at peak
of aplasia is not seen. The tBMAds of the distal tibia increase in number and slightly in size while the
cBMAds remain largely unchanged. Moreover, the effect of BM aplasia upon irradiation is reversed with
the engraftment and expansion of the BM transplant, whereas the reversibility of aging BMAT is non-
obvious. This could suggest different mechanisms of BMAd expansion in ageing versus conditions of
induced BMA, either with distinctive progenitors giving rise to the BMAds formed or comprising
different kinetics of BMAd maturation (especially considering the gradient of red-to-yellow marrow in
the proximal-to-distal tibia). Interesting to understand would be whether the stable cBMAT compartment
also expands with aging, and if the existing cBMAds proliferate or differentiate from pre-existing
progenitors.

Of note, all experiments in this thesis were carried out with female juvenile mice 8-12 weeks of age, unless
another age was a requirement for the experiment, with endpoint analyses up to several months after
initiation. This has several implications for the results obtained that should be considered. Markedly, mice
of 8-12 weeks old are adolescent and not yet fully mature. Adult mice range in age from two to three
months old and whereas mice ranging 18 - 24 months of age are considered old (Hagan C., 2017).
Furthermore, skeletal and metabolic differences are known to vary with gender. While, for example, leptin
correlates positively with BMD in females, the opposite holds true for males (Scheller and Rosen, 2014).

Remarkably, CR is one of the interventions that has been most reliably associated with a reduced rate of
aging, extension in lifespan, and decreased risk of age-related diseases including diabetes and cancer (Yuan
et al,, 2011). CR induces BMA while aging and diabetes are also accompanied by increased marrow
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adiposity. How do we reconcile the notion that something beneficial to the organism may also be
associated with a detrimental state? Is BMA “good” or “bad”, or both? Are distinct subtypes induced or
determined by different patho/physiological states? Could BMAJ lipids be a source of tegulatory
molecules in the bone/matrow organ in homeostasis ot disease?

Methodological challenges

OP9 cells and other cell lines

We propose a first BMAd model to study BMAd subtypes (Chapter 4). The OP9 cells used for the i vitro
studies are calvatrial in otigin detived from a (C57BL/6xC3H)Fz-op/op mouse. C3H/He] mice have been
reported to have significant marrow adiposity and a large pool of adipocytic progenitors (Fuijwara et al.,
2019). While this indeed seems favorable for our studies, these cells also have the potential to differentiate
into osteoblasts which could also have an effect on their hematopoietic supportive potential. Other cell
lines supportive to hematopoiesis include the BM-derived MS5 cell line that have low adipogenic
potential, or the fetal liver-derived AFT024 cell line with moderate osteogenic and mild adipogenic
differentiation potential (Naveiras, 2008). Other cell lines also primed for adipocytic differentiation
include the 3T3-L1 and C3H10T1/2 lines established from mouse embryonic fibroblasts. With a change
in cell lines and/ ot culture conditions, LD formation, DNL, FA species, and unsaturation levels could be
affected and thus influence the results. It would be interesting to observe, however, whether the
unsaturation ratio in the presented differentiation conditions would change.

The Raman spectra obtained with Raman microspectroscopy allows for the assessment of the molecular
content at a precise location. In our analyses, this provided insight into the lipid composition of individual
lipid droplets with the differentiating OP9 cells. We observed not only LDs and OP9 adipocytes that are
cither mostly saturated and mostly unsaturated in lipid content, but also the important distinction that
there exist LDs with a mixture of saturated and unsaturated lipids. Thus, the deconstruction of Raman
images would provide a closer analysis of the complete content of the lipid droplets to better highlight
their heterogeneity.

Primary human cells

The OP9 differentiation model closely mimics characteristics of primary BMAT iz vivo. It would be a
natural continuation to translate this model into a setting with primary human cells that resembles the
native niche. However, isolation of primary BMSCs is prone to variations in protocols which in turn
influence results (Figure 6.2). Whether in mouse or human models, even the initial steps such as the mode
of isolation (e.g. centrifugation, flushing, cutting) or digestion could have an impact. For example, many
researchers in the field isolate prospective BMAds with collagen-I or -1I digestion that is not only present
in the BM but has been shown to provide the highest proliferation levels with KLS cells (Craft and
Scheller, 2017; Choi and Harley, 2017). However, another highly relevant candidate for enzymatic
treatment is collagen-IV that is a component of peripheral adipose tissue and also associated with BMAds
(e.g. Ding and Morrison, Nature 2014; Dai et al., Cell 2007). Other downstream processes, such as
isolation by surface marker expression, lend themselves to further variations in protocols.
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Phenotypic characterization of hBM cells
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Figure 6.2 | Phenotypic characterization of human bone marrow biopsies. Three fractions of cells (floating
adipocytes (yellow), serum (beige), mononuclear cells (red)) were prepared for flow cytometric analysis with
markers negative for hematopoietic cells (stroma, CD45-CD34) that was further analyzed for mesenchymal
markers (CD737CD90%) or putative pre-adipocytes (CD146*Bodipy'®) with highest presence in the adipocyte and
serum fractions. hBM: human bone marrow; MDS: myelodysplastic syndrome; RAEB: refractory anemia and
excess blasts. Romanowski stain kindly provided by Prof. Olaia Naveiras.

Supportive matrices

Once the relevant cell population has been identified and isolated, a 3D matrix would lend itself well as
support for adipogenic differentiation of the seeded stroma and hematopoietic co-culture to recapitulate
the BM niche. BMA within the marrow is essential for HSCs however the reciprocity between
vascularization and BMA indicates that reduced vascularization in ¢cBMAT negatively affects HSC
frequency (Zhou et al., 2017). Thus, a balance must exist for optimal HSC maintenance in the form of
stimulatory and inhibitory interactions and cytokines through their microenvironment (Gainsfor et al.,
1996; Camacho et al, 2017). With the advancements in material and cell biology, multifactorial
combinations of scaffold properties (including architecture, composition, stiffness), culture conditions
(such as cytokines, oxygen concentration, pH, shear stress), and supporting cells (for structural
organization, cell-cell interactions, and cytokine secretion) can be tested. As an example, scaffolds can be
composed of a vatiety of synthetic (e.g. polyurethanes, poly-olefins, PEG, CMC) or natural polymers (e.g.
polysaccharides such as cellulose, agarose, alginate, starch, chitosan, or polypeptides such as silk, collagen,
gelatin), or decellularized matrix of a biodegradable or permanent nature. The scaffold material can
furthermore be functionalized with a plethora of bioactive molecules (e.g. antibodies, hormones,
cytokines, adhesion molecules).

Microcartiers particles (e.g. Cytodex, Cytopore, and Cultispheres) are used for culturing adherent cells in
suspension. Porous microcarriers vary in size between 1um and 10mm, reflecting the diversity. It derives
then that porosity and cell-adhesivity are critical for the success of cell seeding, maintenance, and
differentiation. They are well-established in the large-scale production of cells or antibodies and are also
increasingly used for cell delivery in cell therapy as they provide adhesion during the transplantation

process (Newland et al., 2015). The challenge of transplanting a microcartier culture is addressed in
Chapter 5.
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Our biomimetic BM model presented in Chapter 5 is based on minimal requirements for hematopoietic
maintenance (i.e. cytokine-free) and complies with GMP standards. Indeed, there is beauty in its
simplicity. Through future elaboration of this model there is potential for many applications, including:
HSC engraftment or expansion, ectopic BM generation, understand mechanisms of disease and lipid

utilization, and drug screening.

Figure 6.3| OP9-HSPC co-culture on 3D scaffolds. Red HSPCs associate to green stromal cells. Morphological
features resembling small (upper left) and large (lower right) lipid droplets can be seen in the OP9 cells.
Image by confocal microscopy at 63x with a Zeiss LSM 700 Inverted Confocal Microscope produced with Naveed
D. Tavakol. Scale bar is 20um. Green: OP9 cells; Red: DsRed cells.

Concluding remarks

Many advancements have been made in the last decade. BMA has developed from an emerging to a
vibrant field and the hematopoietic niche is being explored in greater detail than ever before. This is
possible due to the transformation in technological advancements for 7z vitro and in vivo studies, tackling
the hurdles of BM research. Transgenic models of specific stromal markers (i.e. Prx1, Nestin, Lepr, Osx,
and Tie2, Col.2.3) have identified clonogenic multipotent progenitors of the hematopoieic niche. Isolation
methods for these cells are becoming mainstay in labs around the world and those for BMAd isolation
are also being perfected. We have, however, yet to identify a marker that ablates or delineates all BMAds.
Though we are on our way in recognizing defining properties of the putative tBMAd (e.g. via the Ptrf’"
model of CGL-4), we have yet to do the same for the so-called cBMAd and potential other populations.
Distinguishing the effects of systemic changes in metabolic states that occur with the loss (e.g. genetic
models) or induction of BMA (e.g. irradiation-induced aplasia, CR, HFD, glitazone treatment) could be
important in deciphering the specific effects of BMAds on hematopoiesis from inflammation or
extramedullary adipogenesis (van der Heijden et al., 2015; Pez-Otin et al., 2016). While such 7z »ivo models
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may powerful, deciphering single cell from whole population effects of BMAds is challenging and 7 vitro
models provide essential alternatives. Notably, inducible progenitors should be seen as distinct from
determined progenitors which natively express master regulatory genes, and at the present time this can
only be determined by iz vivo transplantation assays. Thus, it is imperative that we generate and apply such
assays for the identification of true BMAd progenitors.

With inspiration from the HSC and SSC fields, my hope is that the work presented here is a small step
in contributing to rigorous methods for identifying well-defined BMAd populations in the near future,
in order to help us to continue identifying important properties of these fascinating cells. With this, and
through the study of their interaction with other members of the bone marrow microenvironment (e.g.
through cell contact or lipid transfer), may we have better opportunities in combating skeletal and
hematopoietic malignancies.

Since the dawn of the hematopoietic lineage tree of Arthur Pappenheim in 1905, a century of research
has seen the hematopoietic hierarchy evolve significantly, and in these footsteps are we today beginning
to decipher the intricate stromal niche.

How far have we come and where are we going?

The sentiments of Paolo Bianco 30 years ago may resonate with us today as we appreciate the plasticity

of bone marrow adipocytes on our endeavor to uncover their truth:

“Reticular cells and marrow adipocytes should be regarded as two different phenotypes of
the same individual stromal cell rather than as two separate cell types.” (Bianco et al., 1988).

% T —

.2 8

Figure 6.4|Motphology of human pre/adipocytes.
Cytoplasmic protrusions of a multi-locular maturing
bone marrow adipocyte is in close contact with an
alkaline-positive reticular cell (rc). (Bianco et al., 1988)
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Figure Al.1| MarrowQuant versus pathologists’ correlations on the validation set. a MarrowQuant nucleated cell

ratio versus pathologists’ estimation (image samples as in Figure3.3c). b Final validation of MarrowQuant with

pathologists’ estimation (pathologists n=4, images n=>59, R2=0.93).
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Figure A1.3|Petipheral blood trecovery curves of 8-week-old C57BL/6 female mice having undergone lethal
whole-body irradiation and total bone marrow transplantation. Recovery of a granulocytes, b monocytes, ¢
hematoctit, d platelets. Error bars represent s.e.m.
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Figure Al.4|Detection errors attributed to false positives and negatives. a,d Fragmented artifact region (arrows)
as adipocyte ghosts (yellow). b,e Nuclei (arrows) detected as nucleated cell area (purple). c,f Osteoblasts (arrows)

detected as nucleated cell area.
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Figure A1.5 | Reciprocity of the bone marrow compartments. a Hematopoietic bone marrow cellularity versus BM
adiposity, b Hematopoietic bone matrrow cellularity versus bone marrow interstitium and microvasculature, ¢ Bone

marrow nterstitium and microvasculature versus bone marrow adiposity.

Supplementary 2: Tutorial

The following supplementary information supports code for the usage of the designed plug-in. The
source code will be made available with the published manuscript.

AdipoQuant instructions

The AdipoQuant function was devised for the purpose of adipocyte segmentation in extramedullary
adipose tissue samples. The script works with QuPath where projects can be created with raw image files

(for example .vsi or .tiff formats).

Steps from launch to results

* Creation of a project in QuPath.

* Define “Tissue Boundaries” and “Artifacts” annotations.

* Open the script: Atuomate/Shared scripts/ExtraMed_MarrowQuant

* Press Run/Run to launch the processing.
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* At the beginning of the script, the user may modify the minimum and/ot maximum size of adipocytes
to be detected. Recommended values ate set by default (1000um* — 15,000um?).

* To export results, open and run the ExtraMed_ExportData script.

The resulting outputs can be found in the "Results" folder found in the project folder. The results are
exported as a .txt format. Upon opening the file, the results can be copied from the file and pasted in an
excel sheet to be able to view and sort the data as preferred.

MarrowQuant installation

MarrowQuant is a script initially developed as a plugin for the image processing software Fiji/Image]
and adapted for QuPath using Fiji as an extension. We will first outline QuPath installation steps, and
then we will describe how to use MarrowQuant within QuPath.

QuPath installation

Download and extract the zip file provided with the manuscript for windows 10 or Mac accordingly. The
BIOP (EPFL Bioimaging and optics platform) has been working closely with the developer of QuPath.
We therefore recommend the user to use the version 0.1.4 provided in the zip file for which the BIOP
provides suppott.

In the extracted zip archive, you will find within the folder the QuPath executable, as well as other folders
that contain the required scripts to run MarrowQuant. If you are a Mac user, move your QuPath
executable to the Mac Applications folder.

Setting up QuPath

Upon opening QuPath, in Help>Show setup options, make sure to uncheck the verification of updates
at launch, as it is not recommended to use more recent versions of QuPath as they may be unsupported
by the BIOP. Also set the correct maximum amount of RAM you need. The typical value recommended
is around three quarter of the maximum RAM that the computer possesses, depending on your usage of
other programs simultaneously with QuPath.

PRI T3

There are three important folders to consider in the extracted zip file, namely the “Extensions”, “ij-
plugin” and “common-scripts” folders. In QuPath you need to indicate the directories of those three
folders. To do that, go to Edit>Preferences, and copy the path of your Extensions folder in "Extensions
directory”, the path of your "ij-plugins" folder in "Image] plugin directory” and the path of your
"common-scripts” folder in "Script directory".

Creation of a project

Users must create a QuPath project in order to work on the images of interest. It is important that you
execute the next steps in the same order that is indicated.

The image formats compatible with the program are the .vsi and .tif ones. Note that if you want to build
a project with .tif images, those do not need to be downsampled beforehand.

First create an empty folder where you intend to put your project that can be named “Qproject”, for
example.
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In QuPath, in the "Project” tab, click "Create project” and select the empty folder you just created.

Now gather all the images you want to work on in a folder, including other needed folders containing
.ets files for example. You can call this folder “Images”. Put this folder in the empty folder where you
created your project.

Back on QuPath, in the "Project" tab, click "Add images", then click "Choose files". Select the images in
the "Images" folder you want to import in the project. Finally, click "Import".

Now that your project is created, each image should be displayed in a list in the “Project” tab and should
have corresponding "Overview" and "Label" files following it, as seen in Figure A2.1a. As you do not
need these files, the easiest way to remove all of them at once is to use a script we provide for that
putpose. In Automate>Shared scripts, click on the "Remove OverviewAndLabel" script. This will open
the script editor and display the script you selected. Click Run>Run. A few arbitrary error messages may
pop up after running the script but can be disregarded. Now your project should only contain the
corresponding images without their Overview and Label equivalents.

Another script that you must run before commencing, is a script that will create all the annotations
needed for the processing. Go to Automate>Shared scripts, and click on the "CreateClasses" script. Click
Run>Run.

Now that your project is all set, in the next section you will find the steps perform before applying
MarrowQuant's segmentation analysis.

Pre-processing of an image

Before running the main script of MarrowQuant in QuPath, the user must first design the regions of
interest needed for the program to work.

We recommend having a look at Dr. Pete Bankhead’s QuPath series of tutorial videos that can be found
on this link: [https://www.youtube.com/playlistrlist=PL4ta8RxZkIWkPB_pwW-ZDVAGPGktAIE5Y].
It will prove very useful to become familiar with the QuPath interface and understand how the different
tools available in QuPath to design regions of interest work. Several basics tips and guidelines for drawing
regions can be found in the [User technical tips] file.

In the "Annotations" tab, you can find the different classes that are possible to assign to an object you
drew. Those classes ate called annotations. The three annotations that ate needed in order for
MarrowQuant to work are the [Tissue Boundaries|, [BG] (which stands for Background), and [Artifact].

It could be useful to enable and conversely disable some QuPath features. First, users can disable the
View>"Show slide overview" function. A useful function to enable is View>"Fill annotations", which
will make it easier to visualize the shape of your different annotations. As we think the Wand drawing
tool is very useful, we also recommend changing values at the bottom of Edit>Preferences, to 1.0 and
2.0 for Wand smoothing and Wand sensitivity respectively, which will make it easier to use.

The [Tissue Boundaries]| class affects the region that needs to be processed. As the aim of MarrowQuant
is to segment and quantify bone marrow compartments including the cortical bone region if desired,
users should try to exclude other regions than those of the Tissue Boundaries.
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The [BG] class is an annotation that is needed for background correction. We recommend to simply
draw a small rectangle in a region of the same color of the background. That annotation must be
contained in the [Tissue Boundaries] annotation. When drawing the [BG] annotation, users must make
sure that the region within the annotation is as homogenous as possible. Even a few pixels of tissue
residue of different color can influence the background correction algorithm. An example can be found
in Figure A2.1b, the background being the region highlighted in yellow.

The [Artifact] annotation is an optional compartment which functions to exclude the affected regions
from the processing. Like the [BG] annotation, all of the [Artifact] annotations must be strictly contained
within the Tissue Boundaries, otherwise they may be not considered in the segmentation process. Typical
regions affected as [Artifact| are large fixation artifacts. The reason is that those regions may be assigned
as adipocytic compartment by MarrowQuant since adipocyte ghosts are the same color as the
background. If not originally excluded from the [Tissue Boundaties], other regions such as muscle or
cartilage should be affected as [Artifact] as well. An example can be found in Figure A2.1c, the artifacts
being the regions highlighted in black.

Processing

Once all the annotations (Tissue boundaries, BG and artifacts) are done, the user can launch the plugin
(Automate > shared scripts [MarrowQuant]). Then click "tun">"run” or "run">"run for project” if you
want to process multiple images of the same project at the same time. At the top of the script, the user
may modify the minimum and/or the maximum size of the adipocytes (s)he wants to be able to detect.
Our recommended sizes are the ones that ate in the script by default, that is 120pm* as 2 minimum and
5000um? as a maximum size.

Post-processing

Once all the images needed in a certain project have been processed, you need to export the outputs
from QuPath. A specific script was made in order to do that for the current project opened in QuPath.
Simply open the script [MarrowQuant_ExportData] and click "run">"run for project”, and select the
images from which you want to export the results.

The resulting outputs can be found in the "results" folder, found in the project folder.

The results are exported as a .txt format, but upon opening the file, the user can simply copy everything
from the file and paste it in an excel sheet for further analysis.
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a Qproject in QuPath
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Figure A2.1| QuPath selections. a Project creation, b clear background selection, ¢ artefact selection.
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MarrowQuant user guidelines

Below is a list of items the user should be paying attention to when designing the [Tissue Boundaries]
and [Artifacts| regions:

The main reason it is recommended to the user to manually design what we call "artifact” regions, is to
reduce the detection of false positive adipocytes by the program. Adipocyte ghosts are the same color as
the background, therefore as much fixation artifacts as possible must be selected as Artifacts.

The segmentation of the bone compartment includes an automatic thresholding step. This will work well
when working with images where the bone staining appears as expected in standard histology samples.
On the other hand, given the type of automatic threshold we use, it means that a significant difference
in bone color, for example if the bone appears as very bright, might result either in a mis-segmented bone
compartment, or in detection of bone in regions where there is none. Conversely, very darkly stained
bone can be mis-detected as nucleated cells. The best workaround is to exclude as much of the mis-
colorings from the [Tissue Boundaries] region as possible so that the thresholding will not be affected
and works propetly.

Muscle will generally be assigned as "interstitium" by the program. Hence our suggestion to the user to
cither not include muscle in the Tissue Boundary, or to assign it as artifact.

In rare cases, cartilage may be assigned as hematopoietic compartment. When it happens, the incidence
on the results is negligible, and it is also very easy for the user to assign some cartilage areas as artifacts if

wanted.
QuPath technical tips
Lock | unlock regions

Once you have drawn the Tissue Boundaries region, in order to be able to design artifacts within it, you
must lock the Tissue Boundaries region so it cannot be modified. This is done by:

Select the region, by using the Move tool and double clicking the region, or selecting it via the
Annotations tab.

Right click > Annotations > lock/unlock

Undo | redo

You can "Undo" actions such as deleting or creating a new region with cttl+z on the keyboard. To “redo”
them back, press ctrl+shift+z.

Note however that you cannot undo a specific modification of an annotation. Performing "Undo" while
having a region selected will simply have the effect of removing it

The way the Wand tool works is mostly dependent on the sensitivity you set (edit>preferences>Wand
smoothing/sensitivity) and the zoom you ate at. If you want to be very precise, you may want to zoom
closer. If conversely you want to quickly draw big regions, it will be easier when zooming out.
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When using either the Brush or the Wand tool, maintaining Alt on the keyboard while clicking will have

the effect of erasing instead of drawing. This proves very useful when trying to remove everything that
is external to the bone edge with the Wand tool, for example.

Supplementary 3: Magnetic Resonance Imaging setup

Figure A3.1|In vivo magnetic resonance imaging (MRI). a The mouse hindlimb is maintained in a fixed position
for imaging. b A home-made magnetic coil is placed over the place of the left femur before MRI acquisition. ¢
Sample image obtained, here with the marrow cavity of the femur in view.
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Appendix B

List of reagents

Pertaining to Chapter 4

Table B1.1| Lipidomics LC-HRMS standards and solvents

Standard/Solvent

Supplier

Chloroform stabilized by 0.5-1% ethanol

Methanol (UPLC grade)

Formic acid (98-100%, for analysis)

Acetonitrile (UPLC grade)

Deionized water

Ammonium formate
1,2-didodecanoyl-sn-glycero-3-phosphocholine
1-heptadecanoyl-2-myristoleoyl-sn-glycero-3-phosphocholine
1-heptadecanoyl-2-mytistoleoyl-sn-glycero-3-phospho-(1'-myo-
inositol)
1-heptadecanoyl-2-myristoleoyl-sn-glycero-3-phospho-L-serine
N-(dodecanoyl)-sphing-4-enine-1-phosphocholine
N-(heptadecanoyl)-sphing-4-enine
D-glucosyl-B8-1,1'N-octanoyl-D-erythro-sphingosine
sn-(3-tetradecanoyl-2-hydroxy)-glycerol-1-phospho-sn-3'-(1'-
tetradecanoyl-2"-hydroxy)-glycerol
Bis-[2-(9Z-octadecenoyl)-3-lyso-sn-glycero]-1-phosphate
1,2-ditetradecanoyl-sn-glycero-3-phospho-(1'-sn-glycerol)
1,2-di-(9E-octadecenoyl)-sn-glycero-3-phospho-(1'-sn-glycerol)
1,2,3-Trioctanoyl-sn-glycerol

1,2,3-Tridecanoyl-sn-glycerol

1,2,3-Tridodecanoyl-sn-glycerol
1,2,3-Tritetradecanoyl-sn-glycerol
1,2,3-Trihexadecanoyl-sn-glycerol
1,3-Dioctadecanoyl-sn-glycerol
(18:1(92)/18:1(9Z)/0:0)1,2-di-(9Z-octadecenoyl)-sn-glycerol
1,2-Dihexadecanoyl-sn-glycerol

x|

Merck (Darmstadt, Germany)

Merck (Darmstadt, Germany)

Merck (Darmstadt, Germany)

Biosolve (Valkenswaard, Netherlands)

B. Braun (Melsungen, Germany)

Avanti Polar Lipids (Alabaster, AL, USA)
Avanti Polar Lipids (Alabaster, AL, USA)
Avanti Polar Lipids (Alabaster, AL, USA)
Avanti Polar Lipids (Alabaster, AL, USA)

Avanti Polar Lipids (Alabaster, AL, USA)
Avanti Polar Lipids (Alabaster, AL, USA)
Avanti Polar Lipids (Alabaster, AL, USA)
Avanti Polar Lipids (Alabaster, AL, USA)
Avanti Polar Lipids (Alabaster, AL, USA)

Avanti Polar Lipids (Alabaster, AL, USA)
Avanti Polar Lipids (Alabaster, AL, USA)
Sigma (St. Louis, MO, USA)
Sigma (St. Louis, MO, USA)
Sigma (St. Louis, MO, USA)
Sigma (St. Louis, MO, USA)
Sigma (St. Louis, MO, USA)
Sigma (St. Louis, MO, USA)

Sigma (St. Louis, MO, USA)
Sigma (St. Louis, MO, USA)



Table B.2|RT-qPCR primer sequences

Appendix

Gene Forward primer (5’ - 3’) Reverse primer (5 — 3’

AdipoQ TGT TCC TCT TAA TCC TGC CCA CCA ACCTGC ACA AGT TCC CTT
Atgl TGA CCATCT GCC TTC CAG A TGT AGG TGG CGC AAG ACA
C/ebpa GGT GGA CAA GAA CAG CAA CGA GCG GTC ATT GTC ACT GGT CA
Elovll CAT GCT TTC CAA GGT CATTGA GCT G TCT CAG TTG GCC TGACC TTGGTGG
Fads1 CCA GAT TGA ACA CCA CCT CTT GACTCA TACTTG ATG CCG TACTT
Fads2 CAC AAG GAC CCG GAC ATA AA TGG TTG TAG GGC AGG TAT TTC
Fabp4 ATGTGCGACCAGTTTGTG TTT GCC ATC CCA CTT CTG

Lpl GGC CGC CCT GTA CAAGAG A AACTCCTCCTCC ATC CAGTTG A
Ppatg CCT GCA TCT CCA CCT TAT TAT TCT AAA CCCTTG CAT CCT TCA CA
Rpl13 CTC ATC CTG TTC CCC AGG AA GGG TGG CCA GCT TAA GTT CTT

Scd1
Scd2
Ywhaz

TTC CCT CCT GCA AGCTCT AC
GGC CCA CAT ACT GCAAGA G
CAA AGA CAG CAC GCT AAT AAT GC

CAG AGC GCT GGT CAT GTA GT
TTC AAA CTT CTC GCC TCC AT
GTG GGA CAG CAT GGATGA CA
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