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Résumé

Le terme de cellules souches hématopoiétiques (CSH) désigne une population rare de cellules
capables de générer I’ensemble des lignages hématopoiétiques. Cette définition implique une
capacité d’auto-renouvelement, ainsi qu’un potentiel de prolifération et de différenciation im-
portant. La greffe de cellules souches hématopoiétiques est aujourd’hui une modalité thérapeu-
tique pour le traitement de diverses maladies hématologiques et représente pour de nombreux
patients un traitement de dernier recours. Malheureusement, le nombre limité de ces cellules
dans une unité de sang de cordon est a I’origine du faible taux de réussite des greffes de sang
de cordon chez I’adulte. Plusieurs stratégies sont actuellement mises en place pour permettre
la multiplication de ces CSH ex vivo. Cependant, Il n’y a jusqu’a ce jour aucun critére ou mar-
queur phénotypique fiable permettant spécifiquement d’identifier ou d’isoler ces CSH ampli-
fiées, et leur caractérisation reste un défi majeur pour les chercheurs. Dans le laboratoire, nous
avons effectué un criblage a haut débit afin de tester le potentiel d’un grand nombre de molé-
cules chimiques 2 multiplier des cellules souches dérivées de sang de cordon ombilical et nous
avons ainsi identifié la molécule UM171, un dérivé pyrimido-indole, qui permet de multiplier
par 10 le nombre de CSH et par 100 leur descendance. Nous avons démontré qu” UM171 per-
met de multiplier les CSH sans affecter la voie de signalisation de la protéine AhR, récemment
impliquée dans 1’auto-renouvelement des CSH. L’analyse du transcriptome des CSH exposées
a la molécule UM171 a permis d’identifier le récepteur endothélial a la protéine C (EPCR),
comme marqueur de surface permettant de prédire le nombre et I’activité¢ des CSH en culture et
par conséquent de les isoler et de mieux les caractériser. En combinant des techniques de cyto-
métrie de flux et d’ARN interférents avec des expériences de transplantation & long terme dans
des souris immuno-déficientes, nous avons pu démontrer qu” EPCR peut étre considéré non
seulement comme un premier marqueur fiable pour enrichir les CSH en culture mais aussi qu’il
est nécessaire pour la fonction de ces CSH in vivo. Les résultats de ces travaux représentent une
avancée majeure pour accélérer les recherches et les applications cliniques sur 1I’expansion des
CSH ex vivo et permettra de comprendre les mécanismes moléculaires qui régissent 1’auto-re-

nouvéelement des CSH.

Mots-clés: Sang de cordon, cellules souches hématopoiétiques, auto-renouvelement, molécule,

marqueur de surface
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Abstract

Human hematopoietic stem cells (HSCs) are defined by their capacity to self-renew and to
differentiate into all blood lineages during an adult lifetime. Based on these unique properties,
HSCs are used in transplantation procedures to treat various hematological diseases. However,
the low number of HSCs in a graft limits the use of this treatment. To overcome this restrain,
different approaches were established to expand HSCs ex vivo; yet, the absence of a reliable
surface maker that correlates with HSC activity in culture made the assessment labor-intensive
and time-consuming. Using a library of small molecules, we were able to identify pyrimidoin-
dole derivative named UM171 as an agonist for HSC self-renewal. UM171 promotes ex vivo
expansion of hematopoietic and stem cell progenitors (HSPC) independently of AhR suppres-
sion- a pathway reported by Boitano et al. to have the greatest effect in HSC expansion. Unlike
AhR suppression that targets a hematopoietic population with limited proliferative potential,
UM171 targets the long-term HSCs. Transcriptome analysis showed that UM171 reduces the
levels of transcripts associated with lineage differentiation and induces the expression of genes
encoding for membrane proteins, one of the best differentially expressed being the endothelial
protein ¢ receptor (EPCR). Cell sorting and transplantation experiments of EPCR expressing
cells showed a high correlation with HSC activity. We demonstrated EPCR as a first reliable
marker to enrich for HSC in culture and that it is required for HSPC function in vivo. These
findings provide a valuable tool for clinical and research applications to optimize further HSPC
expansion protocols and understand the molecular machinery that governs the HSC self-renew-

al.
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Chapter 1: Introduction



1.1 Model of hematopoiesis

Blood is a highly regenerative tissue where one trillion cells of various lineages are produced
daily in human bone marrow (BM). These cells are present at various stages of differentiation
and are organized in a cellular hierarchy deriving from one common precursor, a hematopoiet-
ic stem cell (HSC) (Figure 1.1). To ensure the blood homeostasis throughout the lifetime of a
human being, HSC has to maintain a balance between self-renewal and multi-lineage differen-
tiation. As HSCs differentiate, they give rise to two downstream progenies: multilymphoid pro-
genitor (MLP) and common myeloid progenitor (CMP). The MLP produces all the lymphoid
cells (T-, B-, and natural killer (NK)) as well as macrophage-dendritic cell progenitors'. The
CMP generates dendritic cells, monocytes, granulocytes (neutrophils, eosinophils, basophils,
and mast cells), erythrocytes and megakaryocytes. The choice in cell fate is controlled by a

complex network of signaling pathways and transcription factors.

1.2 Molecular regulation of HSPC

Global transcriptional analysis of different human hematopoietic populations (HSCs, multipo-
tent progenitors MPP, and differentiated cells) shows distinct gene expression patterns as the
cells progress from HSC to various blood lineages*?. A small list of these transcription factors
is shown in Figure 1.2. BMI1, a polycomb-group gene, is one of the transcription factors that
guard the hematopoietic stem and progenitor cells (HSPC) from apoptosis. Ectopic expression
of BMI1 in human HSPCs increases the stem cell pool #, while suppressing BMI1 impairs HSC
self-renewal potential®; thus, highlighting the critical role of BMII in maintaining HSPC fate.
HLF and HESI are two other key transcription regulators expressed at high levels in human
HSPC. Overexpression of HLF or HES enhances stem-cell frequency by activating cell cycle
and inhibiting apoptosis of HSC®. The tumor suppressor gene, p53, also plays an essential role
in preserving HSC integrity. Human HSCs exhibit enhanced p53-dependent apoptosis after
stress conditions of DNA damage to maintain their genomic integrity. Although p53 deletion
reduces apoptosis, it significantly compromises the HSC extensive self-renewal capacity possi-
bly due to accumulated DNA damage’. GFI1 is one of the p53 target genes that restricts HSCs
proliferation and maintains their quiescence state®. GFI1 also has an essential role in lineage

specification where it regulates myeloid and lymphoid development’.

In mouse, several transcription factors have also been shown to regulate HSC maintenance and
self-renewal. Prdm16 is one of the transcription factors that promotes HSC survival by modu-

lating oxidative stress'®!!. Also, the homeobox Hoxb4 is of particular interests since it expands

2
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Figure 1.1. Model of human hematopoietic hierarchy.

Human hematopoietic stem cell (HSC) and downstream progenitor populations are defined
by the expression of cell surface phenotype. HSC gives rise to multipotent progenitor (MPP)
which is defined by loss of CD49f expression. MPP generates multilymphoid progenitor (MLP)
and common myeloid progenitor (CMP). The MLP differentiates to T cell, B cell, NK cell, and
dendritic cell while the CMP produces granulocyte macrophage progenitor (GMP) and mega-
karyocyte erythrocyte progenitor (MEP). The figure is Adapted from Doulatov et al., 2010.
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mouse HSC up to 1000-fold by activating their symmetrical self-renewal division!?. Interesting-
ly, human CD34+ (transmembrane phosphoglycoprotein) cells overexpressing HOXB4 barely
show any increase in HSC numbers'®. Hmga?2 is another master regulator of HSC self-renewal.
It modulates the proliferative potential of HSCs during development where it controls prolifer-
ation status that distinguishes fetal HSCs from adult HSCs. Overexpression of Hmga2 in adult
HSCs elevates their self-renewal activity and loss of Hmga2 in fetal HSCs compromises their
proliferative potential'. Ecotropic viral integration site 1 (Evil) is also indispensable for HSC
self-renewal in both fetal and adult hematopoietic systems'*. Evil expression marks a quiescent
state of HSCs with long-term multilineage repopulating activity whereas the absence of Evil
expression exclusively identifies cells without functional HSC activity. Consistent with other
described transcription factors, Evil overexpression suppresses differentiation and enhances
HSC self-renewal capacity'®. These data settle Evil as a central regulator of HSC self-renewal
where several transcription factors essential for HSC pool have been identified to be down-

stream targets such as Gata2'>!®, Pbx1'7, and Runx1 %

Gene expression profiling and bioinformatics analysis of distinct human hematopoietic cell
types reveals hundreds of transcription factors differentially expressed in human hematopoietic
lineages?. For instance, PAX5 and GATA3 are selectively expressed in MLPs while GATA1 is
expressed in myeloid erythroid progenitors (MEP) and PU.1 and CEBPa in granulocyte lin-
eage'?. These transcription factors and others organize the hematopoietic hierarchy from HSC
to lineage determination. Mutations in these key factors impair their differentiation fate leading

to various hematological diseases'.

1.3 Origin of human HSPC

Blood cell development progresses in different embryonic sites separated temporally and spa-
tially?® (Figure 1.3). The precursors of HSPC are mainly from mesoderm/hemangioblast cells?'-*
which transit through different niches where HSPC mature and proliferate to generate a pool of
HSC for life. Human hematopoiesis begins at day 16 of embryonic development in the yolk sac
(YS) with the early appearance of primitive erythroid cells (primitive hematopoiesis). During
the fifth week of development, the first multipotent and myelolymphoid stem cells emerge from
the aorta-gonad-mesonephros (AGM) (definitive hematopoiesis)**2*. The differences between
the YS vs. AGM hematopoietic outcomes suggest a critical role of the microenvironment that
determines the hematopoietic self-renewal potential. These HSPC cells start then to colonize
other organs: liver, thymus, spleen then BM*. At week 13 of gestation, the multilineage hema-

topoietic progenitors are detected in fetal liver (FL)* where HSPC expands rapidly. Human

5



placenta starts to show fetal-derived HSPC from gestating week 8 onward?. Shortly after birth,
the bone marrow (BM) becomes the site of permanent adult hematopoiesis at which most of the
HSCs are dormant and exhibit a limited proliferative activity to prevent cell exhaustion. The
BM niche (endosteal and perivascular regions) provides a unique district for the maintenance
of quiescent HSCs. Retention of the HSC in the bone marrow is mediated by adhesion inter-
actions between HSC surface receptors and their respective ligands expressed or secreted by
neighboring cells such as stromal derived factor 1 (SDF1), stem cell factor (SCF), Angiopoietin
1 (Angptl), vascular cell adhesion molecule 1 (VCAMI), and thrombopoietin (TPO)?’. Bone
marrow is not the final destination of HSPCs; there is a constant exchange of HSPCs between
BM and peripheral blood to maintain the hematopoietic hemostasis (Figure 1.3 B). In response
to a blood injury, a positive feedback loop induces the HSC to cycle and subsequently replenish

the hematopoietic system?.

1.4 Functional assays for human HSPC

Developing assays that distinguish each cell type in the hematopoietic hierarchy into functional
cells and evaluating quantitatively their proliferative potential has always been a challenge.
Difficulties in developing such assays are mainly due to (a) absence of reliable correlation be-
tween the cell phenotype and its function and (b) cell heterogeneity. Two types of assays-in vi-
tro and in vivo assays- have been developed to study the function of hematopoietic cells. These
assays determine the frequencies and the numbers of long and short-term HSCs and progenitor

cells in various cell perpetrations and culture conditions.

1.4.1 In vitro assays

In vitro assays are used mainly to assess the ability of hematopoietic progenitor cells rather than
stem cells to proliferate and differentiate in response to various cytokines, growth factors, and

coculture systems.

1.4.1.1 Colony forming unit assay

Colony forming unit (CFU), also known as colony forming cell (CFC) assay, determines the
capacity of hematopoietic progenitor cells to form lineage-restricted colonies in a semisolid
methylcellulose-based medium supplemented with cytokines. CFU assay detects the prolifer-
ation and differentiation of progenitor cells that generate different types of colonies based on

their morphology. It distinguishes multilineage progenitor - the cell that gives rise to a colony

6
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Figure 1.3. Human hematopoiesis during fetal and adult life.

(A) HSPC:s originate from yolk sac and migrate to AGM and placenta to colonize later in the
fetal liver, the major site of embryonic hematopoiesis where HSPCs proliferate and differenti-
ate. Fetal liver HSPCs then migrate to the thymus, spleen and the bone marrow, the main organ
for adult hematopoiesis. (B) A small number of HSPCs circulate between the bone marrow and
blood to sustain the hematopoietic homeostasis. AGM: aorta-gonad-mesonephros region, ED:
embryonic day. The figure is adapted from Mazo et al., 2011 and Mikkola et al., 2006.



that holds all myeloid lineages (granulocyte/ erythrocyte/ macrophage /megakaryocyte known
as CFU-GEMM)- from a lineage-restricted progenitor. Although CFU assay is limited to pro-
genitor cell assessment, it 1s a useful test to predict the graft quality where high CFU numbers

correlate with rapid engraftment and overall survival after HSC transplantation®-3,

1.4.1.2 Long-term culture initiating cell (LTC-IC) assay

Dexter et al.** are the first to describe a long-term culture (LTC) system that detects primitive
hematopoietic cells from unpurified mouse marrow. In this culture, the marrow cells are plated
with other cell types that make up the bone marrow niche such as osteoblasts, stromal and en-
dothelial cells named feeder cells. These adherent cells play a role in maintaining and expand-
ing the primitive hematopoietic cells up to several weeks in culture. Consequently, the system
was tested on human marrow cells** where cells that sustain hematopoiesis are cocultured in
the presence of irradiated human marrow adherent cells for 5-7 weeks and assessed for their
congenic cells for additional 2 weeks (Figure 1.4 A). The long-term cultured cell that is able
to generate a myeloid colony in CFU assay is called long-term culture initiating cell (LTC-
IC). Thus, LTC-IC assay determines the progenitor cells that are more primitive than CFUs*.
LTC-IC assay is a quantitative assay where the clonogenic cell output is linearly related to the
input cell number*. Accordingly, starting from different cell doses, the frequency and the num-
ber of LTC-IC can be determined. Studies have shown that murine fibroblast or preadipocyte
cell lines genetically engineered to secrete human cytokines (such as SCF, colony-stimulating
factor (G-CSF), and interleukin 3 (IL3)) can function as efficiently as human adherent marrow
cells*’*%. In addition to myeloid clonogenic progenitors, several stromal cell culture systems
were developed to generate lymphoid and nature killer cells**#.

LTC-ICs are still functionally heterogeneous since extending the culture for 14 weeks sustain a
more primitive subpopulation with distinct proliferation and differentiation capacities than the
standard LTC-IC culture*', which raises the question of the culture period needed to detect the
most primitive cells. Accordingly the relationship between LTC-IC and HSC is unclear and in

vivo experiments are still mandatory for dissociating the two populations.

1.4.2 In vivo assays

In vivo assays are the gold standard tests for differentiating long-term HSC from short-term
HSC and progenitor cells.
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Figure 1.4. Assays used to study function of human HSPCs.

(A) In vitro assays for detecting long-term culture initiating cell (LTC-IC). CFU-GEMM (col-
ony forming unit-Granulocyte/Erythrocyte/Monocyte/macrophage/Megakaryocyte), BFU-E
(erythroid burst-forming unit), CFU-GM: (colony forming unit-Granulocyte/macrophage) (B)
In vivo assays for detecting SCID-repopulating cell (SRC). Mouse (Mo), Human (Hu).



1.4.2.1 SCID repopulating cell (SRC)

Development of long-term in vivo assay for primitive human hematopoietic cells is based on
their ability to repopulate the BM of severe combined immunodeficient (SCID) and non-obese
diabetic/SCID (NOD/SCID) mice **. Human BM or CB primitive cells can engraft recipient
mice where they extensively proliferate and differentiate to myeloid and lymphoid lineages
for several weeks — months after transplantation. These engrafting human cells are defined as
SCID-repopulating cells (SRCs)*. Cell fractionation and retrovirus gene marking experiments
show that SRCs are more primitive than CFC or LTC-IC. Most CFCs and LTC-ICs are enriched
in the CD34"CD38" fraction , highly transduced, and incapable of engrafting engraft NOD/
SCID mice; however, SRCs are exclusive in CD34*CD38" and poorly infected*. Kinetic exper-
iments also supported the hypothesis that SRCs are biologically different from most cells as-
sessed in vitro. In these studies, only small fraction (0.1-1%) of injected numbers of CFCs and
LTC-ICs is detected in murine BM*’. Quantitative experiments confirm that SRCs are presented
at a lower frequency compared with LTC-ICs (numbers of SRCs in BM or CB cells are lower
by ~ 100-200 times than that of LTC-IC)**4%4°_ All these data indicate that SRCs are distinct and
more primitive than most CFCs and LTC-ICs.

1.4.2.2 Quantifying SRC using limiting dilution assay

Bone marrow is known to be the most radiosensitive tissue. In 1951, Jacobson et al. showed that
recovery from irradiation injury is possible by transplanting normal BM cells to the irradiated
animal®. The normal BM cells replenished the destroyed hematopoietic system where it pro-
liferated and sustained the production of myeloid and lymphoid lineages®'. These observations
identify the presence of cells in the BM with a long-term repopulating activity which can be
quantified by transplanting different doses of normal BM cells to lethally irradiated recipi-
ents**(Figure 1.4 B). This limiting dilution assays (LDA) can determine the minimal number of
cells needed to protect the irradiated host. Similarly, LDA can be used in sublethally irradiated
immunodeficient mice to determine the number of human cells needed to repopulate SCID

mice (SRC) and quantify their frequencies.

1.4.2.3 Xenograft models used to assess the SRC

Severe combined immune-deficient mouse, lacking B and T cells, represents the first murine
model to study human hematopoietic system due to the fact that human lymphocytes are able

to survive and circulate in a SCID mouse*?. To suppress further the innate immunity of SCID
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model, Scid mutation was backcrossed with nonobese diabetic (NOD) mice that have a de-
fective innate immunity**. Accordingly, NOD/SCID model shows higher levels of human
hematopoietic engraftment than SCID mice (Table 1.1). Additional genetic mutations to impair
the immune system were continuously generated to improve the xenograft model. Loss of beta
2-microglobulin allele in NOD/SCID model (NOD/SCID/B2m™"), for instance, reduces the
activity of murine NK cell and enhances human T cell engraftment®. Others took a different
approach to eradicate activity of murine NK cells by either truncating (NOG)**or deleting in-
terleukin 2 receptor common g chain (NSG)> of NOD/SCID mice. The deletion of this gene
results in a complete loss of B, T, and NK cells. NSG model is superior to other models in de-
tecting SRC and showing a lower incidence of thymic lymphoma- one of the major drawbacks
of NOS/SCID model that prevented its long-term studies®>*®. Thus, NSG represents a new in
vivo long-lived model with robust engraftment potential (Table 1.1). Other mutations were
also studied in NOD/SCID system such as mutations in recombination-activating gene 1 and
2 (Ragl and Rag?) that cause defects in B and T cell activity; however, none of these mice is

better than NSG in engrafting human cells”’.

Expressing human signal regulatory protein alpha (SIRPa) - a receptor that negatively regulates
phagocytosis- in immunodeficient mice induces host macrophage tolerance to human trans-
planted cells. These SIRPa expressing models lead to significant increase in human engraft-
ment reaching levels comparable to NSG model*® (Table 1.1).

Lack of cross-reactivity between the mouse and human myeloid growth factors (IL3, Granu-
locyte-macrophage colony-stimulating factor (GM-CSF), and SCF cytokines) hinder the long-
term production of myeloid cells from HSC. Thus, immunodeficient mice injected in human
cytokines or genetically manipulated to express human cytokines show stable engraftment of
myeloid lineages for more than 4 months®° (Table 1.1).

The method of injection is also important in measuring SRC numbers. Intravenous injection of
transplanted cells circulates through the blood before anchoring to BM niche. This approach
might underestimate the SRC numbers that are incapable of migrating and/or homing to BM.
Yahata®' and McKenzie®? show that intratibial and intrafemoral injection provide more robust
engraftment than intravenous injection. This optimal injection procedure renders the in vivo

assay more sensitive to SRC detection.

Interestingly, murine sex difference plays a role in human engraftment. In NSG, it has been re-
ported that female recipients are superior in detecting human chimerism suggesting sex-specific

signals that are yet to be identified, in regulating human HSPC engraftment®.
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Mouse model

Mouse genetic background

Mouse immunity

Human engraftment

Homozygous for the severe combined immune deficiency

Absence of functional T cells and B cells,

ScID® spontaneous mutation (Prkdc SCid), referred as scid. lymphopenia, hypogammaglobulinemia, B and T cell engraftment.
C57BL/6J background. and a normal hematopoietic microenvironment.
Low levels of NK cells cytotoxic activity, absence :/:?::rcfrg ?’;Zlﬂinsi?ésm?:;ﬁ&ne;;id
NOD/SCID* NOD/ShiLtSz instead of C57BL/6J background. of hemolytic complement, and functionally immature P A

macrophages.

and erythroid engraftment in addition to B
and T cell engraftment.

NOD/SCID/g2mnullss

Double homozygous for scid mutation and beta 2-
microglobulin null (82m) allel.

Impaired NK activity. Characterized by shortened

life span due to accelerated thymic lymphomagenesis.

Major increase in human T cell engraftment
compared to NOD/SCID.

NOD/Shi-SCID/IL2RyMU!!
(NOG)*

Scid mutation combined with truncated interleukin-2
receptor gamma chain (IL2Ry) mutation. The targeted

IL2Ry mutation used in these crosses is not completely null.

Impaired NK cell activity and severe reduction of
interferon y (IFN-y) production from the dendritic
cells in the NOG mice spleen.

Higher level of human engraftment when
compared with NOD/SCID or NOD/SCID/
p2null models.

NOD/SCID/IL2Ry"U!l
(NSG)SS, 56

Scid mutation combined with complete interleukin-2 receptor
gamma chain (IL2Ry) null mutation.

Deficient in mature lymphocytes and NK cells and
dendritic cell population, do not develop thymic

lymphomas, and are long-lived (>16 month of age).

3.6- fold enrichment in detecting SRC and
1.5- fold improvement in the CD45-BM
engraftment when compared with NOG model.

NOD-Rag1-IL2Rynull
(NRG)*”

NOD-scid IL2Ry null with Rag1 null mutation.

Defect in functional B and T lymphocytes.

Similar engraftmenet as NSG model.
More radioresistant than NSG model.

NSGS*®

NSG mice expressing human IL3, GM-CSF and SCF.

Similar to NSG.

Stable engraftment of myeloid lineages
and regulatory T cell populations.

hSIRPa-transgenic
RagZ’/'yc’/’“

Expression of a human signal regulatory protein alpha
(hSIRPa), a receptor that negatively regulates phagocytosis,
in RagZ'/'yc‘/' mice.

Defect in functional B and T lymphocytes.
hSIRPa expression on mouse macrophages lead
to decreased phagocytosis of human CD47 (a
SIRPa ligand expressed on hematopoietic cells
and sends a "do not eat me" signal) cells.

CD45 engraftment levels in hSIRPa-transgenic
RagZ'/'yc'/' were comparable to that of NSG,
except for frequency of erythrocyte which

was significantly higer in NSG model.

MISTRG®

Expression of a human M-CSF, IL3/GM-CSF, SIRPa, TPO
in Rag27- IL2RY~ mice.

Similar to Rag2”~ IL2Ry~-.

Efficient development of human innate
immune system.

Table 1.1 Development of immunodeficient mouse models for studying human HSPC

function.
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Continuous development for optimal xenograft models has enabled sensitive detection and bet-
ter classification of human HSPCs.

1.4.2.4 Distinct classes of SRC

Transplantation experiments are the first to reveal a hierarchy of cell states that enable suc-
cessive waves of human blood lineage reconstitution®. Fluorescent gene marking and DNA
barcoding of human HSPC transplanted into immunodeficient mice confirm the existence of
different engrafted clones with variable multipotentiality and longevity, illustrated by the pres-
ence of both short-and long-term repopulating cells®**(Figure 1.5). The short-term repopu-
lating clones show a transient and rapid engraftment detectable at 4-5 weeks and sometimes
lasting up till 16-20 weeks post-transplantation (Figure 1.5, orange wave) while the long-term
repopulating clones become evident after 16-20 weeks and persist beyond 27 weeks post trans-
plantation (Figure 1.5, green wave). Some of these long-term clones are more stable than others
where they sustain hematopoiesis in secondary recipients®. Cell purification allows us to dis-
tinguish between the in vivo proliferative potential of the uncultured human transplanted cells.
The CD34"CD38" cells are known to generate the first transient wave with restrictive lineage
output®’ while the CD34"CD38 CD45RA-CD90-CD49f cells known as multipotent progenitors
(MPPs), sustain the multilineage cell production but not longer than 20 weeks®. Upstream
MPPs is the HSCs with CD34"CD38 CD45RACD90"CD49f" phenotype that generate stable
long-term blood lineages over many months®. Detecting and distinguishing the short from the
long-term repopulating cell is a time- consuming procedure since only transplantation experi-

ments can differentiate between the two cell types.

1.5 Phenotype of human HSC

Since the frequency of HSC is extremely low in the blood tissue, many studies have identified
surface markers or viable dye staining that enable isolation of these rare cells, such as CD34,
CD38, CD90, CD133, CD45RA, CD49f, and Rhodamine dye. These surface markers and stain-

ing dyes were validated using in vivo functional assays (Table 1.2).

1.5.1 Lineage depletion (Lin-)

The first step in the HSC purification is to enrich for cells that do not express lineage-specific
antigens. This is achieved by depleting lineage committed cells using a mixture of monoclonal

antibodies directed against a variety of lymphoid, myeloid, and erythroid antigens. Lineage de-
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Figure 1.5. Clonal growth and differentiation dynamic of primitive human hematopoiet-

ic cell types in immunodeficient mice.

The first repopulating wave derived from CD34*CD38" cells produces early transient clones of
monocyte (M), granulocyte-monocyte (GM), or platelet restricted cells that disappear within
9 weeks after transplantation. Multiple clones are detected at later time points with multilin-
eage repopulation. Some of these clones have limited self-renewal ability (orange) and do not
sustain blood production beyond 16-20 weeks of transplantation. These clones are derived
from short-term HSCs (ST-HSC) or multipotent progenitors (MPP) defined as CD34"CD38"
CD45RACD90-CD49f cells. Others are long-lived clones with high proliferative potential
(green). They become evident at week9 or even later and persist up to 27- 30 weeks. These
clones are derived from cells upstream MPPs named long-term HSCs (LT-HSC) and defined as
CD34"CD38 CD45RACD90"CD491" cells. The figure is adapted from Cheung et al., 2013 and

Miller et al., 2013.
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Sorted population SCID repopulating cell Type of injection Mouse Chimerism Refe-
(SRC) model assessed after | rance
(weeks)

Lin-CD34~ 1in 125,000 Tail-vein NOD/SCID 8-12 76
Lin-CD34- 1in 24,100 Intra-BM NOD/SCID 12 75
Lin-CD34-38-CD93* 1in 7,500 Tail-vein NOD/SCID 8-10 77
18Lin-CD34-38-CD133* 1in 142 Inta-BM NOG 12 78
Lin-CD34+ 1in 1,010 Intra-BM NOD/SCID 12 75
lin-CD34+CD38~ 1in 617 Tail-vein NOD/SCID 6-9 82
lin-CD34*CD38- 1in 121 Intra-femoral NOD/SCID 7-10 87
lin-CD34*+CD38-Rholow 1in 30 Intra-femoral NOD/SCID 7-10 87
lin-CD34+CD38-CD90~ 1in 100 Intra-femoral NSG 20 + 2" trsp 68
lin-CD34*CD38-CD90* 1in 20 Intra-femoral NSG 20 + 2™trsp 68
Lin-CD34+CD38-CD90*CD45RA- 1in 10 Tail-vein NOG 12 92
Lin-CD34*CD38-CD90+*CD45RA"- )
RholowCD4g+ less than 1in 10 Intra-femoral NSG 20 + 2™ trsp 68

Table 1.2. SRC frequency of different hematopoietic populations derived from human
CB cells.
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pletion is then further enriched for HSPC using a combination of other surface markers (Table
1.2).

1.5.2 CD34 antigen

CD34 antigen is one of the major positive markers for human HSPC®-7°. It comprises 1- 4%
of marrow mononuclear cells. Berenson and colleagues show that transplantation of enriched
CD34" cells derived from BM restores hematopoiesis into lethally irradiated baboons and pro-
motes hematopoietic recovery in human patients after marrow ablative therapy ">, Functional
studies show that CD34" cells exhibit cytoadhesion characteristics caused by a concomitant
activation of the B2 integrin, postulating that CD34" cells home to BM as a result of binding to
adhesion proteins”. CD34 expression also has a role in regulating hematopoietic progenitor cell
differentiation where silencing of CD34 in HSPCs generates more megakaryocyte and granulo-

cyte precursors at the expense of erythroid cell production’.

CD34 fraction exhibits a limited SRC activity when cells are injected intravenously (via tail-
vein). However the SRC activity is enhanced when CD34- cells are injected into bone marrow
(Table 1.2), possibly because CD34 cells express a low level of homing receptors’™. Further
purification protocols showed that CD34 fraction has a higher SRC frequency when depleted
from CD38 and enriched with C1qR1 (CD93) or CD133 surface expression’®’® (Table 1.2).

Since CD34 is also expressed on progenitor cells, additional purification is required to enrich

for stem cells”*,

1.5.3 CD38 antigen

To further enrich for HSC frequency, CD34" cells are fractionated based on CD38 expression,
which is correlated with differentiated cells®’. Only 1- 10% of CD34" cells do not express
CD38. CD34" CD38 cells are mainly quiescent before cytokine stimulation and are more en-
riched with LTC-IC compared to CD34*CD38" cells®. Bhatia and colleagues show that SRC
activity is exclusively found in the CD34"CD38 fraction, enhancing HSPC frequency by 1,500
folds (HSPC frequency is: 1 in 617 CD34°CD38 vs. 1 in 930,000 CB cells)®.

1.5.4 Rhodamine 123

Rhodamine 123 (Rho) is a lipophilic fluorescent dye that accumulates in the mitochondria of

metabolically active cells®. Rho efflux is mediated by P-glycoprotein (P-gp), a product of mul-
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tidrug resistance (MDR) genes expressed in CD34" cells®*. Rho uptake is used in purifying
stem cell populations where its fluorescent intensity distinguishes the quiescent HSC popu-
lation (Rho'") from the proliferative progenitor cells (Rho"eh) 3586 Refining HSC based on
Rho efflux identifies a long-term self-renewal population and enhances the SRC frequency in
CD34*CD38" cells by 4 folds®” (HSPC frequency is: 1 in 121 CD34* CD38 vs. 1 in 30 in CD34*
CD38 Rho"¥, Table 1.2).

1.5.5 CD45RA antigen

Further studies introduce CD45RA as a marker for differentiated progenitors. Depleting
CD34RA expressing cells from CD34" cells retains the primitive cells that initiate hematopoi-

esis in long-term cultures®.

1.5.6 CD90 antigens

CD90 or Thy-1 has been first isolated from human fetal BM where its coexpression with CD34*
shows a higher engraftment potential in SCID mice compared to CD34°CD90- ¥*. CD90 is
expressed on 5 to 25% of CD34" cells derived from fetal or adult BM *+*, In human clinical
trials, CD34"CD90" cells were able to produce rapid and fast hematopoietic reconstitution in

autologous bone marrow and peripheral blood cells transplants®°!.

Combining CD90 expression with the previously stated surface makers, Majeti and colleagues
refine the hematopoietic hierarchy and describe a new class of primitive cells with limited
long-term self-renewal potential known as multipotent progenitors (MPP). These cells- which
lack the expression of CD90 in the LinCD34"CD38 CD45RA™compartment- lie directly below
HSC in the hematopoietic hierarchy®’. Although MPP cells have lower engraftment capacity
when compared with HSCs (LinCD34"CD38 CD45RACD90"), they can still engraft second-
ary recipients®®®2. These findings raised some uncertainty about whether CD90 expression is
sufficient to separate HSC from MPPs.

1.5. 7 CD49f antigen

Notta et al. further characterize the MPP and HSC populations by identifying CD49f (ITGA6),
an adhesion molecule that is enriched in HSC (CD90) and depleted in MPP (CD90°) compart-
ment® (Table 1.3). HSC cells (Lin- CD34*CD38 CD45RA CD90*CD49f") additionally sorted
on low Rho staining improve the stem cell frequency to less than 1 in 10 Lin- CD34°CD38"
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Cell type Surface markers
HSCese2 | Lin-CD34+CD38-CD45RA-CD90*+CD49f*
MPPee2 | Lin-CD34+CD38-CD45RA-CD90-CD49f-
MLP* Lin-CD34+tCD38-CD45RA*+CD90-/low
CMP 979 | Lin-CD34*CD38+CD90-CD10-CD7-CD45RA-CD135*
GMPe7# | Lin-CD34+*CD38+CD90-CD10-CD7-CD45RA+CD135*
MEP" < | Lin-CD34+CD38+CD90-CD10-CD7-CD45RA-CD135-

Table 1.3. Cell surface phenotypes of different human hematopoietic stem and progeni-
tor populations.
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CD45RACD90"CD49f" Rho'" (Table 1.2). This is the purest population identified so far where
HSC can be transplanted in as a single cell and have 14- 28% chance to displaya long-term

multilineage chimerism®.

1.5.8 Other antigens

Other surface molecules were identified to enrich for human fetal and/or adult hematopoietic

tissues such as VE-cadherin®, angiotensin converting enzyme (ACE)*, and GPI 80%.

Identifying all these surface markers helped in characterizing and studying HSPC; however,
robust purification of human HSCs at a single-cell resolution is still a challenge especially after
ex vivo culture conditions where the HSC phenotype is dissociated from HSC activity (Refer-
ence’and chapter 3). Once achieved, it will pave the way to understand further the mechanism

of HSC development and self-renewal.

1.6 Phenotype of human hematopoietic progenitor cells

Human hematopoietic progenitors are also purified based on surface markers (Table 1.3).
Early lymphoid progenitors in adult bone marrow are marked by the expression of CD10
(CD34*CD38" CD10"), which gives rise to B, NK, T and dendritic cells®’. In cord blood, while
CD10 compartment is highly heterogeneous, CD7 (CD34*CD38 CD7") expression distinguish-
es early lymphoid progenitors from myeloerythroid cells®. On the other hand, differential ex-
pression of CD45RA and CD135 (FLT3) within CD34*CD38" fraction identified CMP, GMP,
and MEP. CMP (CD135°CD45RA") is shown to give rise to both GMP (CD135"CD45RA") and
MEP (CD135-CD45RA") '. Like CD135, CD123 (ILRa) was important for myeloid but not

erythroid development®.

Isolating functionally distinct populations provides tools to study the earliest events and the

transcription regulation in lineage commitment.

1.7 Sources of human HSPCs and their functional differences

Human HSPCs can be isolated from FL, CB, BM and G-CSF mobilized peripheral blood
(mPB). HSPCs purified from various sources have different functional properties concerning
proliferation, migration, and repopulating potential. Primitive hematopoietic cells derived from
adult BM have shorter telomerase and limited proliferative potential than their counterparts de-

rived from FL or CB!%!1%!| Lansdorp et al. show that proliferative potential of primitive cells is
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restricted to early stages of development and declines as the cell ages (from FL to CB to BM)!'®.
Following studies reveal that although the frequency of progenitor cells is roughly similar in
mononuclear cells derived from CB, mPB, and BM (illustrated in CFU-GM and LTC-num-
bers), the primitive cells identified as SRC are higher in CB compared with the adult tissues
(BM, mPB). This data confirms that functional differences exist between the HSPC sources*®*
(Table 1.4).

1.8 Clinical applications of HSPC

In 1960, Till and McCulloch made the first breakthrough description of HSPC, showing that
bone marrow-derived cells from a healthy mouse can regenerate the hematopoietic system of
sub-lethally irradiated mouse recipient'®. Extensive studies were also done by Donnall Thom-
as, who performed the first human bone marrow transplantation in patients receiving radiation
and chemotherapy'®, widening the use of this procedure for more than 50,000 patients world-
wide per year with various hematological diseases, solid tumors and immune disorder!*-'%.
Mobilized peripheral blood cells (mPB) have since become a better graft source than BM be-
cause the procedure is less invasive and more efficient in recovering neutrophils and platelets

engraftment'’”!1%%,

There are two types of HSC transplantations (HSCT): (i) autologous stem cell transplantation
in which patient’s stem cell is used. This kind of treatment is preferred in solid tumors, and the
main advantage of this procedure is the absence of graft rejection. (i1) Allogenic stem cell trans-
plantation where the patient receives stem cells from a family or unrelated donor. One limitation
of this procedure is the development of graft vs. host disease (GVHD) where the patient’s body
rejects the donor stem cell due to differences in human leukocyte antigens (HLA). Accordingly,
the HLA of the patient and donor should be closely matched to minimize the GVHD risk!®. The
chance of finding HLA-match significantly varies according to racial and ethnic backgrounds of
the patients, where only 60% of patients have the required HLA-matched donor''®. Cord blood

cells could be an alternative source for the patients that lack HLA-matched donor.

1.8.1 Cord blood stem cell transplantation

First human CB transplantation (CBT) was performed in 1988 for Fanconi anemia patient''.
Since then CB banks have been recognized worldwide to collect, preserve and distribute the
units for allogenic HSCT, allowing more than 30,000 patients worldwide since 1988 to ben-
efit from this treatment''?. The cord blood naive immune system reduces HLA matching re-

quirements, which is not tolerated with unrelated adult donor grafts''*!"*. This less stringent
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104

T+

cB BM PB

Source of %CD34+ CFU-GMin 106 MNC | LTC-IC estimated SRC
MNC [Median (range) Median (range) frequency (range)

CB  [1.13(0.56-3.9) | 1,825(520-3,400) | 1:12,506- 1:34,546 | 1in 930,000
BM 1.48(0.4-8.3) | 1,170 (300 - 3,740) | 1:13,314 - 1:33,949 | 1in 3,000,000

Frequency of SRC (10°cells)

mPB 3.7 (0.5-18) 4,255 (834 - 9,200) | 1:10,302- 1:12,891 |1 in 6,000,000

Table 1.4. Comparing frequencies of CD34+ cells, Colony forming unit- granulocyte/
monocyte (CFU-GM), long-term culture-initiating cells (LTC-IC) and SCID repopulat-

ing cell (SRC) in cord blood (CB), bone marrow (BM), and mobilized peripheral blood
(mPB).

SRC was assessed in NOD/SCID mice after 6 weeks of transplantation. MNC (Mononuclear
cell). Data adapted from (Pettengell et al., 1994 and Wang et al., 1997)
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requirement in HLA matching increases access to HSCT for almost all patients irrespective of
racial and ethnic background!>. Additionally, CB transplants show less incidence of GVHD
and lower relapse risk of the primary malignancy when compared to other graft sources!!®!!’,
Although practiced clinically for more than 28 years, the use of CBT remains limited due to low
cell dose of sorted units which results in delayed neutrophils and platelets recovery compared
to BM transplantation. More than 21 days of delay in myeloid engraftment leave the patients
vulnerable to infection which increases the incidence of morbidity and mortality. To defeat the
inadequate cell dose, double-CB units were used in transplantation procedures; however, this
approach does not recover the delay in hematopoietic engraftment and shows a higher incidence
of GVHD compared to single CB unit!'®. To improve outcomes of CBT (rapid engraftment and
less graft failure rates), several studies have been initiated to find culture conditions that allow

ex vivo expansion of best HLA-matched CB units.

1.9 Clinical strategies to improve homing and expansion of CB grafts

Defining culture conditions for HSPC expansion is one of the biggest challenges in stem cell
biology. HSCs cultured in serum-free media with cytokines lead to expansion of the progenitor
cells at the expense of stem cell self-renewal''!?, Culture conditions are known to cause epi-
genetic modifications in HSCs impairing self-renewal machinery and BM homing'?!'?2, These
compromised HSCs are evaluated by the loss of CD34 surface protein expression and failure
to improve engraftment. With more knowledge of the hematopoietic niche factors and the key
regulators that govern HSC activity, new approaches to enhance BM homing and increase num-
bers of HSPC have been developed (Figure 1.6 and Table 1.5). These strategies have been test-
ed clinically to evaluate their outcomes in CBT (Table 1.6). Most of the trials used double CB
units, one unit that is manipulated in homing/expansion cultures and another left unmanipulated

as a backup in the event the expanded graft fail to engratft.

1.9.1 Homing

Efficacious hematopoietic recovery after transplantation depends on migration of HSPCs to the
bone marrow and homing into specific niches-a microenvironment that supports the mainte-
nance and self-renewal state of HSCs!?* (Figure 1.6). The HSPC journey requires the activity of
various components including chemoattractant and adhesion molecules. HSPCs’ efficient roll-
ing along the endothelial wall of blood vessels depends on P-selectin, E-selectin, and vascular
cell adhesion molecule-1 (VCAMI1). HSPCs rolling on endothelial selectin rapidly adhere to
BM endothelial surface through SDF1-mediated integrin activation. The attached HSPCs can
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i CD34+ Method used to
+
Compound name i:‘:‘g':;' Target Hszif;”a:r""g Culture condition CD34* | ohysRA- assessing HSPC HSP(,-“,,GVX,-S;] men
pop! expansion expansion
NH,;
e i o Cleaves % of human CD45 chimerism
6] DPP4/CD26 inhibitor?5 W O COH |N-terminal CB-Lin- or 15 min short-term exposure of No difference after Mouse model:NOD/SCID-B2m-/- Higher level of human CD45 chimerism of
% . e N NAE XX/-:VO 07“ CD34+ cells diprotin A (5mM) in dextran/albumin. a brief exposure Analyzed: 12 wks post-transplantation | diprotin A treated cells compared to controls.
20 Y -Ala moti
° E e
39 [ COH
o2 UJ .
2 |16, 16-Dimethyl " N\—= CB-unfractionated | 1 hour short-term exposure No difference after | ¢ Of human CD45 chimerism Higher level of human CD45 chimerism of
£ PGs Mouse model: NOD/SCID
= prostaglandin (dMPEG2)' | or CD34+Cells | of dmPGE2(10uM) in dextran/albumin. a brief exposure Analyzed: 13 wks posttransplantation | GMPGE? treated cells compared to controls
HO
Modulate 12 day cuture with FA3L (100ng/mi), SRC frequency 11-fold increase in SRC activity of fed-batch
Fed-batch systems' paracrine | CB-Lin- cells | SCF (100ngim), TPO (50ngim), 4 ND Mouse model: NSG cultures compared to uncultured Lin- cells.
signaling LDL (1pg/m). Analyzed: 16 wks post-transplantation
17-21 day treatment of immobilized 1.8 and 6.2-fold i in SRC activity of
. ) Short-term SRC f .8 and 6.2-fold increase in activity of
Notch ligand (Deltat)1e216 Noteh | g cnagy cenrs | Notoh ligand (Deltat), FItSL (300ng/mi)| 3.2 ND e mode: noa Y Delta1 treated cells compared to controls or
receptor SCF (300ng/mi), TPO (100ng/mi), uncultured CD34+ cells.
L6 (100ng/ml), IL3(10ng/mmi) Anlayzed: 9 weeks post transplantation|
c N Ho NHy 21 day treatment of TEPA (5uM), % of human CD45 chimerism Higher short-term engraftment potential of
8 |Tetraethylenepentamine ? CB-CD34+ cells | Fit3L (50ng/ml), SCF (50ng/mi), 1 ND Mouse model:NOD/SCID TEPA treated cells compared to control or
2 172 N, TPO (50ng/mi), IL6 (S0ng/mi Analyzed: 8 wks post-transplantation | uncultured CD34+ cells.
(TEPA) N O
]
S
g 7
o
2 Nicotinamide (NAM)'7 21 day treatment of NAM (SmM), Short-term SRC frequency 7.6 and 9 -fold increase in short-term SRC
7} NN SNH, ? CB-CD34+ cells | FIt3L (50ng/mi), SCF (50ng/mi), 1 ND  [Mouse model: NOD/SCID activity of NAM treated cells compared to
| P TPO (50ng/ml), IL6 (50ng/ml). Analyzed: 8 wks post transplantation controls or uncultured CD34+ cells
«Q
8
s OH
< 21 day treatment of SR1 (1uM), FIt3L Short-term SRC frequency 17-fold increase in SRC activity of SR1
5 CB-CD34+ cells | (100ng/mi), SCF (100ng/mi), TPO 73 ND Mouse model: NSG treated cells compared to controls or
(100ng/mi). IL6 (100ng/mi). Analyzed:16 wks post transplantation | uncultured CD34+ cells.
N//\N’k 14 day treatment of SR1 (1uM), FIt3L Short-term SRC frequency Not more than 2-fold increase in short-term
StemRegenin (SR1)semo.168 { ARR mPB-CD34+ cells | (100ng/ml), SCF (100ng/ml), TPO 7 22 Mouse model: NSG SRC numbers of SR1 treated cells compared|
wn— W (100ng/mi), IL6 (100ng/mi). Analyzed: 8 wks post transplantation ‘a°c‘°°';;’“‘:e ﬁFS r:“‘a‘“re’ed r:“r“:‘”:a‘ :c"‘:'d“ Ce||||s
= ivity when comp unex cel
= 12 day treatment of SR1 (750nM), » 4
\ CB-CD34s cells | FItAL (100ngimt, SCF (100ng/mb), 27 24  |Long-term SRC frequency No significant increase in long-term SRC
TPO (50ngimi, LDL (10ugi, LBL Mouse model: NSG activity of SR1 treated cells compared to
(10ug /m‘)g g gfmi. Analyzed: 30 wks post transplantation | controls or uncultured CD34+ cells.

Table 1.5. Strategies that enhance HSPC homing and expansion.

Fold expansion of CD34+ and CD34+CD45RA- presented is compared to vehicle-controls. Not

determined (ND) ), unknown (?). Adapted from Fares et al., 2015.
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. Median-engraftment
" Number of Median fold of : P
Compound name Transplantation strategy articipants expansion recovery (participants vs. Acute GvHD incidents
P P P historical control groups)
2
= . Patients received two CBUs. One of the CBU was exposed for 2 hours to . y
g 16, 16-Dimethyl prostaglandin | 4pGE2 (10uM, at 37°C in LMD/HAS media) followed by a second 12 No difference after a brief ;‘;‘:‘e’fe‘:';"‘w(li;sd?s")ays) Grade -1l in 5 patients
< (dmPEG2) unmanipulated CBU. P Y
[&]
% Sitagliptin Patients received single red cell-deplete CBU (day0). Patients orally received 7 No difference after a brief | Neutrophil (21 vs 22days) | oo 10 1 batients
2 (DPP4/CD26 inhibitor)'?s Sitagliptin (600mg) every 24 hours from -1 to +2 days exposure Platelet (77 vs ND days) P
[
3 134 " " ;
1<} Fucosylation Patients received two CBUs. One of the CBU was treated for 30 min with (100 N "
2 No difference after a brief | Neutrophil (17 vs 26 days: "
& | (Fucosylransferase-vi mUimi) FTVI and GDP-fucose (1mM) and infused after a second unmanipulated 22 xposure B e o meay®) | Grade I1-1V in 9 patients
£ + Guanosine diphosphate fucose) | CBU.
Patients received one CBU. A 10-day CD34+ expanded CBU with 100 ng/mL Total call count: 56-foid | Neutrophil 28 d Grade IV in 20 of 30
Cytokins'™? each of SCF, G-CSF, and MGDF. The CD34-, non-cultured fraction of the 37 otal cell count: 56-fol eutrophil lays rade -V in 20 of
manipulated CBU was also infused. CD34+cells: 4-fold Platelet 108 days evaluable patients
- Mesenchymal stromal cell- Patients received two CBUs. A 14-day expanded CBU with mesenchymal 31 Total cell count: 12-fold | Neutrophil (15 vs 24 days) Grade 111V in 13 patients
ke) coculture™ stromal cell infused after a second unmanipulated CBU. CD34+cells: 30-fold Platelet (42 vs 49 days) P
2
8 Patients received single CBU split into two fractions. Fractions ranging from 50-20%
s Tetraethylenepentamine of the CBU was sorted for D133 cells and expanded for 21 days with TEPA (5uM). Total cell count: 161-fold | Neutrophil (30 vs ND days)
[} 10 Grade Il in 4 out of 9 patients
o (TEPA)!" The expanded unit was infused after 24 hours from administering the unmanipulated CD34+cells: 2.3-fold Platelet (48 vs ND days)
s fraction of the CBU.
2
° Notoh ligand 62 Patients received two CBUs. A 16-day CD34+ expanded CBU with immobilized 10 Total cell count: 562-fold | Neutrophil (16 vs 26 days) Grade Il in 9 patients and
e 9 engineered Notch ligand (Delta1) infused after a second unmanipulated CBU. CD34+cells: 164-fold Platelet (not reported) Grade Ill in 1 pateint
2
= Patients received two CBUs. A 21-day CD133+ expanded CBU with NAM (2.5mM)
w Nicotinamide (NAM)'75 followed by a second unmanipulated CBU. The CD133- cells, the non-cultured 11 é"ég'ﬁ‘z’éﬁ;’,";‘;zﬁg""'d g;“l;’l‘;my Vas ";72‘15::)“) Grade Il in 5 patients
fraction of the manipulated CBU was also infused. Y
. o Patients received two CBUs. A 15-day CD34+ expanded CBU with SR1 (750M) Total cell count: 854-fold | Neutrophil (15 vs 24 days) .
infused after a second unmanipulate -, non-cultured fraction of ¥
StemRegenin(SR1) nfused aft nd lated CBU. The CD34. ltured fraction of the 17 CD3drcells: 330-fold Platelot (49 v5 89 daye) Similar to historical cohort
manipulated CBU was also infused.

Table 1.6. Outcome of the approaches used in clinical cord blood transplantation trials.

Cord blood unit (CBU), fucosyltransferase-VI (FTVI), Guanosine diphosphate (GDP), Stem
cell factor (SCF), granulocyte-colony stimulating factor (G-CSF), megakaryocyte growth and
differentiation factor (MGDF). Adapted from Fares et al., 2015.
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Figure 1.6. Required HSPC activities for a successful cord blood transplantation.

Upon transplantation, hematopoietic stem and progenitor cells (HSPCs) home toward the bone
marrow niche (1), expand within the bone marrow environment (2), and differentiate into all
blood lineages (3). Listed below the approaches used to improve homing and ex vivo expan-
sion of HSPC. Prostglandin E2 (PGE2), tetra—ethylenepent-amine (TEPA), stemregenin (SR1).
The figure is adapted from Lund et al., 2014.
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then transmigrate through endothelial layer where it gets fastened in a specialized BM niche.
Accordingly studies were conducted to improve CBT outcomes by optimizing BM homing of
the transplanted graph (Figure 1.6). The advantage of these studies is the brief exposure of CB

cells to the treatment thereby simplifying and speeding the transplantation procedure.

1.9.1.2 Dipeptidyl peptidase (DDP4 or CD26)

Stromal derived factor 1 (SDF1) is a chemoattractant that binds to CXCR4 of HSPCs inducing
their migration and retention to the bone marrow'*. Dipeptidyl peptidase (DDP4 or CD26) in-
terferes with HSPC chemotaxis through cleaving SDF1 which no longer can bind and activate
the CXCR4 signaling. Small molecule inhibition of DPP4/CD26 enhances human engraftment
in immunocompromised mice'**. The FDA-approved DPP4/CD26 inhibitor (sitagliptin) has
been recently evaluated in a pilot clinical trial'* with no statistical difference in neutrophil en-
graftment (Table 1.6).

1.9.1.2 prostaglandin E2 (PGE2)

A stable prostaglandin E2 (PGE2) derivative, 16, 16-dimethyl PGE2 (dmPGE2), was previous-
ly demonstrated to be a critical regulator of HSPC homeostasis in both zebrafish and mouse
systems!?%1?7. Recent findings extended the conservative role of dmPGE2 in enhancing HSPC
function to human and non-human primates!?®, DmPGE2 improves the human HSPC survival
and engraftment by increasing expression of survivin and CXCR4, respectively'?”'?, Further-
more, dmPGE2 treatment elevates the cAMP activity, which regulates HSPC numbers through
Wnt signaling pathway thereby controlling cell proliferation and apoptosis'?*!13°. Phase I/II clin-

ical trials showed an earlier neutrophil recovery by 3-4 days vs. controls'!.

1.9.1.3 Fucosylation

Selectin ligands expressed on HSPC have to be fucosylated to bind firmly to endothelial selec-
tins. Inducing fucosylation by treating HSPC with fucosyltransferase VI (FTVI) and its sub-
strate (GDP-fucose) improves binding to selectins thus enhancing CB engraftment in immuno-
compromised mice recipients'*>'*3. A recent clinical trial showed that ex vivo fucosylation of

CB units accelerates neutrophil and platelet engraftment'** (Table 1.6)
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1.9.2 Ex vivo expansion

Growing clinical evidence associates the number of total nucleated cells (TNC) and CD34*
cells with the rate of engraftment'*>'3¢. Studies showed that patients receiving CB grafts with
>10" TNC/kg and >10° CD34"'/kg experience faster engraftment!*’; however most of the CB
units cryopreserved in CB banks hold close to 10° TNC indicating that the majority of adult
patients will not benefit form CB transplantation. This inspired scientists to develop ex vivo lig-
uid or coculture systems that improve expansion of CB graft and allow neutrophil engraftment

within >15 days, a typical recovery period achieved in BM or mPB grafts.

1.9.2.1 Cytokines and growth factors

Various cytokines have been tested to optimize the culture for HSPC expansion. Many of these
cytokines regulate quiescence, cell survival, proliferation, differentiation, and adhesion'**. The
addition of SCF, thrombopoietin (TPO), and Flt-3 ligand (FIt-3L) cytokines into the culture
media have shown to enhance hematopoietic cell proliferation and colony forming unit (CFU)
expansion'®. Other cytokines such as IL3, IL6, and G-CSF are also added with a tendency to
expand progenitors at the expense of long-term engraftment potential'*'*!. The safety and the
efficacy of cytokine expanded CB cells were tested in phase I clinical trial. Although the safety
of this approach is reported, the manipulated graft does not show any improvement in recover-

ing myeloid or platelet engraftment '** (Table 1.6).

These studies suggest that cytokines alone may not be sufficient to achieve HSPC expansion.
Additional growth factors such as insulin-like growth factor binding protein-2 (IGFBP-2)'*,
angiopoietin-like (Angptl) proteins'*'*, and pleiotrophin (PTN)'*® might be required to achieve

optimal culture conditions.

1.9.2.2 Fed batch culture

A major limitation in HSPC ex vivo culture is the rapid generation of differentiated cells that se-
crete inhibitory paracrine factors. Many of these released components inhibit HSPC expansion
such as transforming growth factor-p (TGFp), tumor necrosis factor-a (TNFa), macrophage
inflammatory protein-1a (MIP-1a), monocyte chemotactic protein-1 (MCP1), and chemokines
(CCL2, CCL3, CCL4, and CXCL10) 7150 Strategies to reduce these negative regulators led
to the development of fed-batch culture system, which dilute these factors by systematic addi-

tion of fresh media. Furthermore, continuous increase in the culture volume leads to a lower
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cell density thereby slowing the rate of inhibitory feedback signals'>'. Accordingly, this culture
method enhances the HSPC survival and SRC numbers by 11-folds (Table 1.5). Fed-batch
culture is a clinically relevant system for HSC expansion that can also be combined with other

expansion protocols like the addition of small molecules.

1.9.2.3 Mesenchymal stromal cell coculture

In bone marrow, HSPCs reside in a unique microenvironment called BM niche where they are
in a close contact with several type of stromal cells that provide HSPCs with vital signals for
their proliferation and survival 2. Mesenchymal stromal cells (MSC) improve viability of
co-culture CB cells through a cell-cell contact and transfer of cytosolic material between the
two cell types'**. One of the documented cytosolic components is SDF1, a chemokine produced
by MSCs to promote HSPC engraftment'>*'5. Insulin-like growth factor binding protein 2 (IG-
FBP-2), a growth factor known to expand hematopoietic repopulating cells', is another exam-
ple of components that are secreted by stromal-derived cells'*’. MSCs have thus been isolated
from human donors to provide a co-culture system that mimics the marrow environment for
CB expansion. Although CB-MSC co-culture shows an increase in CD34" count, preliminary

clinical results do not show any advantage in enhancing early engraftment'*® (Table 1.6).

1.9.2.4 Delta 1 ligand

Notch signaling is known to control cell fate and developmental process '*. Accordingly, Notch
gene expression on human HSPC suggested a role in hematopoietic cell fate '®°, Forced ex-
pression studies of Notch in primitive hematopoietic cells enhance the self-renewal repopulat-
ing cells'®'. Additionally, activating endogenous Notch signaling with soluble or immobilized
notch ligand Deltal boosts the expansion of CD34" and CD34"CD38" and increases the SRC
frequency by 6- folds!'®>!%(Table 1.5). Clinical studies showed that notch-mediated expansion
of CB cells enhances the rate of myeloid engraftment. Most of the patients were not able to
retain long-term hematopoiesis/repopulating cells form the expanded cord either due to HSC
exhaustion/loss of stem cell self-renewal ability or immune mediated rejection of the expanded

unit form the dominant unmanipulated unit!'6+!16,

1.9.2.5 Small molecules

Small molecule-based approach is one of the most attractive strategies since it can be optimized

to a more potent and stable molecule thus facilitating its clinical utility. Furthermore, synthe-
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sizing small molecules under good manufacturing practice (GMP) is less challenging when

compared to other methods such as clinical grade MSCs, which eases their therapeutic use.

1.9.2.5.1 StemRegeninl (SR1)

StemRegeninl (SR1), a purine derivative, has been identified in a high throughput chemical
screen with primary human HSPCs for CD34 and CD133 cell expansion'®. SR1 treatment
retains the HSPC phenotype of expanded cord blood CD34+ cultures with 17- fold increase
in SRC numbers. Transcriptome analysis and mechanistic studies reveal that SR1 antagonizes
aryl hydrocarbon receptor (AhR) signalling by suppressing two of its downstream target genes:
cytochrome P4501B1 (CYP1B1) and the AhR repressor (AhRR)'%. Recent clinical studies us-
ing SR1-expanded graft (HSC835) showed rapid hematopoietic recovery with sustained long-
term engraftment in 11 of 17 patients'é’. Aiming for a better HSPC expansion, various newly
identified small molecules or approaches were tested in combination with SR1 51168170 one of
which is eupalinilide E, a plant natural product'”. Independent of AhR suppression, eupalini-
lide E expands myeloid-erythroid progenitors by inhibiting differentiation mainly the erythroid
lineage. Combining eupalinilide E with SR1-treatment leads to an additive effect in expanding
CD34" cells indicating that eupalinilide E and SR1 have different molecular targets. This inter-
esting finding suggests that different molecules could improve the outcome of ex-vivo stem cell

expansion, thereby enhancing their clinical utility.

1.9.2.5.2 Tetraethylenepentamine (TEPA) and Nicotinamide (NAM)

Cu-chelator (tetracthylenepentamine; TEPA) "> and Sirtuin 1 Deacetylase inhibitor (nicotin-
amide; NAM)'? are two compounds that have been assessed for HSPC expansion. HSPCs
treated with TEPA or NAM maintain the immature cell phenotype and show less cell differenti-
ation. Interestingly, after 3 weeks of culture, although the single compound treatment does not
show an expansion in CD34" cells compared to controls, an enhancement in short-term SRC
is observed (Tablel.5). This preclinical data led both studies into clinical trials (Table 1.6).
Results from TEPA study are not informative in determining any advantage in hematopoietic
recovery'” while NAM-trial shows early neutrophil and platelet engraftment rates when com-
pared to control groups'”. Importantly, although patients demonstrated a long-term engraftment
that derived from the NAM-treated cord, a significant enhancement in lymphoid engraftment
is not evident suggesting that the culture protocol is not optimal for expanding HSC with the

long-term multilineage reconstitution.
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1.9.2.3 Other approaches

Additional studies aiming to generate HSPCs form embryonic stem cells (ESCs)!’®!”7and in-
duced pluripotent cells (iPS) %17 were also reported (Figure 1.7). However, due to their avail-
ability and clinical relevance, CB cells are still the most common used source for ex vivo HSC

expansion.

1.10 Impact of improved CB graft

Continuous studies to generate safe and efficient methods for HSPC expansion will lower the
cell dose threshold required for cord blood transplantation. This will allow more patients to

access such treatment with the use of a single unit that meets the HLA-matching criteria.
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Figure 1.7. Schematic view of HSPC expansion.

Human hematopoietic stem/ progenitor cell (HSPC) derived from mobilized peripheral blood,
bone marrow or cord blood, induce pluripotent cells (iPS) or embryonic stem cells (ESC) ex-

panded ex vivo to achieve number of cells required for bone marrow transplantation.

The figure is adapted from Park et al., 2015.

31



1.11 Hypothesis and Main Objectives

Failure of ex vivo HSPCs expansion is due to suboptimal culture condition and that this limita-
tion could be overcome by identifying small molecules that could enhance their activity. Our

main objects were:

Objective 1: (a) Identify small molecules that lead to ex vivo expansion of human HSC. (b) Op-
timize activity of best compound by performing structure activity relationship study. (c) Define
the responding cellular populations, and determine the impact of the identified small molecule

on HSC transcriptome.

Objective 2: Exploit the optimized compound to define the “surfaceome” of expanded human
HSC.
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Synopsis:

Hematopoietic stem cell (HSC) transplantation is a treatment procedure for various blood dis-
eases; however, the low stem cells numbers in a graft limits the use of such treatment. Aiming
at expansion of HSC ex vivo to broaden patient’s access for HSC transplantation, we initiated

a high-throughput screen of small molecules and identified UM171- a pyrimido-indole deriva-

tive- as an HSC agonist.
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Abstract

The small number of hematopoietic stem and progenitor cells in cord blood units limits their
widespread use in human transplant protocols. We have now identified a family of chemically
related small molecules that stimulate the expansion ex vivo of human cord blood cells capable
of reconstituting human hematopoiesis for at least 6 months in immunocompromised mice. The
potent activity of these newly identified compounds, UM171 being the prototype, is indepen-
dent of suppression of the aryl hydrocarbon receptor, which targets cells with more limited re-
generative potential. The properties of UM171 make it a potential candidate for hematopoietic

stem cell transplantation and gene therapy.

One sentence summary

The pyrimido-indole derivative, UM 171, enhances HSC self-renewal in vitro.
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2.1 Introduction

Allogeneic HSC transplant is the only curative therapy for numerous hematologic malignancies.
Unfortunately 30-40% of patients will not have an HLA identical donor and will be excluded
from therapy (/). Cord blood (CB) transplants offer several advantages namely the reduced
need for HLA matching thereby extending transplantation availability to nearly all patients (2)
and the decreased risk of chronic GVHD, the most significant determinant of long term quality
of life in transplant patients. However, CB transplants suffer from limited progenitor cell dose

leading to delayed neutrophil engraftment and increased mortality (3, 4).

Recent studies in immunodeficient mice have confirmed the existence of human cord blood-de-
rived long term-repopulating hematopoietic stem cells (LT-HSCs) capable of regenerating the
lifelong production of all mature blood cells (5). These LT-HSCs show a delayed engraftment
pattern, in opposition to short term-HSCs (ST-HSCs) which produce short-lived progenitors re-
sponsible for the production of mature blood cells and prompt neutrophil recovery (3, 5). Hence
the great interest in the development of conditions for robustly expanding these progenitor cells
while maintaining or expanding LT-HSCs. Unfortunately, most expansion systems available to
date achieve progenitor cell expansion at the expense of the LT-HSC loss (6), increasing the risk

of late graft failure.

Recent studies showed that aryl hydrocarbon receptor (AhR) antagonists and a notch ligand
agonist promote the in vitro expansion of human CB cells with repopulating activity lasting up
to 16 weeks in immunodeficient mice (7, §). We have developed an automated and continuous
medium delivery system which produces an equivalent expansion of CB cells with similar re-
population properties (9). This fed-batch culture system optimizes the balance of stimulatory
and inhibitory factors in a small culture volume. We hypothesized that small molecules with
potent LT-HSC-stimulating activities might be identified and be potentiated in this fed-batch

culture system.

2.2 Results and Discussion

2.2.1 Finding novel agonists that expand human CD34"CD45RA" cells

We screened a library of 5,280 low molecular weight compounds for their ability to expand

human CD34"CD45RA" mobilized peripheral blood (mPB) cells which are enriched in LT-

HSCs (10) (fig. S2.1, A and B). Seven hits were identified after excluding the auto-fluorescent

compounds (Fig. 2.1A and fig. S2.1C), 5 of which were known (n=4, (11, 12)) or novel (n=1,
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UM125454, fig. S2.2) suppressors of the AhR pathway (Fig. 2.1B). The other 2 compounds,
UM729 (fig. S2.2) and UM118428 did not suppress the AhR pathway (Fig. 2.1B). Due to its
apparent superior activity in expanding CD34*CD45RAcells, UM729 was selected for further
characterization and optimization by structure activity relationship (SAR) studies that deter-
mine the link between the chemical structure of the compound and its biological activity in ex-
panding CD34*CD45RA" cells. More than three hundred newly synthesized analogs of UM729
were examined of which one (UM171, Fig. 2.1C) was 10-20 times more potent than UM729,
with effective concentrations of 17-19 nM when tested for its ability to stimulate the expansion
of HSC enriched population, CD34"CD45RA cells (/0) (Fig. 2.1D and fig. S2.3, A and B).
UM729 did not expand mouse HSCs (fig. S2.4). UM729 and UM171 treatment enhanced the
engraftment potential of CD34" macaque cells by 3 fold when compared with controls (fig.
S2.5).

2.2.2 Optimizing culture conditions: UM171 and fed-batch system

Optimization of fed-batch culture duration indicated that the highest expansion of multipotent
progenitors and long-term culture-initiating cells (LTC-ICs) was obtained on day 12 (fig. S2.3,
C, D and E). Likewise, the proportion of apoptotic cells was lower at that time when compared
to day 16 (fig. S2.3F). We also observed that the effect of UM171 requires its constant pres-
ence in the media and that the molecule lacks direct mitogenic activity (fig. S2.6). Cell division
tracking further showed that UM171 does not affect the division rate of phenotypically primi-
tive populations (fig. S2.7).

2.2.3 UM171 and SR1 cooperation on CB progenitor cells

We next designed experiments to compare the impact of UM171 and SR1 on outputs of CD34*
CB cells introduced in fed-batch cultures. Control (DMSO) fed-batch cultures contained most-
ly differentiated cells (Fig. 2.2A, DMSO) and a reduced frequency of CD34"CD45RA" cells
(compare red box of the 2 upper right panels in Fig. 2.2B). In contrast, this phenotype remained
prominent in cultures containing UM171 (Fig. 2.2A and red box in Fig. 2.2B). Although CD34"*
cell frequencies in cultures containing SR1 or UM171 were similar (Fig. 2.2B, middle pan-
els), CD34"CD45RA" cells were proportionally more abundant when UM171 was present (Fig.
2.2B, third panels, red box; p<0.005, Mann Whitney test). Determining the absolute numbers
of these primitive phenotypes and functionally defined cells confirmed the greater effect of
UM171 when compared to control or SR1 (compare UM171 (red) with fed-batch (black) and

SR1 (blue) in Fig.2. 2C and fig. S2.8 and S2.6 for fold expansion and absolute cell numbers,
50



respectively. Furthermore, the effect of UM171 on CFU-GEMM expansion (Fig. 2.2D) and on
mature cell output suppression (e.g. CD34- cells in Fig. 2.2B and Fig. 2.2C) was enhanced by
the addition of SR1. Together, these observations show that these 2 compounds cooperate to
enhance ex vivo expansion of progenitor cells and that they suppress mature cell output (differ-
entiation). These data also suggest that UM171 targets phenotypically more primitive cells than
those targeted by SR1.

2.2.4 LT-HSC expansion in presence of UM171

Using conditions described in fig S2.10A, we next determined the frequencies (adjusted to num-
bers of CD34" cells at day 0 hereafter called dO equivalent) and absolute numbers of LT-HSCs
in fed-batch cultures supplemented with DMSO (control), UM171, SR1 or the combination of
both (Fig. 2.3A and table S2.1, respectively). When analyzed at 20 weeks post-transplantation,
LT-HSC frequencies in fresh (uncultured) CD34" CB were measured at the expected frequency
of ~1 per 880 CD34" starting cells (95% confidence interval (CI) of 470-1600; see Fig. 2.3A in
which frequencies (red line) and 95% Cls (gray box) are indicated). Similar LT-HSC frequen-
cies were obtained from fed-batch cultures (DMSO) whether or not they contained SR1 (Fig.
2.3A). Frequencies of day 0 equivalent LT-HSCs were 13-fold higher in cultures supplemented
with UM171 when compared to DMSO or to fresh (uncultured) controls (Fig. 2.3A). Absolute
LT-HSC values determined after 20 weeks post transplantation in all culture conditions are pro-
vided in table S1. Simultaneous addition of SR1 to UM171 treated cultures did not significantly
change these numbers indicating that the cooperativity between these two molecules is restrict-
ed to short-lived progenitors and that LT-HSC output is selectively enhanced in the presence of
UMI171 (Fig. 2.3A and table S1).

We analyzed the nature of human hematopoietic reconstitution obtained by transplanting fresh
or expanded cells in NSG mice. Levels of human cell engraftment, whether total (CD45), my-
eloid (CD33) and B lymphoid (CD19) were determined for approximately 300 mice and rep-
resented in the form of heat-map in Fig. 2.3B (raw data in table S2.2). Analysis of this dataset
indicates two emerging patterns of human reconstitution, one from predominantly lympho-my-
eloid LT-HSC, observed at high cell doses with most conditions, and the other from LT-HSC
that display a lymphoid-deficient differentiation phenotype mostly observed with UM171 treat-
ment, with or without SR1 (Fig. 2.3B). However, neither B lymphopoiesis nor the frequency
or number of lympho-myeloid LT-HSCs is negatively affected by UM171 (Fig. 2.3B). Inter-
estingly, SR1 treatment appeared to compromise the in vivo proliferative potential, although

not the number, of lympho-myeloid LT-HSCs (compare color code representing reconstitution
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levels of SR1 to uncultured or UM171 conditions in Fig. 2.3B). In support of this, the presence
of SR1 in UM171 treated cultures appears to slightly hamper the proliferative potential of the
expanded cells (see reduction in red colors in Combi versus UM171 conditions in Fig. 2.3B).
The impact of UM171 on LT-HSC was preserved at 30 weeks post-transplantation (fig. S2.10B
and table S2.3) at which time multilineage contribution remained obvious at the high cell dose
(Fig. 2.3C). At this extended time point post-transplant, we also noted a slight augmentation in
myeloid cell output, a phenomenon recently described with normal unexpanded cells (5, 73).
The molecular and cellular mechanisms underlying this effect of UM171 on expanding LT-
HSCs that show a lymphoid-deficient differentiation pattern is of interest given previous studies
of a similar self-perpetuating LT-HSC subset in mice (/4) whose prominence is increased in the

bone marrow as soon as HSCs begin to migrate from the fetal liver to that site (75).

To further evaluate the impact of UM171 treated LT-HSC population(s), we performed trans-
plantation experiments in secondary recipients. For these studies, 4-6 primary recipients were
selected per condition in which human reconstitution ranged between 10-70%. Results present-
ed in table S2.4 indicate that UM 171 ex vivo treatment did not appear to affect the capability of
LT-HSC to expand in primary recipients and hence similarly reconstituted secondary animals
for at least 18 more weeks. Thus indicating that cells exposed to the molecule ex vivo are still
competent in secondary recipients where they show no advantage when compared to unmanip-
ulated CD34"cells.

2.2.5 Evaluation of UM171 mode of action

We next performed RNA-Seq expression profiling experiments to gain insights into the mode
of action of UM171. SR1-treated cells were also analyzed for comparison. As expected, SR1,
but not UM171, treatment resulted in down-regulation of AhR target genes such as CYP1BI,
CYPI1AIl and AhRR (Fig. 2.4A and fig. S2.11A) (7, 16). Unlike SR1, UM171 treatment was
accompanied by a marked suppression of transcripts associated with erythroid and megakaryo-
cytic differentiation (Fig. 2.4B and fig. S2.11B). Only six to seven genes were commonly up- or
down- regulated in cells exposed to UM171 or SR1 (fig. S2.12A). In line with these results,
gene expression signatures were very different between cells exposed to UM171 versus those
treated with SR1 (fig. S2.11C and fig. S2.12B). Most notably, we found that the transmembrane
protein of unknown function TMEM183A was the most up-regulated transcript in both con-
ditions (fig. S2.11, A and B) and, the most highly up-regulated genes in UM171-treated cells
encode for surface molecules (fig. S2.11B, highlighted in red). These genes included PROCR
or EPCR (also called CD201) which represents a known marker of mouse LT-HSCs (/7). Ad-
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ditional RNA-Seq experiments and FACS analyses confirmed that expression of this receptor is

modulated, in a dose-dependent manner, by UM171 treatment (see fig. S2.13).

2.3 Conclusion

In summary, UM171 enables a robust ex vivo expansion of human CB cells with functional-
ly validated long-term in vivo repopulating capability (Fig. 2.4C). Based on these findings,
we suggest that UM171 acts by enhancing the human LT-HSC self-renewal machinery inde-
pendently of AhR suppression. Conversely, AhR inhibitors’ activity appears restricted to the
production of cells with less durable self-renewal activity (Fig. 2.4C). By expanding LT-HSCs
and downstream cells in vitro, using UM171, it may become possible for small, well HLA-
matched CB units to become a prioritized source of cells for transplantation in future donor

selection algorithms.
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Fig. 2.1. Identification of novel compounds promoting human CD34+ expansion.

(A) Results of primary screen, (*) denotes the compounds that supress the aryl hydrocarbon re-
ceptor (AhR) pathway. (B) Changes in expression levels of AhR targets (AhRR, and CYP1B1)
measured by q-RT-PCR after a 12-hour incubation with selected compounds compared to DMSO
(using GAPDH and HPRT as control, mean + SD). (C, D) Chemical structure of UM171, the
optimized version of UM729 and their comparative activity on expansion of CD34+CD45RA-
mPB cells after 7 day cultures. Note the cytostatic/cytotoxic effectes of UM729 and UM171
were observed at values above 1uM and 0.125uM, respectively
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Fig. 2.2. UM171 attenuates cell differentiation and promotes ex vivo expansion of
primitive human hematopoietic cells.

(A) Wright-stained cytospin preparation of CD34+ CB cells at day 0 and after 12 days in fed-
batch cultures supplemented with vehicle (DMSO 0.1%), UM171 [35 nM], SR1 [750nM] or
combination of SR1 [500 nM] and UM171 [35 nM]. Arrowheads show macrophages (green)
and megakaryocyte (red). (B) Representative FACS profiles of CD34+ and CD34+CD45RA-
populations in fresh (day0) or cultured (day12) CB cells. (C) Bar graph showing the fold-ex-
pansion of phenotypically defined cell subsets after 12 days in fed-batch cultures supplemented
with indicated compounds (mean£SD: unless specified (ns, not significant); all values are sig-
nificant when compared to control (back bars): p<0.05, Mann Whitney test). (D) Fold-expan-
sion of CFU-GEMMs after 12 days in culures.
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Fig. 2.3. UM171 promotes expansion of LT-HSCs.

(A) LT-HSC frequencies (red line) and 95% CI (gray box) presented as 1/number of starting cell
(day 0) equivalent for each condition; n=5 independent experiments performed with a pool of
2-3 human CB units per experiment. Significance level:* p<0.05 (Mann Whitney test). (B) Col-
or code (from red=86% to green=0%) showing levels of human (Hu) engraftment in NSG mice
transplanted with different cell doses (column 1). See table S2 for raw data. (C) Representative

FACS profiles showing multilineage repopulation of NSG mice.
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Fig. 2.4. Summary of UM171 effect on cell expansion and differentiation.

(A) Heat-map showing expression of AhR targets (A) or lineage-specific (B) genes (green =
low; red = high) in indicated conditions. (C) Comparison of UM171 with SR1 and DMSO on

number and quality of LT-HSC and progenitors based on results from expansion of 10,000
fresh CD34+ CB cells.
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Supporting Material

Material and methods
Supplementary text
Figures S2.1 to S2.13
Tables S2.1 to S2.4

Materials and methods
Human CD34" mobilized peripheral blood and cord blood cell collection and processing

Samples were collected from consenting donors according to ethically approved procedures at
St. Justine, Maisonneuve-Rosemont Hospital (Montreal, QC, Canada) and and Women’s and
Children’s Hospital of British Columbia (Vancouver, BC). Human CD34* cord blood (CB)
cells were isolated using RosetteSep™ CD34 pre-enrichment cocktail followed by CD34 pos-
itive selection using EasySep™ (StemCell Technologies). Human CD34" mobilized peripheral
blood (mPB) cells were isolated using autoMACS Separator (Miltenyi Biotec), according to

the manufacturer’s protocol after collecting the mononuclear cells by Ficoll-Paque PLUS (GE).
CD34" cell culture

Human CD34" cells were cultured in HSC expansion media consisting of StemSpan SFEM
(StemCell Technologies) supplemented with human 100 ng/ml stem cell factor (SCF, R&D
Systems), 100 ng/ml FMS-like trysine kinase 3 ligand (FLT3, R&D Systems), 50 ng/ml throm-
bopoietin (TPO, R&D Systems), and 10 pg/ml low-density lipoproteins (StemCell Technolo-
gies). For the screen, human CD34" mPB cells were resuspended in HSC expansion medium
(50,000 cells/ml) before being aliquoted in 384 well plates (Greiner Bio-One). Compounds
dissolved in DMSO were added directly after plating such that the final concentration of DMSO
did not exceed 0.1% (v/v). For transplantation experiments, the fed-batch culture system was
used as previously described (9). 1x10° CD34* CB cells/ml were injected into 12 ml or 25 ml
bags (American Fluoroseal Corporation) connected to a syringe loaded pumping system and
maintained on an orbital shaker at 37°C and 5% CO, in air. The pump was set to continuously
deliver HSC expansion media supplemented with vehicle (0.1%DMSO), UM171 [35 nM], SR1
(Alichem, 41864) [750 nM] or combination of UM171 [35 nM] + SR1 [500 nM] at a flow rate
of 0.7 ul/min.

Chemical library

A total of 5,280 compounds were used in our screen: 2000 compounds from Microsource Dis-

covery Spectrum, 500 compounds form Biomol (natural products), 1120 compounds from Prest-
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wick (commercialized products), 1280 compounds from SIGMA LopacTM and the remaining

380 compounds were non-commercial small molecules synthesized at university of Montreal.
Primary screen and flow cytometry

CD34" mPB cells were seeded at 2000 cells per well in the presence of chemical compounds.
Relative and absolute numbers of CD34"CD45RA" cells were determined after 7 days of culture
using flow cytometry. Primary hits were selected as indicated in Fig. 2.1. The primary screen
was performed with a LSRII flow cytometer equipped with a high throughput screening module
(Becton Dickinson Biosciences). Cells were stained in PBS supplemented with 2% fetal bovine
serum (FBS) at 4°C for 15 minutes with APC-labelled anti-human CD34 (BD Biosciences) and
PE-labelled anti-human CD45RA (BD Biosciences).

Cell phenotypes in fresh and expanded cells were measured using a combination of the follow-
ing antibodies and fluorophores: FITC-labelled anti-human CD34 (BD Biosciences), PE-la-
belled anti-human CD45RA (BD Biosciences), PE-Cy7-labelled anti-human CD38 (eBiosci-
ence), APC-labelled anti-human CD90 (BioLegend), PE-Cy5-labelled anti-human CD49f (BD
Biosciences) and APC-labelled anti-human EPCR (eBioscience). Stained cells were washed

once with PBS supplemented with 2% FBS and analyzed.
Transplantation and monitoring of human CD34* CB cells in NSG mice

All experiments with animals were conducted under protocols approved by the Animal Care
Committee of Université de Montréal. Fresh CD34" CB cells or their progeny present in 12-day
cultures were transplanted by tail vein injection into sub-lethally irradiated (250 cGy, <24 hr
before transplantation) 8 to 12 week-old female NSG (NOD-Scid IL2Ry™", Jackson Labora-
tory). Human cells in NSG bone marrow (BM) was monitored by flow cytometry 20 and 30
weeks post-transplantation. NSG BM cells were collected by femoral aspiration (at week 20)
or by flushing the two femurs, tibias and hips when animals were sacrificed at week 30. For
secondary transplants, 25,000 freshly isolated (uncultured) CD34" CB cells or the progeny of
the equivalent of 10,000 freshly isolated CD34" CB cells that had been originally cultured in
DMSO or UM171 were injected into secondary sub-lethally irradiated NSG mice. BM cells of
the secondary mice were harvested and analyzed 18 weeks post-transplantation. Flow cytometry
analysis was performed on freshly collected BM cells. Cells were treated with 1x red blood cell
lysis buffer (StemCell Technologies), washed and stained with pacific blue-labelled anti-human
CD45 (BioLegend), APC-eFluo-labelled 780 anti-mouse CD45 (eBioscience), PE-labelled
anti-human CD33 (BD Biosciences), PE-Cy5 labelled anti-human CD11b (BD Biosciences),
FITC-labelled anti-human CD15 (BD Biosciences), APC-Cy7 labelled anti-human CD14 (Bi-
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oLegend), PE-Cy7 labelled anti-human CD19 (BD Biosciences), FITC-labelled anti-human
CD3 (BD Biosciences), APC-labelled anti-human CD71 (BioLegend), PE-labelled anti-human
glycophorin A (GPA) (BD Biosciences), FITC-labelled anti-human CD41 (BD Biosciences).
Cells then were washed and analyzed using a FACSCanto II (BD Biosciences). BD FACSDiva
or FlowJo software were used to analyze the flow cytometry data. The correspondence between
antibody labeling and cell populations is as follows: CDI11b, CD14, CD15, CD33 (monocytes
and granulocytes); CD56 (NK cells); CD71, GPA, CD41 (erythroid and megakaryocyte lineag-
es); CD19, CD3 (B and T cells) and CD34 (stem/progenitor cells)

A total of 300,000 BM cells were analyzed per mouse. Considering current FACS limit of
detection of 1 per 20,000 events, a minimum threshold of 15 human cells could be detected in
these mice. Because some lymphoid cells are long-lived, their presence after a long time can
be potentially misleading for assessing LT-HSC activity, which is more conservatively assessed
by relying on detecting the sustained output of short-lived cells (e.g., granulocytes).To detect
human LT-HSC contribution to NSG reconstitution, we arbitrarily set the lower limit of human
cell engraftment at 10-times the FACS threshold or 150 myeloid cells per 300,000 BM cells.

T-cell reconstitution was not monitored because it correlates poorly with LT-HSC engraftment
in other studies (5) and may represent graft versus host disease, a state that could be associated
with peripheral amplification of T-cells not reflecting LT-HSC activity. Similarly, low levels of
B-cell restricted reconstitution (<0.05%) was not considered for LT-HSC evaluation because of
the extended longevity of B lymphocytes in vivo. However, these criteria led to the reclassifica-

tion of only 5 mice in our cohort of 300.
Estimation of LT-HSC numbers by limiting dilution analysis

All limiting dilution analyses were performed using the ELDA software from the Walter and

Eliza Hall Institute of Medical Research software http://bioinf.wehi.edu.au/software/elda/in-

dex.html (/8). Differences in HSC frequencies were analyzed by chi-square test. *P values
<0.05 were considered significant (Mann Whitney test). Limiting dilution analyses presented in
Fig. 2.3 were based on the combined data of 5 independent transplantation studies where 4 to

14 mice were analyzed per dilution (table S2.1 to S2.3).
Transplantation and monitoring of Macaque CD34" CB cells in NSG mice

Macaque CD34" CB cells were expanded for 11 days in the presence of vehicle, SR1 [1 pM],
UM729 [500 nM] or UM171 [40 nM]. Irradiated (275 ¢Gy) NSG mice (n=3 mice / group)
were subsequently transplanted with unexpanded CD34* cells or expanded progeny of 250,000
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CD34" cells. Average engraftment levels of nonhuman primate CD45" cells in the peripheral
blood of NSG mice were determined by flow cytometry at week 4, 7 and 10 after transplanta-

tion.
Evaluation of UM729 effect on mouse cells

Linckit"Scal "CD150°CD48" cells from C57B1/6J-CD45.1-Pep3b x C3H/HelJ donor mice were
sorted using the following antibody and flourophores: for lineage depletion, CD45.1 bone
marrow cells were stained with APC-labelled anti-mouse Grl, Ter119 and B220 (BD-Bio-
sciences) followed by Anti-APC microbeads (MACS miltenyi Biotec). The lin- CD45.1 cells
then were stained with PE-Cy7-labelled anti-mouse ckit (eBiosciences), PE-Cy5-labelled an-
ti-mouse Scal (eBiosciences), PE-labelled anti-mouse CD150 (BioLegend) and FITC-labelled
anti-mouse CD48 (BD-Biosciences) and sorted for the ckit'Scal “*CD150*CD48" subpopulation
using a FACSAria (BD Biosciences). The sorted cells were cultured for 7 days in the presence
of vehicle (DMSO) or UM729 [500 nM] in StemSpan SFEM (StemCell Technologies) media
supplemented with mouse FIt3L (100 ng/ml), SCF (100 ng/ml), IL3 (10 ng/ml) and IL6 (50
ng/ml) from R&D systems. After 7 day culture, the progeny of 20, 100 and 300 Linckit"S-
ca’CD150"CD48" cells of day0 were transplanted into 2—4 sublethally irradiated (800 cGy)
C57Bl1/6J-CD45.2 x C3H/HelJ congenic recipient mice along with 2 x 10° CD45.2 competitor
cells. The level of CD45.1 donor reconstitution was evaluated 18 weeks by flow cytometric af-
ter staining the peripheral blood cells with APC-labelled anti-mouse CD45.1 (BD Biosciences)
and FITC-labelled anti-mouse CD45.2 (BD Biosciences).

CFSE labeling

CD34" CB cells (1x10° cells/ml) were labeled with 5 uM carboxyfluorescein diacetate succin-
imidyl ester (CellTrace, CFSE Cell Proliferation Kit, Molecular Probes/Invitrogen) accord-
ing to the manufacturer’s guidelines. Labeled cells were cultured for 24 hours before they
were stained with APC-labelled anti-human CD34 and sorted for CD34"CFSE* peaks using a
FACSAria (BD Biosciences). Sorted cells were then resuspended in HSC expansion medium
supplemented with vehicle (DMSO), UM171 [35 nM], SR1 [750 nM] or a combination of
UMI171 [35 nM] + SR1 [500 nM]. Cell aliquots after 2 and 4 days in culture were stained with
APC-labelled anti- human CD34 and PE-labelled anti-human CD45RA before cells were ana-
lyzed for CFSE intensity.

Colony-forming cell assays

Frequencies of colony-forming cells were estimated by plating 250-1000 human CD34* CB
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cells in 1 ml of 2% methylcellulose-based media in Iscove’s Modified Dulbecco’s Medium
(IMDM) plus 10% fetal bovine serum (FBS), 2% bovine serum albumin (BSA), 2 mM L-gluta-
mine, 100 ng/ml SCF, 10 ng/ml IL-3, 10 ng/ml IL-6 , 5 ng/ml erythropoietin, 200 pg/ml trans-
ferrin and 10* M 2-mercaptoethanol. After 14 days in culture, plates were visually scored for

CFU-multilineage colonies (containing granulocytes and erythroid cells at least).
Long-term culture-initiating cell (LTC-IC) assays

LTC-IC frequencies were determined by plating different numbers of fresh human CD34*
CB cells and measuring their culture-derived colony in 12-replicate cultures in gelatin-coated
plates previously seeded with irradiated (6000 rad) M2-10B4 murine stromal cells in Myelo-
Cult H5100 medium containing 10 M hydrocortisone (Stem Cell Technologies). After 5 weeks
in culture with weekly half-media exchanges, the contents of each well were harvested using
0.25% trypsin in PBS, and plated in methylcellulose cultures (described above). Methycellu-
lose cultures with 1 or more CFC were considered to have been derived from cultures initiat-

ed with at least 1 LTC-IC. Limit dilution analysis software http://bioinf.wehi.edu.au/software/

elda/index.html (/8) was used to determine LTC-IC frequencies.
Annexin V staining

Cultured cells adjusted to 1x10° cells/ml were stained with APC-labelled anti-human CD34 and
PE-labelled anti-human CD45RA and re-suspended in binding buffer (10 mM HEPES/NaOH
(PH7.4); 14 mM NaCl, 2.5 mM CaCl2). Cells were then stained with FITC labelled-Annexin V
(BD Biosciences) for 15 minutes at room temperature. Cells were washed with binding buffer

before 7ADD viability staining solution was added (Biolegend).

RNA Isolation and q-RT-PCR

RNA was isolated from CD34" mPB and CB cells using Trizol reagent according to the man-
ufacturer’s protocol (Invitrogen/Life Technologies). cDNA was synthesized from RNA using
MMLYV reverse transcriptase and random primers (Invitrogen/Life Technologies). Fast Master
Mix (2x) containing primers and probes from the Universal Probe Library (Roche Diagnos-
tics) were used for q-RT-PCR reactions which were amplified in technical replicates on an
ABI 7900HT Fast Real-Time PCR System (Applied Biosystems /Life Technologies). Analysis
was done with SDS 2.2.2 software (Applied Biosystems /Life Technologies) using the com-
parative delta CT method and normalized to GAPDH and HPRT. The following primers and
probes were used: GAPDH (probe 60): forward: 5 -AGCCACATCGCTCAGACAC-3 ', re-
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verse 5 -GCCCAATACGACCAAATCC-3"; HPRT (probe22): forward 5 -TGATAGATCCAT-
TCCTATGACTGTAGA-3', reverse 5 -CAAGACATTCTTTCCAGTTAAAGTTG-3"; CYPIBI
(probe20): forward 5 - CGGCCACTATCACTGACATC-3 ", reverse 5 -CTCGAGTCTGCA-
CATCAGGA 3 ; AHRR (probe72): forward 5 -TGCTTCATCTGCCGTGTG-3 ', reverse 5
""AGCTGCCAAGCCTGTGAC-3".

RNA-sequencing

RNA-Sequencing (RNA-Seq) was performed as previously described (79). Two RNA ex-
pression profiling experiments were performed. One experiment was done in dose response
of UM171 and another for different time point treatment. For the dose response experiment,
CD34" mPB or CB cells were treated with vehicle (DMSO) or UM171 at different concentra-
tions [19, 30, 48, 78 and 125 nM] or SR1 [750 nM] for 16 hours. For the different time point
treatment, CD34* CB cells were treated with vehicle (DMSO), SR1 [500 nM], UM171 [35 nM],
or combination of SR1 [500 nM]+UM171 [35 nM] for 3, 12, 24, 48, and 72 hours. At each
time point, cells were lysed, RNA was extracted using Trizol and RNeasy columns (Qiagen)
and mRNA libraries prepared using the TruSeq RNA Sample preparation kit (Illumina). RNA

libraries were sequenced on an [llumina HiSeq 2000 machine using paired end reads (2 x 100
bp).

Accession codes

Gene Expression Omnibus: GSE57299 and GSES57561

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=otibicyuhnuftyn&acc=GSE57299

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=mhkhkckuthwhtoz&acc=GSE57561

Supplementary online text for fig. S2.6

UM171 washout experiments demonstrated a rapid arrest of CD34" and CD34"CD45RA" cell
expansion after removal of the compound suggesting that its effect is reversible (fig. S2.6, A
and B). To assess whether UM171 acts as a mitogen and compensates for the absence of cyto-
kine(s) such as FLT3L, or SCF, or TPO, we cultured cells with UM171 [35 nM] or DMSO in
the presence or absence of one or all the three cytokines. UM171 failed to support expansion of
CD34" or CD34*CD45RA" in the absence of growth factors (fig. S2.6, C and D) suggesting that

our molecule has no inherent mitogenic activity.

Supplementary online text for fig. S2.7
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During the 4 day incubation both the UM171- and vehicle-treated cells underwent 4 population
doublings (fig. S2.7) indicating that UM171 does not change the rate of division of CD34*C-
D45RA cells.

Supplementary online text for fig. S2.13

PROCR or EPCR (CD201) transcripts were shown to be up-regulated after UM171 treatment
(fig. S2.13A). Interestingly, levels of EPCR transcripts correlated with the dose of UM171 but
were not affected by SR1 (fig. S2.13B). EPCR protein levels were also elevated in UM171-treat-
ed cells (fig. S2.13C, upper panel). Remarkably, EPCR"¢" cells were enriched for CD34" and
CD34*CD45RA" expression compared to EPCR" population (fig. S2.13C, mid and lower pan-

el) suggesting that its expression maybe indicative of a more primitive cell type.
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Fig. S2.1. Screen setup and hit validation strategy for identifying small molecule(s) that

promotes ex vivo expansion of human CD34+ cells.

(A) CD34+ mPB cells cultured for 7 days in serum-free medium supplemented with 100 ng/
ml FIt3L,100 ng/ml SCF and 50 ng/ml TPO differentiate as demonstate by changes in cell mor-
phology (wright staining, upper panel) and flow cytometric analysis showing loss of CD34+
(middle panels) and the more primtive CD34+CD45RA- population (bottom panels). (B) Pri-

mary screen setup and criteria for hit identification. (C) Chemical screen result summery.
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Fig. S2.2. Chemical structure of two non commerially-avialable compounds that were

selected as hits in the secondary screen.
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Fig. S2.3. Characterization of UM171 and optimization of fed-batch conditions.

(A) Effective concentration 1.5 (EC1.5) was defined as the concentration that resulted in
1.5-fold expasion of CD34+CD45RA- cells starting from CD34+ CB- or mPB-derived
cells. (B) Representative FACS profile of CD34+ mPB cells treated for 7 days with vehicle
(DMSO 0.1%), UM729 [250 nM or 1000 nM] or UM171 [19 nM or 125 nM]. (C) Fold-ex-
pansion of CD34+CD45RA- CB cells cultured for 4, 12, and 16 days in a fed-batch system
supplemented with DMSO or UM171 [35 nM]. (D) Fold-expansion of multipotent progen-
itor cells (CFU-GEMMs, colony-forming unit-granulocytes, erythrocytes, macrophages,
megakaryocytes) after 12 and 16 days in culture. (E) Number of LTC-ICs per 105 CD34+
CBstarting cells (n=1 experiment with 6 replicates). (F) Percentages of apoptotic cells were
monitored by AnnexinV staining at different time points. Unless specified, data represent
mean = SD of 3 independent experiments. Unless specified otherwise, all results in panels
D and F were statistically significant (p<0.05, Mann Whitneytest) when compared with
control (DMSO). ns: not significant.

69



KLSLAM Cell-
dose at d0 A
YEgalsc(l)mc;Jrre 20 cells ._:f !j ’
UM729[500nM] 100 cells\ 16 weeks é ?:: *
Lin- Sca-1* c-kit* 300 cels\(3Z ;g S
C?;SZ;?Ddiﬁo‘;:;'s CD45.2 recipients " SRecpiont (D45 2+)
B 60 i |

o
o
[ ]

N
'
L

Donor-derived reconstitution
(%CD45.1)
S

20-
" |
| |
10{ o | oe LI n
|
O *. , ! T T ! T T
DMSO UM729 DMSO UM729 DMSO UM729
Per KLSLAM
starting cell (20 cells) | (100 cells) | (300 cells)

Fig. S2.4. UM729 has no effect on expanding murine HSCs.

(A) Schematic representation of the experiment design. Lin-Sca-1+ckit+CD150+CD48- from
CD45.1 donors were expanded for 7 days in the presence of vehicle or UM729 [500 nM].
Sublethally irradiated (800 cGy) CD45.2 recipients (n=2-4mice/group) were transplanted with
expanded progeny of 20, 100 and 300 Lin-Sca-1+ckit+CD150+CD48- cells. (B) Average en-
graftment levels of donor reconstitution (%CD45.1)in the peripheral blood were determined by

flow cytometry at week 16 post transplantation.
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Fig. S2.5. UM729 and UM171 enhance the engraftment potential of macaque CD34+ CB

expanded cells.

(A) Schematic presentation of the experiment design. Macaque CD34+ CB cells were expand-
ed for 11 days in the presence of vehicle, SR1 [1 uM], UM729 [500 nM] or UM171 [40 nM].
Irradiated (275 cGy) NSG mice (n=3 mice / group) were transplanted with unexpanded CD34+
cells or expanded progeny of 250,000 CD34+ cells. (B) Average engraftment levels of non-
human primate CD45+ cells in the peripheral blood of NSG mice were determined by flow
cytometry at week 4, 7 and 10 (also left panel) post transplantion. Significance level: *p <0.05.
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Fig. S2.6. UM171 is not a mitogen and its effect in expanding CD34+ and CD34+C-
D45RA- is reversible.

CD34+ (A) or CD34+CD45RA-(B) mPB cells were cultured in the presence of UM171 [35
nM] or vehicle (DMSO). After 7 days of culture, cellular aliquots were washed twice with me-
dia lacking UM171 and DMSO and replated in fresh media also lacking UM171 (gray dashed)
or DMSO (black dashed) for an additional period of 8 days. The percentages of CD34+ (A) and
CD34+CD45RA- (B) populations were monitored every 2 days throughout the cultures. Data
are expressed as mean + SD of 3 independent experiments. Significance level:*p value <0.05
(Mann Whitney test). Similar results were obtained with cord blood (not shown). (C) and (D)
CD34+ mPB cells were cultured with DMSO or UM171 [35 nM] in serum free media in the
absence or presence of the indicated cytokines. Fold-expansion of CD34+ (C) and CD34+C-
D45RA- (D) populations over input were assessed at day 7 (see supplemental text for fig.S6).
Data are given as means £ SD, n=3 independent experiments. All conditions in (C) and (D)
when compared to control (media supplemented with 3 cytokines) were statistically significant
with p value <0.05 (Mann Whitney test).
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Fig. S2.7. UM171 does not affect division rate of CD34+CD45RA- cells.

CFSE cell labeling was used to characterize the proliferation pattern of CD34+ CB cells. CFSE
irreversibly integrates the intracellular environment and is therefore being distributed evenly to
daughter cells at each division. As a result fluorescence caused by CFSE activation is precisely
halved for each generation. In these experiments, CD34+ CB cells were labeled with CFSE and
cultured in presence of DMSO, or UM171 [35 nM], or SR1 [750 nM] or the combination of
both compounds (UM171 [35 nM] + SR1 [500 nM]). For analysis, we gated on the primitive
CD34+CD45RA- population at indicated time points, day 2 (A) and day 4 (B). FACS profiles

are representatives from 3 independent experiments. See also supplementary text for fig. S7.
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Fig. S2.8. UM171 expansion protocol is readily reproduced in independent laboratories.

(A) and (B) Data from two independent labs (R.K.H., left; C.E., right) confirming that UM171
addition in a fed-batch culture retains the HSC phenotype better than control cultures. Data

represent mean + SD (n=3 independent experiments). Significance level *p<0.05.
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Fig. S2.9. UM171-treated CD34+ cells remain phenotypically primitive in culture.

(A) Representative FACS profiles of the most primitive HSC phenotype subset (CD34+CD38-
CD45RA- CD90+CD49f+) at day O (fresh cells) and day 12 culture in a fed-batch system
supplemented with DMSO, SR1 [750 nM], UM171 [35 nM], or combination of SR1 [500 nM]
+UM171 [35 nM]. (B) Bar graph showing cell counts of phenotypically defined cellular subsets
determined by flow cytometric analysis after 12 day fed-batch cultures in presence of DMSO
(black), SR1 (blue), UM171 (red), or combination (orange). Data represent mean = SD (n=3
independent experiments). All conditions were statistically significant (p<0.05, Mann Whitney
test) when compared to control (FB), unless specified otherwise (ns: not significant, Mann
Whitney test).
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Fig. S2.10. UM171 promotes expansion of LT-HSC in fed-batch culture of CD34+ CB

cells.

(A) Experimental design. (B) Limiting dilution assays were used to estimate frequencies of LT-
HSCs determined at 30 weeks after transplantation. Results presented as 1/number of starting
cell (d0) equivalent for each condition. Gray box represent 95% CI. Data are from 5 indepen-
dent experiments performed with a pool of 2-3 human CB units per experiment. Significance
level:* p<0.05 (Mann Whitney test). (C) Levels of human engraftment in the BM of NSG
mice 30 weeks after their transplantation with different day 0 equivalent cell doses of fresh
(uncultured) CD34+ CB cells or their progeny cultured with DMSO, or UM171, or SR1, or
UMI171+SR1 (Combi). See table S2 for raw data. Color code illustrates human reconstitution
levels in NSG mice from 76% (red) to 0% (green). Confidence interval for UM171 and Combi

could not be accurately estimated at this time point as all the mice were positive.
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Fig. S2.11. Comparative transcriptome analysis of CD34+ cells exposed to UM171 or to
SR1.

SR1/DMSO (A) or UM171/DMSO (B) gene expression (Y axis SR1 or UMI171 vs X axis
DMSO) presented in scatterplots. Only genes for which RPKM values are >1 are shown. Genes
with highest levels of up- or down-regulation are labeled (complete list in fig. S7). Genes cod-
ing for cell surface receptors are indicated in red. (C) Waterfall bar graphs showing UM171/
DMSO (red) or SR1/DMSO (blue) values (Y axis) for each gene (X axis). Upper and lower
graphs show highest to lowest gene expression ratio for UM171/DMSO and SR1/DMSQO, re-

spectively.
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Fig. S2.12. List of differentially expressed
genes in CD34+ CB cells exposed to UM171 or
to SR1.

RNA-Seq experiments were performed using
cells exposed for 12, 24, 48 and 72 hours to either
DMSO (control), UM171[35nM] or SR1[500nM].
Results are expressed as most up (2x) or down
(1.5x) regulated genes for which median RPKM
values were >1. Venn diagram (A) and gene list
(B) of up- or down-regulated genes which are
specific or shared in both treatments. The aster-
isks indicate the genes that have p value of <0.05
(Mann Whitney test) where different time point

treatments are considered as replicates.

78

UM171
Down by 1.5 fold
TMEM183A* AHSP
NTS UCA1*
GZMA HBG1*
DHRS9 HBBP1
ITGAM HBB
RTN4RL2 HBG2*
TNNT1 SPTA1
WNT11 ELANE
MS4A4A HBD*
ALOX5 PRTN3
GLYATL2 FN3K
PROCR* PF4
GDF3 PNMT
KRT1 LYBG6F
PLVAP LOC388588
MFI2 Cb5orf4
LY96* RPL21
TSPAN7* SELP
RMRP PPBP
TRH FAM178B
PHLDA2 MFSD2B
MDFI RHAG
LILRB2 CLCN4
ANGPT2 OsBP2
STXBP6* C9orf116
HDC TUBB2A
RNASE4 SNORD18A*
FSD1 SNORD1A
SFRP5 THBS1
CKAP4 ANK1
SPP1 CD36*
LOC100271874 AzZU1
LIF WNT5B
PTPRF* ZFPM1
TTLL7 EPB49
SIRPB2 CD38*
PFN2 GP1BA
RPPH1 LYeG6D
TNFSF10 KLF1
GBP1 BLVRB
ENPP3 LTBP1
IER3 MIR4292
CBR3* GP9
MFAP2 GYPB*
KCNMB1* ATP7B
CD72* LRP11
TIAM1
C160rf45*
SCD5*
B3GNT3
C18orf32*
C2orfg2*
C190rf38

TMEM183A%
DHRS9*
SPP1*
STXBP6*
TRY6
CH25H
GZMA
CLEC7A
SIGLECP3
PRSS1
PRSS3
PRSS2
SFRP5

SR1
Down by 1.5 fold
CYP1B1*
CYP1A1*
CTINBP2*
AHRR*
PRSS23*
GPR68*
TIPARP*
FAM171A1
S100A9
EPB49
F2RL3*
LOC100128098*
MMP2
NCALD*
SEMA3C*
ANPEP
LOC386597*
CNR2
WASF3*
EPB41L3*
SAMSN1
IGFBP4
ARL4C*
C1orf150
RAB6B*
RNF144A*
CLCN4
L8
FAMS83F
THBS1
CD96
KIAA0087
RGS1
TUBB2A
RSAD2
ABI3*
CMTM5
ARHGAP6
PRTN3
GPR183
LPARG6
MMP14
ELANE
SOos1*
LMNA
RARG
IL4R
ABCC4*
LOC401097
BCL2L11
AMICA1
FUT7
CCR2
LPXN
MMP17
CMPK2
1ZUMO4*
MYO1G
ADAP1
ITGAL
NCF4*
RCBTB2
ST8SIA6
MGAT3
ALOX5AP
WNT5B
DDIT4
ID2
LCN2
MPZL2
MIR93
MTSS1
CD9
ETS2
RAB27B
SCARNA15
PMP22
GNG11
FCER1A
ALDH3B1
PPP1R15A
ARID5B
BMF
S100B
GALNT2
NQO1

LAT




PROCR (EPCR) PROCR (EPCR)
12] '8 a16hr
16
10
14
= 8 s 12
X X 10
o 6l o
s o 8
4] 6
5] 4
o4 0
/I /I O = O =
3/72hr| 3 72 3 72r 3 72hr 2 & /m 2 & /UM1/71|
DMSO _ SR1 UM171  Combi © 19 _ 1250M 2 19 125nM
[500nM] [35nM] CB-CD34* mPB-CD34*
C DMSO (d7) UM171 (d7)
EPCR- EPCR* EPCR- EPCR*
99.7% 0.27% 95.6% 4.34%
/1 \ L\
Low EPCI?/ N‘-ﬁgh EPCR Low EPCFf/ \-Iigh EPCR
EPCR-CD34H EPCRCD34| EPCR*CD34%|
30% 7% 96%
&

EPCR*CD34+0QD45RA™

Fig. S2.13. PROCR (EPCR or CD201) gene and protein expression in response to
UMI171.

(A) RNA-Seq data, expressed in RPKM, showing the changes in EPCR expression in cells
exposed 3, 12, 24, 48 and 72 hours to DMSO (control) or to UM171 [35 nM]. (B) Similar ex-
periments were performed using increasing amount of UM171 [19, 30, 48, 78 and 125 nM] on
CD34+ CB or mPB cells. (C) CD34+ CB cells cultured for 7 days with DMSO controls (right)
or UM171 [35 nM] (left) were stained with EPCR, CD34 and CD45RA antibody for FACS
analysis. See also supplementary text for fig. S13.
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Determination of day 0 equivalent frequencies of LT-HSCs in various cultures
. Reconstitution 1/SRC
Celldose No. 1ry recipients levels of 1 frequency per | 95% confidence of
Condition N © reconstituted / o i starting cell (20 | interval (upper-
equivalent to d0 recipients (Mean
transplanted wks post lower)
+-8D)
tranplant)
Fresh
25000 5/5 39.2420.58
10000 1111 41.6+19.18
5000 414 6.2+3.43
1000 710 4.748.42 883 (474-1647)
500 2/5 0.9+1.73
100 19 0.1+0.06
50 0/5 0.00£0.01
DMSO
10000 14114 32.3+19.23
1000 10114 3.648.53
500 37 0.3£0.37
200 1/6 0.0£0.05 976 (676-1653)
100 0/13 0.0£0.04
70 0/6 0.0£0.01
SR1
10000 14/14 15.1£11.45
1000 13/14 241367
500 718 2.3:5.08
200 116 0.1:0.09 406 (259-635)
100 214 0.1£0.12
70 1/6 0.1+0.22
UM171
10000 14114 45.1+22.19
1000 14114 6.249.29
500 8/8 5.0+6.87
200 5/6 0.3:0.28 86 (40-108)
100 12/14 0.4+0.61
70 4/6 0.1+0.05
Combi
10000 111 31.3+19.93
1000 13/13 6.746.40
500 717 2.643.15
200 6/6 1.241.06 3 (17-60)
100 1112 0.8+1.76
70 6/6 0.640.32

Absolute LT-HSC number in

12 day fed-batch culture

week 20

*

+

- T

—F

DMSO SR1 UM171 Combi

Table S2.1. Limit dilution analysis of NSG engraftment at 20 weeks post-transplantion.

Summary of primary transplantions performed to determine dO equivalent frequencies (left

panels) and numbers (right panels) of LT-HSCs in fresh (uncultured) or cultured (12 days) CB
cells. Significance level: *p<0.05 (Mann Whitney test). Gray shade shows 95% CI for fresh

cells.
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week 20 (% of reconstitution) week 30 (% of reconstitution)
+ +
CD34" cell| yncultured| DMSO SR1 UM171 | Combi CD34" cell |yncultured| DMSO SR1 UM171 |  Combi
dose dose
218288228 (2/2/18|2/8 8|2
8/0|6|6|6|8|8|8|8|68|8|8|6|8]|8
10,000 6.00 10000 884 1910 249 197 134 14
2170 380 729 997 1030 626 210 93 142
1850 257 1170 1860 1830 4863 19 13 135 32 16
1720 383 3.89 161 | 1830 695 356 | 22 216 0.1 131 13 03
16.80 8.56 1290 2280 574 379 091 | 1680 058 012 | 150 75 31
1510 693 1230 059 78 05
1010 1140 275 1880 421 654 84 10
2060 1110 383 1760 423 1120 24
1900 1070 337 876 2220 1750 969 3389 23
1140 310 454 2570 755 1580 876 406 311 419 2450 1040 136 753 39
1010 181 699 1590 357 1060 729 228 436 986 1410 859 296 461 28
1090 181 462 725 148 467 2120 966 349 666 167 279
457 195 222 724 340 029 1790 1490 267 42
172 033 116 541 242 197 831 775 030 13
1000 -22.10 500 - 243 2500 1120 073 920 - 554 2390 2210 826 1170 08
742 061 634 1270 042 1070 1030 351 538 1910 362 1320 1820 462 1150 06
543 032 189 021 157 431 020 377 1780 346 1240 856 117 640 06
190 184 105 031 068 388 009 333 511 086 347 843 449 277
127 012 103 084 008 061 099 014 071 373 253 096 762 258 472 07
081 064 011 065 010 050 057 052 - 299 294 - 698 591 024 07
068 016 042 047 0.42- 044 031 008 195 137 051 385 380 03
031 015 012 040 019 0417 111 084 021 303 301 02
010 008 034 016 012 099 088 007 300 054 192 11
0.08 024 009 012 067 064 217 184 020 10
019 011 004 066 064 117 114 03
008 003 061 056 109 103 07
0.05 037 029 007 060 055 09
017 016 - 03
500 439 050 351 110 020 077 1560 3.8 1110 2200 294 1650 1000 225 599
046 038 211047 180 313
021 017 006 011 191
0.04 0.14 101
0.04 0.04 1.00
0.05 069
0.04 033
200
50 to 100 011 046 023 020
015 013

Table S2.2 (In vivo data analyzed at week 20 and week30 post-transplantation presented

as heat-map)
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Determination of day 0 equivalent frequencies of LT-HSCs in various cultures
- Reconstitution 1SRC
" Cell dose No. 1ry recipients levels of 1 frequency per | 95% confidence of
Condition reconstituted / - o starting cell (30 | interval (upper,
equivalent to d0 ransplanted recipients (Mean wks post lower) k 30
+-8D) tranplant) wee
Fresh c *
25000 5/5 36.3£30.55 ) 4096 \
5000 4/4 6.846.22 [0) 5 — —
1000 4/5 6£6.92 416 (192-901) o= 20481
500 4/5 1.943.15 £S5
50 1/4 0.1:0.05 5 O
DMSO
10000 6/6 25+15.16 c -(C_) 1024
1000 5/6 0.2:0.13 Q=
200 2/6 1.643.10 451 (223-911) N ©
100 2% 00005 TQ 5121 —
70 116 0.0£0.03 |_| o) J}
SR1
10000 6/6 19.6:7.84 | ) 256
1000 6/6 1.10.82 (O
200 4/5 0.1+0.12 173 (84.3-354) +— @©
100 205 04+0.56 2T 128
70 115 0.00.05 o N
UM171 N —
10000 6/6 39.6£24.55 2 64
1000 5/5 2.9:0.47 T T T T
200 6/6 0.8+047 32 ND DMSO SR1 UM171 Combi
100 5/5 1.00.56
70 6/6 0.40.19
Combi
10000 4/4 29.8+20.05
1000 5/5 4.3+2.80
200 5/5 1.5+1.41 33 ND
100 44 05+0.24
70 6/6 0.7+0.32

Table S2.3. Limit dilution analysis of NSG engraftment at 30 weeks post-transplantion.

Summary of primary transplantions performed to determine d0 equivalent frequencies (left
panels) and numbers (right panels) of LT-HSCs in fresh (uncultured) or cultured (12 days) CB
cells.Significance level: *p<0.05 (Mann Whitney test). Gray shade shows 95% CI for fresh

cells.
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Reconstitution Total number of BM No. 2ary Reconstitution 1/SRC
» levels of 1ry - Human BM cells recipients levels of 2ary |frequency (18| 95% Confidence of interval
Conditions | 1ary mouse ID No. recipients cells injected |.)e.r transplanted ] ituted / recipi wks post (upper, lower)
(Mean +/- SD) secondary recipient transplanted | (Mean +/-SD) | tranplantion)
Fresh
10,000,000 3,800,000 2/4 7.43+12.40
(13668, 13669, 6,600,000 2,508,000 3/4 2.28+2.41
13670, 13672) 38127.65 1,320,000 501,600 2/4 0.2+0.24 2319481 1059149 5079542
660,000 250,800 1/4 0.03+0.04
120,000 45,600 0/4 0.00+0.00
DMSO
10,000,000 2,136,667 4/6 0.3+0.19
(13725,13726, 6,600,000 1,410,200 3/6 0.13+0.08
13727,13737, 21.37+13.12 1,320,000 282,040 2/6 0.08+0.08 1799526 908225 3565517
13738, 13739) 660,000 141,020 0/6 0.00£0.00
120,000 25,640 0/6 0.00+0.00
UM171
10,000,000 3,354,000 4/4 3.05+5.11
(13785, 13786, 6,600,000 2,213,640 5/5 0.82+1.07
13787, 13800, 33.54+26.59 1,320,000 442,728 3/4 0.32+0.54 509336 225339 1151258
13801) 660,000 221,364 1/5 0.02+0.04
120,000 40,248 0/5 0.00£0.00

Table S2.4. Results from secondary transplantation experiments.

Secondary NSG recipient mice were injected with bone marrow cells harvested from primary
recipients sacrificed 30 weeks post-transplantation. Note that primary recipients received dif-
ferent cell doses: 25,000 for fresh (uncultured) cells and 10,000 day 0 equivalent DMSO and
UM171 cultured cells.
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Chapter 3: EPCR expression defines the most primitive subset of
expanded human HSPCs and is required for their in vivo activity

Manuscript in Nature medicine-under revision (Number: NMED-L80529-T)

Synopsis:

Most of the surface markers that differentiate fresh (uncultured) hematopoietic stem cell (HSC)
from more committed progenitor are not reliable in detecting HSC in culture. Using UM171, a
small molecule previously described in chapter 2, we were able to identify endothelial protein ¢

receptor (EPCR) as a first surface marker that enriches for human HSC in culture.

Contribution:

All the data in Figure 3.1, 3.2, 3.3, 3.4 B-C, 3.5 D- E, S3.1-3.6, S3.8C, and Table S3.1-S3.6
were generated by Iman Fares (100%)

Data in Figure 3.4A and S3.7 were generated by Jalila Chagraoui
Data in Figure 3.5A-C and S3.8A-B were plotted using R by Bernhard Lehnertz
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Abstract

Cell purification technology combined with transcriptome sequencing and a small molecule
agonist of hematopoietic stem cell self-renewal have allowed us to identify the endothelial
protein ¢ receptor (EPCR) as a surface marker that defines a rare subpopulation of human cells
highly enriched for stem cell activity in vivo. EPCR-positive cells exhibit robust multi-lineage
differentiation potential and serial reconstitution ability in immunocompromised mice. Follow-
ing ex vivo stem cell expansion, HSC activity 1s detected in EPCR" subpopulations, arguing for
the stability of this marker on the surface of cultured cells, a feature not commonly observed
with other recently described markers. Functionally, EPCR is essential for human HSC activity
in vivo. Cells engineered to express low EPCR levels lack the ability to confer long-term re-
constitution. EPCR is a highly performant marker for human HSCs and its exploitation should

open new possibilities in our effort to understand the molecular bases behind HSC self-renewal.
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3.1 Introduction

Human hematopoietic stem cells (HSC) constitute a rare sub-population of cells with the unique
ability to self-renew and differentiate into all blood lineages. Human cord blood (CB) is one of
the most accessible sources for HSCs and is frequently used in clinical and research settings.
HSCs in CB samples can be prospectively identified with high confidence using antibodies
that detect the combinatorial surface expression of CD34, CD38, CD90, CD45RA and CD49f
1. With this approach, HSCs can be isolated to up to 10% purity from human CB units. Al-
though representing several orders of magnitude of enrichment, the scarcity of HSCs in purified
CB samples hampers the functional dissection of the molecular mechanisms underlying HSC
self-renewal. One possible avenue to overcome this hurdle is to expand such rare cells ex vivo
using recently developed tools such as the UM171 and SR1 small molecules or fed batch biore-
actor systems >*. Unfortunately, another issue associated with this strategy is the fact that sev-
eral of the HSC markers described, for example CD38° and CD49f (Fig. S3.1), are no longer
reliable once HSCs are cultured. This significantly restricts our ability to assess the frequency

and purity of HSCs in ex vivo culture conditions.

We have previously developed the pyrimido-indole derivative UM171, which stimulates hu-
man hematopoietic stem and progenitor cell (HSPC) expansion in vitro. Transcriptome anal-
ysis of CD34-enriched human CB cells expanded ex vivo revealed the Endothelial Protein C
Receptor (EPCR) gene as one of the best determinants of HSPCs response to UM1717. Given
the known function of EPCR as a highly discriminatory surface antigen on mouse HSCs'® , we
reasoned that this receptor might also be selectively associated with human HSCs and that it

may be stable in expanded HSC cultures.
3.2 Results

3.2.1 EPCR" population exhibits a robust multi-lineage differentiation po-
tential

To evaluate if EPCR expression correlates with HSC activity, UM171-treated cultures initiated
7 and 12 days earlier with CD34*CD45RA" CB cells were sorted based on EPCR expression
levels (EPCR-, EPCR and EPCR") and their HSPC content was monitored (Fig. 3.1a, b). At
day 7 and 12, the EPCR" subpopulation represented 5+3% and 1.8+0.4% of the culture, respec-
tively, and showed elevated CD34 expression (red peak in Fig. 3.1b). The EPCR" population
was less clonogenic than the EPCR" and EPCR- populations, as illustrated by the difference in

frequencies of CFU-GEMM between these subsets (Fig. 3.1c¢). In sharp contrast, the long-term
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reconstitution activity of the cultured cells was essentially restricted to the EPCR™* subpopula-
tion both at day 7 and at day 12 (Fig. 3.1d, e). The strength of this marker to identify expanded
LT-HSC:s in culture is further highlighted by the relative enrichment of these cells as the culture
progresses, from 20-fold enrichment at day 7 to 56-fold by day 12 (Fig. 3.1d, e and Table S3.1).
Not only does EPCR expression correlate with LT-HSC activity in vivo at 24 weeks, it also
identifies LT-HSCs with multi-lineage potential (Fig. 3.1f, g). These results were reproduced in
a second series of experiments in which similar EPCR-based cell sorting was performed from
CD34"CD45RA" cells as compared to bulk cultures (Fig. 3.1d, e).

We next examined if EPCR is also a reliable HSC marker in experimental conditions where CB
cells are not exposed to UM171. For these experiments, CD34*CD45RA" CB cells were sorted
based on EPCR expression after 3 days in culture, at which time LT-HSCs are still detectable
and EPCR expression is maximal (Fig. S3.2a). Consistent with our findings with UM171 treat-
ed cells, EPCR" cells from DMSO-treated cultures were characterized by long-term repopu-
lating activity and multi-lineage potential similar to bulk cells (Fig. S3.2c, d and Table S3.2).
Based on these results, we hypothesized that EPCR can be used as a surrogate maker to predict
LT-HSC enrichment in different culture conditions. To test this, we monitored EPCR*CD34*
cells in UM171 or SR1-treated cultures after 12-day expansion where LT-HSC frequency was
previously shown to be 13-fold higher in UM171-treated cultures compared to SR17. Interest-
ingly, EPCR*CD34" cells were up to 10 times more abundant in cultures treated with UM171
when compared to those supplemented with SR1 (Fig. S3.3). Altogether, these results suggest
that EPCR is a suitable marker to identify HSCs, irrespective of the culture condition.

3.2.2 EPCR" cells provide multi-lineage reconstitution in secondary mice

To further evaluate the self-renewal potential of each EPCR subset, we performed secondary
transplantation experiments in which cells collected 24 weeks post transplantation from BM
of primary mice were transplanted into secondary recipients and monitored for an additional
18 weeks. As shown in Fig. 3.1h, reconstitution of secondary recipients was limited to mice
transplanted with grafts originating from either unsorted cells or EPCR" cells derived from the
day 7 or day 12 cultures (Fig. 3.1h and Table S3.3). Secondary recipients of the marrow from
EPCR- or EPCR"" primary donors showed very low levels of engraftment, which was frequent-
ly undetectable. These findings suggest that only EPCR™ cells possess the required self-renewal

potential to provide long-term multipotent reconstitution in serial transplantation settings.
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3.2.3 High frequency of human LT-HSCs in EPCR" fraction

Using limiting dilution analysis (LDA), we estimated that one per 68 EPCR" cells was a mul-
tipotent LT-HSC in UM171 supplemented cultures harvested at day 7. The LT-HSC frequency
was lower in all other fractions ranging from 1 per 2016 cells in EPCR"" to 1 per 4240 cells
in EPCR"subpopulations (Fig. 3.2a, b). Considering the LT-HSC frequency in the unsorted ex-
panded CD34*CD45RA" culture, we calculated that sorting on EPCR alone provided a 12-fold
net enrichment in LT-HSCs (Fig. 3.2a, b, Fig. S3.4, and Table S3.4).

3.2.4 EPCR best discriminates expanded CD34" HSPC

Although some of the most critical markers of human LT-HSCs are unreliable once cells are
expanded (e.g. CD38 and CD49f), others seem to retain prospective value. These include CD90
and CD45RA'-3. We hypothesized that a combinatorial surface marker-based sorting approach
might improve our ability to isolate LT-HSCs, and thus analyzed EPCR expression in combina-
tion with these other markers. To this end, CD34"CD45RA- CB cells were kept in UM171-sup-
plemented culture for 7 days and then sorted into 7 different fractions based on CD34, EPCR,
CD45RA and CD90 expression (Fig. S3.5a). Each fraction was then transplanted in NSG mice
and reconstitution was analyzed at early (3 weeks) and late (24 weeks) time points (Fig. S3.5b).

With this approach, we observed that selection of CD34" cells among the EPCR" population
further enriched the sample in LT-HSCs (Fig. S3.5b). Importantly, CD90 expression or lack of
CD45RA did not allow for a significant additional subdivision of the EPCR*CD34" population
since this subfraction is largely CD90*CD45RA". Conversely, selection of EPCR" cells from
the CD34*CD45RA and CD34"CD90" populations enriched these samples in LT-HSCs by ap-
proximately 8- and 3- fold respectively, indicating that EPCR expression marks a subfraction
of CD34"/CD90*/CD45RA" cells.

To further evaluate the importance of EPCR expression on ex vivo expanded LT-HSCs and
determine the value of additional markers such as CD133'12, we sorted EPCR* and EPCR""
populations from CD34" CB cells following a 3-day culture with UM171and expanded them
separately for an additional 7 days at which time phenotypical analyses were conducted prior
to transplantation in NSG mice (Fig. 3.3a, b). Results confirm that most of the LT-HSC activity
resides in the EPCR" population (Fig. 3.3, C and D). Most interestingly, in cultures initiated
with CD34"EPCR!*" cells, we noticed a large expansion of CD34*CD90" and CD34°CD133"
cells (Fig. 3.3¢) which contributed poorly to in vivo reconstitution (Fig. 3.3d) once again high-
lighting that a subset of EPCR-negative cells which remain positive for CD34, CD90, CD133
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and depleted of CD45RA expression show modest repopulation activity.

3.2.5 EPCR as a marker of non-expanded LT-HSC

We next determined if EPCR can identify LT-HSCs from non-expanded samples (Extended Data
Fig. 3.6a). Frequencies of multilineage progenitors were similar between CD34"CD45RAEP-
CR"™v, CD34'CD45RA" EPCR" and unfractionated CD34"CD45RA" populations (Fig. S3.6b).
At a non-limiting cell dose, we observed that all LT-HSC activity is correlated to the EPCR" or
EPCR" fractions (Fig. S3.6¢) clearly documenting the relevance of this marker for fresh CB LT-
HSCs. Strikingly and in contrast to cultured HSPC, recipients of CD34"CD45RAEPCR"" and
CD34"CD45RAEPCR cells had similar levels of human chimerism and lineage distribution
(Extended Data Fig. 3.6¢c-e and Supplementary Table S5). However, we noticed that long-term
reconstitution was mostly observed in secondary recipients of a graft originating from CD34C-
D45RAEPCR*cells (Fig. S3.6f). Based on this it appears that the EPCR" subset of fresh human
HSC is more primitive than the EPCR one.

3.2.6 EPCR expression is critical for HSPC function

To determine if EPCR expression is essential for HSPC activity, we identified 2 effective EP-
CR-targeting shRNA vectors which enabled different levels of knockdown (Fig. 3.4 a, b). CD34*
CB cells transduced with the indicated shEPCR-GFP vectors were transplanted into NSG mice
whose reconstitution by human cells was analyzed 20 weeks post-transplantation (Fig. 3.4c
and Fig. S3.7). Results show that HSPC activity is inversely proportional to the magnitude of
EPCR knockdown- the most efficient sShEPCR (sh2) significantly reduces the engraftment lev-

els. These results indicate that EPCR levels are critical for the in vivo activity of human HSPCs.

3.2.7 HSPC gene signature characterizes EPCR" cells

In order to analyse the transcriptional landscape of EPCR" cells, we performed mRNA profiling
experiments using EPCR-, EPCR"" and EPCR" populations sorted from expanded CD34"C-
D45RA" CB cells (Fig. 3.1b, day7). Using a minimum of 2-fold difference in expression as a
selection criterion, a total of 1,048 differentially expressed genes (597 up- and 451 down-regu-
lated genes) were identified between the EPCR*and EPCR"°" populations (Fig. 3.5 a and Table
S3.6). Gene set enrichment analysis (GSEA) shows that the differentially expressed genes of
EPCR* population are significantly overlapped with genes associated with HSPC derived from

uncultured human CB and fetal liver'*-"®

, providing evidence for a stem cell signature (Fig. 3.5b
and Fig. S3.8). Manual curation and GSEA identified a marked underrepresentation of differen-
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tiation-related genes in the EPCR* population, namely genes associated with erythroid and my-
cloid differentiation (Fig. 3.5a and Fig. S3.8b, ¢). Intersecting our data with that of others' 13,
we were able to refine a 120 HSPC gene signature (Fig. 3.5¢ and Fig. S3.8a). This signature is
mostly comprised of either well-known transcriptional regulators of HSC self-renewal/function
such as HLF, PRDM16, and MECOM or genes encoding cell surface markers typically used to
enrich for HSC (CD90, CD133, CD143, CD318, CD93 and GPR56) " /2 %? (Fig. 3.5 a, d). We
further validated the overlapping expression patterns of these cell surface markers with that of
EPCR by flow cytometry (Fig. 3.5¢).

3.3 Discussion

Our data suggests that EPCR represents a new robust marker of expanded human LT-HSCs.
Accordingly; expanded human LT-HSPCs could be defined by the expression of a single gene
product rather than group of receptors. Indeed in UM171-supplemented culture conditions,
EPCR cell surface expression on its own identifies functional HSPC at a frequency which can-
not be further improved by any of the previously defined cell surface markers such as CD34,
CD90, CD49f or CD133.

ShRNA-mediated EPCR knockdown studies suggest that EPCR plays a crucial role for the
in vivo activity of HSPCs. This observation is consistent with mouse studies in which EPCR
expression was shown to confer a cytoprotective role in HSPC thus contributing to their main-
tenance®. Interestingly, mice genetically engineered to express low levels of EPCR (Procr®")
showed defects in HSPC bone marrow retention and limited long-term reconstitution potential,
strengthening the idea that EPCR is an important regulator of HSPC?'.

3.4 Conclusion

Identifying surface makers that enrich for cultured human HSPC such as EPCR will allow for
a better understanding of HSPC self-renewal mechanisms that in turn will facilitate the manip-

ulation and expansion of human HSPC ex vivo for clinical applications.
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Fig. 3.1. EPCR+ population is enriched with LT-HSC in culture.

a, Schematic representation of EPCR sort after 7 and 12-day culture in UM171 (38 nM).b, FACS
plot showing the percentage of EPCR subsets and their distribution in CD34+ and CD34+C-
D45RA- cells after culture (mean + s.d, 5 biological replicates). ¢, CFU-GEMMs count for
EPCR sorted subsets after culture(mean =+ s.d, n= 3 wells counted per condition of 2 biological
replicates); significance level *P<(0.05 (Mann-Whitney test, one-sided). Human (Hu) CD45
engraftment and lineage potential of the indicated sorted cells assessed for each NSG recipient
mouse identified as NSG-ID after 7- (d, f) and 12- (e, g) day culture; n=3-20 mice per condition
(each geometric shape corresponds to a biological replicate). h, Primary NSG mice, receiving
the indicated sorted population after 7 and 12 day culture from 3x103 CD34+CD45RA- starting
cell (dO equivalent), were transplanted into 2ry NSG recipients. Hu-CD45 cell chimerism was
analyzed in the 1ry and 2ry mice at 24 and 18 weeks post-transplantation respectively by flow
cytometry; n=4-5 mice per condition, technical replicates. The horizontal bars in (d), (e), and

(h) indicate median values.
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Fig. 3.2. Frequency of LT-HSC within EPCR-, EPCRLow and EPCR+ populations.

a, Table summarizing limit dilution analysis of the indicated sorted populations. CD34+C-
D45RA- cells were expanded for 7 days in the presence of UM 171 (38 nM). Five cell doses and
their respective fractions based on EPCR expression (-, low and +) were sorted and transplanted
in NSG (n= 5 mice per dose, technical replicates). The number of engrafted/ transplanted mice
(E/T) with the average of human CD45 reconstitution is presented. Number of LT-HSCs per
103 CD34+CD45RA- starting cells based on the estimated LT-HSC frequencies and 95% clear-
ance (Cl). b, Estimated LT-HSC frequencies (red lines) and 95% CI1 (gray boxes) presented as
I/mumber of sorted cells at day 7; significance level *P < 0.05 (Mann-Whitney test, one-sided).
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Fig. 3.3 | Expanded EPCR+ progeny retains the most of the ex vivo HSPC expanded
cells.

a, Schematic presentation for EPCR sort and transplantation strategy. CD34+ cord blood
(CB) cells were expanded for 3 days in UM171 (38 nM) before they were sorted on EPCR
expression (EPCR+ and EPCRLow / -) where they proliferated in UM171-cultures for ad-
ditional 7 days. EPCR subsets in addition to unpurified cells were stained for HSC pheno-
type and transplanted in NSG mice to determine their in vivo proliferative potential at the
day of the sort (day3) and after 7 day expansion (day10). b, Flow cytometry of HSCP phe-
notype at day3 and dayl0 culture. ¢, Fold-expansion of the indicated HSPCs population
from day3 to day10 of the expanded progenies (unpurified, EPCR+ and EPCRLow / -cells),
(mean + s.d, n= 3 technical replicates. Differences between conditions are statistically signif-
icant, unless specified ns: not significant (Mann-Whitney test, one-sided). d, Human CD45
engraftment in NSG mice receiving the indicated sorted population at day 3 or their out-
puts after 7-day expansion. The horizontal bars indicate median values (n= 7 mice per con-

dition, technical replicates); significance level *P < 0.05 (Mann-Whitney test, one-sided).
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Fig. 3.4 | Loss of EPCR expression in CD34" cells compromise their engraftment ability
in NSG mice.

a, EPCR knockdown validation in OCI-AMLS cell line. UM171 treatment induces the EPCR
surface expression up to 85% in OCI-AMLS cell line (upper panel). OCI-AMLS cells were
transduced with lentiviral sh-EPCR-GFP (shl or 2) vs controls (sh-Renilla) at MOI 3 for 16
hours before they washed and cultured for 2 additional days with vehicle (DMSO) or UM171
(250 nM). OCI-AMLS cells were then collected and stained for EPCR. The knockdown of EPCR
was assessed in GFP* cells using flow cytometry. b, Representative FACSplots of CD34+ CB
cells after EPCR knockdown (mean + s.d, n= 3 technical replicates). Pre-stimulated CD34+ CB
cells were infected with lentiviral sh-EPCR-GFP (shl or 2) vs controls (sh-Renilla) at MOI 100
for 16 hours. Transduced CD34+ CB cells were washed and cultured with or without UM 171
(38 nM) for 3 days where the knockdown of EPCR surface expression in GFP* cells was mon-
itored using flow cytometry. Cells then were kept in culture for total of 7 days before they were
injected in NSG mice to monitor their in vivo activity. ¢, Human (Hu)-CD45 engraftment in
GFP* populations in bone marrow of NSG at 20 weeks post-transplantation (mean with s.e.m,
n= 4-5 mice per condition, technical replicates). Two different sh-EPCR are shown; signifi-
cance level *P<0.5 (Mann-Whitney test, one-sided).
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Fig. 3.5. Gene expression profiling of cultured EPCR" population strongly correlates
with uncultured HSC-related genes.

a, Scatterplot representation of global mRNA profiling showing upregulated (red) and down-reg-
ulated (blue) genes in EPCR" versus EPCR** (- and low) populations (p< 0.01, mean expres-
sion > 1 RPKM; > 2-fold up or down).b, GSEA plot showing enrichment for HSC-related
genes in the EPCR" population. Gene expression of uncultured purified human HSC derived
from cord blood (CB) and fetal liver (FL) from two independent data set were used for the
GSEA analysis; NES= normalized enrichment score; all comparisons were significant. ¢, Venn
diagram plot showing the number of common and distinct up-regulated genes in EPCR" pop-
ulation,CD34"CD38"°%-CD90" (FL) cells, and CD34°CD38- (FL and CB) cells. mRNA (d) and

protein (e) levels of known HSC surface markers in various cellular population.
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Supporting Material

Material and methods
Figures S1 to S8
Tables S1 to S6

METHODS
Human CD34" cord blood cell collection

Umbilical cord blood units were collected form consenting mothers according to ethically ap-
proved protocol at CHU Sainte-Justine, Montreal, QC, Canada. Human CD34*cord blood (CB)
cells were isolated using The EasySep™ positive selection kit (StemCell Technologies Cat #
18056). Sorting for more primitive phenotypes was done in additional step using BD Aria II

sorter.
Flow cytometry and sorting

Fresh or cultured hematopoietic cord blood cells were sorted for different HSPC phenotypes.
Mouse anti-human antibodies were used to detect CD34 (FITC- BD Biosciences Cat # 555821
or BV421- BD Biosciences Cat #562577), CD45RA (PE- BD Biosciences Cat #555489, CD90
(PECY7- BioLegend Cat # 328124), CD49f (PECY 5-BD Biosciences Cat #551129), and EPCR
(APC-BioLegend Cat # 351906). Cells were analyzed on BD Canto flow cytometer, and cell
sorting (low pressure) was conducted on BD Aria II. Cell sort recovery was estimated to be 50%
post-sort.

HSPC cell culture

Human CB-derived CD34" or CD34"CD45RA" cells were cultured in HSC expansion media
consisting of StemSpan SFEM (StemCell Technologies Cat # 09650) supplemented with hu-
man 100 ng/ml stem cell factor (SCF, R&D Systems_Cat # 255-SC), 100 ng/ml FMS-like try-
sine kinase 3 ligand (FLT3, R&D Systems Cat # 308-FK), 50 ng/ml thrombopoietin (TPO,
R&D Systems Cat # 288-TP), and 10 pg/ml low-density lipoproteins (StemCell Technologies
Cat # 02698). Cells were seeded at density of 1 x103 cells/ml and fresh HSC expansion media
supplemented with UM171 (StemCell Technologies Cat # 72914) (38nM), SR1 (Alichem Cat
# 41864) (750 nM) or vehicle (0.1 % DMSO) was added to keep the cell density around 3-6
x10° cells/ml. For transplantation experiments, the fed-batch culture system was used as previ-
ously described®. 1x10° CD34" or CD34*CD45RA" CB cells/ml were injected into 25 ml bags
(American Fluoroseal Corporation Cat # 2 PF-0025) connected to a syringe loaded pumping

system and maintained on an orbital shaker at 37°C and 5% CO2 in air. The pump was set to
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continuously deliver HSC expansion media supplemented with vehicle (0.1% DMSO), UM171
(38 nM), or combination of UM171 (38 nM) and SR1 (750nM) at a flow rate of 0.7 pl/min.

Colony-forming assay

Frequencies of colony-forming cells were estimated by plating 250-1000 EPCR-, EPCR™¥,
EPCR" cell subsets sorted form uncultured CD34"CD45RA or their expanded progeny after 7
and 12 day culture with UM171 (38 nM). Cells were cultured in 2% methylcellulose-based me-
dia in Iscove’s Modified Dulbecco’s Medium (IMDM, GIBCO Cat #12440053), supplemented
with 20% heat inactivated fetal bovine serum (FBS, WISENT Cat #115681), 1% bovine serum
albumin (BSA, WISENT Cat #800-195-LG), 2 mM L-glutamine, 100 ng/ml SCF, 10 ng/ml IL3,
10 ng/ml IL6, 3 U/ml erythropoietin, 200 pg/ml holo-transferrin Cat #T4132 Sigma, 10ng/ml
GM-CSF (Shenandoah Biotechnology,Inc Cat #100-08), 50 ng/ml Tpo (Shenandoah Biotech-
nology,Inc Cat # 100-05) and 10* M 2-mercaptoethanol. After 14 days culture, plates were then

scored for CFU-multilineage colonies containing granulocyte and erythroid.
Culture of EPCR progeny

Human CB-derived CD34" cells were expanded for 3 days with UM171 (38nM) before they
were stained with mouse anti-human EPCR antibody (APC-BioLegend Cat # 351906). Total
(unpurified), EPCR-/ ' and EPCR" cells were sorted and place in culture for addition 7 days
in UM171 (38nM). HSC phenotype staining and transplantation assays were then performed.

Transplantation Assays

All experiments with animals were conducted under protocols approved by the University of
Montreal Animal Care Committee. EPCR cell subsets purified from uncultured or expanded
CD34"CD45RA CB cells were transplanted by tail vein injection into sub-lethally irradiated
(250 cGy, <24 hr before transplantation) 8 to 16-week-old female NSG (NOD-Scid IL2Rynull,
Jackson Laboratory) mice. The animal technicians performed blindly the transplantation exper-

iments since they were not informed about the experimental conditions.

Human cells in NSG bone marrow (BM) was monitored by flow cytometry 12 and 24 weeks
post-transplantation. NSG-BM cells were collected by femoral aspiration (at week 12) or by
flushing the two femurs, tibias and hips when animals were sacrificed at week 24. For the lim-
iting dilution analysis (LDA), cells were transplanted at 3-5 different cell doses in group of 5-8

mice.
For secondary transplantations, 80% of total BM cells from primary NSG recipients (24 weeks
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post-transplantation) were injected into secondary sub-lethally irradiated NSG mice. BM cells
of the secondary mice were harvested and analyzed 18 weeks post-transplantation. Flow cytom-
etry analysis was performed on freshly collected BM cells. Cells were treated with 1x red blood
cell lysis buffer (StemCell Technologies Cat # 20110), washed and stained with pacific blue-la-
belled anti-human CD45 (BioLegend Cat # 304029), APC-eFluor 780-labelled anti-mouse
CD45 (eBioscience Cat # 47-0453-82), PE-labelled anti-human CD33 (BD Biosciences Cat
#555450), PE-Cy7 labelled anti-human CD19 (BD Biosciences Cat #557835), FITC-labelled
anti-human CD3 (BD Biosciences Cat # 555332). Cells then were washed and analyzed using
a FACSCanto II (BD Biosciences). BD FACSDiva software was used to analyze the flow cy-
tometry data.

Mice that show only human lymphoid engraftment (n=3) were not taken into consideration in
LDA assessment because human lymphoid cells are long-lived cells and not necessary HSC-de-

rived.
RNA sequencing and data analysis:

3-5 x 10° cells were FACS sorted from day 7 cultured cord blood derived CD34* HSPCs and
preserved at -80C in TRIzol Reagent (Thermo Fisher Scientific Cat# 15596026). cDNA librar-
ies were constructed according to TruSeq Protocols (Illumina) and sequencing was performed
using an [llumina HiSeq 2000 instrument. We used the Casava pipeline (Illumina) and Refseq
release 63 for subsequent mapping and quantification of gene expression. RPKM values were
loaded into R and differential expression was tested using Wilcoxon rank sum statistics. We se-
lected differentially expressed genes based on significance (p < 0.01, Mann-Whitney test), their
mean expression values in at least one of the comparison groups (= 1 RPKM) and a minimum
twofold expression difference. We converted all gene names using the HGNChelper package in
R to facilitate comparisons with external datasets. GSEA analyses were done using the GSEA
desktop application (Broad Institute). We performed analyses using the GSEA hallmark gene
set collection and two curated HSC gene sets!® ' using standard settings. Overlaps between
EPCR" associated genes and published HSC signatures were determined using the intersect

command in R. Heat maps and clustering generated using the GENE-E (Broad Institute).
Gene expression Omnibus (GSQO) Accession number
GSE77128

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=cfmxesswhfwnhkb&acc=GSE77128
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Construction of sShEPCR lentiviral vectors

The MNDU-GFP -miRE vector was constructed by PCR amplification of a GFP-miR30 (shRe-
nilla) cassette with EcoRI overhangs, and cloning into pCCL-c-MNDU3-eGFP (kindly pro-
vided by Donald Kohn?®), replacing the GFP cassette of the parental vector. GFP-miR is thus
expressed from the MNDU promoter. The shRenilla-miR30 was converted to miRE by PCR as
described by Fellman et al ?*. A stuffer sequence was added between the Xhol and EcoRI sites
(replacing the shRNA) to facilitate cloning of subsequent shRNAs.

Cloning of shRNAs for EPCR into the MNDU-GFP -miRE vector was performed as described
by Fellmann et al %, with minor modifications. Briefly, 97mer miR template oligos were am-
plified with common primers which add the Xhol and EcoRI restriction sites, using Phusion
polymerase (Thermo Fisher Scientific Cat # F-530) supplemented with GC buffer and DMSO
for 18 cycles. PCR products as well as MNDU-miRE-GFP vector were digested with FastDi-
gest Xhol and EcoRI (Thermo Fisher Scientific Cat ##D0694 and FD0274, respectively), gel
purified using the QIAQuick Gel extraction kit (Qiagen Cat #28704), then ligated together us-
ing T4 DNA ligase (Thermo Fisher Scientific Cat # EL0011) without addition of PEG 8000 to
the ligase buffer, and transformed into Stbl4 bacteria by heat shock. Colonies were screened for
multiple insertions by digestion with Hpal + EcoRI (Thermo Fisher Scientific, Cat # ER1031
and FDO0274, respectively), then sequence verified. Oligonucleotide sequences for PCR ampli-

fication:

miRE-Xho-fw-long: TGTGTGTGTGTGAACTCGAGAAGGTATATTGCTGTTGACAGT-
GAGCG miRE-EcoRI-rev-long: TCTCTCTCTCTCTCGAATTCTAGCCCCTTGAAGTC-
CGAGGCAGTAGGC

Templates from Fellman et al**.

PROCR.1364 (shEPCR#1) TGCTGTTGACAGTGAGCGATGGTGGAAATGTAAAATC-
CAATAGTGAAGCCACAGATGTATTGGATTTTACATTTCCACCACTGCCTACTG-
CCTCGGA

PROCR.1240 (shEPCR#2) TGCTGTTGACAGTGAGCGCTCAAAAGATATAACCAAATA-
ATAGTGAAGCCACAGATGTATTATTTGGTTATATCTTTTGAATGCCTACTGCCTCGGA

shEPCR lentiviral production:

HEK 293 cells were transfected with lenti-viral plasmid: 15 ng MNDU-GFP —-miRE, packaging
plasmids: 9 ug pLPland 4 pg pLP2 and envelope plasmid: 3 pg VSV-G using Lipofectamine
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2000 (Thermo Fisher Scientific Cat #12566-014).Viral supernatant was collected after 48 hours
and concentrated using PEG precipitation method (SBI, System Biosciences Cat # LV810A-1).
Viral titers were determined to be ~ 1x10° TU/ml using HEK293 cells.

Lentiviral transduction of OCI-AMLS cells

To validate EPCR knockdown, OCI-AMLS cells (DSMZ Cat #ACC 247) were used. As for any
cell line imported in our laboratory, they were treated upon arrival for possible mycoplasma
contamination. For viral transduction, the cells were pre-treated with protamine sulfate (10ug/
ml) for 30 min at 37°C in 5% CO2 before the viral supernatant was added for 16 hours at a MOI
of 3. The transduced cells were then washed and cultured in the presence of vehicle (DMSO)
or UM171 (250 nM) for 2 additional days. Transduction (assessed via GFP) and surface EPCR

knockdown efficiency were measured by flow cytometry.
Lentiviral transduction of CD34" CB cells

CD34" cells were pre-stimulated for 24 hours in HSC expansion media. Cells were then trans-
duced for 16 hours on retronectin (TaKaRa Cat #T100A) coated plates (20 pg/cm2) at an MOI
of 100 in HSC expansion media supplemented with polybrene (3ug/ml). Transduced CD34*
cells were washed and cultured in HSC expansion media in the presence of vehicle (DMSO)
or UM171(38nM). Transduction efficiency (assessed via GFP expression) and the expression
of HSC cell surface markers were analyzed after 3 (Fig. 3.4) or 7 days (Fig. S3.7) post trans-

duction.
shRNA transplantation assay

Outcome of 5 x10* CD34+ cells (d0 equivalent) cultured for 6(Fig. 3.4) or 7 days (Fig. S3.7)
post-transduction were transplanted by tail vein injection into sub-lethally irradiated (250 cGy,
<24 hr before transplantation) 8 to 16 week-old female NSG (NOD-Scid IL2Rynull, Jackson
Laboratory) mice. Bone marrow analysis was performed after 24 week post-transplantation to

determine the percentage of human engraftment.
Statistical analysis

Statistical analyses of all in vitro experiments were done using GraphPad Prism v 6.01.
Mann-Whitney test was used after confirming normal distribution to compare fold change be-
tween the conditions tested. Bars and error bars represent means or medians and s.d. or s.e.m.,

as specified.
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Extreme limiting dilution analysis®software (http://bioinf.wehi.edu.au/software/elda/) was
used to estimate LT-HSC frequencies with 95% confidence intervals. Differences in LT-HSC

frequencies were analyzed by Mann-Whitney test. P < 0.05 was considered significant.
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Fig. S3.1. Cultured CD49f"s" CD34*CD45RA" cells lack in vivo repopulation potential.

a, Schematic presentation of HSPC phenotype sort and transplantation strategy. CD34" cord
blood (CB) cells were expanded for 12 days in SR1(1 uM) + UM171(38 nM) before they
were sorted for the indicated populations. b, CFU-GEMMs count for different cellular subsets
after culture (mean =+ s.d, n= 3 wells counted per condition, technical replicates). Comparison
between various sorted populations to Total sorted cells is statistically significant difference
unless specified ns: not significant (Mann-Whitney test, one-sided). ¢, Representative FACS
purified populations were transplanted in NSG mice for outcome of 1 and 5x10° CD34* CB
starting cell. Proportion of cultured cells transplanted for each cellular subset was adjusted
based on their frequency at day12 and indicated in the table of panel (c). Bone marrow analysis
was performed at 32 weeks post-transplantation (n=5 mice per condition, technical replicates).

The horizontal bars indicate median values.
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a, CD34"CD45RA" CB cells were cultured in DMSO for 6 days. FACS analysis of EPCR

kinetic expression was monitored during the culture period where the highest level of EPCR

was attained at day3. b, EPCR cell sorting scheme and phenotype after 3 day culture in DMSO

controls (mean =+ s.d, 3 biological replicates). (¢, d) Human (Hu) CD45 engraftment and lineage

potential of the indicated sorted cells assessed in NSG mice at 12, 20, and 24 weeks post-trans-

plantation; n= 5-6 mice per condition, technical replicates. The horizontal bars indicate median

values.
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Representative flow cytometry plots of CD34 and EPCR of CD34* CB cells after 3, 7 and 12
days in the presence of vehicle (DMSO), UM171 (38 nM), and SR1 (1000 nM) (mean =+ s.d, 3

technical replicates).
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Fig. S3.4. Limit dilution assay performed on different EPCR cellular fractions (-, low,
and +).

CD34"CD45RA" (dO starting) cells were cultured for 7 and 12 days in the presence of UM171.
Cells then were sorted based on EPCR expression at the day of culture. Outcome of 4 and 2
doses of the d0 starting cells were used after 7 and 12 day culture, respectively. The sorted cells
were injected in sublethally irradiated NSG mice (n=5 mice per dose, technical replicates).
Levels of human (Hu) CD45 engraftment in NSG bone marrow (BM) at 24 weeks post-trans-

plantation is shown. The horizontal bars indicate median values.
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Fig. S3.5. In vivo proliferative outcome of different HSPC populations sorted after cul-

ture.

a, Schematic presentation of HSPC phenotype sort and transplantation strategy. CD34°C-
D45RA" cord blood (CB) cells were expanded for 7 days in UM171 (38 nM) before they were
sorted for the indicated HSPC population (mean + s.d, 3 technical replicates). b, Respective
HSPC populations based on their frequency at day 7 were sorted and transplanted in NSG mice
for outcome of 1 x10° CD34* CD45RA- CB starting cell. Bone marrow analysis was performed
at 3 and 20 weeks post-transplantation to determine the short and long- term engraftment re-
spectively; n=5 mice per condition, technical replicates. The horizontal bars indicate median
values.
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Fig. S3.6. Uncultured EPCR"" and EPCR" population are the fractions enriched with
LT-HSC.

a, FACS representation of different EPCR subsets sorted from uncultured CD34+CD45RA-
cells. b, CFU-GEMMs count per 1x10° sorted population described in (a) (mean + s.d, n= 3
wells counted per condition of 2 biological replicates); significance level *P<0.05 (Mann-Whit-
ney test, one-sided). ¢, d, Human (Hu) CD45 engraftment and lineage potential of the sorted
cells assessed in NSG mice at 24 weeks post-transplantation, (n=5-8 mice per dose, technical
replicates). e, Summary of limit dilution analysis of uncultured CD34*CD45RA" and CD34°C-
D45RA- EPCR-, low, and + populations. Different doses of the indicated sorted population
were transplanted in sublethally irradiated NSG recipients (n= 5-13 mice per dose). Twenty
four weeks post-transplantations, the mice were sacrificed and the bone marrow cells were
collected and checked for Hu-CD45 engraftment. The number of engrafted / transplanted mice
(E/T) with the average of human (Hu) CD45 reconstitution is shown. The estimated LT-HSC
frequency for each population is presented as 1/ number of sorted cells. The estimated frequen-
cy of CD34"CD45RA- EPCR " could not be exactly determined since all the mice were posi-
tive for Hu-CD45 reconstitution. f, Primary NSG recipients injected with uncultured indicated
population were sacrificed at 24 weeks post-transplantation (n=5 mice, technical replicates).
Eighty percent of the collected bone marrow cells from the 1ry NSG recipients presented in (c)
were transplanted into 2ry recipients. Human (Hu) CD45 cell chimerism was analyzed in the

secondary mice at 18 weeks post-transplantation by flow cytometry.
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Fig. S3.7. Loss of EPCR expression in CD34" cells compromise their engraftment ability
in NSG mice.

a, Pre-stimulated CD34" CB cells were infected with lentiviral sh-EPCR-GFP (shl or 2) vs
controls (sh-Renilla) at MOI 100 for 16 hours. Transduced cells were washed and expanded in
the presence of UM 171 (38 nM) for a total of 8 day-culture. FACS analysis was then performed
to assess the EPCR knockdown in GFP* cells (mean + s.d, n= 3 technical replicates). b, Human
(Hu)-CD45 engraftment in GFP* populations in bone marrow of NSG at 20 weeks post-trans-
plantation (n=4-5 mice per condition, technical replicates). Two different sh-EPCR are shown.
The horizontal bars indicate median values, significance level *P<0.5 (Mann-Whitney test,

one-sided).
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Fig. S3.8. EPCR" population shares genetic features with highly purified primitive hema-
topoietic cells.

a, Heat map showing relative expression patterns of 120 common up-regulated genes in EPCR”*
population, CD34"CD38*-CD90" fetal liver (FL) cells, and CD34"CD38- FL and cord blood
cells. b, GSEA plot shows downregulation of hemoglobin levels. ¢, Heat map showing marked

suppression of transcripts associated with erythroid development/differentiation in EPCR* cells.
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wk12 (BM aspiration)
Sorted population NSG-ID at do Sorted cells atdoper NSG  %CD45 %CD33 %CD19 %CD3 _%CD34
S, |[DayoCD34+ CDasRA- | 17089 100 1,000 122 264 461 001
8 | Dayo CD34+ CD4SRA- | 17090 5.7 300 124 002 033
% | Dayo CD34+ CD45RA- | 17091 9.7 289 354 001 037
< Day0 CD34+ CD45RA- | 17092 5.2 246 134 001 034
& | DayoCD34+ CD45RA- | 17093 8.2 2.97 289 002 069
<
8 Sorted population NSG-ID at do Sorted cells. at dOper NSG___ %CD45 %CD33 %CD19 %CD3 _%CD34
3 Day0 CD34+ CD45RA- | 17570 100 1,000 8.2 208 556 002 045
8 | payocp34+ cD4sRA- | 17572 779 444 6614 000 491
© | Day0 CD34+ CD45RA- | 17574 5.9 202 306 001 037
=1 Day0 CD34+ CD45RA- 17571 5.2 2.31 2.59 0.02 0.36
2 | DayoCD34+ CDa5RA- | 17575 165 398 11.09 002 074
Day0 CD34+ CD45RA- | 17576 6.9 122 539 001 010
Day0 CD34+ CD45RA- 17573 43 0.61 3.41 0.01 0.05
Sorted NSG-ID at d7 Sorted cells atd7 per NSG _ %CD45 %CD33 %CD19 %CD3 _%CD34
Day7 EPCR+ 16772 2.2 440 0.8 0.17 0.34 0.00 0.00
Day7 EPCR+ 16773 695  9.04 4031 000 0.0
Day7 EPCRIow 16774 823 16,460 23 217 004 000  0.00
Day7 EPCRIow 16775 08 033 002 026 000
Day7 EPCR- 16776 15.4 3,080 0.0 0.00 000 000 0.00
Day7 EPCR- 16777 0.1 0.02 000 001  0.00
Sorted population NSG-ID at d7 Sorted cells atd7 per NSG__ %CD45 %CD33 %CD19 %CD3 _%CD34
Day7 Total 17109 100 35,204 0.7 000 014 028 0.0
Day7 Total 17110 36 297 016 005 027
Day?7 Total 17111 8.6 316 166 000  1.36
Day7 Total 17112 14.5 13.49 0.51 0.00 0.68
Day?7 Total 17113 297 2400 137 050 546
Day7 EPCR+ 17124 2 847 38 201 114 000 014
Day7 EPCR+ 17125 3.1 0.53 2.26 0.01 0.03
Day7 EPCR+ 17126 18 050 091 000 007
Day7 EPCR+ 17127 0.4 023 008 001 003
Day7 EPCR+ 17128 821 1002 5484 041  1.64
Day7 EPCRIow 17119 87 30,706 0.1 009 000 001  0.00
Day7 EPCRIow 17120 0.2 020 000 001 0.0
Day7 EPCRIow 17121 0.6 030 019 002 002
Day7 EPCRIow 17122 5.5 138 315 001 008
Day7 EPCRIow 17123 0.1 008 001 001 0.0
Day7 EPCR- 17114 10 3,600 0.0 000 000 000 000
Day7 EPCR- 17115 0.0 000 000 000 0.0
Day7 EPCR- 17116 0.0 000 000 000  0.00
Day7 EPCR- 17117 0.0 0.00 000 000 0.00
Day7 EPCR- 17118 0.0 0.00 000 000 0.00
Sorted population NSG-ID atd7 Sorted cells atd7 per NSG___ %CD45 %CD33 %CD19 %CD3 _%CD34
Day?7 Total 17639 100 25,000 9.9 567 355 004
Day7 Total 17638 1.0 0.47 0.49 0.02 0.01
S, |pay7 Total 17637 26 022 220 001 002
S |Day7 Total 17640 19 050 130 001 001
®  |Day7 Total 17641 153 256 831 314 018
<  |Day7 EPCR+ 17665 6 1,500 222 604 1359 000  0.89
& |Day7 EPCR+ 17664 47.0 1029 3417 000  1.03
S |pay7 EPCR+ 17663 554 393 4665 000 233
©  |Day7 EPCR+ 17666 2.9 014 244 000 0.04
& |pay7EPCR: 17662 1.9 033 144 000 001
2  [pay7 EPCRIoW 17687 837 20,925 0.4 037 001 000 0.0
©  |pay7 EPCRIow 17689 0.1 009 000 000 0.0
S |pay7 EPCRIOW 17690 0.2 017 001 000  0.00
2 |pay7 EPCRIow 17691 0.3 028 001 000 000
‘s |Day7 EPCRIow 17688 0.2 017 001 000 0.0
3 Day7 EPCR- 17718 10.1 2,525 0.1 0.09 0.00 0.00 0.00
E Day7 EPCR- 17721 0.0 000 000 000 0.0
g Day7 EPCR- 17719 0.0 000 000 000  0.00
o Day7 EPCR- 17720 0.0 0.00 0.00 0.00 0.00
Day7 EPCR- 17717 0.0 0.00 000 000 0.00
Sorted population NSG-ID__Percentages at d7 Sorted cells atd7 per NSG__ %CD45 %CD33 %CD19 %CD3 _%CD34
Day?7 Total 18026 100 23,000 5.3 052 420 001 003
Day?7 Total 18027 0.6 030 021 000 005
Day7 Total 18028 26 135 099 001 005
Day7 Total 18029 0.7 037 024 000 004
Day?7 Total 18030 120 062 961 000  0.20
Day7 EPCR+ 18031 6 1,380 411 986 2339 000 436
Day7 EPCR+ 18032 DCD
Day7 EPCR+ 18033 2.2 118 072 000  0.07
Day7 EPCR+ 18034 0.1 002 006 000 0.0
Day7 EPCR+ 18035 1.9 019 150 000 001
Day7 EPCRIow 18036 83 19,091 0.4 0.39 0.00 0.00 0.01
Day7 EPCRIow 18037 0.2 019 000 001 000
Day7 EPCRIow 18038 0.2 019 000 000 0.0
Day7 EPCRIlow 18039 0.4 0.39 0.00 0.01 0.00
Day7 EPCRIow 18040 05 049 000 000 0.00
Day7 EPCR- 18041 1 2,530 0.0 000 000 000 0.0
Day7 EPCR- 18042 0.1 0.10 0.00 0.00 0.00
Day7 EPCR- 18043 0.0 0.00 000 000 0.00
Day7 EPCR- 18044 0.3 030 000 000  0.00
Day7 EPCR- 18045 0.0 000 000 000 0.00
Sorted population NSG-ID at d7 Sorted cells at d7 per NSG__ %CD45 %CD33 %CD19 %CD3 %CD34
Day?7 Total 18402 100 20,000 102 261 650 001 012
Day7 Total 18403 3.2 178 089 001 016
Day7 Total 18404 a9 118 325 000 0.04
Day?7 Total 18405 13 020 099 000 001
Day7 Total 18406 5.4 197 296 001  0.09
Day7 EPCR+ 18412 10.4 2,080 6.1 132 415 000  0.08
Day7 EPCR+ 18413 11 027 071 001 001
Day7 EPCR+ 18414 3.2 150 129 000 0.13
Day7 EPCR+ 18415 7.0 256 38 001 022
Day7 EPCR+ 18416 1.1 0.35 0.59 0.02 0.06

Table S3.1: Bone marrow aspiration data of NSG mice injected with different EPCR
subsets sorted at day7 from UM171 cultures (page 1/3).
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wk24 (BM Flush)
Sorted population NSG-ID Percentages at d0  Sorted cells at d0 per NSG  %CD45 %CD33 %CD19 %CD3 %CD34
g Day0 CD34+ CD45RA- 17089 100 1,000 248 3.10 19.27 0.02 1.64
8 | Day0CD34+ CD4SRA- | 17090 316 569 2165 006 167
® Day0 CD34+ CD45RA- 17091 335 5.26 24.89 0.03 218
(' Day0 CD34+ CD45RA- 17092 40.2 11.50 25.08 0.12 1.53
& | Dayo CD34+ CDASRA- | 17093 13 088 032 006 0.05
<
g Sorted population NSG-ID_Percentages at d0  Sorted cells at d0 per NSG  %CD45 %CD33 %CD19 %CD3 %CD34
% |Dayocpsss coasRA- | 17570 100 1,000 548 1003 3293 132 323
8 Day0 CD34+ CD45RA- 17572 50.8 5.79 33.58 1.02 4.88
o Day0 CD34+ CD45RA- 17574 48.6 14.48  19.68 0.10 8.21
3 Day0 CD34+ CD45RA- 17571 332 7.54 16.10 0.00 1.49
‘°_* Day0 CD34+ CD45RA- 17575 127 2.46 8.18 0.05 0.99
Day0 CD34+ CD45RA- 17576 8.8 0.34 5.02 224 0.31
Day0 CD34+ CD45RA- | 17573 34 053 263 000 001
Sorted population NSG-ID Percentages at d7  Sorted cells at d7 per NSG  %CD45 %CD33 %CD19 %CD3 %CD34
Day7 EPCR+ 16772 22 440 264 845 607 005 050
Day7 EPCR+ 16773 4.0 1.80 0.09 1.70 0.00
Day7 EPCRlow 16774 823 16,460 9.8 9.61 0.02 0.01 0.00
Day7 EPCRIow 16775 07 062 000 005 000
Day7 EPCR- 16776 154 3,080 0.8 0.78 0.00 0.00 0.00
Day7 EPCR- 16777 0.9 0.88 0.00 0.00 0.00
Sorted population NSG-ID_Percentages at d7  Sorted cells at d7 per NSG  %CD45 %CD33 %CD19 %CD3 %CD34
Day7 Total 17109 100 35,294 25 4.14 16.72 0.27 0.25
Day?7 Total 17110 18 7.61 6.28 1.31 0.70
Day?7 Total 17111 2 1.09 0.03 0.64 0.02
Day?7 Total 17112 26 1.76 0.65 0.05 0.06
Day?7 Total 17113 23 7.25 11.25 0.18 212
Day7 EPCR+ 17124 2 847 1.9 2.14 8.82 0.02 0.77
Day7 EPCR+ 17125 12.2 1.74 9.52 0.04 0.38
Day7 EPCR+ 17126 59 0.07 0.12 435 0.02
Day7 EPCR+ 17127 229 5.18 15.05 0.02 1.74
Day7 EPCR+ 17128 47.3 5.91 36.28 0.05 237
Day7 EPCRIow 17119 87 30,706 04 038 001 007 001
Day7 EPCRlow 17120 0.6 0.57 0.01 0.1 0.01
Day7 EPCRlow 17121 0.5 0.44 0.03 0.14 0.02
Day7 EPCRlow 17122 36.1 9.93 21.55 0.79 4.33
Day7 EPCRIlow 17123 0.9 0.85 0.02 0.26 0.05
Day7 EPCR- 17114 10 3,600 0.2 0.16 0.01 0.01 0.01
Day7 EPCR- 17115 01 009 000 000 000
Day7 EPCR- 17116 0.1 0.08 0.01 0.01 0.01
Day7 EPCR- 17117 0.1 0.07 0.00 0.00 0.01
Day7 EPCR- 17118 01 009 000 000 001
Sorted population NSG-ID Percentages at d7  Sorted cells at d7 per NSG  %CD45 %CD33 %CD19 %CD3 %CD34
Day?7 Total 17639 100 25,000 20.2 9.82 8.32 0.28 0.97
Day?7 Total 17638 24 1.81 0.48 0.00 0.03
';. Day?7 Total 17637 1.4 1.36 0.03 0.00 0.02
3 Day?7 Total 17640 0.9 0.88 0.00 0.02 0.01
® Day?7 Total 17641 DCD
<' Day7 EPCR+ 17665 6 1,500 67.2 13.04 4476 0.13 228
% |Day7EPCR+ 17664 433 494 3273 000 204
E Day7 EPCR+ 17663 39.4 5.63 27.62 0.63 232
[} Day7 EPCR+ 17666 9.2 1.23 6.39 0.00 0.13
& | Day7EPCR: 17662 65 151 411 000 0419
8 Day7 EPCRIow 17687 83.7 20,925 0.9 0.90 0.00 0.00 0.02
g Day7 EPCRlow 17689 0.6 0.60 0.00 0.00 0.01
S | Day7 EPCRIow 17690 06 060 000 000 001
- Day7 EPCRIow 17691 0.5 0.49 0.00 0.00 0.01
"5 Day7 EPCRlow 17688 0.5 0.49 0.01 0.00 0.02
© | Day7 EPCR- 17718 101 2,525 03 030 000 000 001
g Day7 EPCR- 17721 0.3 0.30 0.00 0.00 0.01
g Day7 EPCR- 17719 0.2 0.20 0.00 0.00 0.00
S |pay7EPCR- 17720 02 020 000 000 000
Day7 EPCR- 17717 0.2 0.20 0.00 0.00 0.00
Sorted population __ NSG-ID_Percentages at d7__Sorted cells atd7 per NSG_ %CD45 %CD33 %CD19 %CD3 _%CD34
Day7 Total 18026 100 23,000 15 0.1 1.28 0.00 0.00
Day?7 Total 18027 53 0.18 461 0.01 0.08
Day7 Total 18028 M7 109 937 000 020
Day?7 Total 18029 1.9 3.13 7.33 0.01 0.24
Day?7 Total 18030 48.1 2.69 39.35 0.05 0.96
Day7 EPCR+ 18031 6 1,380 37 060 243 000 019
Day7 EPCR+ 18032 DCD
Day7 EPCR+ 18033 1.0 0.84 0.14 0.00 0.02
Day7 EPCR+ 18034 26 0.03 222 0.00 0.01
Day7 EPCR+ 18035 3.6 0.13 3.08 0.00 0.03
Day7 EPCRlow 18036 83 19,091 0.2 0.18 0.01 0.00 0.00
Day7 EPCRIlow 18037 0.1 0.10 0.00 0.00 0.00
Day7 EPCRIlow 18038 0.1 0.10 0.00 0.00 0.00
Day7 EPCRIlow 18039 0.2 0.19 0.00 0.01 0.00
Day7 EPCRlow 18040 0.1 0.10 0.00 0.00 0.00
Day7 EPCR- 18041 " 2,530 0.0 0.00 0.00 0.00 0.00
Day7 EPCR- 18042 0.0 0.00 0.00 0.00 0.00
Day7 EPCR- 18043 DCD
Day7 EPCR- 18044 0.1 0.09 0.00 0.00 0.00
Day7 EPCR- 18045 0.0 0.00 0.00 0.00 0.00
Sorted population NSG-ID Percentages at d7  Sorted cells atd7 per NSG  %CD45 %CD33 %CD19 %CD3 %CD34
Day7 Total 18402 100 20,000 325 8.26 21.52 0.1 0.35
Day?7 Total 18403 35.0 10.26  22.19 0.01 0.31
Day?7 Total 18404 405 3.16 34.26 0.04 0.50
Day?7 Total 18405 18.9 191 15.63 0.00 0.24
Day?7 Total 18406 12.2 237 8.88 0.07 0.09
Day7 EPCR+ 18412 10.4 2,080 121 257 8.55 0.10 0.1
Day7 EPCR+ 18413 3.8 1.06 248 0.03 0.03
Day7 EPCR+ 18414 44.0 13.99 26.05 0.02 0.64
Day7 EPCR+ 18415 257 8.43 14.57 0.02 0.47
Day7 EPCR+ 18416 9.0 5.81 0.36 0.95 0.19

Table S3.1: Bone marrow aspiration data of NSG mice injected with different EPCR sub-
sets sorted at day7 from UM171 cultures (page 2/3).
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wk12 (BM aspiration)
Sorted population NSG-ID  Percentages at d12 Sorted cells transplanted at d12 per NSG =~ %CD45 %CD33 %CD19 %CD3 %CD34

Day12 Total 17159 100 150,000 57 1.00 3.50 033 0.01
Day12 Total 17160 0.7 0.39 026  0.03 0.00
Day12 Total 17161 1.3 0.67 0.20 0.34 0.02
Day12 EPCR+ 17168 12 1,800 3.5 0.96 210 0.01 0.04
Day12 EPCR+ 17169 3.0 1.22 146  0.01 0.1
Day12 EPCR+ 17170 8.7 0.32 7.57  0.01 0.09
Day12 EPCRlow 17165 87.2 130,800 0.3 0.28 0.01 0.05 0.00
Day12 EPCRlow 17166 1.0 0.98 0.01 0.19 0.01
Day12 EPCRIow 17167 0.2 0.19 0.00  0.02 0.00
Day12 EPCR- 17162 11.5 17,250 0.1 0.08 0.00  0.01 0.00
Day12 EPCR- 17163 0.1 0.10 0.00  0.01 0.00
Day12 EPCR- 17164 0.1 0.10 0.00  0.03 0.00

Sorted population NSG-ID Percentages at d12 Sorted cells transplanted at d12 per NSG ~ %CD45 %CD33 %CD19 %CD3 %CD34

Outcome of 1,000 CD34+CD45RA- at day12

Day12 Total 17770 100 138,000 0.5 0.30 0.10 0.06 0.01
Day12 Total 17767 0.7 0.46 0.1 0.07 0.01
Day12 Total 17768 0.1 0.08 0.00 0.01 0.00
Day12 Total 17771 0.3 0.20 0.06 0.01 0.00
Day12 Total 17769 0.7 0.47 0.17 0.02 0.01
Day12 EPCR+ 17737 21 2,898 743 2548 39.16  0.07 3.57
Day12 EPCR+ 17738 1.1 0.23 0.56 0.01 0.04
Day12 EPCR+ 17740 0.3 0.11 0.13 0.01 0.01
Day12 EPCR+ 17741 23 0.72 1.05 0.00 0.04
Day12 EPCR+ 17739 2.4 1.08 1.00 0.02 0.03
Day12 EPCRlow 17749 79.2 109,296 0.6 0.54 0.01 0.11 0.02
Day12 EPCRlow 17748 0.2 0.18 0.00 0.02 0.00
Day12 EPCRlow 17750 0.2 0.18 0.00 0.02 0.00
Day12 EPCRlow 17751 0.3 0.29 0.00 0.03 0.00
Day12 EPCRlow 17747 0.1 0.08 0.00 0.01 0.00
Day12 EPCR- 17761 18.5 25,530 0.2 0.18 0.00 0.03 0.01
Day12 EPCR- 17758 0.5 0.46 0.00 0.03 0.01
Day12 EPCR- 17760 0.2 0.19 0.00 0.02 0.00
Day12 EPCR- 17757 0.1 0.08 0.00 0.01 0.00
Day12 EPCR- 17759 0.1 0.08 0.00 0.01 0.00
wk24 (BM Flush)
Sorted population NSG-ID Percentages at d12 Sorted cells transplanted at d12 per NSG = %CD45 %CD33 %CD19 %CD3 %CD34
Day12 Total 17159 100 150,000 27.3 4.01 20.53 0.22 1.72
Day12 Total 17160 3.8 1.19 2.03 0.22 0.10
Day12 Total 17161 77 0.29 0.46 5.95 0.02
Day12 EPCR+ 17168 1.2 1,800 0.5 0.28 0.17 0.01 0.01
Day12 EPCR+ 17169 25 0.99 1.16 0.03 0.20
Day12 EPCR+ 17170 39.8 5.13 26.71 0.16 6.21
Day12 EPCRIlow 17165 87.2 130,800 0.9 0.86 0.01 0.23 0.04
Day12 EPCRlow 17166 1.6 1.54 0.02 0.40 0.05
g Day12 EPCRIlow 17167 4.3 1.63 1.70 0.22 0.22
'§\ Day12 EPCR- 17162 11.5 17,250 0.3 0.27 0.01 0.06 0.01
= Day12 EPCR- 17163 0.3 0.25 0.01 0.10 0.01
<' Day12 EPCR- 17164 0.2 0.17 0.01 0.06 0.01
%
< Sorted population NSG-ID Percentages at d12 Sorted cells transplanted at d12 per NSG = %CD45 %CD33 %CD19 %CD3 %CD34
8 Day12 Total 17770 100 138,000 0.7 0.62 0.07 0.00 0.01
# Day12 Total 17767 0.5 0.50 0.00 0.00 0.00
8 Day12 Total 17768 0.4 0.40 0.00 0.00 0.01
o Day12 Total 17771 0.3 0.30 0.00 0.00 0.01
§ Day12 Total 17769 0.2 0.20 0.00 0.00 0.00
- Day12 EPCR+ 17737 21 2,898 16.9 1.64 12.32  0.69 0.74
k3 Day12 EPCR+ 17738 15.2 1.49 3.85 9.21 0.12
°E’ Day12 EPCR+ 17740 13.4 5.65 6.54 0.00 0.71
8 Day12 EPCR+ 17741 4.5 3.73 0.60 0.00 0.44
5 Day12 EPCR+ 17739 3.8 2.60 0.82 0.19 0.23
5} Day12 EPCRIlow 17749 79.2 109,296 11 1.09 0.00 0.00 0.02
Day12 EPCRIlow 17748 0.7 0.70 0.00 0.00 0.01
Day12 EPCRIlow 17750 0.6 0.60 0.00 0.00 0.01
Day12 EPCRIow 17751 0.6 0.60 0.00 0.00 0.01
Day12 EPCRIlow 17747 0.3 0.30 0.00 0.01 0.01
Day12 EPCR- 17761 18.5 25,530 1.1 1.09 0.00 0.00 0.02
Day12 EPCR- 17758 1.0 1.00 0.00 0.00 0.04
Day12 EPCR- 17760 0.8 0.80 0.00 0.00 0.02
Day12 EPCR- 17757 0.3 0.30 0.00 0.00 0.01
Day12 EPCR- 17759 0.3 0.30 0.00 0.00 0.01

Table S3.1: Bone marrow aspiration data of NSG mice injected with different EPCR sub-
sets sorted at day7 from UM171 cultures (page 3/3).
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wk12 (BM aspiration)

Sorted population  NSG-ID  Percentages at d3  Sorted cells transplanted at d3 per NSG  %CD45 %CD33 %CD19 %CD3 %CD34

Day3 Total 18649 100 10,000 23.9 12.48 9.49 0.00 0.19

Day3 Total 18650 221 6.19 11.93  0.00 0.24

™ Day3 Total 18651 43.4 13.67 2413 0.01 0.53
5‘ Day3 Total 18652 16.7 7.15 5.11 0.00 0.90
g Day3 Total 18653 22 0.66 1.27 0.00 0.05
' Day3 Total 18654 6.9 0.32 5.88 0.00 0.02
é Day3 EPCR+ 18667 2 200 2.7 1.24 1.08 0.00 0.05
'3 Day3 EPCR+ 18668 12.8 8.03 2.82 0.00 0.46
8 Day3 EPCR+ 18669 82.2 18.00 48.17 0.02 2.02
:.'- Day3 EPCR+ 18670 11.2 3.63 5.28 0.00 0.45
8 Day3 EPCR+ 18671 0.2 0.13 0.02 0.00 0.01
g Day3 EPCR+ 18672 12.0 1.91 8.11 0.00 0.13
8 Day3 EPCRIow 18661 77.3 7,730 0.20 0.17 0.00 0.00 0.00
W Day3 EPCRlow 18662 1.70 0.79 0.74 0.00 0.01
k] Day3 EPCRIlow 18663 0.60 0.18 0.30 0.00 0.01
g Day3 EPCRIlow 18664 0.50 0.10 0.35 0.00 0.00
8 Day3 EPCRIlow 18666 0.00 0.00 0.00 0.00 0.00
S Day3 EPCR- 18655 20.7 2,070 0.00 0.00 0.00 0.00 0.00
o Day3 EPCR- 18656 0.00 0.00 0.00 0.00 0.00
Day3 EPCR- 18658 0.00 0.00 0.00 0.00 0.00

Day3 EPCR- 18659 0.00 0.00 0.00 0.00 0.00

Day3 EPCR- 18660 0.00 0.00 0.00 0.00 0.00

wk24 (BM Flush)

Sorted population NSG-ID Percentages at d0  Sorted cells transplanted at dO per NSG  %CD45 %CD33 %CD19 %CD3 %CD34

Day3 Total 18649 100 10,000 33.1 8.34 19.79 0.33 5.49

Day3 Total 18650 5.9 0.92 3.66 1.78 0.45
™ Day3 Total 18651 5.8 0.57 0.23 5.60 0.01
%‘ Day3 Total 18652 47.2 8.45 31.29 0.09 7.46
3 Day3 Total 18653 20.8 1.79 16.37  0.04 1.37
¢ Day3 Total 18654 4.0 2.30 1.26 0.01 0.60
é Day3 EPCR+ 18667 2 200 25.30 3.54 18.67  0.03 3.21
3 Day3 EPCR+ 18668 66.60 1112 4196 293 6.79
8 Day3 EPCR+ 18669 29.00 6.87 16.82  0.81 3.42
:,'- Day3 EPCR+ 18670 60.20 8.85 39.13 0.06 5.72
8 Day3 EPCR+ 18671 0.80 0.12 0.55 0.01 0.19
g Day3 EPCR+ 18672 39.70 5.64 28.15 0.04 10.92
S Day3 EPCRIlow 18661 77.3 7,730 10.70 9.59 0.18 0.13 3.92
) Day3 EPCRlow 18662 0.40 0.31 0.04 0.01 0.11
k] Day3 EPCRIow 18663 16.60 2.29 11.85 0.02 1.84
g Day3 EPCRIow 18664 0.40 0.33 0.06 0.04 0.02
8 Day3 EPCRIlow 18666 0.70 0.64 0.03 0.25 0.01
S Day3 EPCR- 18655 20.7 2,070 0.00 0.00 0.00 0.00 0.00
© Day3 EPCR- 18656 0.00 0.00 0.00 0.00 0.00
Day3 EPCR- 18658 0.00 0.00 0.00 0.00 0.00

Day3 EPCR- 18659 0.00 0.00 0.00 0.00 0.00

Day3 EPCR- 18660 0.00 0.00 0.00 0.00 0.00

Table S3.2: Bone marrow aspiration data of NSG mice injected with different EPCR
subsets sorted at day3 from DMSO cultures
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week24 (1ry trsp) week18 (2nd trsp)
Mouse ID Sorted population Cellno. injected/NSG | %Hu CD45 %Hu-CD33 %Hu-CD19  %Hu-CD3  %Hu-CD34 |Mouse ID  %Hu CD45  %Hu-CD33 %Hu-CD19  %Hu-CD3  %Hu-CD34
17562  CD34+ CD45RA- (100%) 3,000 38.1 6.63 2.1 0.04 431 18763 87.6 12.53 66.14 0.63 1.94
17563  CD34+ CD45RA- (100%) 3,000 436 12.21 23.76 031 4.05 18764 55.8 5.64 47.65 0.06 0.54
17564  CD34+ CDA5RA- (100%) 3,000 65.8 18.16 3270 1.51 7.70 18765 78.5 14.44 57.07 2.10 0.95
17565 CD34+ CD45RA- (100%) 3,000 67.7 29.72 21.22 1.22 6.03 18766 80.9 21.60 53.64 0.16 1.00
17566  CD34+ CD45RA- (100%) 3,000 138 6.20 368 1.88 0.73 18767 28.4 6.36 20.99 0.01 0.15
17567  CD34+ CD45RA- (100%) 3,000 721 15.36 4297 0.36 5.05 18768 86.6 10.57 70.41 043 1.55
5 17568  CD34+ CD45RA- (100%) 3,000 629 24.66 23.96 245 3.02 18769 826 10.99 64.02 0.86 1.61
T 17569 CD34+ CD45RA- (100%) 3,000 36.6 14.24 6.99 11.09 0.84 18770 7.9 1.78 0.65 484 0.02
< 17602  CD34+ CD45RA-EPCR+ (4.6%) 138 30 1.59 318 24.69 0.09 18733 0.1 0.09 0.00 0.00 0.00
x 17603 CD34+ CD45RA-EPCR+ (4.6%) 138 398 29.93 7.32 0.04 1.55 18734 728 62.39 7.43 0.01 044
3 17604 ~ CD34+ CD45RA-EPCR+ (4.6%) 138 25 259 13.54 3.06 1.36 18735 24 0.45 1.76 0.00 0.03
Q 17605 CD34+ CD45RA-EPCR* (4.6%) 138 24.4 2.12 4.93 15.23 0.22 18736 76.1 517 65.52 0.01 1.04
3 17606 CD34+ CD45RA-EPCR*+ (4.6%) 138 65.5 1251 45.92 0.26 5.24 18737 83.2 1023 65.40 0.01 274
8 17612 CD34+ CD45RA-EPCRIow (70.6%) 2,118 83.8 469 7173 0.42 461 18738 Dead
g 17613 CD34+ CD45RA-EPCRIow (70.6%) 2,118 79.6 6.37 66.23 0.40 3.66 18739 a7 438 33.86 0.13 0.40
=3 17614  CD34+ CD45RA-EPCRIow (70.6%) 2,118 29.2 0.61 0.50 28.27 0.03 18740 0.1 0.01 0.08 0.00 0.00
© 17615  CD34+ CD45RA-EPCRIow (70.6%) 2,118 03 0.28 0.01 0.00 0.00 18741 0.0 0.00 0.00 0.00 0.00
17616 CD34+ CD45RA-EPCRIow (70.6%) 2,118 6.6 0.90 5.28 0.01 0.08 18742 0.1 0.08 0.01 0.00 0.00
17622 CD34+ CD4SRA-EPCR- (24.6%) 738 05 0.49 0.00 0.01 0.01 18743 0.0 0.00 0.00 0.00 0.00
17623  CD34+ CDASRA-EPCR- (24.6%) 738 0.4 0.35 0.04 0.00 0.00 18744 0.0 0.00 0.00 0.00 0.00
17624  CD34+ CD45RA-EPCR- (24.6%) 738 50.9 1.53 43.47 0.20 1.83 18745 0.0 0.00 0.00 0.00 0.00
17625 CD34+ CD45RA-EPCR- (24.6%) 738 02 0.14 0.01 0.00 0.01 18746 0.0 0.00 0.00 0.00 0.00
17626 CD34+ CD45RA-EPCR- (24.6%) 738 0.6 0.53 0.01 0.00 0.00 18747 0.0 0.00 0.00 0.00 0.00
17632  Day7 Total (100%) 75,000 34.2 3.76 26.85 0.00 0.86 18748 0.1 0.09 0.00 0.00 0.00
17633  Day7 Total (100%) 75,000 76.1 8.98 55.78 335 3.27 18749 26.9 2.74 22.49 0.00 023
5 17634  Day7 Total (100%) 75,000 66.5 9.44 49.94 0.07 3.92 18750 212 2.31 16.41 1.43 0.1
% 17635 Day7 Total (100%) 75,000 78.9 11.84 56.97 0.87 4.10 18751 476 14.18 29.61 0.03 0.63
< 17636 Day7 Total (100%) 75,000 27.9 1.26 1.48 24.69 0.03 18752 05 0.39 0.01 0.08 0.00
& 17657  Day7 EPCR+ (6%) 4,500 533 858 36.51 0.96 2.88 18753 6.3 1.59 439 0.00 0.02
2 17658  Day7 EPCR+ (6%) 4,500 49.9 7.73 13.27 26.75 050 18754 06 033 015 0.00 0.00
Q 17659  Day7 EPCR* (6%) 4,500 314 3.80 2057 0.88 254 18755 12.2 3.90 7.63 0.00 0.08
3 17660  Day7 EPCR* (6%) 4,500 865 7.09 67.64 035 8.48 18756 4.0 0.86 3.00 0.00 0.02
8 17661 Day7 EPCR* (6%) 4,500 49.6 858 3155 0.50 1.84 18757 41 1.01 2.87 0.00 0.02
) 17682 Day7 EPCRIow (83.7%) 62,775 0.1 0.08 0.01 0.00 0.00 18758 0.0 0.00 0.00 0.00 0.00
S 17683  Day7 EPCRIow (83.7%) 62,775 02 0.06 0.12 0.00 0.00 18759 0.0 0.00 0.00 0.00 0.00
2 17684  Day7 EPCRIow (83.7%) 62,775 0.1 0.09 0.01 0.00 0.00 18760 0.0 0.00 0.00 0.00 0.00
o 17685  Day7 EPCRIow (83.7%) 62,775 04 027 0.10 0.00 0.00 18761 0.0 0.00 0.00 0.00 0.00
£ 17686 Day7 EPCRIow (83.7%) 62,775 16.1 1.19 12.88 0.00 045 18762 5.1 0.88 348 0.00 0.18
£ 17712 Day7 EPCR- (10.1%) 7,575 0.0 0.00 0.00 0.00 0.00 18771 Dead
] 17713 Day7 EPCR- (10.1%) 7,575 02 0.19 0.00 0.01 0.00 18772 0.0 0.00 0.00 0.00 0.00
17714 Day7 EPCR- (10.1%) 7,575 0.1 0.09 0.00 0.00 0.00 18773 0.0 0.00 0.00 0.00 0.00
17716 Day7 EPCR- (10.1%) 7,575 02 0.19 0.00 0.00 0.00 18774 00 0.00 0.00 0.00 0.00
17762 Day12 Total (100%) 414,000 2.1 1.89 0.14 0.01 0.06 18775 0.1 0.09 0.00 0.00 0.00
~ 17763  Day12 Total (100%) 414,000 14 137 0.01 0.01 0.02 18776 0.1 0.09 0.00 0.00 0.00
o 17764 Day12 Total (100%) 414,000 6.4 4.09 1.70 0.01 035 18777 0.2 0.18 0.01 0.00 0.00
T 17765 Day12 Total (100%) 414,000 1.7 1.64 0.04 0.01 0.04 18778 00 0.00 0.00 0.00 0.00
E(I: 17732 Day12 EPCR+ (2.1%) 8,694 1.8 6.12 3.69 0.09 071 18779 131 1.45 11.08 0.00 0.10
9 17733 Day12 EPCR* (2.1%) 8,694 63.7 7.84 43.19 0.00 4.08 18780 72.0 28.15 38.66 0.26 0.76
a} 17734 Day12 EPCR* (2.1%) 8,694 37 020 0.09 335 0.01 18781 1.7 0.62 0.85 0.09 0.02
Q 17735 Day12 EPCR+ (2.1%) 8,694 32.6 6.13 17.86 0.03 2.93 18782 379 3.26 3214 0.00 0.75
&> 17742 Day12 EPCRIow (79.2) 327,888 05 048 0.00 0.00 0.01 18783 0.0 0.00 0.00 0.00 0.00
8 17743 Day12 EPCRlow (79.2) 327,888 1.1 1.08 0.01 0.00 0.02 18784 0.0 0.00 0.00 0.00 0.00
S 17744 Day12 EPCRIow (79.2) 327,888 2.1 2.08 0.00 0.00 0.04 18785 0.0 0.00 0.00 0.00 0.00
e 17745  Day12 EPCRIow (79.2) 327,888 06 0.56 0.01 0.00 0.02 18786 0.1 0.08 0.00 0.00 0.00
5 17746 Day12 EPCRlow (79.2) 327,888 07 0.69 0.00 0.00 0.01 18787 Dead
g 17752 Day12 EPCR- (18.5%) 76,590 0.3 0.29 0.00 0.00 0.01 18788 0.0 0.00 0.00 0.00 0.00
8 17753 Day12 EPCR- (18.5%) 76,590 06 0.59 0.00 0.00 0.02 18789 0.0 0.00 0.00 0.00 0.00
5 17754 Day12 EPCR- (18.5%) 76,590 1.0 099 0.00 0.00 0.02 18790 00 0.00 0.00 0.00 0.00
© 17755  Day12 EPCR- (18.5%) 76,590 07 0.63 0.00 0.00 0.02 18791 0.0 0.00 0.00 0.00 0.00
17756 Day12 EPCR- (18.5%) 76,590 0.9 0.89 0.00 0.00 0.03 18792 0.0 0.00 0.00 0.00 0.00

Table S3.3: EPCR" cells provide multi-lineage reconstitution in secondary mice.

Bone marrow aspiration data of 1ry and 2nd NSG recipients.
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wk12 (BM Aspiration)

Sorted NSG-ID atd7  Sorted cells at d7 per NSG %CD45 %CD33 %CD19 %CD3 %CD34
Total 17632 100 75,000 1.5 0.24 1.20 0.00 0.01
Total 17633 26.0 177 23.06 0.05 0.29
Total 17634 58.1 6.16 48.98  0.00 221
Total 17635 14.2 2.46 10.69  0.01 0.23
Total 17636 225 2.59 18.61 0.23 0.16
Total 17637 100 25,000 2.6 0.22 2.20 0.01 0.02
Total 17638 1.0 0.47 0.49 0.02 0.01
Total 17639 9.9 5.67 3.55 0.04 0.37
Total 17640 1.9 0.50 1.30 0.01 0.01
Total 17641 15.3 2.56 8.31 3.14 0.18
Total 17642 100 8,325 0.0 0.00 0.00 0.00 0.00
Total 17643 15 0.35 0.91 0.00 0.08
Total 17644 5.2 1.61 2.95 0.01 0.31
Total 17645 0.0 0.00 0.00 0.00 0.00
Total 17646 49.3 5.23 40.33 0.05 1.68
Total 17647 100 2,775 0.0 0.00 0.00 0.00 0.00
Total 17648 0.5 0.26 0.22 0.01 0.01
Total 17649 1.9 0.26 1.57 0.01 0.02
Total 17650 0.1 0.09 0.00 0.00 0.00
Total 17651 0.1 0.07 0.03 0.01 0.00
Total 17652 100 925 0.0 0.00 0.00 0.00 0.00
Total 17653 0.0 0.00 0.00 0.00 0.00
Total 17654 0.2 0.03 0.16 0.00 0.00
Total 17655 0.7 0.12 0.55 0.00 0.01
Total 17656 0.0 0.00 0.00 0.00 0.00
EPCR+ 17657 6 4,500 13.7 3.51 9.10 0.01 0.16
EPCR+ 17658 17.0 3.59 11.80 0.02 0.58
EPCR+ 17659 15.3 1.87 1245 0.02 0.26
EPCR+ 17660 9.8 1.94 7.14 0.04 0.17
EPCR+ 17661 6.9 1.19 4.91 0.03 0.08
EPCR+ 17662 6 1,500 1.9 0.33 1.44 0.00 0.01
EPCR+ 17663 55.4 3.93 46.65 0.00 233
EPCR+ 17664 47.0 10.29  34.17  0.00 1.03
EPCR+ 17665 22.2 6.04 13.59  0.00 0.89
EPCR+ 17666 29 0.14 244 0.00 0.04
EPCR+ 17667 6 500 6.6 0.68 5.16 0.01 0.11
EPCR+ 17668 0.9 0.25 0.56 0.00 0.05
EPCR+ 17669 62.2 9.95 46.09  0.06 1.62
EPCR+ 17670 8.3 233 5.49 0.02 0.06
EPCR+ 17671 0.2 0.13 0.06 0.00 0.00
EPCR+ 17672 6 175 271 2.20 2233  0.00 0.54
EPCR+ 17673 0.1 0.01 0.08 0.00 0.00
EPCR+ 17674 0.0 0.00 0.00 0.00 0.00
EPCR+ 17675 0.0 0.00 0.00 0.00 0.00
EPCR+ 17676 0.0 0.00 0.00 0.00 0.00
EPCR+ 17677 6 50 0.0 0.00 0.00 0.00 0.00
EPCR+ 17678 0.0 0.00 0.00 0.00 0.00
EPCR+ 17679 0.0 0.00 0.00 0.00 0.00
N~ |EPCR+ 17680 0.0 0.00 0.00 0.00 0.00
% EPCR+ 17681 0.0 0.00 0.00 0.00 0.00
0O [EPCRlow 17682 83.7 62,775 14 1.35 0.02 0.00 0.00
EPCRIow 17683 21 2.02 0.03 0.01 0.01
EPCRIow 17684 0.3 0.27 0.01 0.00 0.00
EPCRIow 17685 22 2.16 0.01 0.00 0.00
EPCRIlow 17686 1.4 1.36 0.01 0.00 0.01
EPCRIlow 17687 83.7 20,925 0.4 0.37 0.01 0.00 0.00
EPCRIow 17688 0.2 0.17 0.01 0.00 0.00
EPCRIlow 17689 0.1 0.09 0.00 0.00 0.00
EPCRIow 17690 0.2 0.17 0.01 0.00 0.00
EPCRIow 17691 0.3 0.28 0.01 0.00 0.00
EPCRIlow 17692 83.7 6,975 0.1 0.06 0.01 0.00 0.00
EPCRIow 17693 0.1 0.09 0.00 0.00 0.00
EPCRIow 17694 0.1 0.07 0.01 0.00 0.00
EPCRIow 17695 0.2 0.18 0.01 0.00 0.00
EPCRIow 17696 0.1 0.08 0.00 0.00 0.00
EPCRIow 17697 83.7 2,325 0.0 0.00 0.00 0.00 0.00
EPCRIow 17698 0.0 0.00 0.00 0.00 0.00
EPCRIlow 17699 0.0 0.00 0.00 0.00 0.00
EPCRIlow 17700 0.0 0.00 0.00 0.00 0.00
EPCRIow 17701 0.0 0.00 0.00 0.00 0.00
EPCRIlow 17702 83.7 775 0.0 0.00 0.00 0.00 0.00
EPCRIlow 17703 0.0 0.00 0.00 0.00 0.00
EPCRIow 17704 0.0 0.00 0.00 0.00 0.00
EPCRIow 17705 0.0 0.00 0.00 0.00 0.00
EPCRIow 17706 Dead
EPCR- 17707 10.1 22,725 0.8 0.77 0.01 0.00 0.00
EPCR- 17708 Dead
EPCR- 17709 0.0 0.00 0.00 0.00 0.00
EPCR- 17710 0.1 0.09 0.00 0.00 0.00
EPCR- 17711 0.2 0.19 0.00 0.00 0.00
EPCR- 17712 10.1 7,575 0.3 0.28 0.01 0.00 0.00
EPCR- 17713 0.1 0.09 0.00 0.00 0.00
EPCR- 17714 0.0 0.00 0.00 0.00 0.00
EPCR- 17715 0.1 0.09 0.00 0.00 0.00
EPCR- 17716 0.2 0.19 0.00 0.00 0.00
EPCR- 17717 10.1 2,525 0.0 0.00 0.00 0.00 0.00
EPCR- 17718 0.1 0.09 0.00 0.00 0.00
EPCR- 17719 0.0 0.00 0.00 0.00 0.00
EPCR- 17720 0.0 0.00 0.00 0.00 0.00
EPCR- 17721 0.0 0.00 0.00 0.00 0.00
EPCR- 17722 10.1 850 0.0 0.00 0.00 0.00 0.00
EPCR- 17723 0.0 0.00 0.00 0.00 0.00
EPCR- 17724 1.0 0.87 0.05 0.06 0.04
EPCR- 17725 0.0 0.00 0.00 0.00 0.00
EPCR- 17726 0.0 0.00 0.00 0.00 0.00
EPCR- 17727 10.1 275 0.0 0.00 0.00 0.00 0.00
EPCR- 17728 0.0 0.00 0.00 0.00 0.00
EPCR- 17729 0.0 0.00 0.00 0.00 0.00
EPCR- 17730 0.0 0.00 0.00 0.00 0.00
EPCR- 17731 0.0 0.00 0.00 0.00 0.00
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wk24 (BM Flush)

Sorted population  NSG-ID lages at d7 Sorted cells at d7 per NSG %CD45 %CD33 %CD19 %CD3 %CD34
Total 17632 100 75,000 34.2 3.76 26.85 0.00 0.86
Total 17633 76.1 8.98 55.78 3.35 3.27
Total 17634 66.5 9.44 49.94  0.07 3.92
Total 17635 78.9 11.84 56.97 0.87 4.10
Total 17636 27.9 1.26 148 2469 0.03
Total 17637 100 25,000 1.4 1.36 0.03 0.00 0.02
Total 17638 2.4 1.81 0.48 0.00 0.03
Total 17639 20.2 9.82 8.32 0.28 0.97
Total 17640 0.9 0.88 0.00 0.02 0.01
Total 17641 Dead
Total 17642 100 8,325 0.4 0.40 0.00 0.00 0.00
Total 17643 9.0 5.42 2.88 0.00 0.45
Total 17644 8.1 0.65 6.27 0.00 0.24
Total 17645 0.3 0.29 0.01 0.00 0.00
Total 17646 0.8 0.63 0.14 0.00 0.02
Total 17647 100 2,775 6.7 1.15 5.09 0.00 0.02
Total 17648 0.4 0.12 0.25 0.00 0.00
Total 17649 0.5 0.24 0.23 0.00 0.01
Total 17650 0.1 0.10 0.00 0.00 0.00
Total 17651 0.9 0.31 0.49 0.00 0.02
Total 17652 100 925 0.1 0.10 0.00 0.00 0.00
Total 17653 0.1 0.10 0.00 0.00 0.00
Total 17654 0.0 0.00 0.00 0.00 0.00
Total 17655 0.5 0.14 0.31 0.00 0.01
Total 17656 0.0 0.00 0.00 0.00 0.00
EPCR+ 17657 6 4,500 53.3 8.58 36.51 0.96 2.88
EPCR+ 17658 49.9 7.73 13.27 26.75 0.50
EPCR+ 17659 31.4 3.80 20.57 0.88 2.54
EPCR+ 17660 86.5 7.09 67.64 035 8.48
EPCR+ 17661 49.6 8.58 31.55 0.50 1.84
EPCR+ 17662 6 1,500 6.5 1.51 4.1 0.00 0.19
EPCR+ 17663 39.4 5.63 2762 0.63 2.32
EPCR+ 17664 43.3 4.94 32.73 0.00 2.04
EPCR+ 17665 67.2 13.04 4476 0.13 2.28
EPCR+ 17666 9.2 1.23 6.39 0.00 0.13
EPCR+ 17667 6 500 19.7 2.44 14.91 0.00 0.45
EPCR+ 17668 37.4 7.44 25.13  0.00 2.24
EPCR+ 17669 5.0 0.41 0.19 3.96 0.02
EPCR+ 17670 8.5 263 5.13 0.00 0.44
EPCR+ 17671 0.5 0.47 0.01 0.00 0.01
EPCR+ 17672 6 175 0.4 0.39 0.01 0.00 0.01
EPCR+ 17673 0.2 0.11 0.08 0.00 0.00
EPCR+ 17674 0.5 0.19 0.28 0.00 0.01
EPCR+ 17675 0.1 0.09 0.00 0.00 0.00
EPCR+ 17676 0.3 0.29 0.00 0.00 0.01
EPCR+ 17677 6 50 0.2 0.20 0.00 0.00 0.00
EPCR+ 17678 0.0 0.00 0.00 0.00 0.00
EPCR+ 17679 0.2 0.04 0.00 0.03 0.02
~ EPCR+ 17680 0.0 0.00 0.00 0.00 0.00
% EPCR+ 17681 0.0 0.00 0.00 0.00 0.00
(=) EPCRlow 17682 83.7 62,775 0.1 0.08 0.01 0.00 0.00
EPCRlow 17683 0.2 0.06 0.12 0.00 0.00
EPCRIow 17684 0.1 0.09 0.01 0.00 0.00
EPCRlow 17685 0.4 0.27 0.10 0.00 0.00
EPCRlow 17686 16.1 1.19 12.88  0.00 0.45
EPCRlow 17687 83.7 20,925 0.9 0.90 0.00 0.00 0.02
EPCRlow 17688 0.5 0.49 0.01 0.00 0.02
EPCRlow 17689 0.6 0.60 0.00 0.00 0.01
EPCRlow 17690 0.6 0.60 0.00 0.00 0.01
EPCRlow 17691 0.5 0.49 0.00 0.00 0.01
EPCRlow 17692 83.7 6,975 0.4 0.39 0.00 0.00 0.04
EPCRlow 17693 0.7 0.69 0.00 0.00 0.01
EPCRlow 17694 0.2 0.20 0.00 0.00 0.00
EPCRIow 17695 0.5 0.49 0.00 0.00 0.01
EPCRlow 17696 0.2 0.19 0.00 0.00 0.00
EPCRlow 17697 83.7 2,325 0.1 0.10 0.00 0.00 0.00
EPCRlow 17698 0.1 0.10 0.00 0.00 0.00
EPCRlow 17699 0.2 0.19 0.00 0.00 0.01
EPCRlow 17700 0.3 0.30 0.00 0.00 0.01
EPCRlow 17701 0.0 0.00 0.00 0.00 0.00
EPCRlow 17702 83.7 775 0.0 0.00 0.00 0.00 0.00
EPCRlow 17703 0.0 0.00 0.00 0.00 0.00
EPCRlow 17704 0.0 0.00 0.00 0.00 0.00
EPCRlow 17705 0.0 0.00 0.00 0.00 0.00
EPCRlow 17706 Dead
EPCR- 17707 10.1 22,725 1.5 1.49 0.01 0.00 0.03
EPCR- 17708 Dead
EPCR- 17709 0.0 0.00 0.00 0.00 0.00
EPCR- 17710 0.7 0.70 0.00 0.00 0.01
EPCR- 17711 0.7 0.70 0.00 0.00 0.01
EPCR- 17712 10.1 7,575 0.0 0.00 0.00 0.00 0.00
EPCR- 17713 0.2 0.19 0.00 0.01 0.00
EPCR- 17714 0.1 0.09 0.00 0.00 0.00
EPCR- 17715 0.0 0.00 0.00 0.00 0.00
EPCR- 17716 0.2 0.19 0.00 0.00 0.00
EPCR- 17717 10.1 2,525 0.2 0.20 0.00 0.00 0.00
EPCR- 17718 0.3 0.30 0.00 0.00 0.01
EPCR- 17719 0.2 0.20 0.00 0.00 0.00
EPCR- 17720 0.2 0.20 0.00 0.00 0.00
EPCR- 17721 0.3 0.30 0.00 0.00 0.01
EPCR- 17722 10.1 850 0.1 0.10 0.00 0.00 0.00
EPCR- 17723 0.1 0.10 0.00 0.00 0.00
EPCR- 17724 0.1 0.09 0.00 0.00 0.00
EPCR- 17725 0.1 0.09 0.00 0.00 0.00
EPCR- 17726 0.0 0.00 0.00 0.00 0.00
EPCR- 17727 10.1 275 0.0 0.00 0.00 0.00 0.00
EPCR- 17728 0.1 0.09 0.00 0.00 0.01
EPCR- 17729 0.0 0.00 0.00 0.00 0.00
EPCR- 17730 0.0 0.00 0.00 0.00 0.00
EPCR- 17731 0.0 0.00 0.00 0.00 0.00
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wk12 (BM Aspiration)
Sorted population  NSG-ID Percentages at d12  Sorted cells transplanted at d12 per NSG =~ %CD45 %CD33 %CD19 %CD3 %CD34
Total 17762 100 414,000 0.6 0.31 0.16 0.04 0.01
Total 17763 2.0 1.34 0.06 0.60 0.11
Total 17764 69.4 9.37 47.61 0.07 2.15
Total 17765 1.7 1.27 0.30 0.26 0.03
Total 17767 100 138,000 0.7 0.46 0.11 0.07 0.01
Total 17768 0.1 0.08 0.00 0.01 0.00
Total 17769 0.7 0.47 0.17 0.02 0.01
Total 17770 0.5 0.30 0.10 0.06 0.01
Total 17771 0.3 0.20 0.06 0.01 0.00
Total 17772 100 45,954 0.0 0.00 0.00 0.00 0.00
Total 17773 0.1 0.09 0.00 0.01 0.00
Total 17774 0.1 0.09 0.00 0.01 0.00
Total 17775 0.2 0.19 0.00 0.02 0.00
Total 17776 0.1 0.08 0.00 0.01 0.00
Total 17777 100 15,318 0.0 0.00 0.00 0.00 0.00
Total 17778 0.2 0.19 0.00 0.02 0.00
Total 17779 0.0 0.00 0.00 0.00 0.00
Total 17780 0.0 0.00 0.00 0.00 0.00
Total 17781 0.0 0.00 0.00 0.00 0.00
Total 17782 100 5,106 0.0 0.00 0.00 0.00 0.00
Total 17783 0.0 0.00 0.00 0.00 0.00
Total 17784 0.0 0.00 0.00 0.00 0.00
Total 17785 0.1 0.04 0.02 0.01 0.00
Total 17786 0.0 0.00 0.00 0.00 0.00
EPCR+ 17732 21 8,694 1.0 0.38 0.41 0.01 0.04
o |[EPCR+ 17733 63.3 16.46 3589 0.19 5.32
‘; EPCR+ 17734 3.3 1.17 1.08 0.84 0.08
8 EPCR+ 17735 42.4 11.91 26.16  0.08 1.74
EPCR+ 17736 6.4 4.60 0.77 0.01 0.76
EPCR+ 17737 21 2,898 74.3 2548 39.16 0.07 3.57
EPCR+ 17738 1.1 0.23 0.56 0.01 0.04
EPCR+ 17739 24 1.08 1.00 0.02 0.03
EPCR+ 17740 0.3 0.11 0.13 0.01 0.01
EPCR+ 17741 2.3 0.72 1.05 0.00 0.04
EPCRIow 17742 79.2 327,888 0.4 0.36 0.00 0.04 0.01
EPCRlow 17743 0.4 0.39 0.00 0.05 0.00
EPCRlow 17744 1.4 1.35 0.00 0.16 0.02
EPCRlow 17745 0.2 0.19 0.00 0.02 0.00
EPCRIlow 17746 0.4 0.36 0.01 0.04 0.00
EPCRIow 17747 79.2 109,296 0.1 0.08 0.00 0.01 0.00
EPCRIow 17748 0.2 0.18 0.00 0.02 0.00
EPCRIow 17749 0.6 0.54 0.01 0.11 0.02
EPCRIow 17750 0.2 0.18 0.00 0.02 0.00
EPCRlow 17751 0.3 0.29 0.00 0.03 0.00
EPCR- 17752 18.5 76,590 0.1 0.08 0.00 0.01 0.00
EPCR- 17753 0.2 0.19 0.00 0.01 0.00
EPCR- 17754 0.2 0.18 0.00 0.02 0.00
EPCR- 17755 0.1 0.09 0.00 0.01 0.00
EPCR- 17756 0.5 0.46 0.00 0.05 0.01
EPCR- 17757 18.5 25,530 0.1 0.08 0.00 0.01 0.00
EPCR- 17758 0.5 0.46 0.00 0.03 0.01
EPCR- 17759 0.1 0.08 0.00 0.01 0.00
EPCR- 17760 0.2 0.19 0.00 0.02 0.00
EPCR- 17761 0.2 0.18 0.00 0.03 0.01

Table S3.4: Limit dilution experiment of different EPCR subsets sorted at day7 (page
3/4).
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wk24 (BM Flush)
Sorted population NSG-ID Percentages at d12  Sorted cells transplanted at d12 per NSG =~ %CD45 %CD33 %CD19 %CD3 %CD34
Total 17762 100 414,000 21 1.89 0.14 0.01 0.06
Total 17763 1.4 1.37 0.01 0.01 0.02
Total 17764 6.4 4.09 1.70  0.01 0.35
Total 17765 1.7 1.64 0.04 0.01 0.04
Total 17767 100 138,000 0.5 0.50 0.00 0.00 0.00
Total 17768 0.4 0.40 0.00 0.00 0.01
Total 17769 0.2 0.20 0.00 0.00 0.00
Total 17770 0.7 0.62 0.07 0.00 0.01
Total 17771 0.3 0.30 0.00 0.00 0.01
Total 17772 100 45,954 0.1 0.10 0.00 0.00 0.00
Total 17773 0.3 0.30 0.00 0.00 0.01
Total 17774 0.4 0.40 0.00 0.00 0.02
Total 17775 0.5 0.50 0.00  0.01 0.01
Total 17776 0.3 0.30 0.00 0.00 0.01
Total 17777 100 15,318 0.1 0.10 0.00 0.00 0.00
Total 17778 0.2 0.20 0.00 0.00 0.01
Total 17779 0.3 0.29 0.00 0.01 0.01
Total 17780 0.1 0.10 0.00 0.00 0.00
Total 17781 0.3 0.30 0.00 0.01 0.01
Total 17782 100 5,106 0.1 0.09 0.00 0.00 0.00
Total 17783 0.2 0.19 0.00 0.00 0.01
Total 17784 0.0 0.00 0.00 0.00 0.00
Total 17785 0.6 0.60 0.00 0.00 0.02
Total 17786 0.2 0.20 0.00 0.00 0.00
EPCR+ 17732 21 8,694 11.8 6.12 3.69 0.09 0.71
o |EPCR+ 17733 63.7 7.84 43.19  0.00 4.08
‘; EPCR+ 17734 3.7 0.20 0.09 3.35 0.01
g EPCR+ 17735 32.6 6.13 17.86  0.03 2.93
EPCR+ 17736 Dead
EPCR+ 17737 2.1 2,898 16.9 1.64 12.32  0.69 0.74
EPCR+ 17738 15.2 1.49 3.85 9.21 0.12
EPCR+ 17739 3.8 2.60 0.82 0.19 0.23
EPCR+ 17740 13.4 5.65 6.54 0.00 0.71
EPCR+ 17741 4.5 3.73 0.60 0.00 0.44
EPCRIlow 17742 79.2 327,888 0.5 0.48 0.00 0.00 0.01
EPCRIlow 17743 1.1 1.08 0.01 0.00 0.02
EPCRIlow 17744 2.1 2.08 0.00 0.00 0.04
EPCRIlow 17745 0.6 0.56 0.01 0.00 0.02
EPCRlow 17746 0.7 0.69 0.00  0.00 0.01
EPCRlow 17747 79.2 109,296 0.3 0.30 0.00 0.01 0.01
EPCRIlow 17748 0.7 0.70 0.00 0.00 0.01
EPCRIow 17749 1.1 1.09 0.00 0.00 0.02
EPCRIlow 17750 0.6 0.60 0.00 0.00 0.01
EPCRIlow 17751 0.6 0.60 0.00 0.00 0.01
EPCR- 17752 18.5 76,590 0.3 0.29 0.00 0.00 0.01
EPCR- 17753 0.6 0.59 0.00 0.00 0.02
EPCR- 17754 1.0 0.99 0.00 0.00 0.02
EPCR- 17755 0.7 0.63 0.00 0.00 0.02
EPCR- 17756 0.9 0.89 0.00 0.00 0.03
EPCR- 17757 18.5 25,530 0.3 0.30 0.00 0.00 0.01
EPCR- 17758 1.0 1.00 0.00 0.00 0.04
EPCR- 17759 0.3 0.30 0.00 0.00 0.01
EPCR- 17760 0.8 0.80 0.00 0.00 0.02
EPCR- 17761 1.1 1.09 0.00 0.00 0.02

Table S3.4: Limit dilution experiment of different EPCR subsets sorted at day7 (page
4/4).
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wk12 (BM aspiration)

Name NSG-ID percentages at d0  Sorted cells transplanted at dO/NSG ~ %CD45 %CD33 %CD19 %CD3 %CD34
CD34+CD45RA- 17562 100 3,000 3.9 1.08 226 0.01 0.20
CD34+CD45RA- 17563 31.0 27.25 1.43 0.06 3.26
CD34+CD45RA- 17564 1.9 3.65 7.50 0.01 0.64
CD34+CD45RA- 17565 86.5 2232 56.23 0.09 5.62
CD34+CD45RA- 17566 6.8 1.05 5.21 0.02 0.32
CD34+CD45RA- 17567 8.2 1.52 6.13 0.02 0.34
CD34+CD45RA- 17568 28.3 10.53 15.20 0.06 2.60
CD34+CD45RA- 17569 80.9 17.64 53.15 0.16 4.37
CD34+CD45RA- 17570 100 1,000 8.2 2.08 5.56 0.02 0.45
CD34+CD45RA- 17571 5.2 231 2.59 0.02 0.36
CD34+CD45RA- 17572 77.9 4.44 66.14  0.00 4.91
CD34+CD45RA- 17573 4.3 0.61 3.41 0.01 0.05
CD34+CD45RA- 17574 5.9 2.02 3.06 0.01 0.37
CD34+CD45RA- 17575 16.5 3.98 11.09  0.02 0.74
CD34+CD45RA- 17576 6.9 1.22 5.39 0.01 0.10
CD34+CD45RA- 17577 34.7 4.68 27.97 0.07 0.66
CD34+CD45RA- 17578 100 333 0.2 0.12 0.04 0.02 0.03
CD34+CD45RA- 17579 0.8 0.77 0.01 0.01 0.02
CD34+CD45RA- 17580 0.2 0.18 0.01 0.00 0.00
CD34+CD45RA- 17581 1.7 0.43 1.14 0.01 0.06
CD34+CD45RA- 17582 0.0 0.00 0.00 0.00 0.00
CD34+CD45RA- 17583 0.3 0.05 0.21 0.01 0.00
CD34+CD45RA- 17584 0.0 0.00 0.00 0.00 0.00
CD34+CD45RA- 17585 0.8 0.09 0.64 0.01 0.02
CD34+CD45RA- 17586 100 1M1 3.9 0.59 2.68 0.01 0.33
CD34+CD45RA- 17587 Dead
CD34+CD45RA- 17588 0.9 0.16 0.66 0.00 0.03
CD34+CD45RA- 17589 0.0 0.00 0.00 0.00 0.00
CD34+CD45RA- 17590 0.0 0.00 0.00 0.00 0.00
CD34+CD45RA- 17591 0.0 0.00 0.00 0.00 0.00
CD34+CD45RA- 17592 0.1 0.05 0.04 0.01 0.00
CD34+CD45RA- 17593 0.0 0.00 0.00 0.00 0.00
CD34+CD45RA- 17594 100 37 0.0 0.00 0.00 0.00 0.00

g CD34+CD45RA- 17595 0.0 0.00 0.00 0.00 0.00
© CD34+CD45RA- 17596 0.1 0.03 0.06 0.00 0.00
a CD34+CD45RA- 17597 0.0 0.00 0.00 0.00 0.00
CD34+CD45RA- 17598 0.0 0.00 0.00 0.00 0.00
CD34+CD45RA- 17599 0.0 0.00 0.00 0.00 0.00
CD34+CD45RA- 17600 0.0 0.00 0.00 0.00 0.00
CD34+CD45RA- 17601 0.1 0.06 0.03 0.01 0.01
CD34+CD45RA-EPCR+ 17602 4.6 138 1.9 6.02 4.94 0.00 0.37
CD34+CD45RA-EPCR+ 17603 1.8 0.48 1.08 0.00 0.04
CD34+CD45RA-EPCR+ 17604 5.1 0.66 3.87 0.01 0.12
CD34+CD45RA-EPCR+ 17605 3.5 1.08 1.61 0.08 0.14
CD34+CD45RA-EPCR+ 17606 29.3 5.92 21.01 0.00 0.50
CD34+CD45RA-EPCR+ 17607 4.6 46 0.0 0.00 0.00 0.00 0.00
CD34+CD45RA-EPCR+ 17608 0.1 0.03 0.06 0.01 0.01
CD34+CD45RA-EPCR+ 17609 38.8 29.72 4.07  0.00 2.95
CD34+CD45RA-EPCR+ 17610 0.0 0.00 0.00 0.00 0.00
CD34+CD45RA-EPCR+ 17611 0.0 0.00 0.00 0.00 0.00
CD34+CD45RA-EPCRIow 17612 70.6 2,118 29.8 3.34 23.24  0.00 0.54
CD34+CD45RA-EPCRIow 17613 12.3 1.02 10.38  0.00 0.12
CD34+CD45RA-EPCRIlow 17614 10.6 0.94 8.75 0.00 0.25
CD34+CD45RA-EPCRIlow 17615 22 0.51 1.44 0.00 0.04
CD34+CD45RA-EPCRIow 17616 13.0 1.37 10.35  0.00 0.25
CD34+CD45RA-EPCRIow 17617 70.6 706 4.4 3.96 0.22 0.02 0.28
CD34+CD45RA-EPCRIow 17618 0.3 0.10 0.18 0.00 0.00
CD34+CD45RA-EPCRIow 17619 31.7 2.88 2555 0.00 0.32
CD34+CD45RA-EPCRlow 17620 34.8 5.19 26.31 0.00 0.70
CD34+CD45RA-EPCRIlow 17621 0.8 0.08 0.66 0.00 0.01
CD34+CD45RA-EPCR- 17622 24.6 739 0.2 0.18 0.00 0.01 0.00
CD34+CD45RA-EPCR- 17623 0.3 0.19 0.09 0.00 0.01
CD34+CD45RA-EPCR- 17624 8.1 0.59 6.80 0.00 0.07
CD34+CD45RA-EPCR- 17625 0.1 0.09 0.01 0.00 0.00
CD34+CD45RA-EPCR- 17626 0.0 0.00 0.00 0.00 0.00
CD34+CD45RA-EPCR- 17627 246 246 0.0 0.00 0.00 0.00 0.00
CD34+CD45RA-EPCR- 17628 0.0 0.00 0.00 0.00 0.00
CD34+CD45RA-EPCR- 17629 0.0 0.00 0.00 0.00 0.00
CD34+CD45RA-EPCR- 17630 0.1 0.09 0.00 0.00 0.00
CD34+CD45RA-EPCR- 17631 0.0 0.00 0.00 0.00 0.00

Table S3.5:Limit dilution experiment of uncultured sorted cells (page 1/2).
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wk24 (BM Flush)

Name NSG-ID percentages at d0  Sorted cells transplanted at dO/NSG  %CD45 %CD33 %CD19 %CD3 %CD34
CD34+CD45RA- 17562 100 3,000 38.1 6.63 2271 0.04 4.31
CD34+CD45RA- 17563 43.6 1221 2376  0.31 4.05
CD34+CD45RA- 17564 65.8 18.16 3270 1.51 7.70
CD34+CD45RA- 17565 67.7 2972 2722 1.22 6.03
CD34+CD45RA- 17566 13.8 6.20 3.68 1.88 0.73
CD34+CD45RA- 17567 721 15.36 4297 0.36 5.05
CD34+CD45RA- 17568 62.9 2466 2396 245 3.02
CD34+CD45RA- 17569 36.6 14.24 6.99 11.09 0.84
CD34+CD45RA- 17570 100 1,000 54.8 10.03 3293 1.32 3.23
CD34+CD45RA- 17571 33.2 7.54 16.10  0.00 1.49
CD34+CD45RA- 17572 50.8 5.79 33.58 1.02 4.88
CD34+CD45RA- 17573 3.4 0.53 2.63 0.00 0.01
CD34+CD45RA- 17574 48.6 14.48 19.68 0.10 8.21
CD34+CD45RA- 17575 12.7 2.46 8.18 0.05 0.99
CD34+CD45RA- 17576 8.8 0.34 5.02 2.24 0.31
CD34+CD45RA- 17577 2.1 1.02 0.87 0.00 0.02
CD34+CD45RA- 17578 100 333 16.2 6.16 7.33 0.02 0.71
CD34+CD45RA- 17579 0.1 0.09 0.01 0.00 0.00
CD34+CD45RA- 17580 0.3 0.28 0.01 0.01 0.00
CD34+CD45RA- 17581 3.1 222 0.67 0.02 0.06
CD34+CD45RA- 17582 1.9 1.88 0.00 0.01 0.01
CD34+CD45RA- 17583 1.7 1.68 0.00 0.02 0.01
CD34+CD45RA- 17584 1.0 0.99 0.00 0.00 0.01
CD34+CD45RA- 17585 1.8 1.78 0.00 0.01 0.02
CD34+CD45RA- 17586 100 111 1.1 1.06 0.00 0.03 0.02
CD34+CD45RA- 17587 Dead
CD34+CD45RA- 17588 2.6 0.76 1.35 0.00 0.07
CD34+CD45RA- 17589 0.0 0.00 0.00 0.00 0.00
CD34+CD45RA- 17590 0.0 0.00 0.00 0.00 0.00
CD34+CD45RA- 17591 0.0 0.00 0.00 0.00 0.00
CD34+CD45RA- 17592 0.0 0.00 0.00 0.00 0.00
CD34+CD45RA- 17593 0.1 0.10 0.00 0.00 0.00
CD34+CD45RA- 17594 100 37 0.0 0.00 0.00 0.00 0.00

?. CD34+CD45RA- 17595 0.0 0.00 0.00 0.00 0.00
@ | CD34+CD45RA- 17596 10.0 3.20 4.82 0.00 0.36
a CD34+CD45RA- 17597 0.0 0.00 0.00 0.00 0.00
CD34+CD45RA- 17598 0.0 0.00 0.00 0.00 0.00
CD34+CD45RA- 17599 0.0 0.00 0.00 0.00 0.00
CD34+CD45RA- 17600 0.0 0.00 0.00 0.00 0.00
CD34+CD45RA- 17601 0.0 0.00 0.00 0.00 0.00
CD34+CD45RA-EPCR+ 17602 4.6 138 30.0 1.59 3.18 2469 0.09
CD34+CD45RA-EPCR+ 17603 39.8 29.93 7.32 0.04 1.55
CD34+CD45RA-EPCR+ 17604 23.5 2.59 13.54  3.06 1.36
CD34+CD45RA-EPCR+ 17605 24.4 212 493 1523 0.22
CD34+CD45RA-EPCR+ 17606 65.5 1251 4592  0.26 5.24
CD34+CD45RA-EPCR+ 17607 4.6 46 0.0 0.00 0.00 0.00 0.00
CD34+CD45RA-EPCR+ 17608 0.1 0.07 0.02 0.00 0.00
CD34+CD45RA-EPCR+ 17609 1.7 1.38 0.07 0.00 0.07
CD34+CD45RA-EPCR+ 17610 0.0 0.00 0.00 0.00 0.00
CD34+CD45RA-EPCR+ 17611 0.3 0.30 0.00 0.00 0.00
CD34+CD45RA-EPCRlow 17612 70.6 2,118 83.8 4.69 71.73 042 4.61
CD34+CD45RA-EPCRIow 17613 79.6 6.37 66.23 0.40 3.66
CD34+CD45RA-EPCRIow 17614 29.2 0.61 0.50 2827 0.03
CD34+CD45RA-EPCRIow 17615 0.3 0.28 0.01 0.00 0.00
CD34+CD45RA-EPCRIow 17616 6.6 0.90 5.28 0.01 0.08
CD34+CD45RA-EPCRIow 17617 70.6 706 1.7 1.65 0.04 0.00 0.01
CD34+CD45RA-EPCRIow 17618 0.4 0.39 0.00 0.01 0.01
CD34+CD45RA-EPCRIow 17619 14.7 7.22 6.20 0.06 0.46
CD34+CD45RA-EPCRlow 17620 1.3 1.05 0.18 0.02 0.01
CD34+CD45RA-EPCRlow 17621 0.7 0.27 0.38 0.00 0.00
CD34+CD45RA-EPCR- 17622 24.6 739 0.5 0.49 0.00 0.01 0.01
CD34+CD45RA-EPCR- 17623 0.4 0.35 0.04 0.00 0.00
CD34+CD45RA-EPCR- 17624 50.9 1.53 4347 0.20 1.83
CD34+CD45RA-EPCR- 17625 0.2 0.14 0.01 0.00 0.01
CD34+CD45RA-EPCR- 17626 0.6 0.53 0.01 0.00 0.00
CD34+CD45RA-EPCR- 17627 246 246 0.3 0.29 0.00 0.00 0.00
CD34+CD45RA-EPCR- 17628 0.2 0.20 0.00 0.00 0.00
CD34+CD45RA-EPCR- 17629 0.1 0.10 0.00 0.00 0.01
CD34+CD45RA-EPCR- 17630 0.2 0.20 0.00 0.00 0.00
CD34+CD45RA-EPCR- 17631 0.1 0.10 0.00 0.00 0.00

Table S3.5:Limit dilution experiment of uncultured sorted cells (page 2/2).
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Gene

EMCN
HLF

LGRS
SNAP25
PREX2
AVP
THY1
GPR126
1aCcAL
FLT1
SAMD3
CNTNAP2
GIMAP4
TACSTD2
CYP1A1
PDE1A
KIAA0087
SRRM3
EGFEM1P
CDC42EPS
TMEM200A
CLEC9A

LOC728989
ZNF204P
TMEM92
ACOX2
NSUN7
PRSS2
CHRM3
LOC100506606
GATA3
EPB41L3
RAMP2
GIMAPS
WWTR1
CDA
MYO1B
PTPRM
ZNF423
CHRDL1
KCNQ2
PLA2R1
HOXA.AS3
PDESB
PRSS1
EFCC1
HOXA3
ARAP2
PRDM16
NLRP12
ZEB1
PDGFD
D3
FAM184A
MMP28
PROM1
KIAA1257
ITGA3
SEPP1

RBP7

AKS
HOXA2
sox18
C3orf80
PTPRD
LOC644554
MAL
LOC100132111
HOOK1
TLE2

CDH2
GPRIN3

Mean EPCR*  Mean EPCRIOW/ (Rest) \jean_all

3.04
21.09
2.30
2.27
3.97
46.52
8.34
5.04
157
1.54
182
116
5.17
2.34
179
132
18.81
154
1.41
2.34
6.55
4.54
2.84
2.27
1.29
1.47
1.96
3.05
1.64
1.68
3.95
116
5.02
1.49
1.47
1.57
1.42
18.62
2.81
161
4.29
177
3.15
5.49
2.10
3.12
3.85
7.39
5.15
2141
177
1.61
139
8.89
3.69
12.03
1.03
14.60
118
1.36
4.37
3.27
110
6.00
13.21
4.35
4.61
175
4.85
4.29
218
134
11.47
57.00
1.56
1.08
4.32
44.47
2.50
3.48
18.52
113
17.00
3.02
1.95
1.20
3.86
9.64
4.73
110
1.52
123
3.96
1.69
1.36
2.62

0.04
0.31
0.04
0.08
0.15
1.81
034
0.22
0.07
0.07
0.09
0.06
0.28
0.13
0.10
0.07
117
0.10
0.09
0.15
0.43
0.32
0.21
0.18
0.10
0.12
0.17
0.26
0.14
0.15
0.35
0.10
0.46
0.14
0.14
0.15
0.14
179
0.27
0.16
0.42
0.18
0.32
0.56
0.22
033
0.42
0.81
0.58
2.43
0.20
0.19
0.16
1.08
0.45
1.47
0.13
1.80
0.15
0.17
057
0.43
0.14
0.79
177
0.59
0.62
0.24
0.67
0.60
0.31
0.19
1.68
8.37
0.23
0.16
0.64
6.65
0.38
0.53
2.81
0.17
2.64
0.47
031
0.19
0.61
1.55
0.76
0.18
0.25
0.20
0.65
0.28
0.23
0.44

0.79
5.51
0.61
0.63
111
12,98
2.34
1.42
0.45
0.44
0.52
0.33
1.50
0.68
0.52
0.39
5.58
0.46
0.42
0.70
1.96
1.38
0.87
0.70
0.40
0.46
0.61
0.96
0.52
0.53
1.25
0.37
1.60
0.48
0.47
0.50
0.46
6.00
0.91
0.52
1.39
0.57
1.03
1.80
0.69
1.03
1.28
2.45
172
7.18
0.60
0.54
0.47
3.03
1.26
4.11
0.35
5.00
0.41
0.47
1.52
114
0.38
2.09
4.63
1.53
1.62
0.62
171
152
0.78
0.48
4.12
20.53
0.56
0.39
1.56
16.10
0.91
1.26
6.74
0.41
6.23
111
0.72
0.44
142
3.57
175
0.41
0.56
0.46
1.47
0.63
0.51
0.99

log2_Fold change
(EPCR+ over EPCRe*)

6.32
6.08
5.72
4.88
a7
4.69
461
453
4.42
4.41
431
4.27
421
4.20
4.18
4.16
4.01
3.99
3.94
3.93
391
3.82
373
3.68
3.65
3.59
3.56
3.55
353
351
351
3.48
3.45
3.45
3.44
3.43
3.39
3.38
338
336
335
3.33
3.29
3.28
3.25
3.24
3.20
3.19
3.15
3.14
3.12
311
3.09
3.05
3.04
3.03
3.03
3.02
297
2.96
294
2.93
2.93
2.92
2.90
2.89
2.88
2.86
2.86
2.85
2.81
279
2.77
277
276
2.75
275
274
273
273
272
269
2.69
268
2.66
266
2.65
264
2.63
262
2.62
262
2.62
262
258
257

Gene

HOXAS
AMZ1
SLC2AS
WFS1
PHLDB2
S100A9
SLC16A14
ME1
OLFML2A
TTYHL
TFPI
NRIP1
MPZL2
FGF16
NRP2
HOXB.AS3
FAM1988
LZTS3
CFH
ZNF415
GUCY1A3
NKAIN2
ELN
HMGA2

IL12RB2
TUB
NRBP2
MECOM
RASGEF1B
ARMCX2
LPAR3
OAS1

ACE
KIAA1598

XXYLT1.AS2
EEF1A2
IFI44.
CNTNAP1
C100rf35
CSRP2
KIAA1161

cLice
KIAA1462
CDH5
ROBO4
SBF2
B3GALNT1
LRRN1
KRT18
PROCR
FAM19AS
JPHL
MIR155HG
SLC30A3
FAM1348
MAML2
1L17D
CMKLR1
D1
LILRBL
CDCP1
AMICAL

Mean EPCR*  Mean EPCRIW/ (Rest) pean 511

3137
6.10
13.53
3.64
211
4.99
6.67
2.27
5.60
2.69
9.21
51.19
4.68
3.73
1.03
143
5.88
2.83
10.45
137
13.08
6.47
21.24
23.07
2.21
2.77
2.37
21.67
4.51
18.01
1.07
4.75
6.03
5.01
8.45
14.10
9.87
13.56
1.57
8.53
2.49
44.95
116
118
15.35
3.15
1.63
1.86
2.82
6.75
7.97
5.19
11.23
12.96
8.14
14.99
4.05
6.08
2.00
191
3.28
3.08
21.43
10.48
27.65
1.57
2.01
2.39
42.95
1.99
3.26
7.78
7.52
1.03
3.55
144
2.89
158
11.67
5.69
4.43
5.02
4.00
43.43
197
154
4.24
1.22
2.10
2.00
5.42
1.39
8.72
1.62
5.00
74.40

5.31
1.04
2.32
0.62
0.36
0.87
116
0.40
0.98
0.47
163
9.06
0.84
0.67
0.19
0.26
1.08
0.52
1.93
0.25
2.43
121
3.97
4.32
0.41
0.52
0.45
4.14
0.87
3.47
0.21
0.92
117
0.98
1.66
2.82
1.99
2.74
0.32
173
0.51
9.17
0.24
0.24
3.15
0.66
034
0.39
0.59
1.43
1.69
110
2.40
2.79
176
3.24
0.88
1.32
0.43
0.42
0.72
0.68
4.71
2.31
6.16
0.36
0.46
0.55
9.81
0.45
0.75
178
173
0.24
0.82
034
0.67
0.37
2.74
134
1.05
119
0.95
1035
0.47
0.37
1.02
0.29
0.51
0.48
132
0.34
212
0.40
122
18.23

11.82
2.30
5.12
138
0.80
1.90
2.54
0.86
2.14
1.03
3.53
19.60
1.80
1.44
0.40
0.56
2.28
1.10
4.06
0.53
5.09
2.52
8.28
9.01
0.86
1.08
0.93
8.52
178
7.11
0.42
1.88
2.39
1.99
3.36
5.64
3.96
5.44
0.63
3.43
1.00
18.11
0.47
0.48
6.20
1.28
0.66
0.76
115
2.76
3.26
213
4.61
5.33
3.35
6.18
1.67
2.51
0.82
0.79
136
1.28
8.89
4.35
11.53
0.66
0.85
1.01
18.10
0.84
1.38
3.28
3.18
0.43
1.50
0.61
1.23
0.67
4.97
2.43
1.89
2.15
171
18.62
0.85
0.66
1.83
0.52
0.91
0.86
2.34
0.60
3.77
0.70
216
32.27

log2_Fold change
(EPCR+ over EPCRRe*!

2.56
2.56
2.55
2.54
2.54
2.52
2.52
2.52
2,51
2.50
2.50
2.50
2.48
2.47
2.46
2.45
2.44
2.44
2.43
2.43
2.43
2.42
2.42
2.42
2.42
2.41
2.40
239
2.38
238
2.37
236
2.36
236
2.35
232
2.31
2.31
231
2.31
2.30
2.29
2.29
2.29
2.29
2.26
2.26
2.26
2.25
2.24
2.24
2.23
222
2.22
221
2.21
2.20
2.20
2.20
2.20
2.19
2.19
2.19
2.18
217
2.14
214
2.13
213
2.13
213
2.12
212
2.12
2.12
2.10
2.10
2.10
2.09
2.08
2.08
2.08
2.07
2.07
2.07
2.06
2.06
2.06
2.05
2.04
2.04
2.04
2.04
2.04
2.03
2.03

Table S3.6: Differentially expressed genes between EPCR* and EPCR""-Res)

129




Chapter 4: Discussion and Future Perspective

Contribution: All the data presented in this chapter was generated by Iman Fares except
Figure S4.5 which was provided by Jalila Chagraoui.



4.1 Limitation of cord blood HSC transplantation

Allogeneic hematopoietic stem cell (HSC) transplantation is a life-saving procedure for pa-
tients with various hematopoietic malignancies. Unfortunately, 30-40% of patients will not
have a peripheral blood (PB), or bone marrow (BM) matched donor !. Cord blood (CB) is a very
attractive alternative source of stem cells due to its unique properties resulting in permissive hu-
man leukocyte antigen (HLA) mismatches, low incidence of chronic graft-versus-host disease
(GVHD) and rapid accessibility>. However, the use of CB is limited by the low number of HSCs
and progenitors per unit which is frequently insufficient for adult patients, leading to delayed
engraftment, increased infections, prolonged hospitalization and early mortality®. Thus, there is
a clinical need to define culture conditions that would lead to the expansion of CB-derived stem

and progenitor cells.

4.2 UM171 mediates expansion of LT- HSC independent of AhR inhibition

We have identified UM171, a novel small molecule that expands by about one log the long-
term-HSCs (LT-HSCs), which repopulate NSG mice up to 30 weeks post-transplantation®. This
expansion is independent of aryl hydrocarbon receptor (AhR) suppression and requires the
continuous presence of UM171 in the growing culture. We also showed that AhR inhibition
maintains rather than expands LT-HSCs. This data seems to contrast the results of Boitano et
al.> who claims an expansion in LT-HSCs after evaluating NSG repopulation cells at 16 weeks
post transplantation, a time frame possibly compatible with cells having short-term repopulat-
ing potential®. Consistently, we observe that SR1 treatment is as potent as UM 171 in expanding
CD34" cells and multipotent progenitors but less active in retaining a more primitive pheno-
type, namely the CD34"CD45RA" fraction’. Consistent with our findings, SR1 preferentially
stimulates the expansion of CD34*CD45RA" cells (reference® and Figure 2.2 B) - a progenitor
population that lacks long-term repopulating activity (Figures S3.1). Moreover, co-treatment
of SR1 and UM171 shows an additive effect on expanding multipotent progenitor cells while
the primitive LT-HSCs are mostly responsive to UM171. Transcription profiling of HSPC ex-
posed to SR1 or UM171 reveals only a few commonly regulated genes suggesting that the two
molecules differ in their mechanism of action. Unlike SR1, UM171 treatment does not sup-
press the AhR downstream targets and uniquely shows downregulation of transcripts associated
with erythroid and megakaryocyte differentiation. Based on this, we propose a model in which
UM171 triggers a pathway that stimulates self-renewal of human LT-HSCs independent of AhR
inhibition that is essential for short-term HSCs (Figure 4.1). Of interest, and in line with these

results, our group have reported that human leukemia stem cells, believed to be derived from
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Figure 4.1. Schematic representation showing effects of UM171 and SR1 on different cell
population.

UMI171 treatment retains the EPCR+HSC phenotype and expands the long-term human en-
graftment analyzed up to 30 weeks post transplantation. SR1 expands multipotent progenitor

cells that sustain blood production up to 16-20 weeks post transplantation. Short-term hemato-

poietic stem cell (ST-HSC), long-term hematopoietic stem cell (LT-HSC).

132



a limited pool of self-renewing stem cells or progenitors’ mostly respond to SR1 and poorly to
a UM171 analog (UM729)!° (Figure 4.2). A clinical trial of SR1-expanded CB cells has been
recently performed. The patients show a faster hematopoietic reconstitution compared to that
in the historical cohort (Figure 4.3 C); yet, the SR1 treated unit does not demonstrate any sig-
nificant improvement in hematopoietic recovery when compared with parallel infused unma-
nipulated unit in their double CB transplant setting (Figure 4.3 D). Although several molecules
besides SR1 have been identified to expand human HSPCs ex vivo (Tables 1.5 and 1.6), there

remains a need to enhance the efficacy of the expanded graft.

4.3 UM171 applications

The LT-HSC expansion achieved in the cultures supplemented with UM171 could reduce by
10 times the minimal number of cells needed for CB transplantation (CBT)!" (for example
lowering cell dose from 2.5x107 to 0.25x107 nucleated cell/ kg of recipient weight). Thus, CB
transplantation of a single unit with the best HLA-matched score will be more feasible after ex
vivo cell expansion with UM171 and more favorable than the use of two CB units that usually
show higher rates of GVHD!2!3, This approach will increase the size of the available CB bank
inventories and therefore the chance to have a compatible HLA-matched unit, which is associ-

ated with favorable clinical outcomes''*.

HSC gene therapy is one of the most attractive treatments for numerous genetic and acquired
disorders. Unfortunately, such treatment shows modest clinical success due to low numbers of
transduced stem cells as a result of poor gene transfer or compromised transduced cells'>!¢. Our
group shows that UM 171 treatment improves the yield of the transduced CD34"CD45RA" cells
without losing their long-term repopulating potential (Figure 4.4). Thus, our optimized culture

condition may prove useful for HSC transduction in therapeutic gene delivery.

4.4 Chemical manipulation of the hematopoietic system is a powerful tool

Small molecules are very efficient in regulating proteins and pathways at low cost, reduced
variability, and minimal risk of tumorigenesis when compared with gene modification, recom-
binant proteins, and growth factors. The biological activity of small molecules can be (i) tuned
by adjusting the concentrations and (ii) optimized by enhancing their stability, solubility, and
efficacy!”!8. Indeed, UM structure-activity relationship (SAR) analysis allows us to identify
more potent analogs achieving similar HSPC expansion with 10-20x less of the initial concen-
tration used. Dropping the dose of UM compound to low nM range (5nM of newly tested ana-

logs) reduces its off-target effects thereby improving its clinical use. Also, small molecules can
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Figure 4.2. Comparing effect of UM171, SR1 and DMSO on hematopoietic stem cell
(HSC) and leukemia stem cell (LSC) expansion.

SR1 treatment partially rescues number of LSC compared to their counterparts in fresh (uncul-
tured) cells while UM171 treatment expands HSC. Data of this figure was extrapolated from
Pabst et al., 2014 and Fares et al., 2014.
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Figure 4.3. Phase I/II trial of StemRegenin-1 (SR1) expanded cord blood HSPC.

(A) Clinical design: 17 patients received double cord blood units (CBU), one expanded by SR1
and another left unmanipulated. Both units were infused into patients with hematological ma-
lignancy after receiving myeloablative conditioning. The historical cohort represents patients
(n=111) who received two unmanipulated CBUs. (B) Early detection of the donor neutrophil
and platelet engraftment in the patients’ peripheral blood. Patients were classified into 3 groups:
patients who have (1) SR1 dominant chimerism (n=6), (2) mixed chimerism derived from SR1
expanded and unmanipulated unit (n=5), and (3) unmanipulated dominant chimerism (n=6).
(C) Comparing hematopoietic engraftment between SR1 clinical trial (n=17) and historical
cohort (n=111). When compared with historical cohort, SR1 trial shows faster hematopoietic
recovery. (D) Comparing time of neutrophils and platelets engraftment of expanded CBU vs.
unmanipulated CBU within SR1 clinical trial, no significant difference between the two units
(Mann-Whitney test, one-sided).The horizontal bars represent median values. Each circle rep-
resents a patient. Data in this figure was taken from Wagner et al., 2016, Cell Stem Cell 18,
144-155.
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Figure 4.4. UM171 increases lentiviral vector transduction efficiency in human HSPC

cells.

(A) CD34+ cord blood cells were pre-stimulated for 48 hours and transduced with GFP len-
tiviral particles (MOI: 50 or 100 viral particles/ cell) for 12 hours in the presence of vehicle
(DMSO) or UM171 (35 nM). Cells then were washed and cultured again in the presence or
absence of UM171. Flow cytometry analysis was performed to determine the GFP positive
cells within the indicated populations 10 days post-transduction (a total of 12 day-culture). The
transduced cells were transplanted into NSG mice to determine their in vivo proliferative po-
tential. Mouse (Mo), human (Hu). (B) Flow cytometry results showing frequency of transduced
cells before transplantation experiment. (C) In vivo data showing the frequency of GFP trans-
duced repopulating cells in the NSG bone marrow recipients after 30 weeks of transplantation.
Each geometric shape represents different viral envelop and the horizontal bar indicates the
median values; significance level *P<(.05 and **P<0.01 (Mann-Whitney test, one-sided). The

complete study is published in a patent application WO2016041080A1.
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be combined to enhance the expansion and engraftment of repopulating cells without increasing
the culture media and cytokine usage'*?’. Although a significant enhancement in HSC activity
is observed when these compounds are added, their early hematopoietic recovery is still com-
promised compared with uncultured cells?*' suggesting that further HSPC culture optimization

is needed.

Transcriptome profiling and functional studies of newly identified HSPC agonists reveal new
targets and pathways that regulate stem cell fate?>. Although the UM171 mechanism of action
is currently under investigation using proteomic and genomic studies, the compound discovery
allows us to define the LT-HSCs in culture and determine critical factors for their self-renewal
(Chapter 3).

4.5 UM171 treatment induces expression of EPCR, a surface marker that
enrich for LT-HSC

EPCR is one of the genes preferentially up-regulated upon UM171 treatment. Cell sorting fol-
lowed by xenograft transplantations identified EPCR as the first marker that enables the isola-
tion of human LT-HSC in culture. EPCR was previously reported to enrich uncultured mouse
bone marrow HSC?*; however, nothing had been described on its application as a method to
1solate fresh human HSC. Our data shows that EPCR expression is more efficient in isolating
the cultured LT-HSC rather than the fresh LT-HSC.

4.6 EPCR, a stable and reliable LT-HSC surface marker

Most of the HSC surface makers discussed in section 1.5 are not reliable in culture. Their
expression changes dramatically upon culturing the cells thus jeopardizing their correlation
with HSC activity. For example, cultured cells show dissociation between the expansion of
CD34*CD38 phenotype and increase in NOD/SCID repopulating cell (SRC) numbers. More-
over, sorted CD34" CD38" cells that contain no SRC activity can become CD34°CD38" during
ex vivo culture leading to a false HSC phenotype read®. CD90 is another example; cells de-
pleted from CD90 acquire expression of this receptor upon culture and show a robust repopu-
lating activity®. Remarkably, EPCR expression is stable in culture and correlates to LT-HSC
outputs. EPCR depleted (EPCR"") cells do not gain EPCR expression after culture and still
poorly engraft immunocompromised mice (Figure 3.3D). Although EPCR depleted cells show
similar expansion of CD34" CD45RACD90" as EPCR" cells, only the latter is enriched with
LT-HSC population suggesting that EPCR expression is the most relevant read for HSC activi-
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ty. Accordingly, expanded human LT-HSC could be defined by the expression of a single gene
product rather than a group of receptors. However, since EPCR is also expressed on differen-
tiated hematopoietic cells such as monocytes and lymphocytes, co-staining with CD34 marker
is still mandatory to assure the primitive EPCR cell phenotype. Furthermore, the small fraction
of EPCR*HSPC shows similar UM171-mediated LT-HSC expansion as unsorted HSPCs (Fig-
ure 3.3D) suggesting that the EPCR" population is the major cell subset that responds to HSC
expansion ex vivo. Consequently, purifying HSC population based on EPCR expression from
early-expanded cultures could allow the development of a cost-effective HSPC expansion pro-

tocol where less culture media and cytokines are required.

Identifying EPCR as a surrogate surface maker for LT-HSC could replace xenograft transplan-
tation as the gold standard for assaying HSC function, which is labor and time intensive. This
discovery could allow not only for quick detection but also for better quantification of LT-HSC
since the expansion fold of EPCR" CD34" cells correlates with the numbers of LT-HSC in cul-
ture. Accordingly, we expect that EPCR assessment will optimize the high-throughput screen

readouts for uncovering novel self-renewing agonists.

4.7 Human and mouse HSCs, similar need during ex vivo culture

In chapter 2, we claimed that UM 171 at 35 nM-optimal dose used for human HSCs ex vivo ex-
pansion-does not expand mouse HSCs (Figure S2.4). However, RNA profiling of UM171-treat-
ed cells showed an up-regulation of EPCR, one of the most important surface markers that
define mouse HSCs. This made us question if the dose of UM171 used was optimal for mouse
HSCs ex vivo expansion. Indeed, transplantation experiments showed that UM171 has to be
used at higher dose (500nM) to be efficient for mouse HSC ex vivo expansion (Figure 4.5). This
data suggests that mechanism of action of UM171 in expanding HSC is conserved between
mice and human.

4.8 Role of EPCR in HSC activity

Functional studies performed with shRNA vectors suggest that EPCR is functionally import-
ant for the in vivo activity of human HSCs. This observation is consistent with mice studies
where EPCR, which is used as a marker to isolate HSC*, regulates HSC anti-apoptotic activity
through EPCR/PARI signaling ?°. Recent studies show that EPCR/PAR1 pathway regulates
EPCRHSC retention and long-term potential in the bone marrow by restricting nitric oxide
(NO) production and increasing integrin VLA4 expression. In line with this, mice genetically

modified to express low levels of EPCR surface expression (Procr'® mice) show defects in HSC
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Figure 4.5. UM171 expands mouse HSCs.

KLS-SLAM cells from Ly5.2 mice were expanded for 7 days in the presence of different doses
of UM171 (35, 250, 350 nM). Outcome of 15 KLS-SLAM cells were injected into Ly5.1 recip-

ient mice. Engraftment levels were monitored 12 weeks post-transplantation.
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bone marrow homing where most of HSCs are detected in blood circulation®’. All these finding

suggests that EPCR expression is crucial for HSC activity.

4.9 Endothelial-related markers of EPCR" population and origin of HSC

The discovery of EPCR as a human LT-HSC surface marker will have great impact on the
study of HSC biology. Recently Prashad et al. showed that EPCR is expressed in human fetal
liver HSCs?; thus EPCR expression might be used as a tool to trace the origin of HSCs and
reveal their localization in different hematopoietic organs (Figure 1.3). This may highlight the
presence of specialized microenvironments that provide vital factors or signals essential for
human HSC survival and maintenance. Dissecting these cues may help in generating a further

optimized HSC culture condition.

Endothelial antigens mark HSCs particularly at early developmental stages possibly because
HSC and endothelial cells emerge from a common precursor, the hemangioblast/ hemogen-
ic endothelium. The expression level of some of these endothelial antigens declines during
HSC development especially when they migrate to BM where they become mostly quiescent®.
VE-cadherin (CD144) is one example of endothelial specific marker that is expressed tran-
siently in human fetal liver HSCs but not adult bone marrow HSCs*® with an extensive self-re-
newal hematopoietic potential’'. Studies in mice revealed that VE-cadherin is predominantly
expressed in the fetal liver EPCR'HSC and is significantly down-regulated after culture when
long-term reconstitution activity of EPCRHSC is lost, suggesting that the self-renewal poten-
tial of these cells rely on their surrounding environment, particularly the endothelial microen-
vironment®®. Remarkably, EPCR" fraction retains the expression of numerous endothelial cell
molecules including VE-cadherin (Figure 4.6); thus raising the question of whether the endo-

thelial phenotype is crucial for human HSC self-renewal.

4.10 Stemness genetic feature of EPCR population

Transcription profiling shows a striking molecular difference between EPCR”*" and EPCR*
cells. The genetic makeup that governs the HSC specification and function is highly enriched
in EPCR" fraction. Our analysis uncovered the expression of potential stem cell surface marker
genes including EMCN?? and LGR5%* in EPCR" fraction (Table 4.1). These newly identified
markers could further enrich for LT-HSC frequency within EPCR" population, possibly achiev-
ing LT-HSC detection at single cell resolution. Studying the up-regulated transcription factors

in extensive self-renewing EPCR" population (Figure S3.8 and Table S3.6) will provide an
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Figure 4.6. EPCR+ population retains endothelial phenotype.

(A) Heat map showing relative expression patterns of genes coding for endothelial surface
markers. VE-cadherin is up-regulated at mRNA and protein (B) level in EPCR+ cells.
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Log2_FC
Cellular (EPCR* v Hu- [ Mo- Reference
location| Gene _[EPCRRest)| HSC| HSC | Study (PMID no.)
EMCN 6.32 Endomucin, a CD34-like sialomucin, marks HSCs throughout development. 16314436
LGRS 5.72 LGR5-protein-coupled Receptor 5 marks short-term HSPCs during mouse embryonic development. 24966324
o THY1 4.61 Isolation of a candidate human HSC population. 1372992
E FLT1 4.41 Autocrine-paracrine VEGF loops potentiate the maturation of megakaryocytic precursors through Flt1 receptor. 12406876
-g PROM1 2.77 AC133, a novel marker for human HSPCs. 9389720
“E-’ ITGA3 2.75 Intermediate-term hematopoietic stem cells with extended but time-limited reconstitution potential. 20074534
iy CDH2 2.58 N-cadherin+HSCs in fetal liver exhibit higher long-term BM reconstitution activity than N-cadherin- HSCs. 23092738
8 TFPI 2.50 Glypican-3-mediated inhibition of CD26 by TFPI: a novel mechanism in HSC homing and maintenance. 23327927
DLL1 2.40 Delta-1 enhances marrow and thymus repopulating ability of human CD34(+)CD38(-) cord blood cells. 12393852
ACE 231 Angiotensin-converting enzyme (CD143) marks HSCs in human embryonic, fetal, and adult hematopoietic tissues. 17993616
CDH5 2.10 VE-cadherin expression allows identification of a new class of HSCs within human embryonic liver. 20693433
PROCR 2.07 Endothelial protein C receptor (PROCR/ CD201) explicitly identifies hematopoietic stem cells in murine bone marrow. 16304059
CDCP1 2.03 CDCP1is anovel marker for hematopoietic stem cells. 12799299
HLF 6.08 Hierarchical and ontogenic positions serve to define the molecular basis of human HSC behavior. 1586615
PROMI6 | 2.88 Prdm16is a physiologic regulator of HSC. 21343612
" Prdm16 promotes stem cell maintenance in multiple tissues, partly by regulating oxidative stress. 20835244
§ HOPX 2.74 The geneticlandscape of HSC frequency in mice 26050929
S HOXA6 2.72 Hoxa6 potentiates short-term hemopoietic cell proliferation and extended self-renewal 19157684
z HMGA2 | 2.42 The Lin28b-let-7-Hmga2 axis determines the higher self-renewal potential of fetal HSCs. 23811688
MECOM | 2.36 Evilis essential for HSC self-renewal, & its expression marks hematopoietic cells with LT- multilineage repopulating activity| 22084405
LDB2 2.23 Nuclear adaptor Ldb1 regulates a transcriptional program essential for the maintenance of HSCs. 21186366
FGD5 2.00 Fgd5 identifies HSCs in the murine bone marrow. 24958848

Table 4.1. EPCR+ population is enriched with transcripts coding for surface markers

and transcription factors that define and regulate HSC activity.

Fold enrichment of the presented transcripts in the EPCR+ population with reported studies
supporting their role in human (Hu) and Mouse (Mo) HSCs. Fold change (FC).
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invaluable resource for the genetic program that govern “stemness” in HSCs. Inducing these

transcriptional programs in a variety of human cells including hematopoietic progenitor cells,

embryonic stem cells, and induced pluripotent cells may convert their fate to fully functional

HSCs compatible with therapeutic applications (Figure 1.7).
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Conclusion



We identified a small molecule named UM171 that expands human cord blood hematopoietic
stem cell (HSC) ex vivo by more than 10-folds. This expansion is independent of aryl hydro-
carbon suppression, a pathway that is implicated in expanding hematopoietic cells with less

extensive self-renewal ability.

Using UM171, we were able to identify endothelial protein ¢ receptor (EPCR) as a first re-
liable surface marker that enriches for human HSC in culture. We showed that EPCR" cells
selectively exhibit a robust multi-lineage and serial reconstitution capacity in immune-com-
promised mice, demonstrating the high reliability of this stem cell marker on the surface of
cultured HSCs, a feature not found with previously described markers. Remarkably, although
EPCR- subsets exhibit striking similarity with the bulk expanded cells in displaying a surface
immunophenotype associated with human HSC such as CD45RA- CD34* CD90* CD133", they
are functionally different and show poor in vivo proliferative outcomes confirming that EPCR

expression is restricted to HSC compartment.

In summary, the UM171 expanded-HSC population retains EPCR expression, a unique surface
marker that correlates with HSC activity in culture. These findings are valuable for clinical and
research applications to optimize further the HSPC purification and expansion protocols and
understand the molecular machinery that governs the HSC self-renewal. Finally, our data open
new avenues for the therapeutic use of stem cell transplantation providing hope for patients

with detrimental blood disorders.
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