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ABSTRACT OF THE DISSERTATION

Forming The Hematopoietic Stem Cell Niche From Pluripotent Stem Cells

by

Chee Jia Chin
Doctor of Philosophy in Cellular and Molecular Pathology
University of California, Los Angeles, 2016

Professor Gay M. Crooks, Chair

Hematopoietic stem cells (HSCs) are characterized by their ability to self-renew and
contribute to multi-lineage differentiation, critical functions that ensure homeostatic production
of all blood cells throughout life. A major challenge in the field is the inability to culture HSCs
without compromising self-renewal. My goal was to reconstruct an optimal hematopoietic niche
from mesodermal differentiation of human pluripotent stem cells (hPSC) to facilitate the
maintenance of functional HSCs. Initial characterization of the human fetal bone marrow and
adult adipose tissues revealed that a subpopulation of CD146+ perivascular cells was capable of
supporting the self-renewal of transplantable human cord blood HSCs ex vivo. Vector integration
site-based lineage tracing technology was utilized to gain insights into the stages through which
hPSC differentiate into mesodermal derivatives of the HSC niche. High throughput sequencing
revealed the presence of mesodermal progenitors with trilineage (hematopoietic, endothelial and

mesenchymal) potential during hPSC differentiation and uncovered the lineage bifurcation of
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hematopoietic and mesenchyme early on in separated bipotent populations. The hPSC-derived
mesenchymal populations were further studied in relation to their ability to promote or inhibit
HSC maintenance, leading to the discovery of a population that was phenotypically, functionally
and molecularly similar to primary human perivascular cells of the HSC niche. These findings
elucidated lineage commitment events during early human embryogenesis and informed

strategies to optimize the therapeutic development of cell lineages from hPSC.
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Chapter 1

Introduction

The hematopoietic system supplies our body with >100 billion mature blood cells every day that
carry out functions such as oxygen transport, immunity, and tissue remodeling[1]. Hematopoietic
stem cells (HSCs), located at the top of the hematopoietic hierarchy, are responsible for
replenishing our pool of blood cells throughout life when the system is stressed. Intensive
research efforts have begun to uncover the cellular constituents that comprise the HSC niche and

the signaling pathways that regulate self-renewal and differentiation of HSC.

During steady state adult hematopoiesis, HSCs are located in specialized niches in the bone
marrow. Several cell populations that regulate HSC have been described in terms of their spatial
relationship to bone and vascular components of the bone marrow, termed the osteoblastic and
perivascular niche, respectively. The generation of knockout and transgenic mice has been
extremely useful in these experiments, as it allows researchers to selectively and systematically
evaluate the functional importance of individual cell population or growth factors. By studying a
Stem cell factor (SCF)-reporter mouse, perisinusoidal leptin receptor (/epr)-expressing stromal
cells were discovered to be the major source of SCF and CXCL12 in the bone marrow.
Conditional deletion of SCF with Lepr-Cre led to the depletion of quiescent HSCs [2].
Nestin®#"NG2* mesenchymal progenitors, located adjacent to arterioles that run along the
endosteal surface, are also necessary in maintaining HSC quiescence [3]. Studies from the
murine HSC niche has established multiple mesenchymal subsets that co-regulate HSC

maintenance.



On the other hand, study of the human hematopoietic niche is largely limited to the analysis of
BM biopsy specimens or studying selective population isolated from the human bone marrow.
The limited yield and access to tissues poses significant challenge to study the potential existence
of distinct perivascular stromal cells as seen in the murine bone marrow and to characterize the

mechanisms of HSC regulation underlying each human mesenchyme subsets.

I have developed my PhD thesis around the question of how mesenchymal components in the
perivascular niche regulate development and self-renewal of HSC. Human adipose tissue was
chosen as an alternative source for study because the microvessels in lipoaspirate provide an
abundant and easily accessible source of perivascular cells. My work with Dr Mirko Corselli, a
postdoctoral fellow in the Crooks lab, led to the discovery that CD146+ perivascular cells
isolated from human adipose tissues and fetal bone marrow were functionally distinct from other
mesenchymal cells in their ability to maintain repopulating HSCs during ex vivo culture [4]. We
showed that expression of key ligands discriminated the CD146+ pericytes from the more
numerous PDGFRa-expressing mesenchyme and that notch ligands such as Jagged-1 mediate

pericyte support of HSC. This work is described in Chapter 2.

Using these findings from fetal and adult human tissue as a foundation, I have developed a
model to study the embryonic development of components of the HSC niche as they emerge
during differentiation of human pluripotent stem cells (hPSCs). hPSC have the potential to
differentiate into any adult tissue, can be cultured long term, and are amenable to genetic
modification. Therefore, the prospect of using hPSC-derived niche populations represents an
effective, versatile way to study human HSC maintenance in vitro. Numerous cellular

constituents such as osteoblastic, endothelial, adipocytic and perivascular cells in the niche are



mesodermal in origin. Our lab has previously characterized a human embryonic mesoderm
progenitor (hHEMP) population derived from hPSC that corresponds to the onset of mesoderm
commitment and has the potential to generate broad mesodermal derivatives [5]. The
differentiation of hREMP offers a platform to track the initial fate decision between hematopoietic
cells and the hematopoietic-supporting stroma and to systematically examine various mesoderm

derivatives for their ability to support hematopoiesis.

Specifically, my thesis research aims to (1) Define the clonal relationships of hematopoietic and
non-hematopoietic lineages during mesodermal differentiation from hPSC; (2) Characterize the
hPSC-derived mesenchymal subsets that provide negative and positive regulatory signals in
regulating ex vivo maintenance of definitive HSC. Studying the embryonic origin of mesodermal
commitment and modeling HSC-supportive niche from embryonic mesoderm will contribute to
the understanding of early human embryogenesis and improvement of directed differentiation of

hPSC for therapeutic applications.

1. Boulais PE, Frenette PS. Making sense of hematopoietic stem cell niches. Blood.
2015;125:2621-2629.

2. Ding L, Saunders TL, Enikolopov G et al. Endothelial and perivascular cells maintain
haematopoietic stem cells. Nature. 2012;481:457-462.

3. Kunisaki Y, Bruns I, Scheiermann C et al. Arteriolar niches maintain haematopoietic
stem cell quiescence. Nature. 2013;502:637-643.

4. Corselli M, Chin CJ, Parekh C et al. Perivascular support of human hematopoietic

stem/progenitor cells. Blood. 2013;121:2891-2901.

5. Evseenko D, Zhu Y, Schenke-Layland K et al. Mapping the first stages of mesoderm
commitment during differentiation of human embryonic stem cells. Proceedings of
the National Academy of Sciences of the United States of America.
2010;107:13742-13747.



Chapter 2
Regular Article

HEMATOPOIESIS AND STEM CELLS

Perivascular support of human hematopoietic stem/progenitor cells

Mirko Corselli,'2 Chee Jia Chin,® Chintan Parekh,* Arineh Sahaghian,® Wenyuan Wang,® Shundi Ge,® Denis Evseenko,'2®
Xiaoyan Wang,” Elisa Montelatici,® Lorenza Lazzari,® Gay M. Crooks,>>” and Bruno Péault'?®°

"University of California at Los Angeles (UCLA) and Orthopaedic Hospital Department of Orthopaedic Surgery and the Orthopaedic Hospital Research Center,
2Broad Stem Cell Research Center, and Department of Pathology and Laboratory Medicine, UCLA, Los Angeles, CA; “Division of Pediatric Hematology/
Oncology, Children’s Hospital Los Angeles, Los Angeles, CA; *Molecular Biology Institute, ®Jonsson Comprehensive Cancer Center, and “Department of
Biostatistics, UCLA, Los Angeles, CA; 8Cell Factory, Fondazione lIstituto Di Ricovero e Cura a Carattere Scientifico (IRCCS) Ca’ Granda Ospedale Maggiore
Policlinico, Milan, Italy; and °Center for Cardiovascular Science and Center for Regenerative Medicine, University of Edinburgh, Edinburgh, United Kingdom

Hematopoietic stem and progenitor cells (HSPCs) emerge and develop adjacent to
blood vessel walls in the yolk sac, aorta-gonad-mesonephros region, embryonic liver,
and fetal bone marrow. In adult mouse bone marrow, perivascular cells shape a “niche”
for HSPCs. Mesenchymal stem/stromal cells (MSCs), which support hematopoiesis in
culture, are themselves derived in part from perivascular cells. In order to define their
direct role in hematopoiesis, we tested the ability of purified human CD146" perivascular cells, as compared with unfractionated
MSCs and CD146~ cells, to sustain human HSPCs in coculture. CD146™ perivascular cells support the long-term persistence,
through cell-to-cell contact and at least partly via Notch activation, of human myelolymphoid HSPCs able to engraft primary and
secondary immunodeficient mice. Conversely, unfractionated MSCs and CD146~ cells induce differentiation and compromise ex
vivo maintenance of HSPCs. Moreover, CD146™ perivascular cells express, natively and in culture, molecular markers of the
vascular hematopoietic niche. Unexpectedly, this dramatic, previously undocumented ability to support hematopoietic stem cells

¢ Perivascular cells maintain
HSPCs ex vivo.

is present in CD146™ perivascular cells extracted from the nonhematopoietic adipose tissue. (Blood. 2013;121(15):2891-2901)

Introduction

Blood and vasculature are indispensable to embryonic develop-
ment, and are thus the first differentiated tissues produced in life.
Incipient human hematopoiesis adapts to the rudimentary anatomy
of the embryo and proceeds first in the yolk sac, then transiently in
the placenta and liver before being stabilized in fetal bone marrow
(FBM). Definitive hematopoietic stem and progenitor cells
(HSPCs) first emerge in the aorta-gonad-mesonephros region
of the embryo.! Therefore, several organs of distinct germline
origins, structures, and eventual roles converge functionally to
produce blood cells during development. What remains however
remarkably constant through pre- and postnatal life is the
physical association of incipient hematopoietic cells with blood
vessels. In the yolk sac, erythroid cells emerge within intra-
vascular blood islands.? It is now also well accepted that, from
fish to humans, specialized blood-forming endothelial cells
present in the dorsal aorta and possibly other organs supply the
embryo with hematopoietic cells,>” an ontogenic transition that
has been modeled in human embryonic stem cells.® In addition to
this direct developmental affiliation between embryonic endo-
thelial cells and HSPCs, there is evidence that vascular cells
nurture blood cells in pre- and postnatal life. The cellular and
molecular mechanisms involved in this support can be analyzed
in cocultures of stromal and hematopoietic cells.”!! For instance,
cultured endothelial cells use angiocrine factors to regulate
HSPC differentiation or self-renewal.'># Mesenchymal stem/stromal

cells (MSCs), the multilineage mesodermal progenitors spontane-
ously selected in long-term cultures of unfractionated cells from
bone marrow and other tissues,ls'18 can also, to some extent, sus-
tain hematopoiesis in vitro.'>* However, the relevance of this sup-
port to physiologic blood cell production in vivo has been
unknown because MSCs have long eluded prospective identifica-
tion.”> Similarities between MSCs and pericytes, which ensheath
capillaries and microvessels in all organs, have been described.?6-28
In an experimental approach combining stringent cell purification by
flow cytometry and differentiation in culture and in vivo, we have
demonstrated that human CDI146" perivascular cells represent
ubiquitous ancestors of MSCs.”

Although hematopoietic stem cells (HSCs) were originally
detected in the endosteal regions of the bone marrow,30 recent
findings have suggested the existence of a distinct, perivascular
niche for HSPCs.*!'* Perivascular reticular cells expressing
CXCL12 were found to play a role in murine HSC maintenance.>
In a seminal study by Méndez-Ferrer et al,>® the function and
identity of perivascular niche cells were further defined. The authors
showed the existence in murine bone marrow of perivascular
nestin™ MSCs associated with HSCs. Ablation of nestin™ MSCs
led to a significant reduction in the number and homing ability
of HSCs. The direct role for perivascular cells in hematopoie-
sis regulation was confirmed in a recent study by Ding et al.®’
Selective shutoff of c-kit ligand expression in leptin receptor

Submitted August 24, 2012; accepted February 10, 2013. Prepublished online
as Blood First Edition paper, February 14, 2013; DOI 10.1182/blood-2012-08-
451864.

The online version of this article contains a data supplement.

There is an Inside Blood commentary on this article in this issue.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 USC section 1734.
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(Lep-R) positive cells surrounding murine bone marrow blood
vessels significantly reduced the frequency of long-term reconstitut-
ing HSCs.”

In the present study, we demonstrate that CD146™ perivas-
cular cells express in vivo nestin, CXCL12, and Lep-R in human
FBM as well as in adult adipose tissue. We also report for the first
time that human CD146™ perivascular cells are a subset of MSCs
able to directly support the ex vivo maintenance of human
HSPCs. We further demonstrate that cultured CD146™ perivas-
cular support HSPCs through cell-to-cell contact and activation of
Notch signaling. Conversely, conventional unfractionated MSCs or
the CD146 " subset of MSCs favor differentiation at the expense of
stemness. CD146™ perivascular cells can therefore be considered as
the bona fide human equivalents of the hematopoietic perivascular
niche components recently described in the mouse.

Methods

Isolation of human primary stromal cells

Human stromal cells were derived from human lipoaspirate specimens
(n = 4) and FBM (n = 2) as previously described.'”*° Lipoaspirates
were obtained as discarded specimens without identifiable information,
therefore no institutional review board approval was required. Fetal
bones (16-18 weeks of pregnancy) were obtained from Novogenix. One
hundred milliliters of lipoaspirate were incubated at 37°C for 30 minutes
with digestion solution composed by RPMI 1640 (Cellgro), 3.5% bovine
serum albumin (Sigma), and 1 mg/mL collagenase type II (Sigma). Adipo-
cytes were discarded after centrifugation while the pellet was resuspended
and incubated in red blood cell lysis (eBioscience) to obtain the stromal
vascular fraction (SVF). Fetal bones were split open to flush the bone
marrow cavity. The bones were placed in digestion solution for 30
minutes at 37°C. Mononuclear cells (MNCs) were isolated using Ficoll-
Paque (GE Healthcare). Hematopoietic cells were excluded by magnetic
immunodepletion of CD45" cells as per manufacturer’s instructions
(Miltenyi Biotec). An aliquot of SVF or CD45-depleted MNCs was
plated in tissue-culture—treated flask for the expansion of conventional
MSCs.'” Another aliquot of SVF or CD45-depleted MNCs was processed
for fluorescence-activated cell sorting (FACS). Cells were incubated
with the following antibodies: CD45-allophycocyanin (APC)-cy7 (BD
Biosciences), CD34-APC (BD Biosciences), and CD146-fluorescein
isothiocyanate (FITC; AbD Serotec). The viability dye 4,6 diamidino-2-
phenylindole (DAPI; Sigma) was added before sorting, on a FACSAria
III (BD Biosciences), DAPI” CD45~ CD34~CD146" perivascular cells,
or DAPI”CD45 CD34"CDI146" cells, as previously described.?**® In
some experiments, CD146 "~ cells were purified from cultured MSCs.

For the animal studies, an animal care and use committee protocol
(ARC no. 2008-175-11) was approved for the injection of human cells
into immunodeficient mice and for the analysis of engraftment of trans-
planted cells.

Isolation of human CD34" cells from CB

Umbilical cord blood (CB) was collected from normal deliveries
without individually identifiable information, therefore no institutional
review board approval was required. MNCs were isolated by density
gradient centrifugation using Ficoll-Paque (GE Healthcare). Enrichment
of CD34™ cells was then performed using the magnetic-activated cell
sorting system (Miltenyi Biotec) as per the manufacturer’s instructions.

Immunophenotype analysis of stromal cells

Cultured MSCs, CD146™ cells, and CD146~ cells (between passages 3 and
10) were analyzed on an LSR II flow cytometer (Becton Dickinson). Cells
were stained with monoclonal antibodies: CD146-FITC (AbD Serotec),

CD31-APC (Biolegend), CD44—phycoerythrin (PE), CD73-PEcy7, CD105-
PE, CD90-APC, and CD45-FITC (all from BD Biosciences). Unstained
samples were used as negative controls. Data were analyzed using FlowJo
software (Tree Star).

Mesodermal lineage differentiation assays

The ability of cells to differentiate into mesodermal lineages was tested in
osteogenic or adipogenic differentiation medium (Hyclone). After 3 weeks
of culture in differentiation conditions, cells were stained with Alizarin red
or Oil red O (Sigma) for the detection of mineral deposits or lipids as
previously described.?’

Quantitative RT-PCR

Five hundred thousand cultured cells were processed for RNA extraction
using a Qiagen micro kit. An Omniscript reverse transcriptase (RT) kit was
used to make complementary DNA, which was subjected to quantitative
polymerase chain reaction (QPCR) using Sybr green probe-based gene
expression analysis (Applied Biosystems) for 2 housekeeping genes, TBP
and GAPDH, and the target genes CD146, nestin, a-SMA, and NG2. A
7500 real-time PCR system was used (ABI). Data were analyzed using
the comparative C(T) method.

Western blotting

Cells were lysed in denaturing cell extraction buffer (Invitrogen) containing
protease inhibitor tablets (Roche). Proteins were then separated by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis and analyzed using the
XCell II western blot system (Invitrogen). Rat anti-human Jagged-1 (Abcam,
1:50) and monoclonal mouse anti-f3 actin (Sigma, 1:5000) antibodies were
used. Donkey anti-rat horseradish peroxidase (HRP) and donkey anti-
mouse HRP (Jackson Immunoresearch Inc; 1:5000) were used as secondary
antibodies. The blots were developed using ECL Plus Western Blotting
Substrate (Pierce).

Coculture of stromal cells and CB CD34" cells

Cultured stromal cells (between passages 3 and 8) were irradiated (20 Gy)
and plated on 96 multi-well plates at 1.5 X 10* cells per well. Twenty-
four hours later, CB CD34 ™" cells (5-7 X 10* per well) were plated on top
of the stromal layer. Stroma-free cultures were performed seeding CB
CD34% cells on recombinant retronectin (RN; Lonza) coated wells.
Cocultures were performed in RPMI 1640, 5% fetal bovine serum, 1X
penicillin/streptavidin. No supplemental cytokines were ever added. Cells
were harvested after 1, 2, 4, and 6 weeks. Cocultures in the absence of
cell-to-cell contact were performed in 96 multi-well transwell plates
(Corning). For the inhibition of Notch, 10uM DAPT (N-[N-(3, 5-
difluorophenacetyl-L-alanyl)]-S-phenylglycine t-butyl ester; Sigma) or
10 pg/mL of anti-human Notch 1 neutralizing antibody (Biolegend) were
added to each well every 48 hours. An equal volume of dimethylsulfoxide
(DMSO; Sigma) or an equal concentration of mouse unrelated IgG
(Biolegend) was added to wells as negative controls for DAPT and anti-
Notchl antibody, respectively.

Flow cytometric analysis of cultured CB CD34" cells

After 1, 2, 4, and 6 weeks of coculture, cells were harvested and stained
with the following antibodies: CD45-APC-cy7, CD34-PE-cy7, CD14-APC,
CD10-APC, CD33-PE, CDI19-FITC (all from BD Biosciences). Dead cells
were identified with propidium iodide (PI; BD Biosciences).

Colony forming unit assay

After 1, 2, 4 and 6 weeks of coculture cells were harvested and 2.5 X 10°
cells were plated in methylcellulose (Methocult; Stem Cell Technologies).
Colonies, here reported as the sum of the progeny of colony forming unit
(CFU) granulo-macrophage, burst-forming unit erythroid, and CFU mixed,
were scored after 14 days.



In vivo repopulation assay

CB CD34" cells were cocultured with MSCs or CD146" cells for
2 weeks in RPMI 1640, 5% fetal bovine serum, 1X penicillin/
streptavidin. An equal number of CD45™ cells (10°) obtained from
the cocultures was intratibially injected in sublethally irradiated
(250 cGy), 6- to 8-week-old NSG mice (The Jackson Laboratory).
Mice were sacrificed 6 weeks posttransplantation. Engraftment of hu-
man hematopoietic cells was evaluated by FACS analysis after stain-
ing with anti-human specific monoclonal antibodies: CD45-APC-cy7, HLA
(A/B/C)-PE, CD34-PE-cy-7, CDI9-FITC, CDI14-APC, CDI15-APC,
CD33-APC (all from BD Biosciences). For secondary transplantation,
bone marrows from 2 engrafted mice were pooled and intratibially in-
jected into a secondary host (n = 4). Engraftment was evaluated 4 weeks
posttransplantation.

Immunocytochemistry and immunohistochemistry

For immunofluorescence analysis, human adipose tissue-frozen sections,
cells cultured in chamber slides (Millipore) or cytospun on microscope
slides, were fixed with cold methanol/acetone (1:1) for 5 minutes at room
temperature prior to incubation with blocking solution (phosphate-
buffered saline 5% donkey serum) for 1 hour at room temperature.
Overnight incubation at 4°C was performed with unconjugated primary
antibodies: mouse anti-human CD146 (BD Biosciences), mouse anti-
human CD45 (eBioscience), rat anti-human Jagged-1, rabbit anti-human
NI1ICD, mouse anti-human nestin, rabbit anti-human CXCL12, rabbit
anti-human Lep-R, rabbit anti-human CD146 (all from Abcam). Tissue
sections or cells were incubated for 2 hours at room temperature with
FITC-conjugated mouse anti-human von Willebrand factor (VWF; US
Biological). Tissue sections or cells were incubated for 1 hour at room
temperature with the following conjugated antibodies: donkey anti-
rabbit—Alexa 488, donkey anti-rabbit— Alexa 647, donkey anti-rat—Alexa
594 or donkey anti-mouse—Alexa 594 (all from Jackson Immunoresearch
Inc). For immunohistochemistry on human FBM, fetal bones (16-18 weeks
of pregnancy) were fixed in 4% paraformaldehyde (Sigma-Aldrich).
Fixed tissues were embedded in paraffin and sections were stained with
the same antibodies against nestin, CXCL12, Lep-R, and CD146. Secondary
HRP-conjugated IMPRESS anti-rabbit and anti-mouse antibodies and 3,
3’-diaminobenzidine (Vector Laboratories) were used for revelation. As
negative controls, tissue sections or cells were incubated only with
secondary antibodies. Images were acquired on an Axiovision microscope
(Carl Zeiss; software version 4.8) equipped with ApoTome.2 modules for
Axio Imager.2 and Axio Observer, with 10X, 20X, 40X, and 63X (1.4 NA)
objectives.

Statistical analysis

Mean and SDs were used to summarize continuous variables. Bivariate
cross-sectional comparisons of continuous variables were performed
using paired 7 tests. Continuous outcomes such as total numbers of
CD45" and CD34% cells, frequency of CD34'Lin~ cells and CFUs
were collected over time. The experimental design involved 2 within-
experiment factors, MSCs and pericytes, and time (week 1, 2, 4, 6),
which corresponded to a strip-plot design. A mixed-model approach was
used. Within the mixed-model framework, we performed hypothesis
testing for the comparison of MSCs and pericytes at different time points.
Pearson’s correlation (r) was reported to assess the linear correlation
between CD34 " lin~ cells and CFUs. For the qPCR data, ACT values
were calculated for each marker. A randomized block design model was
fitted on ACT values. Donors were treated as random effects while
stromal cells groups were treated as fixed effects. For all statistical
investigations, tests for significance were 2-tailed. To account for type I
error inflation due to multiple comparisons, P values were adjusted by
Bonferroni correction. The Fisher exact test was performed to compare
engraftment and not engraftment ability. Statistically significant
threshold of P value was set at .05. Statistical analyses were carried
out using SAS version 9.2 (SAS Institute).

Results

Human CD146" perivascular cells express nestin, CXCL12,
and Lep-R in hematopoietic and nonhematopoietic tissues

Recent studies have described murine perivascular cells as key
players for the maintenance of HSPCs. Perivascular niche cells,
displaying MSC features, have been identified based on the
expression of CXCL12,** nestin,®® and Lep—R.37 We have pre-
viously demonstrated that pericytes, surrounding microvessels, and
capillaries, can be detected in multiple human tissues on expression
of CD146.% Consistent with our previous findings, immunohis-
tochemistry performed on human FBM revealed the presence of
CD146-expressing perivascular cells (Figure 1A). Nestin, CXCL12,
and Lep-R, markers of the perivascular niche previously described in
murine studies, were also expressed in human perivascular cells
in FBM (Figure 1B-D). We further investigated the expression of
the same stromal cell markers in human adult adipose tissue, con-
sidered as an abundant source of MSCs and recently suggested to
also be a reservoir of HSCs.> Nestin, CXCL12, and Lep-R were
all expressed in cells immediately adjacent to VWF-positive endo-
thelial cells (Figure 1E-G). Multicolor immunofluorescence showed
that CD146™ pericytes, surrounding microvessels and capillaries,
coexpress nestin, CXCL12, and Lep-R (Figure 1H-S). Thus, human
CD146" perivascular cells express in situ markers previously iden-
tified in murine studies to mark the perivascular hematopoietic niche.

Purified and ex vivo—expanded CD146™ perivascular cells
maintain expression of markers of the perivascular niche

We then analyzed the expression of the perivascular niche markers
in purified and ex vivo—expanded CD146™ perivascular cells as
compared with unfractionated MSCs and CD146  cells. MSCs
were conventionally derived from the adipose tissue SVF by plastic
adherence, while CD146" perivascular cells and CD146~ cells
were purified by FACS as previously described (Figure 2A).238
CD146™ perivascular cells demonstrated expression of cell-surface
markers typical of unfractionated cultured MSCs, such as CD44,
CD105, CD73, and CD90 and did not express the hematopoietic
and endothelial cell markers CD45 and CD31 (supplemental
Figure 1a-b, available on the Blood website). Also similar to unfrac-
tionated MSCs, cultured CD146™ cells were able to differentiate
into osteoblasts and adipocytes in culture (supplemental Figure
le-f). CD146™ perivascular cells retained uniform CD146 expression
in culture, as did a small fraction of MSCs, while CD146 " cells
remained negative for CD146 expression in culture (Figure 2B).
Quantitative RT-PCR analysis of established cultures confirmed
that CD146™ cells expressed higher levels of the perivascular cell
markers CD146, a-SMA, NG2, and nestin than did either unfrac-
tionated MSCs or CD146" cells derived from fat (Figure 3A) or
FBM (Figure 3B). Furthermore, immunocytochemistry demonstrated
that cultured CD146" perivascular cells isolated from fat or FBM
express higher levels of nestin and CXCL12 than CD146  cells do.
No significant difference in the expression of Lep-R was observed
between cultured CD146% and CD146™ cells (Figure 3C-N).

CD146" perivascular cells support HSPCs ex vivo

The ability of distinct stromal cells to support HSPCs ex vivo was
assessed by coculturing CB-derived CD34 " cells (CB CD34™") in
direct contact with either CD146% perivascular cells, unfractio-
nated MSCs, or CD146 " cells all obtained from both lipoaspirate



Figure 1. In situ expression of hematopoietic niche markers by human perivascular cells. (A-D) Immunohistochemistry performed on paraffin-embedded sections of 17-
week-old human FBM. Pericytes surrounding microvessels express (A) CD146, (B) nestin, (C) CXCL12, and (D) leptin receptor (Lep-R) (original magnification, xX63). (E-S

nestin, (F) CXCL12, and (G) Lep-R. (H-S) Triple-staining immunohistochemistry performed on human adipose tissue cryosections shows coexpression of CD146 with (K-M

)
Immunohistochemistry performed on human adipose tissue cryosections. (E-G) VWF-positive endothelial cells (green) are surrounded by perivascular cells expressing (E)
)
f

nestin, (N-P) CXCL12, and (Q-S) LepR. (H-J) Single staining with anti-VWF antibody followed by incubation with conjugated IgG controls revealed the lack o

autofluorescence (original magnification, xX40). IgG, immunoglobulin G.

specimens and FBM. These cultures were performed in basal
medium with a low concentration of serum (5%) and in the absence
of any supplemental cytokines, so that the specific effect of each
stromal cell subset could be assessed with minimal influence of
exogenous factors. In the absence of any stromal cells or cytokines,
hematopoietic cells cultured on RN died within the first 2 weeks,
whereas CD45™" cells survived for up to 6 weeks in the presence of
either MSCs or CD146™ perivascular cells (Figure 4A). The total
number of CD45™ cells recovered from CD146™ cell cocultures
remained significantly higher at any time of culture when compared
with MSC cocultures (Figure 4A). A similar pattern was observed
for the total number of CD34™" cells (Figure 4B). CD34 expression
identifies human hematopoietic cells without discriminating between
HSCs and lineage-committed progenitors. The most immature pro-
genitors present in cocultures were further defined as CD34 " Lin~
cells based on expression of CD34 and lack of the early myeloid
cell marker CD33 and lymphoid cell markers CD10 and CD19.
CDI146" cell cocultures contained a significantly higher frequency
and number of CD34*Lin~ cells at all time points (Figure 4C-D).
Consistent with these findings, culture in the presence of MSCs
resulted in accelerated differentiation of CB CD34 " cells into CD14™

myeloid cells and CD10/CD19™ lymphoid cells, relative to coculture
with CD146™ cells (Figure 4E-F). The increased frequency of myeloid
and lymphoid cells was counterbalanced by the lower numbers of
CD45™ cells in MSC cocultures, hence no significant difference in
the absolute numbers of myeloid or lymphoid cells was observed
(Figure 4E-F). Furthermore, the number of clonogenic cells detected
after 1, 2, 4, and 6 weeks was significantly higher when CB CD34™
cells were cocultured with CD146™ perivascular cells compared
with MSCs (Figure 5A).

CD146™ perivascular cells isolated from either FBM or adipose
tissue sustained significantly more CD34 *Lin~ cells and CFUs from
CB CD34™ cells than CD146~ stromal cells did (supplemental
Figure 2a-d), thus confirming that within the heterogeneous MSC
population, the ability to support HSPCs is confined to the subset
of CD146™ perivascular cells, regardless of the tissue of origin.

CD146" perivascular cells maintain human HSPCs with
repopulating ability and self-renewal potential

We next investigated whether coculture with MSCs or CD146™"
perivascular cells retains functional HSPCs. Sublethally irradiated
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Figure 2. Isolation and culture of MSCs and stromal subsets from lipoaspirate. (A) SVF was obtained from human lipoaspirate specimens (n = 4 donors). An aliquot
of SVF was directly seeded in tissue-culture plates for the isolation of conventional MSCs by plastic adherence. Another aliquot of SVF was processed for FACS sorting
of DAPI”CD45 CD34 CD146" perivascular cells and DAPI"CD45 CD34"CD146™ cells. (B) FACS analysis of cultured fat-derived MSCs, CD146™ perivascular cells, and
CD146™ cells. After 9 passages in culture, MSCs retain a low percentage of CD146" cells, while purified CD146" perivascular cells and CD146 cells retain a stable

phenotype homogeneously positive and negative for CD146, respectively.

NOD/SCID/IL-2 receptor y-chain null (NSG) mice were injected
with hematopoietic cells cocultured with CD146™ perivascular
cells or MSCs for 2 weeks in low-serum concentration without
added cytokines. Strikingly, all mice transplanted with hemato-
poietic cells cocultured with perivascular cells exhibited human
hematopoietic cell engraftment 6 weeks posttransplantation, where-
as no engraftment was observed in any of the mice transplanted
with hematopoietic cells cocultured with MSCs (n = 11 mice per
group, n = 3 individual experiments; Fisher exact test, P < .0001)
(Figure 5B-C). Human CD34 ™ progenitors, CD19™ lymphoid cells
and CD14" myeloid cells were detected in the chimeric mice
(Figure 5D). Human CD45 HLA™ cells were not only detected in
the medullary site of injection, but also in the contralateral tibia,
thus suggesting that HSPCs cocultured with CD146™ perivascular
cells maintained the ability to migrate and home to distant sites
after initial engraftment (Figure SE). To assess the self-renewal
potential of HSPCs cultured in the presence of CD146* perivascular
cells, bone marrow from chimeric mice was transplanted into
secondary NSG mouse hosts. Lymphoid and myeloid engraftment
of human cells was still detectable in secondary hosts (Figure S5F-I),
demonstrating that the CD146™ cell fraction of MSCs is uniquely
able to sustain human HSPCs with multilineage repopulating
capacity and self-renewal ability.

Contact with CD146" cells is required for HSPC maintenance

In addition to the phenotypic and functional differences de-
scribed above (Figures 2 and 3), a different morphology and
spatial distribution was observed between hematopoietic cells co-
cultured with MSCs or CD146" perivascular cells. When CD146*
cells were used as a feeder layer, hematopoietic cells appeared
small, rounded, and clustered (supplemental Figure 3a). In the
presence of MSCs, hematopoietic cells were larger, less uniform
in size, and scattered throughout the cultures, consistent with more
vigorous hematopoietic differentiation (supplemental Figure 3c).
Immunocytochemical analysis confirmed the presence of clusters
of CD34" cells in contact with underlying CD146" cells in perivas-
cular cell cocultures but not in MSC cocultures (supplemental
Figure 3b,d). Based on these observations, we next investigated
the role of cell-to-cell contact on HSPC maintenance. When di-
rect contact between CD146" cells and CB CD34™" cells was pre-
vented in a transwell culture system, the total number of CD45*
cells was dramatically reduced after 1 week of coculture (supple-
mental Figure 3e). In these noncontact conditions, hematopoietic
cells were barely detectable after 2 weeks and the limited number
of cells recovered did not allow us to perform further immuno-
phenotypic or functional analyses.
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Figure 3. Cultured CD146" perivascular cells express markers of hematopoietic perivascular niche cells. (A-B) Ex vivo—expanded CD146 " perivascular cells
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CD146~ cells. (K-N) No difference in Lep-R expression was observed between CD146" and CD146~ cells from either fat and FBM (original magnification, X20).

mRNA, messenger RNA.

CD146" perivascular cells express Notch ligands and activate
Notch in hematopoietic cells

Transwell culture experiments suggested that CD146™ perivascular
cells sustain hematopoietic cells through cell-to-cell contact rather
than by secretion of soluble factors. As Notch signaling is one of
the key pathways through which the microenvironment affects
growth and differentiation of HSPCs during deve]opment,40
investigated whether CD146™ perivascular cells sustain HSPCs
through the activation of Notch. Immunocytochemistry revealed
that all cultured CD146™ perivascular cells express high levels
of the Notch ligand Jagged-1. In contrast, only rare MSCs ex-
pressed Jagged-1, the majority of which also expressed CD146
(Figure 6A). Western blot analysis detected Jagged-1 expression at
high levels in CD146" perivascular cells compared with un-
fractionated MSCs (Figure 6B). Expression of other Notch ligands
(Jagged-2, DLL-1, and DLL-4) was also detected by qPCR in
MSCs, albeit at a lower level compared with CD146™ perivascular
cells (Figure 6C).

We used an antibody recognizing an epitope exclusively
exposed after Notch 1 receptor cleavage (NICD) to measure the
frequency of hematopoietic cells activating Notch in the pre-
sence of CD146" cells or MSCs (supplemental Figure 4a-b). As
expected, Notch activation was not observed when direct con-
tact between CD146™ cells and hematopoietic cells was inhibited
in transwell cocultures (supplemental Figure 4c-d). MSCs, which
express all 4 Notch ligands tested, were able to activate Notchl
in ~50% of hematopoietic cells and progenitors (Figure 6D-E).
The percentage of NICD"CD45" cells was significantly higher
in CD1467 cell cocultures than in cocultures with total MSCs
or CD146 " cells, regardless of the tissue of origin (FBM or fat)
(Figure 6D). Furthermore, Notch activation was significantly
stronger in CD34™ progenitors cocultured with CD146™ cells

compared with those cocultured with MSCs or CD146  cells

(Figure 6E).

Notch inhibition in CD146" cell/HSPC cocultures reduces
progenitor cell numbers and stimulates B-cell differentiation

To further assess the functional role of Notch activation in HSPCs,
CB CD34" cells, and CD146™" perivascular cells were cocultured
in the presence of the vy-secretase inhibitor DAPT. Notch inhibi-
tion resulted in significantly reduced total number of CD45"
cells, CD34*Lin~ cells, and CFUs compared with control co-
cultures performed in the presence of the DMSO solvent alone
(Figure 7A-C). A significantly higher frequency of PI" dead cells
was measured after Notch inhibition (Figure 7D). Of note, the
frequency of PI* cells was not increased when CD146™ perivas-
cular cells or CB CD34 ™ cells were treated separately with DAPT
in the absence of supplemental cytokines, thus excluding non-
specific cytotoxicity from DAPT (supplemental Figure 5a). Notch
inhibition also resulted in a dramatic increase in B-cell differen-
tiation (Figure 7E). A comparable decrease in output of total
CD34*Lin~ cells and increase in B-lymphoid cells (supplemental
Figure 5b-d) was also observed when cocultures were performed in
the presence of an antibody to specifically block the Notch-1
receptor. However, the effect was less pronounced when compared
with DAPT treatment. To explain this difference, we determined
the levels of Notch inhibition following DAPT or anti-Notch-1
blocking antibody treatment. Although Notch activation was totally
abrogated by DAPT, low-level activation was still detected in a
few cells after antibody treatment, confirming that the latter treatment
is less efficient than chemical inactivation of Notch (supplemental
Figure 4e-g).

Altogether, these results show that CDl146% perivascular cells
are a subset of MSCs able to support HSPCs and regulate lineage
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Figure 4. CD146™ perivascular cells promote ex vivo maintenance of undifferentiated HSPCs. (A) In the absence of cytokines and stromal cell feeder layer (No feeder),
CD45™ hematopoietic cells cultured in RN-treated wells rapidly died within the first 2 weeks of culture. At any time of culture, the total number of CD45™ cells recovered from
CD146™ cell cocultures was significantly higher when compared with MSC cocultures (n = at least 5 independent experiments for each time point, each experiment was
performed in triplicate; **P < .01, ***P < .001). (B) A similar pattern was observed for the total number of CD34 " cells (n = at least 5 independent experiments for each time
point, each experiment was performed in triplicate; ***P < .001). (C) Representative FACS analysis after 2 weeks of coculture of CB CD34 " cells with MSCs or CD146™" cell
cocultures. After gating on CD45"CD10 CD19™ cells, CD34"33" cells were defined as CD34*Lin~ cells (black box). (D) The absolute number of CD34"Lin~ cells was
significantly higher in CD146™ cell cocultures, compared with MSC cocultures, at any time of culture (n=at least 5 independent experiments for each time point, each
experiment was performed in triplicate; **P < .01, ***P < .001). (E-F) Coculture of CB CD34 " cells with MSCs led to a significantly higher frequency of CD14" myeloid cells
after 2 weeks (E) (40.24% * 2.723% vs 26.67% * 2.075%. n = 10 independent experiments, each experiment was performed in triplicate; ***P < .0001) and a higher
frequency of CD107/CD19™ lymphoid progenitors or mature cells after 4 weeks of coculture (F) (5.155% =+ 1.918% vs 0.9541% = 0.2564%, n = 8 independent experiments,
each experiment was performed in triplicate; *P < .05). No difference in the absolute numbers of myeloid and lymphoid cells was observed between CD146" cell and MSC
cocultures. All data are presented as mean += SEM.

commitment in vitro through cell-to-cell interaction and partially ~ stromal cells involved in hematopoiesis have remained largely
through Notch activation. unknown. Although stroma-dependent hematopoiesis has been re-
capitulated in vitro for more than 3 decades using primary stromal
cells or stromal cell lines,”!! the nature of the stromal cells in-
volved has been elusive. As an obstacle to characterization, native
Discussion stromal cells involved in supporting hematopoiesis are infrequent:
Wineman et al*! found that only a rare subpopulation of clonal
Blood formation in vertebrates is an opportunistic phenomenon  fetal liver stromal cells is able to maintain HSPCs.
that does not take place exclusively in specialized, hematopoiesis- MSCs are cultured, multipotent adherent cells that can support
restricted sites such as the bone marrow, thymus, spleen and avian hematopoiesis.19‘24 We hypothesized that MSCs contain distinct
bursa of Fabricius. Blood cells are also produced transiently in  subsets of cells with different roles in the regulation of HSPCs.
organs assuming other functions, such as the yolk sac, placenta, Based on recent descriptions of (1) a key contribution of murine
allantois and embryonic aorta-gonad-mesonephros, and liver. More-  perivascular cells to the medullary hematopoietic “niche,”>>>7 and
over, extramedullary hematopoiesis can be resumed in pathologic ~ (2) a pericyte ancestry for human MSCs,” we directly addressed
conditions of the adult. Such anatomic diversity in blood-forming  whether cultured human perivascular cells can sustain human
ability implies that developmentally and structurally distinct HSPCs. Conventionally derived, heterogeneous MSCs and
cellular environments can sustain hematopoiesis. Different blood- CD146"CD34~CD45™ perivascular cells can be obtained from
forming tissues may therefore share stromal cell subsets involved  virtually all human vascularized tissues.”” In the present study, we
in blood formation. Although HSPCs have been characterized in ~ derived MSCs and CD146™ perivascular cells from FBM and
detail and purified to homogeneity, the identity and function of the = human adipose tissue, which is commonly used as a convenient
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Figure 5. CD146™ perivascular cells but not MSCs sustain functional HSPCs with engraftment potential and self-renewal ability. (A) CFU assay revealed significantly
higher number of CFUs in CD146™ cell cocultures after 1, 2, 4, and 6 weeks of coculture as compared with MSC cocultures (n = 3 independent experiments, each experiment
was performed in triplicate; *P < .05, ***P < .001). (B) Representative flow cytometry analysis for the detection of human CD45"HLA™ cells in bone marrow of NSG mice 6
weeks posttransplantation with phosphate-buffered saline, or with the same number of CD45" cells (10°) harvested after 2 weeks of CB CD34 " cell coculture with MSCs or
CD146" cells. (C) All mice injected with CD45™ cells obtained from CD146™" cell cocultures showed human engraftment whereas no engraftment was ever detected (ND) in
mice that received MSC cocultures (n = 3 independent experiments, n = 11 mice per group; ***P < .0001). (D) Frequency of CD34" progenitors, CD19"* lymphoid, and
CD14™" myeloid cells within the CD45"HLA™ population of cells in the bone marrow of chimeric mice. (E) Human CD45"HLA™ hematopoietic cells were also detected 6 weeks
posttransplantation in the contralateral tibia of mice injected with HSPCs cocultured with CD146™ perivascular cells. (F-l) Representative flow cytometry analysis of secondary
host bone marrow. (F) Bone marrow from primary hosts transplanted with MSC coculture was injected in secondary hosts as a negative control. (G) Human engraftment was
observed 4 weeks after secondary transplantation of bone marrow from chimeric mice transplanted with CD146" cell coculture (n = 3 engrafted mice of 4). (H) Both CD19™
lymphoid and CD33/CD14/CD15" myeloid cells were detectable within the human CD45™ engrafted hematopoietic cells in secondary hosts. (I) Quantification of the level of

chimerism in secondary mice. All data are presented as mean + SEM.

and abundant source of MSCs. Interestingly, the sustained pres-
ence of hematopoietic cells within adipose tissue has been recently
reported.*>*

CDI146" perivascular cells expressing nestin, CXCL12, and
Lep-R were found in situ in the hematopoietic FBM as well as in
adipose tissue. Sorted CD146™ perivascular cells homogeneously
expressed in culture CD146 and higher levels of nestin, CXCL12,
and Jagged-1 compared with unfractionated MSCs or to CD146
cells. CD146™ perivascular cells therefore appear to represent
the human counterpart of the CAR cells or nestin™ cells recently
described in the mouse.>*” A similar cell population has been
documented in human bone marrow, where CD146" perivascular
cells expressing CXCL12 and Jagged-1 can clonally recapitulate
an ectopic hematopoietic microenvironment when implanted into
mice.** Human bone marrow reticular stromal cells, including
CD146 " nestin"VCAM™ cells, regulate HSPC homing through the
secretion of CXCLI2.*> Pericyte-like cells from the human
placenta have been also suggested to support hematopoietic cells in
culture.*S However, direct evidence for the ability of prospectively

purified human perivascular cells to sustain primitive hemato-
poietic cells in long-term culture has not been provided. Several
studies have investigated the ability of MSCs to maintain HSPCs in
coculture systems, but these have routinely used cytokine supplemen-
tation either by direct addition or through transgene expression in
MSCs.'924+4748 15 most cases the decisive assays, primary and
secondary transplantations of cocultured hematopoietic cells into
immunodeficient mice, have not been used to document the main-
tenance of primitive self-renewing stem cells. Most importantly,
the identity of the specific subset of MSCs directly involved in the
interaction with HSPCs is still unknown. In the present study,
culture of CD34% cells with MSCs or CD146™ perivascular cells
without the addition of exogenous cytokines allowed us to define
the intrinsic properties of these stromal populations in terms of
hematopoietic cell support. Remarkably, unfractionated MSCs and
purified CD146™ perivascular cells derived from the same specimen
exhibited profound differences in the ability to sustain HSPCs.
Both stromal cell populations improved the survival of hemato-
poietic cells compared with stroma-free, cytokine-free cultures.
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mean = SEM.

However, the total number of recovered HSPCs was consistently
and significantly higher in CD146" cell cocultures. Furthermore,
only CD146" perivascular cells sustained primitive HSPCs able
to establish multilineage hematopoiesis in immunodeficient mice.
Conversely, MSCs promoted rapid HSPC differentiation with
consequent loss of engraftment ability. Our results also demonstrate
that cell-to-cell contact between HSPCs and CD146™ perivascular
cells plays a key role in HSPCs maintenance in vitro. We show that
CD1467 cells express Notch ligands and that Notch inhibition in
cocultures results in decreased numbers of HSPCs and increased
B-cell development, as previously described.*® Regulation of
HSPCs by perivascular cells is very likely to be a multifaceted
process, Notch signaling being only one of the mechanisms involved
in HSPC maintenance. Although our results show an increase in
PI* dead cells in the whole coculture following Notch inhibition,
suggesting a role for Notch in supporting cell survival, additional
studies will be required to determine whether Notch activation
prevents specifically apoptosis/death in HSPCs.

De Toni et al’® recently described the clinical-grade expansion
of adipose MSCs able to support hematopoietic reconstitution in
immunodeficient mice when co-injected with fresh CB CD34™"
cells. The authors showed higher frequency of human CD45™ cells
3 weeks posttransplantation in mice that received CD34 " cells and
MSCs as compared with mice injected with CD34™" cells alone.
This difference was no longer observed 11 weeks posttransplantation,

suggesting that fat MSCs support short-term progenitors. The lack
of secondary transplantation assay did not allow the authors
to establish whether fat MSCs can support maintenance of HSPC
self-renewal. In our study, we demonstrate that unfractionated
MSC:s failed to ex vivo support HSPCs with reconstituting ability
even in primary recipients. Conversely, we demonstrate for the first
time that the CD146™ subset of MSCs was uniquely able to maintain
self-renewing HSPCs after 2 weeks in culture without growth
factors, as shown by reconstitution of primary and secondary hosts.
The identification of CD146™ perivascular cells as a defined and
specific subset of human stromal cells able to sustain HSPCs may
therefore have a critical impact on future clinical applications based
on ex vivo expansion and genetic manipulation of HSPCs. Butler
et al'* recently described a cellular platform for the expansion of
human HSPCs based on the coculture with transformed endothelial
cells in the presence of defined growth factors. In the present work,
cocultures were performed using nontransformed stromal cells in
the complete absence of added growth factors. Having identified
CD146™ perivascular cells as the specific subset of MSCs involved
in HSPC maintenance, further studies aimed to define optimal
conditions to promote HSPC expansion will be needed.

For the first time to our knowledge, we document the direct role
of an anatomically and phenotypically defined subset of human
stromal cells—the CD146" perivascular cells—in maintaining
cultured HSPCs. A fraction of native and all cultured pericytes
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each experiment was performed in triplicate; * P < .05). (D) Flow cytometry viability analysis revealed a significantly higher frequency of PI" dead cells in coculture performed
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triplicate; **P < .01). Data are presented as mean = SEM.

express a-SMA,? therefore these findings also support a myofibro-
blastic identity for human hematopoietic stromal cells.”’ Besides
a functional ability to support hematopoietic cells following disso-
ciation, purification, and culture, human CD146" perivascular cells
from nonhematopoietic tissues share a similar phenotype with
the perivascular niche cells recently described in murine bone
marrow.>>7 Perivascular cells are ubiquitous>> and may therefore
represent the key stem cell support shared by all blood-forming
organs. It remains to be determined whether and how this ability to
sustain HSCs is repressed in situ in nonhematopoietic tissues, and
may be reactivated in pathologic conditions, as in the course of
extramedullary hematopoiesis or leukemic dissemination.
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Corselli et al. Supplemental Data

Supplemental Figure Legends

Supplemental Figure S1. CD146+ perivascular cells share an immunophenotypical
profile and differentiation potential typical of MSC. a-b) Flow cytometry analysis of
cultured MSC and cultured CD146+ perivascular cells isolated from adipose tissue. Both
cell types express stromal markers but not endothelial (CD31) or hematopoietic (CD45)
markers. (Red histogram= unstained (no Antibody) control. Blue histogram= antibody as
shown on x axis) (representative of 3 independent experiments). c-f) Both MSC and
CD146+ perivascular cells were able to differentiate into osteoblasts and adipocytes as

shown by Alizarin red (c,e) and Oil red O staining (d,f), respectively (magnification 10x).

Supplemental Figure S2. CD146+ perivascular cells from fat and fetal bone marrow
(FBM) provide superior support of HSPCs ex vivo than MSCs and CD146- cells: a,b)
The absolute number of CD34+Lin- cells and CFUs after two and four weeks of co-
culture, respectively, was significantly higher in the presence of fat-derived CD146+
perivascular cells compared to MSCs and CD146- cells. c,d) Similar differences in the
total number of CD34+Lin- cells and CFUs were observed when cord blood-derived
CD34+ cells were co-cultured with CD146+ perivascular cells , MSCs, and CD146- cells

derived from FBM. All data are presented as mean+/- SEM. *** p<(0.0001, * p<0.05.

Supplemental Figure S3. Cell-to-cell contact is required for the maintenance of
hematopoietic cells on CD146+ stroma: a-d) Phase contrast (magnification 10x) and
immunofluorescence (magnification 20x) images showing different morphology and

distribution of CB CD34+ cells co-cultured with either CD146+ perivascular cells or
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MSCs. (a) Red-dotted and (b) white-dotted circles highlight the formation of
hematopoietic clusters observed exclusively in CD146+ cell co-cultures. ¢) Transwell
plates were used to prevent cell-to-cell contact between CD146+ perivascular cells and
hematopoietic cells. In this condition, the total number of CD45+ hematopoietic cells was
significantly decreased after 1 week of co-culture (4.93 £ 0.5779 x10* vs. 0.91 + 0.12
x10*. n=5 independent experiments, each experiment was performed in triplicate.
Contact= CD146+ perivascular cells and CB CD34+ both plated on the bottom well. No
Contact= CD146+ perivascular cells plated on the bottom well, CB CD34+ cells plated

on the top well. Data presented as mean +/-SEM. *** p<(.0001

Supplemental Figure S4. Detection of Notchl intracellular domain (NICD) in
hematopoietic cell cultures: a,b) Detection of NICD+CD45+ hematopoietic cells in
CD146+ cell and MSC co-cultures in chamber slides. ¢) N1ICD was detected when direct
contact between CD146+ perivascular cells and hematopoietic cells was allowed but d)
not when direct contact between CD146+ cells and HSPCs was inhibited in transwell co-
cultures (no contact). e-f) Detection of NICD+CD45+ hematopoietic cells in CD146+
cell and MSC co-cultures in cytospin slides. NICD in HSPCs co-cultured with CD146+
and after treatment with f) DAPT or g) anti-Notchl blocking antibody. Treatment with
DAPT resulted in a complete inhibition of Notch activation. NICD+CD45+ cells were
still detected after treatment with anti-Notchl blocking antibody, albeit at a lower

frequency compared to controls (magnification 20x)

Supplemental Figure SS. Evaluation of DAPT cytotoxicity and specificity: a)
CD146+ perivascular cells and CB CD34+ cells were cultured separately in medium with

DMSO or DAPT in the absence of added growth factors. Retronectin coated plates were
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used for the culture of CB CD34+ cells. Neither CD146+ perivascular cells nor CB
CD34+ cells showed increase in the percentage of PI+ (dead) cells after DAPT treatment
(n=4 independent experiments, each experiment was performed in triplicate, ns= not
statistically significant). b-d) Addition of a specific anti-Notchl neutralizing antibody to
HSPC/CD146+ cell co-cultures produced a similar effect in terms of (b) number of
CD45+ (c) number of CD34+Lin- cells and (d) increase in B-cell development compared
to DAPT treated co-cultures. All data are presented as mean+/- SEM. * p<0.05, **

p<0.001.
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ABSTRACT

Although clonal studies of lineage potential have been extensively applied to organ specific stem
and progenitor cells, much less is known about the clonal origins of lineages formed from the
germ layers in early embryogenesis. We applied lentiviral tagging followed by vector
integration site analysis (VISA) with high-throughput sequencing to investigate the ontogeny of
the hematopoietic, endothelial and mesenchymal lineages as they emerge from human embryonic

mesoderm. In contrast to studies that have used VISA to track differentiation of self-renewing
23



stem cell clones that amplify significantly over time, we focused on a population of progenitor
clones with limited self-renewal capability. Our analyses uncovered the critical influence of
sampling on the interpretation of lentiviral tag sharing, particularly among complex populations
with minimal clonal duplication. By applying a quantitative framework to estimate the degree of
undersampling we revealed the existence of tripotent mesodermal progenitors derived from
pluripotent stem cells, and the subsequent bifurcation of their differentiation into bipotent

endothelial/hematopoietic or endothelial/mesenchymal progenitors.

INTRODUCTION

During the earliest stages of embryogenesis, a morphologic region called the primitive streak
(PS) contains cells committed to form either mesoderm or definitive endoderm. Fate-mapping
experiments in vertebrates show that mesoderm patterning in the PS strictly correlates with the
place and time of mesoderm induction, specifying posterior PS (extraembryonic mesoderm,
lateral plate mesoderm), anterior PS (cardiac mesoderm, definitive endoderm, axial mesoderm)
and late PS (presomitic mesoderm) [1]. This dramatic period of morphogenesis, and the dynamic
transcriptional and signaling events that shape mesoderm patterning, suggest that the PS is a

rapidly differentiating population in which self-renewal may be limited or non-existent.

Given the inaccessibility of early human embryonic tissues, modeling with human pluripotent
stem cells (hPSC) has become an essential tool for studying the complex cellular events of
human germ layer commitment [2]. An early PS-like population has been identified during hPSC
differentiation using transcriptional reporters [3] and by expression of cell surface markers of

epithelial to mesenchymal transition [4]. Recently, cardiac and paraxial mesoderm, subtypes
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derived from the anterior PS and late PS respectively, were shown to be specified through

distinct BRACHYURY mesoderm progenitors during exit from pluripotency [1].

Transcriptome profiling of single cells often reveal a surprising level of heterogeneity within
purified populations that contain apparently identical cells. The differential expression of lineage
specific genes between individual cells is often inferred as evidence that those cells intrinsically
possess different types of lineage potential. Such analyses provide a snapshot of the
transcriptional status of individual mesoderm progenitors, but do not definitively prove the
clonal relationship of the lineages that will be ultimately produced from each progenitor. The
functional interrogation of lineage output at a clonal level is crucial to understand the process of
lineage commitment, and can provide valuable insights in how to guide stepwise generation of
therapeutically relevant tissues and organs from hPSC. Clonal analyses of lineage potential have
been extensively applied to adult tissues and to fetal cells isolated from tissues after germ layer
differentiation. Although PS-like populations can be differentiated into various lineages [3, 4],
little is known about the clonal relationship of cells that initiate early embryonic development.
We have previously published a differentiation and isolation strategy that captures the earliest
stage of mesodermal commitment from hPSC, comprising a population that displays broad
lateral plate and cardiac mesoderm potential [4]. In the current study, we utilized these human
embryonic mesoderm progenitors (hEMP) as the starting population for clonal tracking of
mesoderm derivatives, specifically examining the hematopoietic, endothelial and mesenchymal
lineage potential of single cells by high throughput sequencing of lentiviral tags. A fundamental
challenge in applying this approach to heterogeneous progenitors undergoing rapid
differentiation is that clonal output must be detected within a highly complex population with

limited clonal duplication. To meet this challenge, we applied a “mark-recapture” statistical
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approach to estimate clonal abundance [5-7] and developed a mathematical model to accurately

interpret datasets from high complexity samples that cannot be exhaustively characterized.

Through high throughput sequencing and analysis of lentiviral integration sites combined with
attention to the impact of sampling and the examination of essential control populations, we
demonstrated the presence of a tripotent mesodermal progenitor and uncovered the bifurcation of
the hematopoietic and mesenchyme lineages early in lateral plate mesoderm commitment. We
propose that the critical concept of undersampling and the mathematical approaches used here
are highly relevant to other studies of transitional populations, including those that attempt to

uncover the role of genetically diverse malignant subclones during disease evolution.

MATERIALS AND METHODS

Vector constructs and production

FUGW (carrying the EGFP reporter)[8] was used in all transductions except for the negative
control experiment (Fig. 4D) in which mCitrine, mCerulean and mStrawberry were expressed in

pCCLc-UBC-reporter-PRE-FB-2xUSE [9]. Vector production and titer were as described [10].

Mesoderm differentiation from hPSC and hEMP

The hESC line H1 (WiCell, Madison, WI) was maintained and expanded on irradiated primary
mouse embryonic fibroblasts (EMD Millipore, Billerica, MA). Mesoderm commitment was
induced as previously described [4]. CD326 CD56" embryonic mesoderm progenitors were
isolated by flow cytometry at day 3.5 (Fig. 1A) and co-cultured on OP9 stroma for trilineage
(hematopoietic, endothelial and mesenchymal) differentiation over the next 13 days (see

supplemental methods).
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Transduction of hPSC, hEMP and K562 cells

A full description of transduction methods for each cell type is found in Supplemental Methods.
In brief, hPSC were transduced in mTESR on matrigel for 24 hours, yielding ~50% GFP+ cells.
Isolated hEMP were transduced for 12 hours, yielding 80% GFP+ cells. To limit further viral
integration during hEMP differentiation, integrase inhibitor (raltegravir, Merck & Co, White
House Station, NJ) was added at 1 uM at 12 hours when OP9 coculture was initiated and was
supplemented throughout the 13 days of differentiation. K562 cells (American Type Culture
Collection) were transduced at MOI 4 and raltegravir added at various time points between 6 h
and 3d. After 3 weeks of further expansion, DNA was extracted to measure vector copy

number/cell by droplet digital PCR (see supplemental methods).

Flow cytometry and cell sorting

Identification and isolation of lineages was performed using the following gating sequence:
murine CD29-APC-Cy7 was used to exclude murine cells. CD45-PE-Cy7 identified the
hematopoietic population (CD45"). From the non-hematopoietic compartment (CD45°), the
CD31-APC and CD73-PE-Cy7 coexpressing cells were first gated, and CD144-PerCP-Cy5.5
positivity was then used to define the endothelial population (CD45 CD31'CD73'CD144").
From the non-hematopoietic, non-endothelial compartment (CD45 CD31 CD144"), the
mesenchymal population was identified based on CD73-PE-Cy7 positivity (CD45 CD31"
CD144 CD73"). Lineage negative cells were mCD29" cells that could not be assigned to a
lineage based on immunophenotype (mCD29 CD45 CD31 CD73"). See Supplemental Methods

for details.
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Lentiviral tag sequencing

Genomic DNA was isolated from cells using the PureLink Genomic DNA Mini kit (Invitrogen)
or NucleoSpin Tissue XS kit (Clontech, Mountain View, CA), depending on starting cell
number. Spl of DNA (or a maximum of 75,000 lentiviral tags/reaction) was used as starting input
for non-restrictive linear amplification-mediated PCR (nfLAM-PCR) [11]. Four to ten
independent ntLAM-PCR reactions were performed on the genomic DNA from each population.
PCR products were mixed and quantified by probe-based droplet digital QPCR and appropriate
amounts were used to load Illumina v3 flow cells. See Supplemental Methods for PCR primer

sequences and conditions.

Paired-end 50- or 100-bp sequencing was performed on an [llumina HiSeq 2000 using a custom
read 1 primer (GAGATCTACACTGATCCCTCAGACCCTTTTAGTC). Sequence reads were
required to begin with the end of the vector LTR sequence and have no more than two
mismatches with the LTR sequence. To map lentiviral tags within the human genome, LTR
sequences and Illumina adapter sequences were trimmed from the reads, which were then
aligned to the hg19 build of the human genome with Bowtie2[12]. Alignments were condensed
and annotated by a custom Python wrapper script. Conservative cutoffs were set for calling
integration sites and demultiplexing (i.e. calling lentiviral tags as detected within samples
marked by different indexes) to control for spurious tag sharing due to sequencing artifacts or
FACS impurity. Four reads were required to call a lentiviral tag detected, and the power law

0.7025 .
7925 \vas used to establish a

function (threshold) = 0.0874 * (total readcount among samples)
readcount threshold for calling a tag detected in a sample. The result of this processing was a set

of lentiviral tags (integration sites denoted by chromosome number, strand and nucleotide

position) that were detected in each sampling of DNA from the various differentiated lineages.
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The numbers of sequence reads obtained for the samples analyzed are detailed in Supplementary

Fig. 6

Estimation of total tag count and calculation of detection scores

From the set of lentiviral tags detected among all samplings from all lineages in an experiment,
the total number of tags (the union) was taken, along with the number of tags detected in only
one sample and the number of tags detected in exactly two samples. These three values were
used to calculate a Chao2 lower bound on the total lentiviral tags among all lineages. This
estimate was taken to reflect the number of tags generated during hEMP transduction at the
beginning of the experiment that survived through the end of the experiment (see Supplementary
Fig. 3). These calculated lower bounds were used in the model described in Fig. S4 to calculate
the expected number of shared lentiviral tags between all possible pairs and trios of lineages,
assuming that all tagged cells were multipotent and that the probabilities of a tag being detected
in the lineages are independent. We model lineage commitment of a clone and detection of a tag
within that clone together as a random draw of a lentiviral tag from the set of tags inferred in the

transduced hEMP population.

Graphical and Statistical Analysis

Graphs were generated and statistics analyzed using GraphPad Prism software. Student’s two-
tailed t-tests were used to calculate p-values, except in Fig. 5C, where an extreme value test
(using the cumulative distribution function) was performed using a normal distribution with
mean and standard deviation calculated from the three hREMP experiment replicates. p < 0.05 was

considered statistically significant.
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RESULTS

The CD326-CD56+ population marks early mesoderm commitment from human PSC

Our previous studies described an early stage of mesoderm commitment during hPSC
differentiation that corresponds to the onset of epithelial-mesenchymal transition (EMT) in the
primitive streak, and is marked by loss of CD326 (EpCAM) and acquisition of CD56 (NCAM)
expression (Fig. 1A) [4]. The CD326-CD56+ human embryonic mesoderm progenitor (hEMP)
population partially overlaps with the APLNR+ population [13] and first emerges as early as day
2 of differentiation [4] before cell surface expression of more lineage-specific markers (CD43,
CD34, VE-Cadherin, CD235) [14-17]. Transcriptome profiling of hPSC and day 3.5 hEMP by
RNA-Seq demonstrated the onset of mesoderm commitment with significant upregulation
(FDR<0.01, >2-fold changes) of genes known to be involved in primitive streak formation
(MIXL1, EOMES, T, and MESPI) and EMT (CDH2, FN1, TWISTI and SNAI2), with
concomitant downregulation of cell-cell adhesion molecules such as CDHI (which encodes E-
Cadherin) and claudins (Fig. 1B, Supplemental Methods). The marked downregulation of
pluripotency factors in CD326-CD56+ cells (Fig. 1B) matched the functional loss of teratoma-
forming ability previously seen in vivo [4]. Using established differentiation conditions, we have
previously shown the ability of CD326-CD56+ cells to give rise to all mesodermal lineages
tested including hematopoietic, endothelial, mesenchymal (bone, cartilage, fat, fibroblast),
smooth muscle, and cardiomyocyte [4]. The lack of endoderm and ectoderm gene expression
(Fig. 1C) and the inability to generate these germ layers in vitro [4] further confirmed that the

hEMP population is specifically committed to mesoderm fate.

While multiple mesoderm lineages can be generated from the hEMP population, it is not known

whether hEMP represent a homogenous group of multipotent progenitors or a heterogeneous
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mixture of more lineage-restricted bipotent and/or unipotent progenitors. In more committed cell
types (e.g. hemangioblasts and hematopoietic progenitors) lineage potential has been examined
by cloning single cells and examining the lineage composition of the progeny [13, 18-20].
However, we found that a rigorous and quantitative assignment of clonal lineage potential from
single hEMP in culture was not feasible due to technical limitations (e.g. temporal variability in
proliferation and differentiation from single cells, the need for stromal co-cultivation obscuring

readout and unreliable lineage discrimination from low frequency events).

We therefore turned to a lentiviral genetic labeling strategy to trace cellular genealogy in the
mixture of clones present in differentiating bulk cultures. Lentiviral vectors integrate in a semi-
random fashion throughout the cellular genome and the resulting integration sites are replicated
along with the cellular genome. These integration sites can therefore be treated as unique
sequence tags (hereafter referred to as “lentiviral tags™) marking all progeny of a tagged clone
(Fig. 1D). We developed differentiation conditions that could generate hematopoietic,
endothelial and mesenchymal cells from bulk populations of hREMP in one culture vessel, so that
clones would not be disturbed after lentiviral tagging and would therefore be free to proliferate
and populate multiple lineages. Under these conditions, tri-lineage output was reliably detected

based on cell surface marker expression after two weeks of differentiation (Fig. 1A).

Anticipating that multipotent progenitors may represent a rare subset of the total hLEMP
population, we chose to maximize the complexity of integrations by labeling a high starting
number of cells and by using high titer vectors, achieving 60-80% transduction efficiency. To
retrieve lentiviral tags from the differentiated cells with high efficiency, we amplified the vector-

genome junction sequences via non-restrictive linear amplification-mediated PCR (nrLAM-PCR)
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[11, 21, 22] and sequenced them on an Illumina HiSeq 2000 (Supplementary Fig. 1). nrLAM-
PCR circumvents the restriction digest required in standard LAM-PCR, allowing for less biased

and more comprehensive integration site amplification [23].

Efficient detection of lentiviral tagging of tri-lineage output from monoclonal hPSC

As an initial proof of concept, we assessed lentiviral tag sharing in cells differentiated from a
single transduced and expanded hPSC (Fig. 2A). The undifferentiated monoclonal transduced
hPSC line contained 25 distinct lentiviral tags, as determined by high-throughput lentiviral tag
sequencing (Fig 2B). The tagged hPSC clone was subjected to mesoderm induction to generate a
population of hREMP, which was then differentiated into hematopoietic, endothelial and
mesenchymal lineages (Fig. 2A). After two weeks, each of the three lineages was isolated by

flow cytometry based on cell surface markers (Fig. 1A).

HTS of nflLAM-PCR products from each lineage was performed on an [llumina HiSeq. The
same twenty-five tags were detected in DNA from the original expanded, undifferentiated PSC
clone and from all three lineages that were generated from isolated hEMPs derived from the
hPSC clone; no additional lentiviral tags were detected (Fig. 2B). This experiment demonstrated
the ability of the methodology to reliably detect lentiviral tags shared among multiple lineages

differentiated from a tagged population of minimum complexity.

Lentiviral tagging of polyclonal pluripotent populations and estimation of undersampling
of shared tags
We anticipated that even if the lentiviral system were applied to study a population of progenitor

cells that were all multipotent, it would fail to fully detect all lentiviral tags in the multiple
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differentiated lineages of interest due to undersampling arising from practical limitations
inherent in our experimental system, such as the infeasibility of collecting the genomic DNA of
all cells in the culture vessel, of preparing sequencing libraries containing all of the lentiviral tags
present in the isolated genomic DNA, and of sequencing all of the lentiviral tags present in the
sequencing libraries. In experiments attempting to detect the same clones in multiple cell
populations, the impact of undersampling is amplified multiplicatively, leading to a dramatic

underestimate of the frequency of sites shared between lineages.

To illustrate this issue, we present a theoretical situation in which cellular populations of three
target lineages all contain the same 100 lentiviral tags (Fig. 3). Using an arbitrary scenario in
which only 25% of the lentiviral tags were recovered and sequenced at random from each
lineage (from compounded undersampling during processing), we can predict the expected
number of shared tags between E, H, and M assuming independence in the detection events in
the three lineages (Fig. 3). Each tag has a probability of 0.25 of being detected in a single
lineage, and only a probability of 0.25%, or 0.0625, of being detected in two lineages. Therefore,
the most likely result is that 6 tags would be detected in both the H and E lineages. This issue
compounds with each population that is added to the analysis; in the case of three populations,
the probability falls to 0.25, or only ~0.016; thus the most likely result is to detect only one to
two shared tags of the 100 that are actually present. Interpreting such a result without considering
the impact of sampling would lead one to conclude that most of the tagged cells were not
multipotent, when in reality, all of them were. In this theoretical setting, the expectation can be
calculated because of the initial assertion that 100 clones were present, but in an experimental
setting, the total number of clones is not known. Repeated sampling will discover a larger

proportion of lentiviral tags in the populations and thus increase the chance of detecting shared
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tags, but hundreds of sequencing runs would be needed to uncover the entire pool of lentiviral
tags present in a highly complex population (Supplementary Fig. 2). This requirement is both

technically and financially challenging to satisfy.

The issue of sampling has been well studied in the field of ecology, and has stimulated the
development of various mark-recapture based statistical methods to address the “unseen species”
problem. We chose to use one of these methods, the Chao2 estimator, to estimate the size of the
sampling problem described above in our experiments. Whereas this estimator has been used
previously in the context of viral tagging to estimate the number of tagged cells [5-7], we go
further by using these estimates to determine the degree of undersampling and calculate dataset-
specific expectations. The Chao2 estimator was chosen as it requires only presence/absence
information for species in multiple samples taken from a population [24] and is thus appropriate
for use with sequencing of ntLAM-PCR based products. The Chao2 formula uses the frequency
of observing rare tags detected only once (f}) or twice (f2) to estimate the number of unsequenced
tags (Supplementary Fig. 3). We applied the Chao2 estimator to estimate the number of lentiviral
tags in the parental population of the E, H and M lineages by repeatedly sampling DNA from the
sorted lineages as well as from cells that could not be assigned to a lineage based on
immunophenotype (“lineage negative”), which were also captured during FACS sorting.
Estimates of the total tags in each hEMP transduction were subsequently used in our model to

calculate expectations for tag sharing between the lineages (Supplementary Fig. 4).

We first examined how important the consideration of sampling would be in a real experimental
situation by genetically tagging a large population of hPSC, a cell population with known lineage

potential (Fig. 4A). In this experiment, the pluripotent hPSC clones were tagged before
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mesodermal commitment, and we therefore reasoned that they should individually be capable of
producing cells of all three mesodermal lineages irrespective of whether the hREMP stage through
which they differentiate is multipotent. Any inability to detect lentiviral tags shared between
lineages in this experiment could therefore be attributed to technical limitations of the

experimental system rather than an inherent restriction of lineage potential of the target cells.

A pool of approximately 7 million hPSC was transduced and expanded briefly without selection
(Fig. 4A). The polyclonal pool of hPSC was then placed into mesoderm induction conditions
from which hEMP were isolated at day 3.5, and then replated onto OP9 stroma for trilineage
differentiation. After 14 days, hematopoietic (H), endothelial (E), mesenchymal (M) and lineage
negative (CD45°CD31 CD73") cells were isolated as separate populations by FACS, from which
genomic DNA was isolated and subjected to ntrLAM-PCR and HTS. Importantly, for each
lineage, ten independent samples of the genomic DNA were taken for nflLAM-PCR, and each of
these sequencing libraries incorporated a distinct sequencing index that allowed for post hoc
determination of which lentiviral tags were detected in which samples. The estimated sample
recovery after cell collection, lineage isolation by FACS, DNA isolation and ntrLAM-PCR
library preparation was 2-9% of the initial input (Table 1), demonstrating the effect of

compounded undersampling (as modeled in Fig. 3).

A total of 68,772 lentiviral tags were recovered from HTS of all samples from all three lineages.
142 of these were found in all three lineages, and 3,532 were found in only two lineages. The
vast majority of tags (65,098) were found in only one lineage (Fig. 4B). The Chao2 estimator
was applied to these data and the resulting “lower bound” for total lentiviral tags in the

transduced hEMP population was used to calculate expected tag sharing between lineages (Fig.
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4A, Supplementary Fig. 3 and 4). We compared the observed number of shared lentiviral tags to
these expected values and henceforth refer to these observed-to-expected ratios as “detection
scores” (Fig. 4A). The average detection score among all of the two- and three-lineage
combinations was 0.7. The detection scores for tags shared between endothelial-hematopoietic
lineages (EH), endothelial-mesenchymal lineages (EM) and hematopoietic-mesenchymal
lineages (HM) were 0.5, 1.0 and 0.5 respectively, and the detection score for tags shared among
endothelial-hematopoietic-mesenchymal lineages (EHM) was 0.7 (Fig. 4C). These results from
the transduction of polyclonal hPSC define the maximum expectation of the system and set a
standard for comparison with datasets from our experiments with transduced mesoderm

progenitors in which the existence of multipotent cells is unknown.

Spurious tag sharing is rare with lentiviral tagging and FACS isolation strategy

We next designed an assay to estimate the potential for erroneously identifying common
lentiviral tags between two lineages that do not share a common origin. Such false positives
could occur if the vector inserted into the same site in the genome in two or more independent
events [6, 7], or if cells from one lineage contaminated cells of another lineage due to errors
during FACS isolation. For example, if one hematopoietic cell contaminated the endothelial
population, it would yield a shared lentiviral tag incorrectly indicating a bipotent hematopoietic-

endothelial clone.

To assess the magnitude of these two effects in our experimental system, three separate pools of
hPSC were transduced, each with one of three lentiviral vectors expressing distinct fluorescent
proteins (Fig. 4D). Mesoderm progenitors were generated and isolated from each transduced

pool and differentiated in parallel cultures into hematopoietic, endothelial and mesenchymal
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lineages. After 2 weeks, cells from the three differentiated cultures were mixed, and specific
lineages were isolated by FACS with the added requirement that each lineage express a distinct
fluorescent vector marker: mCitrine+CD31+CD73+CD144+CD45- endothelial cells;
mCerulean+CD73+CD31-CD45- mesenchymal cells; mStrawberry+CD45+CD31-CD73-
hematopoietic cells. Because the hPSC that generated each lineage were transduced separately
prior to differentiation and isolation, the differentiated lineages would not be expected to share

any common tags.

When the lentiviral tags were identified from each lineage, the numbers of shared tags between
endothelial-hematopoietic (EH), endothelial-mesenchymal (EM) and hematopoietic-
mesenchymal (HM) lineages were 1, 6 and 23 out of a total of 5,464 tags sequenced, and no sites
were shared between all three lineages (Fig. 4E). These events produced an average detection
score of 0.1 (Fig. 4F). These negative control data demonstrate a clear distinction between false
positive and true positive lentiviral tag sharing. False positives were predominantly seen in tags
shared by the hematopoietic and mesenchymal lineages, with no false positive trilineage events
(Fig. 4E,F). Hereafter, we use the detection scores from this experiment as a background
cutoff/threshold for considering lentiviral tag sharing to be the result of biological events rather

than technical artifacts.

Lentiviral tagging reveals tripotent and bipotent progenitors within hEMP

With the upper and lower limits of the experimental system defined, we applied the lentiviral
tagging approach to interrogate the lineage potential of hREMP. hEMP were isolated at day 3.5 of
mesoderm induction and then transduced with a single addition of lentiviral vector. After 12

hours, cells were washed and replated into trilineage differentiation conditions (Fig. 5A).
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Because lentiviral vectors continue to integrate into host DNA for at least 48 hours in culture
[25-27] and because multipotent progenitors within the hREMP population might make fate
decisions soon after transduction, we chose to demarcate the window of lentiviral integration in
our system. To this end, we performed experiments with or without the HIV-1 integrase inhibitor
raltegravir added after 12 hours of transduction, the timing of which was established using the

K562 erythroleukemia cell line (Supplementary Fig. 5).

When lentiviral tags were sequenced from hematopoietic, endothelial and mesenchymal cells
isolated from tagged and differentiated hEMPs (n=3 experiments), the detection scores were
analyzed in comparison to the hPSC tagging experiments in Figure 4. Using an extreme value
test, the negative control result (Fig. 5C hollow dot) was found to deviate significantly from the
detection scores from hEMP tagging (Fig. 5C black dots). This indicates that tag sharing in the

experimental samples was not detected by chance.

Specifically, the detection scores of tag sharing in EHM, EH and EM in the negative control
experiment were significantly lower than in the hEMP transduction experiments (p-values 6x10°
2 3x10°° and 0.04). Shared tags among all three lineages had an average detection score of 0.3
(n=3), compared with a detection score of 0.7 for hPSC. The detection scores between EH
lineages and between EM lineages were 0.6 and 0.9, similar to the upper limits defined from
tagged hPSC (0.5 and 1.0, Fig. 5C yellow dots). This indicates that the hEMP differentiates
through an EH and EM bipotent stage. On the other hand, the HM detection score in the negative
control experiment was indistinguishable from the hEMP experiment scores (p=0.1), indicating

that differentiation does not proceed through an HM intermediate stage.

38



Addition of raltegravir to hEMP transduction decreased the total number of lentiviral tags but did
not influence detection scores. By combining these methods of lentiviral tagging, HTS and
quantitative analysis, we conclude that the day 3.5 hEMP population contains tripotent (EHM)
progenitors that rapidly differentiate into bipotent EH and EM progenitors, and that strictly

bipotent HM progenitors are not generated in this system (Fig. 5D).

DISCUSSION

Genetic labeling via heritable genetic barcodes, transposon insertions or retroviral integrations
has long been informative in systems with low or moderate clonal diversity and extensive clonal
amplification. Typically, these studies have been used to track long-term hematopoietic stem cell
behavior after transplantation in either experimental models or clinical gene therapy trials [21,
28-33]. The capacity of hematopoietic stem cells to self-renew in vivo after transplantation
allows hematopoiesis to be sustained by relatively few clones, particularly after the initial burst
of progenitor output has disappeared. Recent intriguing studies using transposon insertions and
inducible genetic labeling to track endogenous murine hematopoiesis have revealed that a far
greater clonal contribution during steady state is attributable to lineage-restricted progenitors
than was inferred from transplantation models [34-36]. The framework we have presented
extends the capabilities of these approaches to cell populations that have much greater clonal
complexity and/or little clonal amplification, due to either temporal or biological constraints.
Unlike barcoding methods, the high complexity labeling strategy used here does not provide
quantitative information on clone size [28, 30, 37], but can nonetheless be used to interrogate a

population of unknown multipotency.
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As a proof of concept, we examined a transient population of mesodermal progenitors derived
from hPSC and demonstrated by lentiviral tagging that at least some of this population possess
trilineage (hematopoietic, endothelial and mesenchymal) potential. The finding that trilineage
detection scores from labeling of mesoderm progenitors were lower than those from labeling of
pluripotent cells, presumably reflects the shorter timeframe for clonal amplification from the
progenitors and/or the possibility that tripotent progenitors are only a rare subset of the total

progenitor population.

Unlike genetic tagging of the pluripotent hESC, in which shared lentiviral tags were readily
detected between any two given downstream lineages, genetic tagging of mesoderm progenitors
revealed significant shared tags only between all three lineages (EHM) or between either
endothelial and hematopoietic (EH), or endothelial and mesenchymal (EM) lineages. The level
of lentiviral tag sharing between the hematopoietic and mesenchymal (HM) lineages was
indistinguishable from the negative control (i.e. false positive events). This data lead us to
conclude that hematopoietic and mesenchymal cells, while sharing a common tripotent
progenitor with endothelial cells, do not branch off from a common bipotent (HM) progenitor

but rather arise from mutually exclusive pathways downstream from the tripotent EHM.

Studies based on dual-lineage colony formation assays from others independently confirm the
lineage bifurcation pattern observed in our data. Modification of standard hematopoietic
progenitor colony forming assays has led to identification of a common precursor for
hematopoietic and endothelial cell (hemangioblast) [18, 19, 38] as well as for mesenchymal stem

and endothelial cells (mesenchymangioblast) [13]. However, these reports did not identify the
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earlier tripotent stage of mesoderm because of the technical limitations of the clonal culture

systems.

An additional insight from our findings is that endothelial specification occurs through two
mutually exclusive pathways. It was recently shown that the hemogenic endothelium and the
arterial vascular endothelium derived from hESC represent non-overlapping populations [39].
However, the developmental origin of these two types of endothelium was not explored. Further
studies will be needed to elucidate if endothelium from different clonal origins revealed in our

system inherit distinct functional fates.

We observed fewer shared lentiviral tags than initially expected from genetically tagged hPSC
and found that this discrepancy can be explained by undersampling in this experimental system.
Various mark-recapture approaches have been adopted in the gene therapy setting to estimate the
size of the gene-corrected cell pool [5-7]. We applied one of these methods, the Chao2 estimator,
in a novel way not only to estimate the number of genetically tagged cells, but also to estimate
and correct expectations for the magnitude of undersampling inherent in our HTS-based clonal
tracking studies. Of note, even after use of the Chao2 method to estimate the number of
undetected lentiviral tags within these large populations, the calculation of expected shared tags
will most likely still be higher than observations. The Chao2 estimator for unseen species only
guarantees a lower bound for the total number of species, meaning that the true number of
species is always greater than or equal to the estimate. The lower bound of expected events also
assumes a situation where species have a perfectly uniform abundance distribution, and in most
experimental systems, clones amplify in a non-uniform fashion. Furthermore, even though the

nrLAM-PCR strategy used for HTS library preparation is less biased than previous methods, it
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still cannot amplify all lentiviral tags uniformly, and current technologies cannot sequence and
map all lentiviral tags with uniform efficiency. The more different the species abundance
distribution is from uniform, the lower the Chao2 estimate will be relative to the true species
count. In our model, underestimating the total number of species (N>) leads to an over-estimation
of our sampling (N»/N), which in turn yields a greater expected number of shared lentiviral tags

(N12) in our calculations and a lower detection score.

Additionally, our model assumes that clones proliferate sufficiently to populate all three lineages
with their progeny. The number of cellular divisions that occur between genetic labeling and
clonal fate decision is not known, and it is therefore possible that some clones do not populate all
target lineages even though they have the biological potential to do so, or that a clone that
initially populates a lineage is extinguished before the end of the experiment. Notably, this
assumption is also problematic when analyzing the lineage output from of single cell cultures. A
more thorough understanding of these technical and biological effects would extend the

improvements in the interpretation of genetic labeling datasets made in the present study.

As genetic labeling strategies and transplantation studies continue to become more efficient and
sensitive, we anticipate that the consideration of sampling will become increasingly essential for
the accurate interpretation of results. We believe that the quantitative framework presented here
represents significant progress towards defining and addressing this need. Moreover, our strategy
allows current clonal tracking methods to be extended to experimental systems in which only
limited clonal amplification is possible, whether because of limited time for clonal expansion or
because clones are actively transitioning and committing into different cellular fates at the time

of genetic labeling. We propose that this approach also has potential applications beyond vector
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integration studies, for example in the tracking of subclones during the evolution of leukemia

and other malignancies.
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SUPPLEMENTAL METHODS

hPSC culture and mesoderm induction conditions

The hPSC line HI (WiCell, Madison, WI) was maintained and expanded on irradiated primary

mouse embryonic fibroblasts (EMD Millipore, Billerica, MA). To induce mesoderm

differentiation, hPSCcolonies were cut into uniform-sized pieces using the StemProEZPassage

tool (Invitrogen, Thermo Fisher Scientific, Waltham, MA), transferred into 6-well plates pre-

coated for 1 hour with Matrigel (growth factor reduced, no phenol red; BD Biosciences, San

Jose, CA), and cultured initially in mMTESR medium (Stem Cell Technologies, Vancouver, BC)
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until 50-60% confluent (typically 3 days). To initiate differentiation, mM"TESR medium was
replaced with basal induction medium X-Vivo 15 (Lonza, Walkersville, MD). Basal induction
medium was supplemented with human growth factors activin A, BMP4, VEGF and bFGF for
3.5 days (all at 10 ng/mL; R&D Systems, Minneapolis, MN), with the inclusion of activin A only
on day 1 (“A-BVF” condition [1]). After mesoderm induction, CD326 CD56" cells were isolated
by fluorescence activated cell sorting (FACS) at day 3.5 (typically 5-10% of total population,

Figure 1A) and placed onto OP9 stroma for further differentiation over the next 13 days.

Mesoderm progenitor differentiation in OP9 coculture

To support simultaneous trilineage differentiation (hematopoietic, endothelial and
mesenchymal), mesoderm progenitors (CD326 CD56" cells) generated in the A-BVF
mesodermal induction conditions were seeded at 25,000 cells/well into 6-well tissue culture
plates, which had been pre-seeded with the murine bone marrow cell line OP9 (American Type
Culture Collection, Manassas, VA) 1 day beforehand. Differentiation was carried out in EGM-2
complete medium (Lonza) with ALK 4/5/7 blocker SB-431542 (10pm, R&D Systems) during
the first 7 days and then further supplemented with the following cytokines in the next 6 days:
stem cell factor (SCF, 50 ng/mL); FMS-like tyrosine kinase-3 ligand (FIt-3, 5 ng/mL);
thrombopoietin (TPO, 5 ng/mL); interleukin-3 (IL-3, 5 ng/mL) (PeproTech, Rocky Hill, NJ).
During this 13-day differentiation period, half of the medium was changed every other day. At

day 13, hematopoietic, endothelial and mesenchymal populations were isolated by FACS.

Transduction of hPSC
To transduce hPSC, cells were cultured in mTESR on Matrigel until 40-50% confluent. Vectors

were diluted to 4x10” TU/mL in mTESR and 1 mL/well was added to the culture. Cultures were
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placed at 37 °C for 6 h. After 6 h, each well was further supplemented with 1.5 mL of fresh
mTESR. At 24h post transduction, mTESR containing vectors was fully replaced with fresh
mTESR and maintained for two days before initiating the A-BVF mesodermal induction as

described above. This vector dose yielded ~50% transduction of hPSC based on FACS analysis

of GFP expression in the derived hEMP cells (CD326 CD56").

Transduction of mesoderm progenitors (hEMP)

CD326-CD56+ hEMP were FACS-isolated on day 3.5 of mesoderm induction and resuspended
at a concentration of 3x10° cells/mL in EGM-2 complete medium supplemented with: 10 pM
Rock inhibitor (Y27632 hydrochloride; R&D Systems), 10 uM SB-431542 (R&D Systems), 5
pg/mL fibronectin (BD Biosciences), 10 pg/mL gentamicin (Gibco, Thermo Fisher Scientific,
Waltham, MA) and FUGW virus at 5x10° IU/mL; and transferred to 96 well U bottom low cell
binding plate (NUNC, Penfield, New York) at 50 pL/well (equivalent to 15,000 cells/well). The
plate was then centrifuged at 1,000 RPM for 5 min at 4°C. After centrifugation, cultures were
placed at 37°C for 12 h and then aggregated cell colonies were carefully transferred onto OP9 for

differentiation as described above. This vector dose yielded ~80% transduction based on flow

cytometry detection of GFP expression in cells after two week of hEMP differentiation. To limit
further viral integration as hREMP began differentiation, integrase inhibitor (raltegravir, Merck &
Co, White House Station, NJ) was added at 1 uM as soon as OP9 coculture was initiated and was

supplemented throughout the 13 days of differentiation.

K562 transduction
K562 (American Type Culture Collection) cells were maintained in RPMI 1640 medium
(Mediatech, Manassas, VA) supplemented with 10% heat-inactivated fetal bovine serum
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(Gemini Bio-Products, Sacramento, CA) and 1X Penicillin:Streptomycin solution (Gemini Bio-
Products). To determine how the timing of integrase inhibitor (raltegravir) addition affects
integration number, K562 were transduced with FUGW at MOI 4 and raltegravir was added to
the culture at 6 h, 12 h, 24 h, 2 d or 3 d post transduction. DMSO was used as a vehicle control.
The transduced cells were cultured for three weeks and their genomic DNA was isolated to

determine the vector copy number (VCN) per cell.

Quantification of vector copy number (VCN) by droplet digital PCR

Bio-Rad droplet digital PCR (ddPCR) was used for absolute quantitation of VCN in transduced
cells without the requirement of copy number standards as in conventional gPCR. Genomic
DNA of transduced cells was isolated as described above and ddPCR was run using primers
recognizing the vector packaging signal y (forward primer ACCTGAAAGCGAAAGGGAAAC,
reverse primer CGCACCCATCTCTCTCCTTCT, and probe FAM-AGCTCTCTC-ZEN-
GACGCAGGACTCGGC-Iowa Black FQ). VCN was normalized by the human syndecan 4 gene
(SDC4) (forward primer CAGGGTCTGGGAGCCAAGT, reverse primer
GCACAGTGCTGGACATTGACA, and probe HEX-CCCACCGAA-ZEN-
CCCAAGAAACTAGAGGAGAAT-Iowa Black FQ) or uc378 (forward primer
CGCCCCCTCCTCACCATTAT, reverse primer CATCACAACCATCGCTGCCT, and probe
HEX-TTACCTTGC-ZEN-TTGTCGGACCAAGGCA-Iowa Black FQ)

ddPCR was carried out as described[2]. Briefly, 1.1ul of template gDNA was added to the
ddPCR master mix containing ddPCR Supermix for Probes (Bio-Rad, Hercules, CA) and one
unit of Dral enzyme (New England Biolabs, Ipswich, MA). Predigestion was carried out in the
PCR reaction mixes for 1-2 h at 37°C before droplet generation with QX100 Droplet Generator

and thermal cycling on a T100 Thermal Cycler per manufacturer's instructions (Bio-Rad). The
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thermal cycling program conducted was: 95°C 10 m; 55 cycles of 94°C 30 s, 60°C 1 min; 98°C
10 m. After the PCR was completed, the droplets were analyzed using a QX100 Droplet Reader
(Bio-Rad). A no template negative control and a positive control genomic DNA with VCN 2

were used to assist gating.

Flow cytometry and cell sorting

Flow cytometry analysis was performed on LSRII or LSRFortessa and cell sorting on a
FACSAria II (all from Becton Dickinson). Cultured cells were dissociated into single cell
suspension with Accutase (Innovative Cell Technologies, San Diego, CA) and
immunofluorescence staining was performed with human- and mouse-specific monoclonal
antibodies. Nonspecific binding was blocked with intravenous immunoglobulin (1%) (CSL
Behring, King of Prussia, PA) before staining with fluorochrome-conjugated antibodies. The
following antibodies were used for staining: CD45-PE-Cy7, CD73-PE, CD73-PE-Cy7, CD144-
PerCP-Cy5.5 (all from BD Bioscience) and CD45-BV605, CD31-APC, CD326-PerCP-Cy5.5,
CD56-APC and mCD29-APC-Cy7 (all from BioLegend, San Diego, CA). Identification and
isolation of lineages was performed using the following gating sequence: mCD29-APC-Cy7 was
used to gate out murine cells. CD45-PE-Cy7 was used to gate the hematopoietic population
(CD45"). From the non-hematopoietic compartment (CD45"), the CD31-APC and CD73-PE-Cy7
double positive population was first gated, and CD144-PerCP-Cy5.5 positivity was then used to
define the endothelial population (CD45 CD31°CD73°CD144"). From the non-hematopoietic,
non-endothelial compartment (CD45 CD31 CD144"), the mesenchymal population was
identified based on CD73-PE-Cy7 positivity (CD45 CD31 CD144 CD73"). Lineage negative
cells were mCD29™ cells that could not be assigned to a lineage based on immunophenotype

(mCD29 CD45 CD31 CD73"). Unstained cells and fluorescence-minus-one (FMO) were used as
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controls for gating. Cell acquisition was performed using FACSDiva (Becton Dickinson) and the
analysis was performed using FlowJo (Tree Star, Ashland, OR). Forward and side scatter
(FSC/SSC) and 4',6-diamidino-2-phenylindole (DAPI) (Invitrogen) were used to identify live

cells.

RNA-Seq and analysis

Total RNA from H1 cultured in mTESR medium (Stem Cell Technologies) and Matrigel
(growth factor reduced, no phenol red; BD Biosciences) or mesoderm progenitors
(CD326—CD56+ cells) generated in the A-BVF conditions was extracted with Trizol and
purified using miRNeasy Mini Kit (Qiagen). 500ng-2ug of total RNA was input to generate
cDNA using Nugen Ovation RNA-Seq System v2 and the sequencing libraries were generated
using prepX DNA library enzyme kit (IntegenX Inc.) per manufacturer’s instructions. Paired-end
100bp sequencing was performed on Illumina HiSeq 2000 with six samples multiplexed per lane.
Raw sequence files were obtained using Illumina’s proprietary software and are available at
NCBI’s Gene Expression Omnibus (accession number GSE77879).

RNA-Seq reads were aligned using STAR v2.3.0 [3]. The GRCh37 assembly (hg19) of the
human genome and the corresponding junction database from Ensemble’s gene annotation were
used as reference for STAR. The count matrix for genes in the Ensembl genome annotation was
generated with HTSeq-count v0.6.1p2 [4]. DESeq v1.14.0 [5] was used for normalization (using
the geometric mean across samples), differential expression (to classify genes as differentially
expressed, Benjamini-Hochberg adjusted p-value < 0.01) and to compute moderate expression
estimates by means of variance-stabilized data. Heatmaps were built with GENE-E

(http://www.broadinstitute.org/cancer/software/GENE-E/) applying relative min/max

normalization to moderate expression estimates.
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nrLAM-PCR for lentiviral tag sequencing

Genomic DNA was isolated from FACS-sorted cells using the PureLink Genomic DNA Mini kit

(Invitrogen) or NucleoSpin Tissue XS kit (Clontech, Mountain View, CA), depending on starting

cell number. Sul of DNA (or a maximum of 75,000 lentiviral tags/reaction) was used as starting

input for non-restrictive linear amplification-mediated PCR (nrfLAM-PCR) [6]. For repeated
sampling, four to ten independent ntLAM-PCR reactions were performed on the genomic DNA
from each population. PCR primer sequences and conditions are found in Supplemental Methods

Briefly, 50 cycles of linear amplification were performed using AccuPrime Taq (Life

Technologies, Carlsbad, CA) with primer HIV3linear (biotin-rAGTAGTGTGTGCCCGTCTGT).

Linear amplification products were purified using 1.5 volumes of AMPure XP beads (Beckman

Genomics, Danvers, MA) and captured onto M-280 streptavidin Dynabeads (Life Technologies).

Captured single strand DNA was ligated to read 2 linker (5’Phos-

AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC-3C spacer) using CircLigase II

(Epicentre, Madison, WI) in a 10-pL reaction at 65° for 1 h. PCR was performed on these beads

using primer HIVright PCR

(AATGATACGGCGACCACCGAGATCTACACTGATCCCTCAGACCCTTTTAGTC) and an

appropriate indexed reverse primer (CAAGCAGAAGACGGCATACGAGAT-index-

GTGACTGGAGTTCAGACGTGT).
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Table 1: Approximation of the degree of undersampling of DNA from cells differentiated
from transduced polyclonal hPSC

The approximate degree of cell/DNA loss was calculated at each experimental stage after
transduction of polyclonal hPSC,mesoderm induction and lineage differentiation. After two week
of differentiation on OP9, a total of 3.10E+07 cells were harvested from cultures for isolation by
flow cytometry. The isolated hematopoietic, endothelial and mesenchyme populations were then
used to extract gDNA, from which an aliquot was used to prepare libraries for VISA. Taking
these considerations into account, the yield by the end of this process is approximately 2-9%
depending on the lineage of interest.
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Fig. 1. Generation of a human embryonic mesodermal progenitor population from hPSC
with hematopoietic, endothelial and mesenchymal potential

(A) Flow cytometry analysis of EPCAM/CD326 and NCAM/CDS56 expression in
undifferentiated hPSC and human embryonic mesoderm progenitors (hEMP) generated after 3.5
days of sequential morphogen induction with Activin A, BMP4, VEGF and bFGF. hEMP were
FACS isolated as the CD326 CD56" population. Further differentiation on the murine stromal
line OP9 generated hematopoietic, endothelial and mesenchymal cells after 2 weeks. After
exclusion of mCD29" murine cells, the cell surface marker CD45 was used to define human
hematopoietic cells. The endothelial lineage was isolated by the markers
CD144'CD31'CD73"CD45, a phenotype that defines non-hemogenic endothelium[14]. The
mesenchymal lineage was isolated by the markers CD73"CD31° CD45°CD144 . (B)
Transcriptome comparison via RNA-Seq of hPSC and hEMP showed downregulation (blue) of
pluripotency factors, upregulation (red) of mesoderm genes and changes in gene expression
indicative of EMT. Both FDR < 0.01 and fold change > 2-fold were applied as filters. Color
scale in the heatmap shows the relative expression for each gene using its min/max moderate
expression estimates as reference. (C) Gene expression in hPSC (black) and hEMP (gray)
showed marked upregulation of mesodermal genes enrichment in hEMP without ectoderm or
endoderm gene expression. (D) Schematic of lentiviral tagging approach to interrogate lineage
potential of hEMP. After mesodermal induction of hPSC, hEMP were isolated at day 3.5, and
transduced with a lentiviral vector. For the purposes of illustration, three distinct lentiviral tags
created by transduction are shown as “a,” “b” and “c.” These transduced hEMP were co-cultured
on OP9 stroma with conditions supporting dlfferentlation of hematopoietic, endothelial and
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mesenchymal cells; these lineages as well as lin neg cells were FACS isolated after two weeks
(as in Fig. 1A). Integration sites in each lineage (E, H and M) were identified by ntLAM-PCR
followed by high throughput sequencing on an [llumina HiSeq.
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Fig. 2. Lentiviral tagging and HTS demonstrates trilineage mesoderm differentiation of
monoclonal hPSC.

(A) Schematic of monoclonal hPSC lineage tagging. A single transduced hPSC with 25 lentiviral
tags was clonally expanded, induced to form embryonic mesoderm progenitors (hREMP) and
differentiated into hematopoietic (H), endothelial (E), and mesenchymal (M) lineages, which
were then isolated as separate populations by FACS and subjected to vector integration site
analysis (VISA) by HTS. X is the set of all 25 lentiviral tags found in the initial hPSC clone. (B)
Table listing all 25 lentiviral tags detected by HTS in the hPSC clone and the three lineages
differentiated from hEMP generated from the hPSC clone, with chromosome, strand and position
information. Checkmarks indicate that a particular tag was detected in the lineage indicated at
the top of the column. Each row in schematic heatmap to the right represents a distinct lentiviral
tag, equivalent to the rows of the table on left. A filled in box indicates the presence of that tag in
the population, and the three populations (E, H and M) are annotated as green, red and blue
colors respectively for clarity. Numbers in parentheses under each lineage label refer to the total
number of tags found in each population, and numbers on the y-axis indicate the total number of
tags found among all populations. All 25 lentiviral tags were detected as shared among the three
lineages, as indicated in the table to the right of the heatmap.
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Fig 3.
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Fig. 3. Theoretical effect of sampling on shared lentiviral tag detection. Schematic heatmaps
are shown for the theoretical scenario of a population in which all cells are multipotent and
marked by a total of 100 lentiviral tags. Each multipotent cell goes on to form endothelial (E),
hematopoietic (H) and mesenchymal (M) progeny, and all three lineages therefore contain all
100 tags in the culture vessel (left panel). We show how the results of this experiment appear
using a model in which only 25% of tags are found from each lineage because of cumulative
undersampling during cell and DNA processing. The tags are unsorted in the middle panel to
reflect the randomness of the sampling; in the right panel the same tags are sorted according to
lineage to aid visualization. With this degree of undersampling (25%), an average experiment
will only detect 58 of the 100 lentiviral tags, only 15 will be shared by two lineages, and most
importantly, only one tag will be detected as shared between the three lineages.
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Fig. 4. Positive and negative control experiments to determine the maximal and minimal
expectations for lentiviral tag sharing. (A-C) Positive control, and (D-F) Negative control for
clonal detection limits. (A) Schema of polyclonal hPSC tagging experiment performed to define
upper boundary of detection. A pool of hPSC were transduced, expanded briefly without
selection, and induced to become hEMP, which were then differentiated and analyzed via
nrLAM-PCR and HTS. For each lineage, ten separate DNA samplings were taken for nrLAM-
PCR and sequencing, with each sampling labeled by a unique barcode. These data were used for
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Chao2 estimation of total tag count in each lineage, and this information was used in our model
to calculate a shared tag “detection score” (N= estimated total number of lentiviral tags,
S=observed number of total tags, fj= number of tags observed only once, f, = number of tags
observed only twice). N1, = expected shared tags between population 1 and 2, N; > = observed
shared tags between population 1 and 2 (see also Supplementary Fig. 3, 4 and Methods for
Chao2 explanation and model).

(B) Lentiviral tags identified in each lineage derived from a polyclonal pool of transduced hPSC.
A total of 68,772 tags were detected in one or more lineage. Each horizontal line in the
schematic heatmap represents a specific lentiviral tag and tags are clustered based on their
presence in lineages; tags identified in two or more lineages are shown in the same horizontal
position. The total number of tags sequenced from each lineage is listed in parentheses below the
lineage label. 142 tags were shared among all three lineages. 2036, 502 and 994 shared tags were
found between EH, EM and HM, respectively. The majority of tags (65,098) were detected in
only one lineage, illustrating the compounded effect of sampling during cell harvest and
sequencing preparation. (C) The numbers of expected shared tags were compared to the
observed shared tags in the form of a detection score (observed/expected). The detection score
for EHM, EH, EM, and HM were 0.7, 0.5, 1.0 and 0.5, respectively. Since hPSC are assumed to
be pluripotent, the detection score between any set of lineages represents the maximum tag
sharing one can detect in this experimental system. (D) Three separate pools of hPSCs were
transduced with lentiviral vectors expressing distinct fluorescent markers and differentiated in
parallel on OP9. The three pools of differentiated cells were combined, and each lineage was
then isolated from this pool based on the sets of lineage markers (Fig. 1A), each of which was
paired with a distinct fluorescent marker (mStrawberry hematopoietic; mCitrine endothelium;
mCerulean mesenchyme). This negative control served to determine the frequency of false clonal
overlap by chance and sorting errors. (E) Only 1, 6 and 23 shared tags were found between EH,
EM and HM, respectively and no tags were shared with all lineages (EHM). (F) The detection
score for EHM, EH, EM, and HM were 0, 0.007, 0.3 and 0.1, respectively. These scores
represent the false positive rate of tag sharing in this experimental system.
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Fig. 5. Lentiviral tagging of human embryonic mesodermal progenitors reveal
subpopulations with bipotent and tripotent potential. (A) Experimental design to track clonal
output of a pool of tagged mesoderm progenitors (hEMP) differentiated into hematopoietic (H),
endothelial (E), and mesenchymal (M) lineages. (B) Data from three independent experiments
showing number of lentiviral tags identified in each lineage. Experiment 1 was performed with
the integrase inhibitor raltegravir added after 12 hour of transduction while experiments 2 and 3
were performed without raltegravir. The addition of raltegravir did not alter the detection score
of shared lentiviral tags. (C) The detection scores from marking mesoderm progenitors are
shown (black dots) as well as the maximum detection expectation (set by positive control, yellow
dot) and the false positive rate (set by negative control, empty circle). The negative control
detection scores for EHM, EH and EM tag sharing were significantly lower than the detection
scores in the mesoderm progenitor tagging experiments (p-values 6x10°°, 3x10°® and 0.04
respectively for EHM, EH and EM). The HM detection scores were similar between the
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progenitor tagging experiments and the negative control (p-value=0.1). p-value calculation used
an extreme value test performed using the cumulative distribution function of a normal
distribution with mean and standard deviation calculated from progenitor experimental data. (D)
Proposed model of the developmental potential of human mesodermal progenitor defined by
unbiased lentiviral marking. During mesodermal differentiation from hPSC, a tripotent
progenitor (EHM) with limited self-renewal ability rapidly generates either
endothelial/hematopoietic progenitors (EH) or endothelial/mesenchyme progenitor (EM). The
lentiviral tagging data do not support the existence of a bipotent HM progenitor.
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Supplementary Figure 1
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Supplementary Fig. 1. nrLAM-PCR protocol used for HTS library preparation. Step 1: a
biotinylated vector-specific primer is used to produce a short ssDNA containing the end of the
vector with some flanking genomic sequence. Step 2: after 50 cycles of this linear amplification,
biotinylated product is captured onto streptavidin-coated paramagnetic beads, and an ssDNA
linker is ligated using an RNA ligase (CircLigase II). Step 3: a nested vector-specific primer is
then used with a linker-specific primer containing a distinct index (barcode) for each sample to
be sequenced in parallel. Products from multiple samples are then pooled, quantified via digital
PCR, and sequenced on an [llumina HiSeq 2000.
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Supplementary Figure 2
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Supplementary Fig. 2. Rarefaction curve shows increased detection of shared lentiviral tags
as sampling is increased.

The rarefaction curve to detect shared lentiviral tags among 3 populations was modeled in silico.
Assuming a multipotent progenitor population with 10,000 clones each marked by a single
lentiviral tag, if only 5% of the total pool of progeny was sampled each time, approximately 100
samples would be needed to detect nearly all of the lentiviral tags shared by the three lineages.
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Supplementary Figure 3
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Supplementary Fig. 3. Example of how Chao2 formula is applied to estimate the “unseen”
lentiviral tags. In a modeling experiment, four samplings (samples 1-4) are taken from a single
DNA sample. Twenty lentiviral tags are detected among the four samplings, and tag detection in
a particular sample is denoted by a filled-in cell in the table. Most tags are only detected in some
samplings (only tag #8 is detected in all four samples). The Chao2 estimator equation only
requires the total number of tags detected among all samplings (S=20), the number of tags
detected in only one sampling (f;=12), and the number of tags detected in exactly two samplings
(/+=3). In this example, the Chao2 method estimates that the total number of tags in the set (N) is
at least 44, and therefore only 20 out of 44 or more tags were detected.
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Supplementary Figure 4

The model we use for calculating expectations assumes that the sets of lentiviral tags in the lineages
are all randomly and independently drawn from the set of tags in the hEMP population before
differentiation. This random draw models chance fate decisions, cell sampling during sorting,
genomic DNA sampling during isolation and library preparation, and sampling during sequencing. In
the graphical example shown below, the size of the circle indicates the size of the set of lentiviral
tags. Lineage a has more tags than lineage b, which has more tags than lineage c. All three sets are

contained by the total set of tags in the hEMP population.!!
|

X~/

hEMP

We illustrate below how the expected numbers of shared lentiviral tags between lineages a and b
(ASap) would be calculated under this model using the Chao2 estimates N of the number of tags in
the original tagged hEMP population:

wn
o

probability that tag in hEMP is sampled and sequenced ina =

Z

[
3

probability that tag in hEMP is sampled and sequenced inb =

2|

Sa S

N = Chao2 estimate of # of tags in hEMP population
Sa = # of tags sequenced in population a
Sp = # of tags sequenced in population b

Sap = expectation for # of IS expected to be detected in both a and b
assuming complete multipotency

Supplementary Fig. 4. Graphical description of model used to calculate expected tag
sharing
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Supplementary Figure 5
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Supplementary Fig. 5. Demarcating the lentiviral tagging window using an integrase
inhibitor. The kinetics of lentiviral integration in the presence of raltegravir were tested in K562
cells. Raltegravir was added at 6, 12, 24, 48 or 72h post transduction. Cells were then cultured
for a total of 22 days to allow washout of unintegrated vector and then harvested for Vector
Copy Number (VCN) analysis by qPCR (see methods). Raltegravir effectively blocked further
insertion of viral DNA into the host genome when added from 6-48 hours post transduction.
Earlier addition of raltegravir led to progressively fewer vector copies in the transduced cells. 12
hours was chosen as the optimal time point as it created a brief window of lentiviral tagging
while still allowing for integration of a significant number of tags.
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Supplementary Figure 6

hPSC experiment sample sequence reads hEMP experiment 1 sample sequence reads
Lin neg replicate 1 1189184 Endo replicate 1 1246803
Lin neg replicate 2 2574531 Endo replicate 2 840652
Lin neg replicate 3 2796234 Endo replicate 3 953043
Lin neg replicate 4 1112701 Hem replicate 1 1160294
Lin neg replicate 5 2192998 Hem replicate 2 859364
Lin neg replicate 6 1946064 Hem replicate 3 789210
Lin neg replicate 8 2201297 Mes replicate 1 97545
Lin neg replicate 9 1838262 Mes replicate 2 1545205
Lin neg replicate 10 7025150 Mes replicate 3 941272
Endo replicate 1 2272245 Lin neg replicate 1 1081870
Endo replicate 2 2417017 Lin neg replicate 2 998882
Endo replicate 3 2242602 Lin neg replicate 3 1404188
Endo replicate 5 1180544
Endo replicate 6 722642 hEMP experiment 2 sample sequence reads
Endo replicate 7 1360803 Endo ral replicate 1 1249441
Endo replicate 8 1477416 Endo ral replicate 2 1410173
Hem replicate 1 784341 Endo ral replicate 3 1248145
Hem replicate 2 333257 Hem ral replicate 1 1327326
Hem replicate 3 1007918 Hem ral replicate 2 766698
Hem replicate 4 1057099 Hem ral replicate 3 1004382
Hem replicate 5 1462369 Mes ral replicate 1 675396
Hem replicate 6 7233616 Mes ral replicate 2 638379
Hem replicate 7 2868065 Mes ral replicate 3 234359
Hem replicate 8 3494205 Lin neg ral replicate 1 1431616
Hem replicate 9 1993129 Lin neg ral replicate 2 1564562
Hem replicate 10 1789315 Lin neg ral replicate 3 1310101
Mes replicate 1 910508
Mes replicate 2 877073 hEMP experiment 3 sample sequence reads
Mes replicate 3 1078692 Endo replicate 1 1918009
Mes replicate 4 495860 Endo replicate 2 2382874
Mes replicate 6 1067230 Endo replicate 3 1868462
Mes replicate 7 1787316 Endo replicate 4 1942129
Mes replicate 8 978519 Hem replicate 1 1651724
Mes replicate 9 4076401 Hem replicate 2 2282962
Mes replicate 10 1727158 Hem replicate 3 1868711
Hem replicate 4 1812654
neg ctrl experiment sample sequence reads Mes replicate 1 1651083
Endo mCit replicate 1 2617422 Mes replicate 2 2329124
Endo mCit replicate 2 1581080 Mes replicate 3 1712285
Endo mCit replicate 3 1679044 Mes replicate 4 2264889
Endo mCit replicate 4 213235 Lin neg replicate 1 1788908
Hem mStr replicate 1 1659138 Lin neg replicate 2 1850487
Hem mStr replicate 2 2269970 Lin neg replicate 3 1820167
Hem mStr replicate 3 1888961 Lin neg replicate 4 1505202
Mes mCer replicate 1 6280301
Mes mCer replicate 2 413124
Mes mCer replicate 3 1570069
Mes mCer replicate 4 804127

Supplementary Fig. 6. The numbers of sequence reads obtained for samples analyzed in the
manuscript. For each sample, three or more independent nrLAM-PCRs were generated and
sequenced by Illumina technologies to obtain >1x10° sequence reads. The sequence reads were
then mapped to unique chromosomal locations within the human genome to profile the lentiviral
tags as detailed in Methods. (Endo: Endothelial; Hem: Hematopoietic, Mes: Mesenchymal; Lin
neg: lineage negative cells that could not be assigned to Endo, Hem or Mes based on

immunophenotype)

67




Chapter 4
Pericyte-like cells generated from human pluripotent stem cells support hematopoietic
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Abstract

Various mesenchymal cell types have been identified as critical components of the hematopoietic
stem/progenitor cell (HSPC) niche. Although several groups have described the generation of
mesenchyme from human pluripotent stem cells (hPSC), the capacity of such cells to support

hematopoiesis has not been reported. Here we demonstrated that distinct mesenchymal
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subpopulations co-emerge from mesoderm during hPSC differentiation. Despite co-expression of
common mesenchymal markers (CD73, CD105, CD90, PDGFRp), a subset of cells defined as
CD146""CD140a"" supported HSPC ex vivo while a separate subset expressing CD146CD140a"
drove HSPC differentiation. The CD146" " subset expressed genes associated with the HSPC
niche and supported hematopoiesis in part through contact-dependent Notch signaling and
modulation of Wnt signaling. Molecular profiling revealed remarkable similarity in
transcriptional regulation between hPSC-derived CD146"" and primary human CD146++
perivascular cells. The derivation of diverse pools of mesenchymal populations from hPSC

opens potential avenues to model their developmental and functional differences and to improve

cell-based therapeutics from hPSC.

Introduction

Maintenance of bona fide, self-renewing hematopoietic stem and progenitor cell (HSPC) ex vivo
remains challenging in part because of our limited ability to recapitulate the human HSPC niche
in culture. Intensive research efforts have begun to uncover the cellular and molecular
constituents of the niche that regulate self-renewal and differentiation of HSPC. Through the use
of knockout and transgenic mice several cell populations have been described in terms of their
spatial relationship to the bone and vascular components of the bone marrow, and their
differential expression of various markers and bioactive molecules (Ding et al., 2012; Kunisaki

etal., 2013).

We have recently shown that high expression of melanoma-associated cell adhesion molecule
(MCAM/CD146) identifies human pericytes, a cell type that ensheaths arterioles and sinusoids

(Crisan et al., 2008; Kunisaki et al., 2013) and which can establish a heterotopic HSC niche
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when transplanted into immunodeficient mice (Sacchetti et al., 2007). Unlike CD146-
mesenchyme, monolayers of CD146++ cells from primary tissue (adipose tissue and fetal bone
marrow) can support human HSPC ex vivo for at least 2 weeks in the absence of exogenous

cytokines (Corselli et al., 2013).

We and others have shown that mesenchymal cells can be differentiated from human pluripotent
stem cells (hPSC)-derived mesoderm (Chin et al., 2016; Evseenko et al., 2010; Vodyanik et al.,
2010; Wanjare et al., 2014). These previous studies identified mesenchyme as a single
population defined mostly by expression of CD73 or CD105 and absence of hematopoietic and
endothelial markers. We now report that the mesenchyme generated from hPSC is functionally
and transcriptionally heterogeneous. Our studies identified a distinct subpopulation of hPSC-
derived mesenchyme with high CD146 and low CD140a expression, capable of supporting
clonogenic, engraftable and self-renewing human HSPCs ex vivo without exogenous cytokines.
In contrast CD146lo/- CD140a+ mesenchyme showed little ability to support HSPC.
Transcriptome analysis revealed that the CD146++ cells expressed significantly higher levels of
perivascular markers (NVES and CSPG4) and niche factors known to have critical roles in HSC
maintenance (JAGI, SCF, IGFBPZ2). HSPC survival was dependent on cell-cell interactions and
Notch signaling as well as modulation of Wnt signaling. Closer transcriptional analysis,
combining data from both hPSC and human primary tissue, revealed that dominant pathways
shared by the CD146++ populations that support HSPC were those related to vascular
development, cell adhesion and motility. Our data suggest that hPSC-derived mesoderm can
generate mesenchymal cells phenotypically, functionally and molecularly similar to previously

identified primary pericytes that comprise the human HSPC niche.
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Results

Heterogeneity of embryonic mesoderm-derived mesenchymal cells

We have previously characterized a human embryonic mesoderm progenitor ((EMP) population
derived from hPSC that marks the onset of mesoderm commitment and has the potential to
generate broad mesodermal derivatives (Chin et al., 2016; Evseenko et al., 2010). The isolation
of hEMP offers a platform to systematically examine downstream mesoderm derivatives for their

ability to support HSPC.

Culture of isolated hREMP using conditions that favor mesenchymal differentiation, generated at
least two distinct mesenchymal populations which could be discriminated based on expression of
CD146 and PDGFRA (CD140a, a marker commonly used to define murine mesenchyme
(Houlihan et al., 2012; Morikawa et al., 2009)) (Fig 1A). High co-expression of CD146 and
CD73 identified a largely CD140a- population, whereas CD140a+ cells expressed low levels of
CD73 and CD146. This reciprocal expression pattern between CD146 and CD140a was
consistent with primary human lipoaspirate-derived mesenchyme (Supplementary Fig 1). Both
hPSC-derived mesenchymal subsets expressed classic mesenchymal markers CD90, CD105,
CD44, PDGFRB (Supplementary Fig 2). BrdU pulsing of hREMP-derived mesenchymal cultures
showed that a significantly higher frequency of CD146"" cells were cycling relative to CD146"
cells (Fig 1B) (p < 0.05). Mesenchymal differentiation from two other hPSC lines, UCLA3 and
UCLAG, yielded similar mesenchymal populations to the H1 line; although the relative
frequency of CD146++ and CD146- cells varied, the inverse relationship of CD146 and CD140a
expression in the mesenchyme was seen across all three hPSC lines (Fig 1A, Supplementary

Fig 3A).
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To further analyze the mesenchymal subpopulations, we isolated cells that represented the
extremes of these phenotypes: a CD146™ CD73"" CD140a™" population (“CD146++”) and a

CD146~ CD73%™ CD140a" population (“CD146-")(Fig 1B).

RNA-Seq profiling of the isolated populations demonstrated 916 genes were differentially
expressed (558 up- and 358 down-regulated in CD146++ relative to CD146- cells (Fig 1C).
CD146"™ mesenchyme expressed high levels of CSPG4 (which encodes NG2), NES (NESTIN)
and LEPR (leptin receptor) (Fig 1C and Supplementary Fig 2B Supplementary Fig 3B),
characteristic markers of pericytes (Crisan et al., 2008; Kunisaki et al., 2013). Consistent with
the FACS analysis, PDGFRA was expressed by the CD146™ mesenchyme at significantly higher
levels and CD73 at lower levels than the CD146++ population (Fig 1B). HSPC regulatory genes
such as KITLG, IGFBP2 and TNC, were also expressed at significantly higher levels in

CD146++ mesenchyme than CD146- mesenchyme.

Co-culture with CD146"" mesenchyme supports HSPCs ex vivo

The ability of hEMP-derived CD146™" and CD146" cells to support HSPCs ex vivo was assessed
by co-culturing cord blood (CB)-derived CD34+ cells on monolayers generated from each
mesenchymal population. To determine the specific effect of each stromal subset, short term (2
week) cultures were performed in basal medium with a low concentration of serum (5%) and

without addition of hematopoietic cytokines.

Although total hematopoietic (CD45+ cell) output was similar with both mesenchymal
populations (Fig 2A), co-cultures with CD146"" cells retained a significantly higher frequency

and number of CD34+ HSPC than co-cultures with CD146 mesenchymal cells (Fig 2B, C)
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(p<0.01 n=16). Immature HSPC (defined as CD34+lin- cells based on absence of the myeloid
markers CD33 and CD14 and lymphoid markers CD10 and CD19) were also maintained at
significantly higher numbers on CD146++ monolayers (p<0.001, n=16, Fig 2D). Myeloid output
was slightly higher in CD146++ co-cultures whereas more B lymphoid cells were generated on
CD146" mesenchyme (Fig 2E, F). Consistent with CD34+ cell data, significantly more
clonogenic cells (CFU-C) were maintained in CD146"" co-cultures than CD146- co-cultures
(p<0.001, n=16, Fig 2G). Of note, multiple other hPSC-derived mesenchyme phenotypic subsets
were screened based on their CD146 and CD140a expression. Irrespective of CD140a
expression, those subsets that expressed high levels of CD146 best supported CD34+Lin- cells

(Supplementary Fig 4).

CD146™" mesenchyme maintains human HSCs with repopulating ability and self-renewal
potential

To assess support of functional HSPC in vivo, equal numbers of CD34+ cells were co-cultured
with CD146++ or CD146- cells in the absence of exogenous cytokines. After 2 weeks, equal
hematopoietic (CD45+) output from the co-cultures was transplanted into sublethally irradiated

NOD/SCID/IL-2 receptor v -/- (NSG) mice. Strikingly, mice transplanted with hematopoietic

cells co-cultured with CD146" " cells engrafted at significantly higher levels than those from
CD146  cocultures (P<0.001 n=22 mice over 5 independent experiments, Fig 2H). Human
CD34" progenitors, CD19" lymphoid cells and CD14" myeloid cells were detected in the bone
marrow, spleen and peripheral blood demonstrating multilineage human reconstitution in the
transplanted mice (Fig 2I). Self-renewal potential of HSPCs from CD146"" co-cultures was

demonstrated by multilineage engraftment in secondary NSG recipients (Fig 2J).
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Together, these data indicate that at least two functionally distinct mesenchymal populations are
generated from hPSC-derived mesoderm; high CD146 and CD73 expression marks a population
of CD140a-/lo hPSC-derived mesenchyme capable of maintaining HSPC ex vivo, while CD146-

CD140a+ mesenchyme have limited supportive capacity.

Hematopoietic support from hPSC-derived mesenchyme is sustained through inter-cellular
interactions, mediated in part by Notch signaling

Prevention of direct contact between CD146" " cells and CB CD34+ cells using a transwell
culture system significantly reduced the number of CD34+Lin" cells maintained in culture
(P<0.05, n=3, Fig 3A). Transwell culture with CD146- cells also reduced output of CD34+lin-
cells although to a lesser extent. Thus intercellular mechanisms provide at least part of the HSPC

supportive capacity of CD146"" mesenchyme.

Notch signaling is a well-established cell contact-dependent paracrine factor and deletion of
Jaggedl (encoded by Jagl) has been shown to result in premature exhaustion of the murine HSC
pool (Houlihan et al., 2012; Morikawa et al., 2009; Poulos et al., 2013). RNA-Seq data showed
both mesenchymal subsets expressed the Notch ligand JAG I, with higher levels in CD146"™
mesenchyme (Fig 3B); DLL4 and DLLI were not expressed in either population (not shown).
Addition of a neutralizing antibody to human JAG1 caused a profound (>300-fold) decrease in
number of CD34+Lin- cells in CD146++ cocultures (Fig 3C, P < 0.05, n=3) and 250 fold
decrease in CD146- co-cultures. Of note, cell output was not significantly reduced when human
Jagged 1 blocking antibody was added to cocultures on OP9, a mouse stromal cell line, thus
excluding non-specific cytotoxicity from the blocking antibody (Fig 3D). Thus HSPC survival in

hPSC-mesenchymal cocultures is dependent on JAG1-mediated activation of Notch signaling.
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Although Whnt inhibitors are highly expressed in CD146" mesenchyme, impact on
hematopoietic support is unclear

Across the entire RNA-Seq data set, the most differentially expressed gene between CD146"
and CD146™ mesenchyme was the Wnt antagonist secreted Frizzled-Related Protein 1 (SFRPI)
(33 fold difference, FDR< 0.01) (Fig 3E). Other Wnt inhibitors were also significantly
upregulated in CD146" " mesenchyme including SFRP2 (FDR< 0.001) and Dickkopf 1 (DKK1)
(FDR<0.001) (Fig 3E) . The cysteine rich domain of sFRPs contains high homology to the Wnt-
binding domain of the Frizzled receptors (Fzd), therefore they compete with the Fzd receptors

for Wnt molecules and inhibit Wnt activation (Poulos et al., 2013; Schreck et al., 2014).

Despite addition of soluble SFRP1 had no effect on HSPC in either CD146++ or CD146- co-
cultures suggesting that the differential expression of this wnt inhibitor is not directly related to
hematopoietic support (Fig 3F). However addition of a Wnt agonist, the GSK-3 inhibitor
CHIR99021 (CHIR), promoted rapid differentiation into both myeloid and lymphoid lineages
and loss of CD34+Lin- cells in both CD146++ and CD146- co-cultures (Fig 3G). This
observation is consistent with previous findings that canonical Wnt signaling regulates
hematopoiesis in a dosage-dependent fashion, with high Wnt activation detrimental to HSC self-
renewal leading to depletion of the LT-HSC pool (Luis et al., 2011). Overall, the high expression
of Wnt inhibitors in CD146" mesenchyme suggests that they could be involved in suppressing
the level of Wnt signaling to promote HSC maintenance. Additional studies will be required to

define the role of individual Wnt inhibitors during stroma coculture.
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hPSC-derived CD146++ mesenchyme shares a coordinated gene expression profile that
resembles primary human pericytes

Given the complexity of signals produced in the HSC niche, it seems likely that no single factor
or mechanism mediates the differential support of hematopoiesis from different mesenchymal
subpopulations. As molecular characterization and functional studies of hPSC-derived CD146""
and CD146- mesenchyme showed strong parallels to populations from primary human tissue
(fetal bone marrow and adult adipose tissue), we performed a comparative analysis of the
transcriptomes of CD146++ and CD146- derived from hPSC-or primary adult tissue (adipose,

either from fresh tissue isolation or after culture and expansion).

Gene set enrichment analysis (GSEA, Reference) was applied as follows. The most up- and
down-regulated genes in hPSC-CD146++ cells (compared to hPSC-CD146° cells) were defined
as positive and negative signatures, respectively, using FDR <0.01 and 2-fold difference as
cutoff. These signatures of hPSC-derived CD146++ cells were compared to the expression
profiles of primary CD146+ pericytes, ranked by differential expression to primary CD146-
cells. Significant enrichment was found between the positive signatures of hPSC-derived
CD146++ cells with genes upregulated in the adult pericytes (Fig 4A, enrichment score of 1.36
and 1.78 in fresh and cultured pericytes respectively). Similarly, the negative signatures of
hPSC-CD146++ were significantly enriched in genes highly down-regulated in primary pericytes
(Fig 4A, enrichment score of -1.77 and -1.39). Thus hPSC- and adipose-derived CD146++ cells

exhibited similar transcriptional signatures.

The core transcriptional signature obtained from both hPSC- and adipose-derived CD146++ cells

was imported into the STRING database to identify known and predicted protein interactions.
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This set of genes showed significantly more interactions than would be expected for a random
set of proteins of similar size drawn from the genome (Fig 4B). Of note, the dominant functional
categories identified in the STRING analysis were those enriched in biological processes
characteristic of pericytes (i.e. cell adhesion, vasculature development, regulation of cell motion

and wound healing) (Fig 4B).

Discussion

Mesenchymal stroma cells, either derived from primary tissues or differentiated from hPSC
(Corselli et al., 2013; Dar et al., 2012), are conventionally isolated and expanded as a
heterogeneous population of cells loosely defined by CD73, CD105 and CD90 expression
(Corselli et al., 2013; Murray et al., 2014). Our data strongly argues that phenotypically,
molecularly and functionally distinct populations coexist within these conventional definitions of
mesenchymal stroma. Previously, CD146 was shown to define mesenchymal precursors residing
on the vasculature of multiple human organs including bone marrow and adipose tissues
(Corselli et al., 2013; Crisan et al., 2009). Additionally, we showed that purified human CD146+
perivascular cells from these primary tissues, compared with unfractionated mesenchymal
stroma and CD146— cells, were able to uniquely sustain human HSPCs in coculture in the
absence of exogenous cytokines (Corselli et al., 2013). We have now expanded our findings,
demonstrating that CD146" ' CD73 " CD140a’ serves as distinguishing cell surface phenotypes to

isolate subsets from hPSC-derived mesenchyme that support human HSPC ex vivo.

hPSC-derived CD146"™" mesenchyme showed high expression in NES, LEPR and CSPG4
markers of peri-sinusoidal and peri-arteriolar cells revealed by seminal papers characterizing the

murine HSC niche (Dar et al., 2012; Ding et al., 2012; Kunisaki et al., 2013; Méndez-Ferrer et
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al., 2010; Zhou et al., 2014). The relevance of these cellular constituents has just begun to be
addressed in the context of human hematopoiesis (Corselli et al., 2013; Murray et al., 2014;
Pinho et al., 2013). In the present study, we have used hPSC-derived mesenchyme as a platform
to dissect the mechanisms underlying human HSC maintenance. Both CD146" and CD146-
mesenchyme expressed known HSC niche genes such as SLIT2 an ANGPTI. However other
niche factors such as such as KITL, JAGI and IGFBP2 were specifically upregulated in
CD146++ cells. As is likely for the components of the hematopoietic niche in vivo, we conclude
the CD146++ mesenchymal subset supports HSPC through a combination of mechanisms that
involve cell-to-cell contact (e.g. Notch signaling and adhesion molecules) and secreted factors
(e.g. Wnt signaling and cytokines). On the other hand, the CD146" subset of hPSC-derived
mesenchyme drove differentiation and favored lymphoid commitment, consistent with our prior

studies with primary human mesenchyme (Corselli et al).

In summary, we demonstrate that CD146" " population is a molecularly and functionally distinct
subset of hPSC-derived mesenchyme able to directly support the ex vivo maintenance of human
HSPCs. The ability to prospectively isolate a human stroma with HSC-supporting capacity is
particularly relevant given clinical interest in using stroma coculture as platform for HSC
expansion (Crisan et al., 2009). CD146+ population has also been reported to resolve other
functional heterogeneity within primary human mesenchymal populations for better therapeutic
potential in immune modulation (Corselli et al., 2013; Wu et al., 2016) and tissue regeneration

(Russell et al., 2010).

While this study focused on defining cellular subsets within hPSC-derived mesenchyme that

would support a well-characterized HSPC population, the existence of distinct mesenchymal
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subsets during hPSC differentiation has broader implication for the directed differentiation of
hPSC towards definitive, functional HSC. Further study will aim to define optimal hPSC-derived
mesenchyme that would promote HSC specification. Clarifying and defining heterogeneities
among mesenchyme could lead to improved cell-based tissue regeneration strategies and a better

understanding of human developmental processes.

Materials And Methods

Mesoderm differentiation from hPSC to generate hEMP

The hPSC line H1 (WiCell, Madison, WI) and UCLA 3 (UCLA hESC Core Bank) were
maintained and expanded on irradiated primary mouse embryonic fibroblasts (EMD Millipore,
Billerica, MA). Mesoderm commitment was induced as previously described (see supplemental
methods). CD326 CD56" embryonic mesoderm progenitors (hnEMP) were isolated by flow
cytometry at day 3.5 (Fig. 1A) and seeded onto matrigel for endothelial and mesenchymal

differentiation over the next 14 days.

Mesenchymal differentiation from hEMP

To induce mesenchymal differentiation, hLEMP generated were seeded at 50,000 cells/well into
6-well tissue culture plates, pre-coated with matrigel for two hours. For the first 7 days of
differentiation, MesenCult Proliferation Kit, Human (STEMCELL Technologies) supplemented
with ALK 4/5/7 blocker SB-431542 (10urs. &D Systems) was used. During day 1 to 3, 10uM
Rock inhibitor (Y27632 hydrochloride; R&D Systems) and 10 pg/mL gentamicin (Gibco,
Thermo Fisher Scientific, Waltham, MA) were also added. From day 7-14, the media was
switched to EGM-2 complete medium (Lonza) supplemented with SB-431542 (102 (10&D

Systems). Half medium change was performed every other day. At day 14-18, cells were
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dissociated into single cell suspension with Accutase (Innovative Cell Technologies, San Diego,
CA), stained with monoclonal antibodies and analyzed or isolated by FACS (see supplemental

methods).

Coculture of stromal cells and CB CD34" cells
Freshly sorted hEMP-derived mesenchyme subset (CD146" and CD146°) were plated on 96 well

tissue culture-treated plates at 6.5 x 10° cells per well in 100 1z 1 of EGM-2. Three days later, CB
CD34" cells (1 x 10° per well) were plated on top of the stromal layer (80% confluent) in 200 v 1

of coculture media. The CB CD34" cells were FACS to ensure >80% CD34" purity prior to
initiating coculture. Coculture media consists of RPMI 1640 with L-glutamine, 5% fetal bovine
serum, 1% penicillin/streptavidin. No supplemental cytokines were ever added. Half media
change was performed every 4 days. Cells were harvested after 2 weeks and were subjected to
FACS analysis, CFU assay and in vivo repopulating assay (see Supplemental methods).
Description of transwell, Notch and Wnt pathways perturbations can be found in Supplemental

methods.

Graphical and Statistical Analysis

Graphs were generated and statistics analyzed using GraphPad Prism software. Unpaired
parametric two-tailed t-tests were used to calculate p-values. p < 0.05 was considered statistically
significant.
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SUPPLEMENTAL METHODS

hESC culture and mesoderm induction conditions

The hESC line H1 (WiCell, Madison, WI) was maintained and expanded on irradiated primary
mouse embryonic fibroblasts (EMD Millipore, Billerica, MA). To induce mesoderm
differentiation, hESC colonies were cut into uniform-sized pieces using the StemProEZPassage
tool (Invitrogen, Thermo Fisher Scientific, Waltham, MA), transferred into 6-well plates pre-
coated for 1 hour with Matrigel (growth factor reduced, no phenol red; BD Biosciences, San
Jose, CA), and cultured initially in mMTESR medium (Stem Cell Technologies, Vancouver, BC)
until 50-60% confluent (typically 3 days). To initiate differentiation, n"TESR medium was
replaced with basal induction medium X-Vivo 15 (Lonza, Walkersville, MD). Basal induction
medium was supplemented with human growth factors activin A, BMP4, VEGF and bFGF for
3.5 days (all at 10 ng/mL; R&D Systems, Minneapolis, MN), with the inclusion of activin A only
on day 1 (“A-BVF” condition [1]). After mesoderm induction, CD326 CD56" cells were isolated

by fluorescence activated cell sorting (FACS) at day 3.5 (typically 5-10% of total population,
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Figure 1A) and placed onto matrigel coated 6 well plates for further differentiation over the next

14 days.

Flow cytometry and cell sorting

Flow cytometry analysis was performed on LSRII or LSRFortessa and cell sorting on a
FACSAria II (all from Becton Dickinson). Cultured cells were dissociated into single cell
suspension with Accutase (Innovative Cell Technologies, San Diego, CA) and
immunofluorescence staining was performed with human-specific monoclonal antibodies.
Nonspecific binding was blocked with intravenous immunoglobulin (1%) (CSL Behring, King of
Prussia, PA) before staining with fluorochrome-conjugated antibodies. Unstained cells and
fluorescence-minus-one (FMO) were used as controls for gating. Cell acquisition was performed
using FACSDiva (Becton Dickinson) and the analysis was performed using FlowJo (Tree Star,
Ashland, OR). Forward and side scatter (FSC/SSC) and 4',6-diamidino-2-phenylindole (DAPI)

(Invitrogen) were used to identify live cells.

Immunophenotype analysis of hEMP-derived mesenchyme

hEMP-derived mesenchyme at d14 of differentiation were harvested and analyzed on an LSR II
flow cytometer (Becton Dickinson). Cells were stained with monoclonal antibodies: CD146-
FITC (AbD Serotec), CD73-PE Cy7 (BD Biosciences), CD45-BV711 (Biolegend), CD31-APC
(Biolegend), CD144-PE (BD Biosciences), CD34-PE Cy7 (BD Biosciences), CD105-PE
(Biolegend), CD90-PE (Biolegend), CD44-PE (Biolegend), CD140a-PE (BD Biosciences),
CD140b-PE (Biolegend), CSPG4-PE (BD Biosciences). Unstained cells and fluorescence-minus-

one (FMO) were used as controls for gating.
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To isolate the mesenchymal population by FACS, the following gating sequence was used:
CD31-APC (Biolegend) identified the endothelial population. From the non-endothelial
compartment (CD31"), the mesenchymal population was identified based on CD73-PE-Cy7 (BD
Biosciences) positivity (CD31°CD73"). The CD146-FITC (AbD Serotec) bright cells were gated

as CD146 " mesenchyme, and CD146-FITC negative cells were gated as CD146™ mesenchyme.

Flow cytometric analysis of cultured CB CD34" cells
After 2 weeks of coculture, cells were harvested and stained with the following antibodies:
CD45-BV711 (Biolegend), CD34-APC Cy7 (Biolegend), CD14-BV605 (Biolegend), CD10-PE

Cy7 (Biolegend), CD33-PE (BD Biosciences), CD19-BV510 (Biolegend).

Colony forming unit assay

After 2 weeks of coculture cells were harvested and 2.5 x 10°cells were plated in methylcellulose
(Methocult 4434; Stem Cell Technologies). Colonies, here reported as the sum of the progeny of
colony forming unit (CFU) granulo-macrophage, burst-forming unit erythroid, and CFU mixed,

were scored after 14 days.

In vivo repopulation assay

CB CD34" cells were cocultured with CD146"" or CD146 cells for 2 weeks. After FACS
analysis, an equal number of CD45" cells (1 x 10°) was obtained from the cocultures and was
intratibially injected in sublethally irradiated (250 cGy), 6- to 8-week-old NSG mice (The
Jackson Laboratory). Mice were sacrificed 6 weeks posttransplantation. Engraftment of human
hematopoietic cells was evaluated by FACS analysis after staining with anti-human specific

monoclonal antibodies: CD45-APC Cy7, HLA (A/B/C)-PE, CD34-PE Cy7, CD10-FITC, CD19-
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FITC, CD14-APC (all from BD Biosciences). For secondary transplantation, bone marrows of
left and right tibia and femur from engrafted mice were pooled and intratibially injected into a
secondary host. Engraftment was evaluated 6 weeks posttransplantation.

For the animal studies, an animal care and use committee protocol (ARC no. 2008-175-11) was
approved for the injection of human cells into immunodeficient mice and for the analysis of

engraftment of transplanted cells.

Coculture of stromal cells and CB CD34" cells

Cocultures in the absence of cell-to-cell contact were performed in HTS Transwell 96 Permeable
Support Culture Plate System, 0.4pum Polycarbonate Membrane (Corning). Contact=
mesenchyme and CB CD34+ both plated on the bottom well. No Contact= mesenchyme plated

on the bottom well, CB CD34+ cells plated on the top well.

For the inhibition of Notch, 10uM y-secretase inhibitor (GSI), L-685, 458 (R&D Systems) or 1
pg/ml of anti-Jagl N-17 (sc-34473, Santa Cruz Biotechnology) were added to each well every 48
hours. An equal volume of dimethylsulfoxide (DMSO; Sigma) or an equal concentration of
irrelevant Goat IgG (Sigma 19140) was added to wells as negative controls for GSI and anti-

Jaggedl antibody, respectively.

For analysis of sFRP-1 and activation of Wnt signaling, 2 pg/ml recombinant human sFRP-1
protein (R&D Systems) or 3uM CHIR99021 (Tocris Bioscience) were added to each well every
48 hours. An equal volume of dimethylsulfoxide (DMSO; Sigma) was added to wells as negative

control for CHIR99021 treatment.
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Cell cycle analysis

At day 14 of mesenchymal differentiation of hEMP, 1 mM BrdU (diluted in EGM-2
supplemented with SB-431542) was added to the total culture for 40 minutes before harvested
for imunophenotype analysis. BrdU incorporation was measured by flow cytometry using the
FITC BrdU Flow Kit (BD Biosciences).

The cell-cycle phases were defined as apoptotic (BrdU and DNA<2n), G0/G1 (BrdU and

2n DNA), S (BrdU+ and 2n<DNA< 4n) and G2/M (BrdU™ and 4n DNA).

Quantitative RT-PCR

Freshly sorted hEMP-derived mesenchyme subset (CD146™ and CD146) or those cultured 3-4
days in EGM-2 were processed for RNA extraction using a Qiagen micro kit. An Omniscript
reverse transcriptase (RT) kit was used to make complementary DNA, which was subjected to
quantitative polymerase chain reaction (QPCR) using Tagman probe-based gene expression assay
(Applied Biosystems) and 2 microglobulin (32M) as housekeeping gene. Best coverage
primer/probe sets were selected for all target genes (MCAM, IGFBP2, KITLG, LEPR, NES and
CSPG4). A 7500 real-time PCR system was used (ABI). Data were analyzed using the

comparative AACT method.

Isolation of human primary pericytes from lipoaspirate and RNA-Seq

Human pericytes were derived from human lipoaspirate specimens obtained as discarded
anonymous waste tissue and thus deemed exempt from institutional review board approval. One
hundred milliliters of lipoaspirate were incubated at 37°C for 30 minutes with digestion solution
composed by RPMI 1640 (Cellgro), 3.5% bovine serum albumin (Sigma), and 1 mg/mL

collagenase type II (Sigma). Adipocytes were discarded after centrifugation while the pellet was
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resuspended and incubated in red blood cell lysis (eBioscience) to obtain the stromal vascular
fraction (SVF). An aliquot of SVF was plated in tissue culture-treated flask for the expansion of
conventional Adipose-derived Stem Cells (ASCs). Another aliquot of SVF was processed for
fluorescence-activated cell sorting (FACS).

Cells were incubated with the following antibodies: CD45-APC Cy7 (BD Biosciences), CD34-
APC (BD Biosciences), and CD146-FITC (AbD Serotec). The viability dye 4,6 diamidino-2-
phenylindole (DAPI; Sigma) was added before sorting on a FACS Aria III (BD Biosciences).
DAPI CD45 CD34 CD146" were gated as pericytes.

For RNA-Seq, lipoaspirate-derived pericytes were sorted from two donors and cultured for 3
passages in DMEM containing 20% FBS. Following three passages in culture the pericytes were
trypsinized, and those cells that retained CD146 expression were FACS collected for RNA
extraction. Fifty nanograms of total RNA was extracted from cultured-pericytes obtained from
each of two donors and combined to yield a pooled sample of 100ng of total RNA. ASCs
similarly cultured were collected for RNA seq as well. The samples were sequenced on an
[llumina HiSeq 2000 using paired-end 100bp reads to a depth of coverage of ~ 10-15 million

reads.

Isolation of human CD34" cells from CB

Umbilical cord blood (CB) was collected from normal deliveries without individually
identifiable information, therefore no institutional review board approval was required. MNCs
were isolated by density gradient centrifugation using Ficoll-Paque (GE Healthcare). Enrichment
of CD34" cells was then performed using the magnetic-activated cell sorting system (Miltenyi

Biotec) as per the manufacturer’s instructions.
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RNA-Seq and analysis

hEMP (CD326 CD56" cells) and freshly sorted day 14 hEMP-derived mesenchyme subset
(CD146"" and CD146") were extracted with Trizol and purified using miRNeasy Mini Kit
(Qiagen). Three biological replicates were obtained for each population. 500ng-2ug of total RNA
was input to generate cDNA using Nugen Ovation RNA-Seq System v2 and the sequencing
libraries were generated using prepX DNA library enzyme kit (IntegenX Inc.) per
manufacturer’s instructions. Paired-end 100bp sequencing was performed on Illumina HiSeq
2000 with six samples multiplexed per lane. Raw sequence files were obtained using Illumina’s
proprietary software and are available at NCBI’s Gene Expression Omnibus (accession number
GSEXXXXX).

RNA-Seq reads were aligned using STAR v2.3.0 [2]. The GRCh37 assembly (hg19) of the
human genome and the corresponding junction database from Ensemble’s gene annotation were
used as reference for STAR. The count matrix for genes in the Ensembl genome annotation was
generated with HTSeq-count v0.6.1p2 [3]. DESeq v1.14.0 [4] was used for normalization (using
the geometric mean across samples), differential expression (to classify genes as differentially
expressed, Benjamini-Hochberg adjusted p-value < 0.01) and to compute moderate expression
estimates by means of variance-stabilized data. Heatmaps were built with GENE-E

(http://www.broadinstitute.org/cancer/software/GENE-E/) applying relative min/max

normalization to moderate expression estimates.

Gene Set Enrichment Analysis and STRING protein interaction analysis
Gene Set Enrichment Analysis (GSEA) (Subramanian et al., 2005) was used to perform the
comparative analysis between the RNA-Seq expression signatures of hEMP-derived and

lipoaspirate pericytes. The differentially expressed genes in hPSC-derived CD146" vs CD146"
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mesenchyme (fold change>2, FDR<(0.01) defined the gene set of interest (positive signature:
upregulated genes (n=540); negative signature: downregulated genes (n=351)). In both cases, the
background for enrichment consisted of a ranked gene list where top ranking genes were more
expressed in lipoaspirate-derived CD 146+ pericytes as compared to CD146- cells. GSEA was
run independently using both freshly sorted and cultured cells as background. For the positive
(negative) signature, significant enrichment was only found for genes up- (down-) regulated in
both freshly sorted and cultured lipoaspirate-derived CD 146+ pericytes, The core gene sets
provided by GSEA (highlighted in grey in Fig 4A) included those genes that are consistently up
or downregulated in CD146"" from all sources. This final CD146"" gene expression signature
was then imported into the STRING database (Jensen et al., 2009). For protein interaction
analyses, STRING (version 10) was used with default parameters. GO enrichment analysis was
performed to identify the biological processes involved in the predicted STRING protein

network.
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Fig 1. Immunophenotypic fractionation of hPSC-derived mesenchyme reveals
transcriptionally distinct populations. (A) Embryonic Mesoderm Progenitors (hEMP) were
generated from hPSC (H1 cells) and isolated by FACS for further differentiation in
mesenchymal conditions. After two weeks, two distinct populations were identified within the
CD31- (non-endothelial) cells;. CD146-CD73%™ cells (red box) were CD140a+, and
CD146+CD73++ cells (blue box) were CD140a- (representative FACS plot; n=16 independent
experiments). (B) Cell cycle analysis of the hEMP-derived mesenchymal differentiation cultures
at week 2, pulsed with BrdU for 40 minutes, and gated on CD31- mesenchyme as either
“CD146" ™ or “CD146™.”. Representative FACS, n=3 * p<0.05, ** p<0.01, *** p< 0.001. (C)
Transcriptional profiling of hREMP, and CD146"" and CD146™ mesenchyme using RNA-Seq.
Heatmaps for selected genes are shown. Color scale shows relative expression for each gene
using its min/max moderate expression estimates as reference. n=3 biological replicates
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Fig. 2. CD146" " mesenchyme supports ex vivo maintenance of clonogenic, engraftable and
self-renewing HSCs. CD146++ and CD146- mesenchymal cells generated from H1-derived
hEMP, were isolated and co-cultured as monolayers with cord blood CD34+ cells in 5%
serum without added cytokines. After 2 weeks , hematopoietic cells were assayed in vitro
and in vivo. (A) Total number of DAPI-CD45+ cells recovered from cocultures, shown as cell
yield normalized to 1,000 input CD34+ cells seeded Day 0. (B) FACS analysis of viable
hematopoietic cells (gated on DAPI-CD45+) from co-cultures. (C-G) Cell yield of CD34",
CD34+Lin—, CD14+ myeloid, CD10+/CD19+ B lymphoid cells and CFU (after re-plating at 2
weeks) recovered from CD146"" normalized to yield from CD146 cocultures. n = 16
independent experiments, each experiment performed in duplicate. All data presented as mean +
SEM. * p<0.05, ** p<0.01, *** p<0.001, **** p<(0.0001; unpaired two-tailed Student’s t test.
(H) Primary engraftment (%human cells defined as HLA-Class1+ hCD45+) of mice 6 weeks
after transplant with equal number of CD45+ cells (1x10°) obtained from CD146™ mesenchyme
coculture or CD146 cocultures (n = 5 independent experiments, 10-12 mice per group; ***P <
.0001). (I) Representative flow cytometry for the detection of human cells and multilineage
reconstitution in primary transplantation. (J) Secondary transplantation of bone marrow from
primary chimeric mice transplanted with CD146"" cell coculture (6 weeks post transplantation, n
= 5 independent experiments).
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Fig. 3
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Fig 3. Notch inhibition and Wnt signaling activation in PSC-mesenchyme cocultures leads
to loss of HSPC. (A) Cell-cell contact is required for ex vivo HPSC support on PSC-
mesenchyme. Shown is relative number of CD34+Lin- cells in contact and transwell coculture
recovered from CD146"™" normalized to yield from CD146 cocultures (n=3 independent
experiments). All data are presented as mean + SEM. * p<0.05 (B) Quantitative RT-PCR of
JAGI expression on CD146" and CD146 mesenchyme (n=14 biological replicates, * p<0.05).
(C,D) Total and CD34+Lin— cell number (relative to goat IgG control) with addition of human
JAGT1 blocking antibody to (C) PSC-mesenchyme coculture (*p<0.05, n=3 independent
experiments) or (D) OP9 coculture (n=4 independent experiments). (F) SFRPI, SFRP2 and
DKK 1 expression on CD146"" and CD146™ mesenchyme (n=3 biological replicates, RNA-Seq **
FDR<0.01, ***FDR<0.001). (F) CD34+Lin— cell numbers after addition of soluble SFRP1 or
SFPR1 inhibitor (n=3 independent experiments). (G) CD34+Lin—, myeloid and lymphoid cell
numbers after activation of Wnt signaling by addition of 3 © M CHIR99021 (* p<0.05, n=3
independent experiments).
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Fig. 4
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Fig 4. hPSC-derived CD146++ mesenchyme shares a molecular signature with primary
human adult pericytes. (A) Gene set enrichment analysis (GSEA) of hPSC-derived
mesenchyme and lipoaspirate-derived populations (both freshly sorted and culture passaged).
Positive and negative signatures (vertical lines) were defined as up- and down-regulated genes in
hPSC-derived CD146"" compared to hPSC-derived CD146". X-axis represents genes ranked
from positive to negative fold change in lipoaspirate-CD146+ compared to CD146- cells. Genes
in the core enrichment set are highlighted (shaded grey boxes). (B) Up and downregulated genes
common to the core sets from both fresh and cultured cells were imported into the STRING

database, which identified a network of known protein-protein interactions (PPI enrichment p-
value = 0), along with a number of high-confidence (score>0.9999) predicted interactions. Line
thickness is proportional to the confidence level of each interaction.
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Supplementary Fig 1
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Supplementary Fig 1. Inmunophenotypes of mesenchymal cells from primary human
tissue are similar to hPSC derived mesenchyme. FACS analysis of lipoaspirate-derived
CD146+ and CD146- cells. purified and cultured. Representative data from n= 3 biological
replicates, passage 5-13.
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Supplementary Fig 2

A
Mesenchymal markers
CD146++
; CD146-
o
2 |
>3
5]
) //\ j
CD73 CD105 CD90 CD44 PDGFRB
B
< MCAM IGFBP2 KITLG LEPR NES < CSPG4
= 12 * < ok < % < < *% Z10 ok
4 — Z 8y pxEE, Z 81 —2— = 3 * Z5 — 4 —
c < 4 o b x4 € 8
o 8 €6 £ 6 1 ) € o 6
2 24 24 g g3 2
5 4 B B £ 4 5 2 4
< i) Rci) o =3 < 2
I [} 3] [} [} °
0= o <o o < 0 o <0 2, <0 C 0 =
S o Sl Sl W SN N
X Q W Y W N S N W Y ) Q
e Nl oY NN oY SN Wl oY SN
S s © s © s © s © S

Supplementary Fig 2. CD146"" and CD146 cells express conventional mesenchymal

markers; HSC niche gene expression enriched in CD146"" cells

hEMP derived mesenchymal cultures were analyzed at week 2 (A) by FACS (marker expression
after gating on CD31- and either CD146"" (blue) or CD146™ (red). Data representative of 4
independent analyses with comparable results. (B) Quantitative RT-PCR validation of
representative genes from the RNA-Seq analysis. n= 4-6 independent experiments. * p<0.05, **
p<0.01, *** p<0.001; unpaired two-tailed Student’s t test.
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Supplementary Fig 3. Mesenchymal populations generated from two additional hESC lines
demonstrate similar immunophenotypes to H1. (A) Mesenchymal differentiation culture was
initiated from hEMP generated from hESC lines UCLA3 and UCLAG6 and analyzed by FACS
after two weeks (n=2 biological replicates). (B) Quantitative RT-PCR of representative genes on
either CD146"" or CD146 derived from UCLA3 and UCLAG6. n= 2-3 independent experiments.
* p<0.05, ** p<0.01, *** p< 0.001; unpaired two-tailed Student’s t test.
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Supplementary Fig 4
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Supplementary Fig 4. CD146 expression of hPSC-derived mesenchyme defines HSPC
supportive capacity. (A) Multiple populations (defined as shown from CD31") were purified
after two-week mesenchymal differentiation cultures from hEMP and tested for their ability to
support HSPC ex vivo. (B) High CD146 expression best served as distinguishing cell surface
marker to identify HSPC-supporting stroma (n=3 biological replicates, * p<0.05, ** p<0.01;
unpaired two-tailed Student’s t test).
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Chapter 5

Conclusions

This thesis examined the clonal relationships of hematopoietic, endothelial and mesenchymal
lineages during embryonic mesodermal commitment and characterized the mesenchymal subsets
of both primary human tissues and hPSC origin to elucidate the regulatory signals in the

maintenance of definitive HSC.

Lentiviral tagging and high throughput sequencing have allowed examination, at a clonal level,
the lineage potential of human embryonic mesoderm progenitors (hEMP) as they differentiated
from human pluripotent stem cells. The results demonstrated that hEMP, which represent the in
vitro counterparts of the primitive streak, contained not only the previously reported bipotent
(hemato-endothelial and mesenchymal-endothelial) progenitors but also multipotent progenitors
with differentiation potential of all three lineages. An underappreciated challenge in the
application of high-throughput sequencing to clonal tracking was also addressed. Estimating the
unobserved population of marked clones and accounting for sampling rate was critical to

accurately infer multipotency.

Study of the perivascular cells from both human adipose and fetal bone marrow revealed
significant heterogeneity in the composition of mesenchymal populations. CD146+ expression
identified a subset that expressed well-known markers of HSC-supportive pericytes in the mouse
bone marrow such as Nestin, CXCL12 and LepR. Purified CD146+ cells were capable of
supporting the long-term maintenance of transplantable human hematopoietic stem and
progenitor cells (HSPC) in co-culture, whereas unfractionated mesenchyme or CD146- cells

induce differentiation and compromise ex vivo maintenance of HSPCs.
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Characterization of the hREMP-derived mesenchyme revealed that distinct populations also
coexisted within conventional definitions of mesenchymal stroma cells. High CD146 and
low/absent of CD140a expression defined a hEMP-derived mesenchyme capable of maintaining
clonogenic, engraftable and self-renewing HSCs. The CD146++ mesenchyme shared similar
transcriptional regulation as primary perivascular cells from human adipose tissues, displaying

dominant functional networks in vascular development, wound healing and cell migration.

Future Direction

Transcriptome profiling of the hREMP population opens up opportunity to study cell fate control
during early mesoderm development. Both hematopoietic and mesenchymal specifications are
known to transition through endothelial intermediate stage that upregulates angiogenic gene
expression profiles [1, 2]. According to STRING analysis, the molecular signatures of
endothelial cell development such as CDH5 and NRPI were detected in hREMP, suggesting
potential endothelial lineage priming. Future direction will aim to investigate whether there is
opposing transcriptional machineries that drive fate solidification into EH vs EM bipotent
progenitor. Recent study described transcription factor competition as an intriguing cell fate
control mechanism. SCL mediate fate restriction of early mesodermal cells towards a
hematopoietic identity by blocking transcription factor of alternative cardiac lineage, HAND1, to

assess to cardiac enhancers [3].

RNA sequencing revealed that transcription factors known to directly bind and activate the
promoter of CDHS5 (encodes VE-cadherin) such as SOX7, ETV2, FOXC2 were already present at

the hEMP stage [4, 5]. It would be interesting to determine whether these transcription factors
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bind to alternative enhancer elements on CDHS5 and drive alternative downstream fate

specification.

The ability to prospectively isolate a HSC-supporting subpopulation using a cell surface marker
is particularly relevant given clinical interest in using stroma coculture as platform for cord blood
HSC expansion[6]. It will be interesting to further examine the use of CD146 as a distinguishing
cell surface marker to enrich for HSC supporting stroma from other adult and neonatal tissues

such as mesenchymal stem cells (MSC) derived from bone marrow, placenta and umbilical cord.

Besides differentiating into osteoblast/adipocyte/chondrocyte to replace damaged cells, MSC
have been shown to mediate immunosuppressive function, to secrete growth factors that promote
angiogenesis and wound healing, and to stimulate tissue-resident progenitor cells to participate in
repair[7]. Given the wide clinical application of MSCs (390+ registered clinical trials to date)[7],
it will be beneficial to examine the potential use of CD146 as marker on MSC that could better
resolve functional heterogeneity and provide better therapeutic potential. This is supported by
recent findings that CD146+ MSC display greater therapeutic potential than CD146- cells for
treating collagen-induced arthritis in mice due to better suppressive effect on T helper 17 cells
and better chondrogenesis[8]. In addition, CD146 has also been shown to be a marker predictive

of trilineage mutipotency from bone marrow MSC preparations[9].

The goal of the field is to generate functional HSC from hPSC but no studies to date are able to
induce correct HSC specification. The hematopoietic cells developed from hPSC do not share the
same spectrum of differentiation potential as HSCs and they lack the ability to engraft and self-

renew after transplantation that is seen with definitive HSCs[10, 11]. All studies used a stepwise
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mesoderm differentiation protocol and data from Chapter 4 here showed the existence of distinct

mesenchyme during hPSC mesodermal differentiation. This has broader implication because the

mesenchymal populations in the milieu may affect proper HSC differentiation. Further study will

aim to define optimal hPSC-derived mesenchyme that would promote HSC specification. The

ability to generate HSC from hPSC would enable unlimited, patient-matched cells for

transplantation and a development model to study how hematological diseases arise.
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