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Abstract
Hypoxia plays major roles in the physiology of hematopoietic and immune niches. Important clues from

works in mouse have paved the way to investigate the role of low O, levels in hematopoiesis. However
whether hypoxia impacts the initial steps of human lymphopoiesis remained unexplored. Here, we show
that hypoxia regulates cellular and metabolic profiles of umbilical cord blood (UCB)-derived
hematopoietic progenitor cells. Hypoxia more specifically enhances in vitro lymphoid differentiation
potentials of lymphoid-primed multipotent progenitors (LMPPs) and Pro-T/NK cells and in vivo B cell
potential of LMPPs. In accordance, hypoxia exacerbates the lymphoid gene expression profile through
HIF-1a (for LMPPs) and HIF-2a (for Pro-T/NK). Moreover, loss of HIF-1/2a expression seriously
impedes NK and B cell production from LMPPs and Pro-T/NK. Our study thus describes how hypoxia
contributes to the lymphoid development of human progenitors and reveals the implication of the HIF

pathway in LMPPs and Pro-T/NK-cell lymphoid identities.
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Introduction

Adult hematopoiesis proceeds in the bone marrow (BM) microenvironment that is characterized
by low oxygen (O) partial pressure (pOa2: 1-6% Oz) commonly called hypoxia (Chow et al., 2001; Eliasson
and Jonsson, 2010; Kubota et al., 2008; Levesque et al., 2007; Mendelson and Frenette, 2014; Mohyeldin
et al., 2010; Morrison and Scadden, 2014; Nombela-Arrieta et al., 2013; Parmar et al., 2007; Semenza,
2012; Simsek et al., 2010; Spencer et al., 2014; Suda et al., 2011). Hypoxia stabilizes the hypoxia-
inducible factor-1/2a (HIF-1/2a) proteins, which represent master regulators of hypoxia transcriptional
response at the cellular and systemic levels, and activate several downstream effectors of HIF pathway
(Imanirad et al., 2014; Majmundar et al., 2010; Rouault-Pierre et al., 2013; Semenza, 2012; Takubo et al.,
2010).

So far, functional studies related to the impact of hypoxic niches on hematopoietic progenitor
development have been mostly performed in the mouse (Chow et al., 2001; Cipolleschi et al., 1993;
Eliasson and Jonsson, 2010; Imanirad et al., 2014; Kubota et al., 2008; Mohyeldin et al., 2010; Morrison
and Scadden, 2014; Parmar et al., 2007; Semenza, 2012; Simsek et al., 2010; Suda et al., 2011). In human,
hypoxia promotes the formation of myelo-erythroid colonies and enhances maintenance, expansion and
proliferative capacities of hematopoietic stem/progenitor cells (HSPCs) tested in vitro and in vivo in
immune-deficient mouse models (Cipolleschi et al., 1997; Danet et al., 2003; Guitart et al., 2010;
Hammoud et al., 2012; Ivanovic et al., 2000; Ivanovic et al., 2004; Koller et al., 1992; Rouault-Pierre et
al., 2013; Shima et al., 2009). Furthermore usage of cyclosporin A on mouse BM and umbilical cord
blood (UCB) HSPCs, mimicking artificial hypoxic atmosphere, protected transplantable HSPCs from
ROS-dependent loss of function (Mantel et al., 2015). However, even though hypoxia maintains a variety
of early hematopoietic precursors in mouse and human, the understanding of HIF factor role in
hematopoiesis have been mostly addressed in the mouse focusing on hematopoietic stem cell (HSC)
functions (Guitart et al., 2013; Halvarsson et al., 2017; Krock et al., 2015; Takubo et al., 2010; Vukovic et
al., 2016). An initial study by the group of T. Suda, based on a conditional Hif-/o knockout strategy,
underlines progressive exhaustion of HSCs upon serial transplantation, concluding that Hif-1a is essential
for HSC maintenance (Takubo et al., 2010). Using constitutive or inducible hematopoiesis-specific Hif
deletion, works by the group of K.R. Kranc showed that Hif-1a or Hif-2a ablation did not affect HSC
survival/numbers, self-renewal capacity, multipotency upon serial transplantation and recovery after
hematopoietic injury providing evidence that Hif-1a and Hif-2a are dispensable for cell autonomous HSC
maintenance (Guitart et al., 2013; Vukovic et al., 2016). Recently, the work by Halvarsson et al.
(Halvarsson et al., 2017) showed that genetic ablation of Hif-1a did not affect engraftment of both HSCs
and multipotent progenitors upon transplantation to recipient mice which almost relied, in condition of
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oxygen deprivation, on pyruvate dehydrogenase kinase 1 (Pdkl) a robust hypoxia-inducible gene
mediated by Hif-1a, suggesting no links between Pdkl and Hif-1a (Halvarsson et al., 2017). Finally the
work by Krock et al., relying on the deletion, in the hematopoietic system, of the aryl hydrocarbon
receptor nuclear translocator (ARNT), the Hif-1a and Hif-2a dimerization partner, indicates that both Hif-
la and Hif-2a are required for adult and fetal HSC viability and homeostasis (Krock et al., 2015).

In humans, the work by Rouault ef al. emphasizes the role of HIF-2a, and to a lesser extent HIF-1a, in the
maintenance and viability of early CD34*CD38*" HSPCs but whether HIF factors are involved in the
function of human early lymphoid progenitors remained elusive (Rouault-Pierre et al., 2013).

Immune cells are also subjected to different levels of O, depending on their home-tissue (Hale et
al., 2002; McNamee et al., 2013; Ohta et al., 2011). While B cells are exposed to low O, levels within
spleen and lymph nodes, NK-cells preferentially locate in the most hypoxic area, whereas NKT-cells and
T-cells are less sensitive to hypoxic Oz levels (Ohta et al., 2011). The thymus is more hypoxic than the
spleen and lymph nodes with scattered hypoxic regions observed in the cortex and medulla, probably due
to a blood microvasculature (Hale et al., 2002). These observations suggest that the variation in the degree
of oxygenation among lymphoid organs and cell types (Ohta et al., 2011) plays a physiologic role. Indeed,
hypoxia/HIF pathway has been described as a regulator of immune functions. In mouse, cytotoxic T
lymphocytes develop more efficiently and are more lytic in hypoxic than in normoxic atmospheres
(Caldwell et al., 2001). Hypoxia is also able to drive an anti-inflammatory program enabling an increase
of CD4"CD25" regulatory T lymphocyte numbers and suppressive properties (Ben-Shoshan et al., 2008).
In human, hypoxia can improve proliferation, viability and cytotoxicity of effector memory T-cells but
decreases these parameters from naive and central memory T-cells (Xu et al., 2016), and also affects NK
cell differentiation in vitro (Yun et al., 2011). Furthermore, HIF pathway plays a prominent role in
regulating antitumor activity in cytotoxic T lymphocytes (Palazon et al., 2017) and vital functions of B
lymphocytes in germinal centers (Cho et al., 2016). Deletion of HIF-1a in NK cells was shown to inhibit
tumor growth by stimulating non-productive angiogenesis and despite impaired tumor cell killing
(Krzywinska et al., 2017). However the actual contribution of low O levels to human hematopoietic
progenitor cells (HPCs) with lymphoid fate and potentials remains an elusive issue.

The early steps of human lymphopoiesis in the fetus and in the adult comprise several
intermediate cell populations that pave the multiple steps of T-, B- and NK-cell development. Over the
past few decades, a revised map of the phyletic relationships between early lympho-myeloid progenitors
have been proposed with distinct subpopulations of CD34'CD45RA" HPCs being identified as
multilymphoid progenitors (Alhaj Hussen et al., 2017; Belluschi et al., 2018; Blom and Spits, 2006;
Doulatov et al., 2010; Doulatov et al., 2012; Galy et al., 1995; Goardon et al., 2011; Haddad et al., 2004;
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Haddad et al., 2006; Hao et al., 1998; Karamitros et al., 2018; Kohn et al., 2012; Notta et al., 2016; Six et
al., 2007). Particularly, early lymphoid progenitors (ELPs) were characterized by their substantial capacity
to give rise to T-, B- and NK-cells while conserving some myeloid (i.e dendritic and monocytic)
differentiation abilities. ELPs were especially selected on the basis of cell surface markers that
traditionally identify early T/NK or B lymphoid developmental pathway such as CD7 and/or CD10 and on
the presence or not of CD38 (Doulatov et al., 2010; Galy et al., 1995; Haddad et al., 2004; Hao et al.,
1998; Six et al., 2007). Upstream of the ELP, several groups recently described a lymphoid-primed
multipotent progenitor (LMPP) cell population capable to develop into lymphoid cells, and still having
granulocytes and/or monocytes and dendritic cell potentials, expressing or not CD38 but lacking cell
surface expression of typical lymphoid markers (Goardon et al., 2011; Karamitros et al., 2018; Kohn et al.,
2012). These cell populations, that are located in the BM, participate in the production of lymphoid cells
during life time.

Interestingly studies regarding human lymphoid development/differentiation, that mostly rely on
in vitro assays, have always been conducted in 21% O, (normoxic/hyperoxic conditions) somehow in
contradiction with the low in vivo O, concentrations of the BM or of the thymus. Conventional in vitro
cell culture conditions thus appear not suitable for the proper exploration of human lymphopoiesis since
they do not accurately reproduce the physiologic O tissue levels.

In the present study we evaluated how important are low O levels in maintaining and engaging
phenotypically distinct human HPCs polarized towards the lymphoid lineage. We show that low O,
differentially affect HPC populations and specifically enhance lymphoid development from LMPPs and
Pro-T/NK uncovering an unsuspected implication of hypoxia and HIF pathway in human early

lymphopoiesis.

Results

Hypoxia impacts cellular and metabolic profile of UCB-derived hemato-lymphoid progenitors

Direct in vivo measurements of local pO, in the BM of live mice showed that peri-sinusoidal regions of
large blood vessels located far from the endosteal surface, and which contain HSCs, exhibit very low O,
levels (pO2: 1.3%) whereas sites located at the close vicinity of the osteoblastic niche, supposedly occupied
by lymphoid progenitors, are less hypoxic with a pO; around 3% (Ding and Morrison, 2013; Spencer et al.,
2014). Furthermore works on human total UCB-derived CD34" cells indicated that a concentration of 3%

0O; allowed HIF-1a and HIF-2a target gene expression (Rouault-Pierre et al., 2013), and that frequency of
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Scid Repopulating Cells at day-0 and at day-10 in co-cultures at 5% and 1.5% O were similar (Hammoud
et al., 2012). Thus, 3.5% of O, levels were chosen in our experiments to mimic physiologic hypoxic
atmosphere potentially favorable for maintenance of human HPCs endowed with a lymphoid potential. To
assess the consequences of a hypoxic environment in lymphoid cell development/differentiation, five
subpopulations of UCB HPCs, i.e. CD34*CD38""CD45RA'CD90* HSPCs, CD34*CD38""CD45RA"
CD90" MPPs (Majeti et al., 2007), CD34*CD45RA™CD7/10/19°CD62L"(CD38*/CD38") LMPPs (Goardon
et al., 2011; Karamitros et al., 2018; Kohn et al., 2012), CD34*CD45RAMCD7* ELPs (thereafter called
Pro-T/NK) and CD34"CD45RA"CD7/19°CD10" ELPs (thereafter called Pro-B) (Haddad et al., 2004;
Haddad et al., 2006; Haddad et al., 2008; Larbi et al., 2014) (Figure 1A and Figure S1A) were sorted and
short-term cultured in contact with the mouse MS-5 stromal cells, that we and others previously showed as
being able to support maintenance and growth of human lymphoid progenitors (Berardi et al., 1997;
Haddad et al., 2004; Haddad et al., 2008; Larbi et al., 2014; Robin et al., 1999), in low (3.5%) and high
(21%) O levels (Figure 1B for protocol, Figures S1Bi, S1Bii and S1C for sorting gates and frequencies).
After one week of culture, the percentages of CD34" cells obtained from HSPCs, MPPs, LMPPs and Pro-
T/NK remained significantly higher in low versus high O, concentrations (Figure 1C). However, HSPC,
MPP and LMPP cultures under low O levels resulted in lower CD34" absolute cell numbers in
comparison with 21% O, whereas Pro-T/NK and Pro-B cells produced similar CD34" cell numbers
(Figure 1D). The phenotypes of the various HPC-derived CD34" cells were similar in terms of CD7,
CD19, CD45RA and CD10 expression when comparing low and high O, levels and resembled the HPC
day-0 original phenotype (Figure SI1D) indicating that the culture conditions could maintain the
phenotypic profiles of native fresh cells independently of O, level.

As apoptosis was similar among HPC-derived CD34" cells under hypoxia and normoxia in these
conditions (Figure 1E), we examined whether hypoxia inhibited growth of HSPCs, MPPs, LMPPs and
Pro-T/NK cells. Ki67 staining showed that low O levels reduce HPCs proliferation (Figure 1F) with cell
cycle progression being impeded in HSPCs, MPPs, LMPPs and Pro-T/NK-derived CD34" cells (Figure
1G). Taken together, these results show that low Oz concentration prevents cell proliferation and induces
cell quiescence in HSCs, MPPs, LMPPs and Pro-T/NK-cells, which favors the maintenance of an
immature phenotype.

Low-O; environment tolerance of HSPCs is essential for their properties and function (Guitart et al., 2010;
Mohyeldin et al., 2010; Suda et al., 2011), and requires significant metabolic adaptation (Simsek et al.,
2010). We thus investigated whether hypoxia regulates the mitochondrial state of the various HPCs
through autophagy potential modification in these different hematopoietic populations. Cyto-ID staining,

that allows monitoring the global autophagy process in live cells (Gomez-Puerto et al., 2016), revealed
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important basal autophagy of HSPCs, MPPs, LMPPs and Pro-T/NK-derived cells in normoxic and
hypoxic conditions nonetheless with a diminution of autophagy-related vesicles, in low compared to high
O concentrations (Figure 1H). Flow cytometry measurement of the mitochondrial mass with Mitotracker
Green (MTG) and mitochondrial membrane potential with Tetramethylrhodamine ethyl ester (TMRE)
revealed that hypoxia favors mitochondrial rest in HSPCs, MPPs and LMPPs (Figure 11 and Figure S1E).
Interestingly, MTG fluorescence was slightly enhanced in presence of verapamil in line with recent
findings in murine HPCs (de Almeida et al., 2017) but without major changes comparing normoxia and
hypoxia conditions (Figure S1F). Taken together these results indicate that low O levels induce cell
resting, reduce autophagy and prevent human hemato-lymphoid progenitors from mitochondrial activation
which is likely a consequence of cell hypoxia induced-quiescence (Ianniciello et al., 2017; Simsek et al.,

2010).

Hypoxia increases in vitro lymphoid differentiation of LMPPs and Pro-T/NK cells

HPC-derived cells recovered from high and low O: conditions were tested for their lymphoid
differentiation potentials using limiting-dilution assays (LDA) and bulk cultures, enabling to functionally
characterize the impact of O2levels on the generation of NK, B and T lymphoid cells (Figure 1B). NK-cell
precursor frequencies were greatly higher among MPP-, LMPP- and Pro-T/NK-derived cells after low O,
compared to high O; cultures and interestingly were close to those obtained from day-0 non-manipulated
cells indicating maintenance of NK potential in hypoxia (Figure 2A, Figures S2A and S3A). B-cell
precursor frequencies tended to decrease or were similar in hypoxic HSPCs or MPPs cultures compared to
normoxic conditions but higher to day-0 cells (Figure 2B and Figure S2A), in line with the results of bulk
B-cell cultures (Figure S3B). These enhanced B cell potentials may be related to the lymphoid inductive
support of MS-5 stromal cells (Berardi et al., 1997; Haddad et al., 2004). Interestingly LMPP cells
behaved differently, with enhanced B cell potentials when LMPP-derived cells were recovered from low
compared to high O» levels, reaching similar levels to non-manipulated day-0 LMPPs (Figure 2B and
Figure S2A). Finally, LMPP- and Pro-T/NK-derived cells were tested for T cell potentials using co-
cultures with MS-5 stromal cells expressing the Notch ligand Delta-likel (MS-5/DLL1) (Calvo et al.,
2012). On the basis of total CD7* cells as well as committed CD4"CD3°CDS" intermediate simple positive
(ISP), CD4*CD8" double positive (DP) and total CD3* T cells (see Figure S2B for strategy analysis), we
observed that low O, levels substantially raised frequencies and production of human T cells from Pro-
T/NK cells but not from LMPPs compared to 21% O (Figure 2C and Figure S2A). Yet, in bulk cultures,
T-lymphocytes production from LMPPs appeared to be dependent on O; levels with a moderate albeit

significant increase of CD7*CD5* T cell numbers in low Os concentrations (Figure S3C) but with T cell
7
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differentiation not significantly different from high O, (Figures S3C and S3D). Interestingly, the
proportion of wells seeded with 300 Pro-T/NK cells that contained CD3" T cells was higher in low O,
condition as well as the percentage of CD3" cells after hypoxia treatment in comparison to day-0 or
normoxia Pro-T/NK counterpart (7.4% =+ 2.6% relative to 1.4% * 0.3% and 3.2% * 1% respectively)
(Figure S2C), as observed in bulk cultures (22.3% + 11.1% relative to 6.1% * 1.1% and 9.4% + 2.3%
respectively) (Figure S3D).

Altogether these results indicate that, in comparison to high O, low O levels empower NK-cell
development from MPPs, LMPPs and Pro-T/NK cells and B- and T- cell generation capacity respectively
from LMPPs and Pro-T/NK and preserved the intrinsic lymphoid-cell production capability compared to
the day-0 cell counterpart.

Based on the overall functional results, and to dig into the contribution of hypoxia in the early steps of
human lymphopoiesis we next focused our study on LMPPs and Pro-T/NK cells as original human

lymphoid progenitor cells targeted by hypoxia.

Hypoxia maintains in vivo B cell lymphoid potential of LMPPs

Because in vitro cultures may not mimic physiologic cell development, we investigated to which extent
early lymphoid progenitors submitted to hypoxia retained their differentiation ability in vivo using
xenograft models, the gold standard assay to follow human blood cell development (Doulatov et al.,
2012). As we observed that hypoxia preserves in vitro B cell lymphopoiesis of LMPPs (Figure 2B), we
tested the potentials of day-0 native LMPPs and low and high O, LMPP-derived cells after injection of
cells in NSG mice carrying the c-Kit/W41 (NSG-W41) mutation that supports human hematopoiesis
without prior myelo-ablation (Cosgun et al., 2014) (Figure 1A for protocol). We used these mouse
recipients because transplantation of LMPPs in irradiated NSG mice may result in high myeloid cell
development and may complicate B cell lineage analyses ((Kohn et al., 2012; Mazurier et al., 2003) and
data not shown). LMPP-derived cells from low O, cultures generated similar human hematopoietic
recovery than non-manipulated cells but higher engraftment capacity in comparison to normoxic condition
(with mean = SEM: 0.08% =+ 0.02% and 0.34% =+ 0.11% of hCD45" cells from normoxic and hypoxic
conditions respectively, p = 0.03) (Figure 3A). Human hematopoietic cells were mainly B cells yet with
no significant difference between low and high O, conditions (Figure 3B). Absolute B cell numbers were
higher in mice transplanted with LMPPs-derived cells isolated from low compared to high O, levels, with
3 times more B cells recovered from LMPPs kept in hypoxia in comparison to normoxia (Figure 3C). It is

to be noted that we were unable to detect any T cells in the thymus and spleen of immunodeficient mice
8
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transplanted with LMPP derived cells from hypoxia and normoxia cocultures. Of note we did not perform
xenotransplantation of treated Pro-TNK cells because of their low engraftment and homing potential in the
post-natal thymus of immunodeficient mice, a major limitation for the testing of their T cell development
ability (Haddad et al., 2004).

Taken together with the in vitro results, these observations show that hypoxia helps maintaining

intrinsic human lymphoid cell potentials, including B cell potential, in LMPPs.

Hypoxia empowers lymphoid molecular identity of LMPPs and Pro-T/NK cells

As lymphoid potential of LMPP and Pro-T/NK cells is highly sensitive to O, levels, we first studied how
low O, differentially impact the expression of genes known to regulate early lymphoid specification and
lymphoid potential of LMPP and Pro-T/NK cells compared to normoxia. After a 7-days exposure to low
and high O, (Figure 1A), we found no differential expression of the early NK cell markers /D2 (Blom and
Spits, 2006) and TOX2 (Vong et al., 2014), of B cell commitment marker IKAROS and of T lymphoid
primed progenitor markers /RF4 and CCR9 (Wang et al., 2015) (Figures 4A and 4B). On the contrary
mRNA levels of FLT3 and CEBPA (Adolfsson et al., 2005), of SOX4 known to facilitate B and T cell
differentiation and of NOTCHI and ILI15RA early T/NK markers (Felices et al., 2014; Laurenti et al.,
2013; Schilham et al., 1997; Schilham et al., 1996; Yu et al., 2013) were increased in LMPPs and Pro-
T/NK in low O,. Interestingly, mRNA levels of B cell specification markers BCLI/A and E2A (Blom and
Spits, 2006; Chambers et al., 2007; Laurenti et al., 2013; O'Riordan and Grosschedl, 1999) were increased
in LMPP cells following low O treatment (Figures 4A) as were mRNA levels of early T/NK cell
development-associated genes IL7RA and RAG! in Pro-T/NK-derived cells after exposure to low O; levels
(Blom and Spits, 2006; Boos et al., 2008; Yu et al., 2013) (Figure 4B). Overall we observed a “lymphoid-
biased” gene signature that correlated with the enhanced LMPP and Pro-T/NK cell potentials in low O,.

Several reports indicate that HIF-1a factor is dispensable for murine long term hematopoiesis (Guitart et
al., 2013; Vukovic et al., 2016) but it favors hematopoiesis from human HSPCs (Rouault-Pierre et al.,
2013), indicating controversies between mouse and human analyses. Interestingly HIF-1a implication in
the early steps of human lymphopoiesis has not been investigated so far. These different elements led us to
study its expression in LMPP- and Pro-T/NK-derived cells recovered from low and high O, . HIF-IA
mRNA levels were similar in cells from both conditions (Figure 4C) but, as expected, HIF-1a protein was
stabilized and localized in the nucleus of LMPP- and Pro-T/NK-derived cells only after recovery from low
O, (Figure 4D). This nuclear translocation was associated with increased mRNA levels of the HIF-1a
target genes VEGFA, CXCR4, the latter being also expressed during early lymphopoiesis (Aiuti et al.,
9
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1999; Haddad et al., 2006), and/or GLUT3 (Figure 4E) (Fang et al., 2009; Forristal et al., 2015; Kuang et
al., 2017; Rouault-Pierre et al., 2013; Testa et al., 2016).

Taken together, these results indicated that the hypoxia signature correlated with enhanced cellular and

molecular lymphoid identities of LMPP and Pro-T/NK-derived cells compared to normoxia.

Silencing of HIF-1A and HIF-2A affects lymphoid molecular profiles in LMPPs and Pro-T/NK cells

We next studied the role of HIF-1a in sustaining LMPPs and Pro-T/NK cell lymphoid identities using
HIF-1a knocked down (KD) with lentiviral vectors encoding a green fluorescent protein (GFP) reporter
together with a small hairpin RNA (shRNA) directed against the HIF-1A (HIF-1a KD) (Rouault-Pierre et
al., 2013) (Figure S4A). Efficient transduction (260%, Figure S4B) of LMPP- and Pro-T/NK-derived cells
induced a strong reduction of HIF-1a mRNA levels and protein (Figure SA, and Figures S4C and S4D) in
association with VEGFA target gene down-regulation during culture at low O levels (Figure 5B). We next
measured lymphoid specification gene expression levels following HIF-1a KD, and directly after a period
of co-culture under hypoxia, to investigate the putative connection between HIF-1a and lymphoid marker
expression of LMPPs and Pro-T/NK cells (Figure S4A). Interestingly, many lymphoid-related genes that
were up-regulated in LMPP-derived cells recovered from hypoxia (Figure 4A) were down-regulated in
HIF-1a KD cells (Figure 5C, left panel), supporting the idea that HIF-1a participates in the maintenance
of lymphoid identity in LMPPs in low O; concentrations. In contrast, HIF-1a KD in Pro-T/NK cells did
not modify SOX4, BCLIIA, NOTCHI expression that remained up-regulated after hypoxia treatment
whereas FLT3, RAGI, IL7RA and ILI5RA expressions were even further increased (Figure 5C, right
panel).

As transduced HIF-1a KD Pro-T/NK cells were kept in hypoxia prior molecular analyses were done, we
wondered whether a HIF-1a redundant factor could interfere with lymphoid marker expression in Pro-
T/NK cells. We hypothesized that HIF-2A, which transcriptional expression was unchanged in HIF-1a
KD/LMPP and /Pro-T/NK cells (Figure 5B) may take part in the hypoxia-related lymphoid potential
regulation. We thus knocked down HIF-2a in Pro-T/NK cells (Figures S4A, S4B and Figure 5D). GLUT3
expression was significantly decreased upon HIF-IA KD whereas CXCR4 and HIF-2 a target gene HES]
expression (Rouault-Pierre et al., 2013) were more sensitive to HIF-2a KD and VEGFA levels were
almost equally affected by HIF-1/2a KD (Figure 5E). As CXCR4 was upregulated in Pro-T/NK-derived

cells recovered from hypoxia (Figure 4E) and decreased in HIF-2a KD (Figure SE), it appears that HIF-2a
10
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regulates CXCR4 expression in hypoxic Pro-T/NK cells. Remarkably, while HIF-2A silencing in hypoxic
Pro-T/NK cells did not change neither FLT3 nor NOTCH1 expression, it significantly decreased mRNA
levels of SOX4, BCLIIA, IL7RA, ILI5SRA and RAGI suggesting a role of HIF-2a in upregulating the
lymphoid program of Pro-T/NK cells subjected to low O, levels (Figure 5F).

Altogether, these results provide evidence for a differential effect of HIF-1a and HIF-2a, at the molecular
level, in LMPPs and Pro-T/NK in low O, conditions. In a hypoxic environment, HIF-10 appears necessary

to enforce the lymphoid program of LMPPs while HIF-2a seems rather more important in Pro-T/NK cells.

Silencing of HIF-1A and HIF-2A impairs lymphoid development from LMPPs and Pro-T/NK

We showed that HIF-1a and HIF-2a proteins are stabilized (Figures 4D and S4D) and that HIF-1a and/or
HIF-2a target genes such as GLUT-3 (HIF-1a) (Kuang et al., 2017), HES1 (HIF-2a) (Rouault-Pierre et al.,
2013) and VEGF and CXCR4 (common targets of HIF-1a and HIF-2a) (Fang et al., 2009; Rouault-Pierre
et al., 2013) are induced in LMPPs and/or Pro-T/NK cells under hypoxic condition (Figures 4E and SE).
To determine to which extent HIF-1a and/or HIF-2a are important players in the lymphoid development
potentials of LMPPs and Pro-TNK in low O; levels, we studied the functional consequences of HIF-1a
KD and HIF-2a KD in LMPPs and Pro-T/NK cells. Cells were first transduced with shHIF-1a or shHIF-
2a lentiviral vectors, then total or FACS-sorted HIF/KD (GFP*) cells were keptin low O, concentrations
before HIF/KD LMPP/Pro-T/NK-derived cells were tested either in vitro using lymphoid culture
conditions in normoxia or in vivo after transplantation in NSG-W41 mice (Figure S4A). No difference in
the proportion of CD56" NK cells generated from hypoxic Pro-T/NK and LMPP transduced with shHIF-
la, shHIF-2a or CTL vectors was observed (Figures 6A and 6B, left panels). However HIF-2A but not
HIF-1A silencing affected NK cell production capacity from both Pro-T/NK and LMPPs (Figures 6A and
6B, right panels) to be related to a drastic decrease in NK cell precursor frequencies in Pro-T/NK (Figures
S5A). Regarding in vitro B cell differentiation/production, no significant difference in the proportion and
numbers of CD10*CD19" B cells was observed from hypoxic LMPPs transduced with shHIF-1a or CTL
vectors (Figure 6C). On the contrary, B cell differentiation potential and production capacity from LMPPs
was dramatically affected by HIF-2A silencing (Figure 6C). Finally, HIF-2a deletion also impacted T cell
generation capacity from lymphoid progenitors (Figure S5B). Interestingly, because HIF-2A silencing in
LMPPs did not affect HIF-1a expression (Figure S4D) one can assume that NK, B and T cells changes
seen with HIF-2a KD could attest of a crucial role of HIF-2a regarding survival/growth probably
independently of the action of HIF-1a. Taken together, these results indicate that in contrast to HIF-1A

11



326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354

silencing, HIF-2A silencing affects lymphoid cell productions independently of the lymphoid progenitor
cell of origin.

Taken as a whole, the results indicate that hypoxia empowered in vitro development of lymphoid B cells
from LMPPs (Figure 3) and enhanced B cell lymphoid gene profile compared to normoxia/hyperoxia
(Figure 4). In line with these results, HIF-1a KD negatively interfered with lymphoid molecular signature
(Figure 5) but surprisingly did not impact in vitro B cell differentiation potential and production from
LMPPs (Figure 6). Because in vitro cultures may not reproduce physiologic B cell development, we
studied to which extent silencing of HIF-IA in these cells could disturb human B cell lymphopoiesis
obtained from NSG-W41 humanized mice after cell transplantation (Figure S4A). No difference in the
human CD45" cell levels was found between shCTL or shHIF-1a transduced LMPPs cells (Figure 7A).
Higher percentages of GFP* cells among hCD45" cells were generated from HIF-1a KD LMPPs (mean +
SEM: 65% * 4.4% vs 42.7% * 4.9% in HIF-1o. KD and CTL conditions respectively) (Figure S5C)
despite no such differences were observed in the initial transduction efficiencies (mean + SEM: 70% =+
7.8% vs 62.8% * 7.7% GFP* cells in HIF-1oo KD and CTL conditions respectively). As LMPP-derived
CD34" cells proliferate less in hypoxic vs normoxic atmosphere it is possible that these in vivo results are
to be related to a release of HIF-la KD LMPPs from quiescence imprinted by the hypoxic BM
environment. Nevertheless the absolute numbers of hCD45*GFP* cells were equivalent in CTL and HIF-
la KD mice (Figure 7B) indicating that maintenance of human CD45" cell production from LMPPs in
vivo is independent of HIF-1a. Interestingly, HIF-1a KD in LMPPs reduced hCD45"CD10*CD19" pre-B
cell levels (43.5% +6.6% vs 55.3% * 4.6% in HIF-1a KD and CTL) while it increased the proportion of
immature hCD45"CD10*CD19 pro-B cells (50% * 9% and 38.6% =+ 4.5% from shHIF-1a and shCTL
respectively, Figure 7C). Together with the hematopoietic recovery observed with HIF-1oo KD LMPPs
(Figure 7B), this result reveals a significant increase of CD10"CD19" pro-B cell numbers (Figure 7D).
Such results were not observed with hCD45"GFP" LMPP-derived cells as no difference in terms of B cell
differentiation potential and production was observed (Figure S5D) further supporting the impact of HIF-
1A silencing in the in vivo B cell lymphoid differentiation of LMPP-derived cells. These last results reveal
that HIF-1a modulates in vivo B cell differentiation potential of LMPPs.

Taken altogether these findings uncover differential requirements of hypoxia and HIF-1/2a factors in the

early stages of human lymphopoiesis (Figure 7E).
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Discussion

This study was designed to explore the role of low O doses on early human lymphoid progenitors
which remained largely unknown. Indeed the impact of hypoxic bone marrow microenvironments in the
expansion and differentiation of hematopoietic progenitors, especially of the lymphoid lineage, is still
elusive and mostly addressed so far in mice. Likewise the availability of Hif-1a and Hif-2a deficient or
conditionally deficient mice has allowed exploring their respective role in the mouse HSPC compartment
(Guitart et al., 2013; Halvarsson et al., 2017; Krock et al., 2015; Vukovic et al., 2016). In human,
addressing the role of hypoxia is possible and it relies mainly on in vitro conditions.

In the first part of our work we observed cell proliferation inhibition and quiescence from human
HPCs under hypoxia consistent with previous findings from human CD34" cells (Hermitte et al., 2006;
Ianniciello et al., 2017; Shima et al., 2009; Shima et al., 2010). Early hemato-lymphoid progenitors
exposed to Oz low doses revealed a decrease in autophagy and in mitochondrial activity. This observation
could underline some variances between human and mouse models, depending on the cells of origin.
Indeed, autophagy levels do not interfere with cell behavior exposed to low O; doses in human total
CD34* cells (Ianniciello et al., 2017). In mouse increase in the basal autophagy level was detected in old
HSCs (Warr et al., 2013) whereas mature lymphoid cells, and most of the lymphoid progenitors presented
a decrease in autophagy (Ho et al., 2017). Murine LT-HSCs are localized in a distinct population of cells
characterized by low mitochondrial potential (Simsek et al., 2010) and HSC-deficient autophagy are
enriched in more active mitochondria (Ho et al., 2017). This suggests, in our hands, metabolic features of
UCB-isolated HPCs submitted to hypoxia, underlining their adaptability and the intrinsic properties of
fetal/neonatal HPCs that could be assimilated to resting cells which are not under stress-induced
hematopoiesis and thus not need to activate autophagy neither mitochondrial potential in this condition.

We then explored the functional and developmental attributes of UCB-derived HPC subtypes
upon low O doses and demonstrated that 3.5% O, differentially impacts the functionality of these cells.
Particularly, hypoxia empowers in vitro NK-, B- and T-cell development capability from LMPPs and NK
as well as T-cell potentials from Pro-T/NK cells in comparison to normoxic condition, allowing them to
preserve their native intrinsic lymphoid cell generation capacity. However, in our hands, effects of low O,
doses on in vitro B cell differentiation from Pro-B cells was ineffective, probably because the co-culture
conditions are not optimal to reveal efficient B cell potential from these progenitors. Furthermore, one
may also wonder whether hypoxia impacts also the MS-5-stromal cells, thus indirectly affecting pro-B cell
progenitors. Interestingly, supernatant recovered from hypoxia-treated MS-5 cells, did not impact HSPCs,

indicating no release of stromal-derived impacting secreted factors. Furthermore we observed that co-
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culture of human hemato-lymphoid progenitors with stromal cells is a prerequisite to avoid loss of their
potential (data not shown).

Enhancement of B-cell lymphoid development from LMPPs by hypoxia was observed ex-vivo and
in vivo using transplantation in immunodeficient mice. Importantly these findings are consistent with the
molecular lymphoid signatures observed from lymphoid progenitor cells under hypoxia. Particularly,
enhanced FLT3 expression in LMPPs and Pro-T/NK cells under hypoxia meets results indicating up-
regulation of FLT3 in engrafted Lin CD34"CD38" cells after they acquired a hypoxic state in vivo (Shima
et al., 2010). However studying the overall human multilymphoid cell development, including T and NK
cell development, of human lymphoid LMPP and pro-T/NK progenitors in immunodeficient mice is still
hardly achievable, probably due to low migration of these cells in the thymus and/or lack of compatible
human cytokines. Therefore rigorous exploration of in vivo T and NK lymphoid potentials from LMPPs
submitted to O low doses is still pending, waiting for the settlement of optimized xenograft models
(Doulatov et al., 2012; Renoux et al., 2015).

In the last part of the study we investigated the molecular and developmental responses of human
multilymphoid progenitors targeted by HIF deletion. Indeed, differential effects of HIF-1a and HIF-2a
have previously been shown in murine immune cells (Cramer et al., 2003; Dang et al., 2011; Doedens
et al., 2013; Meng et al., 2018) and we wondered whether this could be the case for the human HPCs
we studied. We showed that HIF-IA silencing in LMPPs correlated with down-regulation of early
lymphoid gene expression we found to be up-regulated in low compared to high O, levels. Conversely, in
Pro-T/NK cells, it was HIF-2A silencing that impacted expression of specific lymphoid genes. Inasmuch
as HIF-1a KD led to FLT3 overexpression in Pro-T/NK, an effect that was not observed when HIF-2A is
silenced, we can hypothesize that within hypoxic Pro-T/NK, there is an interplay between HIF-1a and
HIF-2a. More obvious was the behavior of IL-15RA expression in HIF-1a KD LMPP and Pro-T/NK cells
and in HIF-2a KD Pro-T/NK which suggests that HIF-2a could play a more prominent role in Pro-T/NK
than in LMPPs. These observations indicate that HIF-1a depletion in Pro-T/NK may favor a compensation
process through HIF-2a stabilization outlining a potential competition between these two factors regarding
early lymphoid molecular programs in line with recent findings on the contribution of these two factors in
the recovery from anemia in the mouse model (Tsuboi et al., 2015). These results may rely on the control
of HIF-lo and HIF-2a stability under hypoxia by a common signaling axis (Joshi et al., 2014).
Furthermore, the fact that LMPPs and Pro-T/NK lacking HIF-1a can produce normal levels of lymphoid
cells in vitro and that normal number of human CD45" cells are produced from HIF-1a deficient LMPPs
in vivo meets recent observations underlining that HIF-1a does not impact adult murine HSCs biological
functions (Vukovic et al., 2016).
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Interestingly, functional analyses revealed that only HIF-2A silencing could preclude lymphoid cell
production or differentiation of LMPPs and Pro-T/NK. This inefficient development of lymphoid cells
from LMPPs and Pro-T/NK could attest of a crucial role of HIF-2a in cell survival/growth regardless the
nature of the lymphoid progenitors. This assumption is in line with recent findings establishing that
silencing of HIF-2A impairs human short- and long-term repopulating cells by increasing the endoplasmic
reticulum stress induced by elevated ROS and affecting mitochondrial homeostasis, leading to early
apoptosis (Rouault-Pierre et al., 2013). However the work by Guitart et al., shows that HIF-2a deletion
does not modify murine HSPC numbers or steady-state hematopoiesis (Guitart et al., 2013) and the report
by Meng et al. reveals that conditional deletion of HIF-2a has no essential role during murine B cell
development (Meng et al., 2018) underlining here some discrepancies between human and mouse
hematopoietic development probably due to different experimental systems.
Nevertheless, the fact remains that, in LMPPs, no effect of HIF-1a knockdown was noted upon in vitro B-
cell differentiation, perhaps because B cell differentiation cultures were conducted in normoxia, allowing
the LMPP-derived cells to recover a proliferation capacity and/or because LMPPs are heterogenous and B
cells are produced in vitro from specific progenitor cell subpopulations selected over the coculture period
with MS-5 stromal cells. In line with these findings no change in the absolute numbers of differentiated
CD10*CD19" B cells appeared from these HIF-1a depleted LMPPs in vivo. These observations could be
related to the partial (or leakiness) HIF-1a knockdown in LMPPs that may still allow these cells to display
B cell potential variations in vivo, but maybe also to the medullar hypoxic microenvironment in which
production of B cells from LMPPs may arise from different cell subsets, able to find their appropriate
niche in the mouse BM. Furthermore one can also hypothesize that physiological hypoxia does not disturb
the final output of HIF-1a depleted CD19" B cells. On the contrary, HIF-1a knockdown in LMPPs
delayed B cell differentiation in vivo in the NSG-W41 mouse BM, inducing an accumulation of early
CD10'CD19" B cells. These latter results are in favor of a substantial role of HIF-1a in B cell lymphoid
development of LMPPs in hypoxia, a finding consistent with the significant down-regulation of SOX4,
BCLI1A and E2A expression in these HIF1a KD cells in hypoxia (Laurenti et al., 2013).
The results implying the involvement of HIF-1a in early B lymphopoiesis are in line with the work by
Kojima et al., based on Hif-lo" - Rag2™” chimeric mice model in which HIF-1o. was shown to be an
essential factor for B cell development in bone marrow allowing transition from late pro-B cells to pre-B
cells (Kojima et al., 2002; Kojima et al., 2010). Our results are also corroborated by recent findings based
on conditional deletion of Hif-1a or Hif-2a. in B cells at late developmental stages showing that only Hif-
lo regulates CD1d™CD5* B cell expansion and represents a critical node involved in IL-10 production
by B cells (Meng et al., 2018).
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In conclusion, multi-lymphoid progenitors submitted to low O, doses may represent a relevant indication
for the exploration of the relationship between human early hemato-lymphoid progenitor cells and their
microenvironment. This would contribute to set the BM niche at heart of the early stages of human
lymphopoiesis allowing establishing valuable tools for exploring early cellular and molecular events that

direct the initiation of normal and pathological lymphoid cell fate.
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Figure Legends

Figure 1. Cellular and phenotypic metabolic profiles of HPC-derived co-culture cells under 21% O:
and 3.5% O:.

(A) Representation of pathways of lymphoid development from HSPC, MPP, LMPP and ELP.

(B) General experimental strategy: HPCs were co-cultured under 21% or 3.5% O, with MS-5 stromal
cells. Co-cultures were sacrificed at day 7 and HPC-derived cells (Figure 1B) were analyzed in vitro for
their NK, B and T cell differentiation capacity in limiting dilution assay (LDA) and bulk conditions (a
day-0 lymphoid differentiation from non-co-cultured HPCs was used as a control), at the molecular level
by qRT-PCR and in vivo in NSG-W41 immunodeficient mice.

(C) and (D) CD34" cell percentages and absolute numbers among co-culture derived-cells in 21% O, and
3.5% O, conditions (n = 10 for HSPCs, MPPs, LMPPs and Pro-T/NK and »n = 4 for Pro-B).

(E) Percentages of Annexin V* apoptotic cells among CD34" cells derived from HPC co-cultures under
21% O, and 3.5% O, (n = 3-4).

(F) Percentages of proliferative Ki67* cells among CD34" cells derived from HPC co-cultures under 21%
Oz2and 3.5% O (n =4).

(G) Cell cycle analysis of CD34" cells derived from HPC co-cultures under 21% O and 3.5% O: (n = 4).
(H) Autophagy profile of CD34" cells derived from HPC co-cultures under 21% O and 3.5% O,. Panel
displays MFI values of Cyto-ID staining (n = 4-7).

(I) Measurement of mitochondrial transmembrane potential and mass. HSPCs, MPPs, LMPPs and Pro-
T/NK were co-cultured under 21% O, or 3.5% O, with MS-5 stromal cells. Co-cultures were sacrificed at
day-7 and HPC-derived CD34"cells were analyzed according to Tetramethylrosamine ethyl ester (TMRE)
and Mitotracker (MTG) stainings. Low ratio of MFI indicates low mitochondrial activity. Results are
shown as the mean = SEM (n represents number of independent experiments), *p < 0.05, **p < 0.01, ***p

< 0.001. MFI: mean fluorescence intensity. See also Figure S1.

Figure 2. NK, B and T cell precursor frequencies among HPC-derived cells under 21% O; and 3.5%
0:.

(A) Comparative analysis of day-0 HPCs and HPC co-cultures-derived cells from 21% O; and 3.5% O»
conditions in limiting-dilution assays under NK condition cultures (1 experiment out of 3 for HSPCs,
MPPs and Pro-T/NK and 1 experiment out of 2 for LMPPs are shown here).

(B) Same as in (A) but in B condition cultures (1 experiment out of 2 for HSPCs, MPPs and LMPPs is

shown here).
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(C) Same as in (A) but in T condition cultures (1 experiment out of 2 for LMPPs and Pro-T/NK is shown
here). Note that T cell precursor frequencies among LMPP and Pro-T/NK derived cells were analyzed for
the presence of total CD7* T cells and the presence of CD7°CD4*CD8CD3" ISP cells and/or
CD7*CD4*CD8* DP cells and/or CD7*CD4 CD8"CD3" or CD7*CD4"CD8 CD3* committed T cells (see
Figure S2A for phenotypic analysis strategy). Wells were scored as positive for NK, B or T cells when %
of lymphoid cells was = 1% and represent homogeneous population. 95% confidence intervals are
indicated in Figure S2C. *p<0.05, **p<0.01, ***¥p<0.001 ****p<0.0001, ns: no significant. See also
Figures S2 and S3.

Figure 3. In vivo analysis of LMPPs following 21% O and 3.5% O treatments.

Sorted LMPPs were co-cultured under 21% O and 3.5% O, with MS-5 stromal cells. Co-cultures were
sacrificed at day-7 and 30x10° LMPP-derived cells were injected into one femur of NSG-W41 mice
without irradiation, 30x10* day-0 non-manipulated LMPPs were used as control. Bone marrows were
analyzed 2 weeks after injection for co-cultures-derived cells and 3 weeks after injection for day-0 cells
(Figure S1). Shown are results from n = 6-9 mice/condition, 2 independent experiments.

(A) Percentage of hCD45" cells (chimerism) in BM of NSG-W41 mice injected with day-O control
LMPPs or LMPP-derived cells from 21% O- and 3.5% O- co-cultures.

(B) Percentage of human CD147/CD15"/CD33* myeloid and CD19" B lymphoid cells in BM of NSG-W41
mice injected with day-0 control LMPPs and LMPP-derived cells from 21% O, and 3.5% O- co-cultures.
(C) Human B cell absolute numbers from BM of NSG-W41 mice injected with day-0 control LMPPs or
LMPP-derived cells from 21% O, and 3.5% O: co-cultures.

Dot plots in A and B show representative phenotypic profiles for chimerism and lympho-myeloid
differentiation of BM from injected leg. Results are shown as the median and mean + SEM, *p < 0.05, **p

<0.01.

Figure 4. Molecular analysis of LMPPs and Pro-T/NK cells under 3.5% O,.

(A) Relative gene expression in LMPPs after co-cultures under 21% O, and 3.5% O, condition (n = 8).

(B) Relative gene expression in Pro-T/NK after co-cultures under 21% O» and 3.5% O condition (n = 8).
(C) HIF-1a gene expressions in LMPPs and Pro-T/NK cells after co-cultures under 21%0O- and 3.5% O»
condition (n = 8).

(D) HIF-1a protein expression. Cells derived from LMPPs and Pro-TNK cells co-cultured under 21% O,
and 3.5% O, for 7 days were stained with anti-human CD45 (green) and anti-human HIF-1a (red) and
counterstained with DAPI. Cells were then analyzed by Leica TCS SP8 MP Confocal Microscope (Leica,
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Germany). (original magnification 63x, scale bar represents 7.5uM). Presence of HIF-1a protein in the
nucleus is indicated by the colocalisation coefficient (R) (n = 50 cells).

(E) Expressions of VEGFA, CXCR4 and GLUT3 HIF-1a target genes in LMPPs and Pro-T/NK cells after
co-cultures under 21% O; and 3.5% O condition (n = 8).

For RT-QPCR experiments, gene expression was normalized to the housekeeping gene 2M and data are
expressed relative to 21% O- condition. Results are shown as the mean £ SEM. *p < 0.05, **p < 0.01,
*#%p < 0.001.

Figure 5. Expression of HIF genes and analysis of their knockdown in LMPPs and Pro-T/NK cells
under 3.5% O:.

LMPPs and Pro-T/NK cells were transduced with shCTL or shHIF-1a vectors for 48 hr, and co-cultured
under 3.5% with MS-5 stromal cells for 2 days. After the co-culture period, HPC-derived cells were
analyzed at the molecular level.

(A) Relative HIF-1A expressions in cells derived from LMPPs and Pro-T/NK after transduction with
shHIF-1a followed by a 3.5% O, treatment (n = 4).

(B) Relative HIF-2A and VEGFA expressions in transduced LMPP and Pro-T/NK-derived cells (n = 4).
(C) Lymphoid gene expressions analysis in transduced LMPP and Pro-T/NK-derived cells (n = 4).

(D) Relative HIF-1A and HIF-2A expression in transduced Pro-TNK-derived cells (n = 4).

(E) Relative VEGFA, GLUT3, CXCR4 (n = 4) and HESI (n = 3) expression in transduced Pro-TNK-
derived cells.

(F) Relative lymphoid gene expressions in transduced Pro-T/NK-derived cells (n = 4-5).

Results are shown as the mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001. Gene expression was
normalized to f2M gene and data are expressed relative to shCTL under 3.5% O culture condition (n = 3-

5 independent experiments). See also Figure S4.

Figure 6. In vitro functional consequences of HIF genes KD in LMPPs and Pro-T/NK under 3.5%
0:.

LMPPs and Pro-T/NK cells were transduced with shCTL, shHIF-1a or shHIF-2a vectors for 48 hr. Sorted
GFP" cells were co-cultured for 4 days with MS-5 stromal under 3.5% Q.. After the co-culture period,
LMPP- or Pro-T/NK-derived cells were submitted to NK and/or B cell differentiation.

(A) Bulk cultures in NK conditions from transduced Pro-T/NK-derived cells. NK cell percentages and

absolute numbers are shown (n = 3).
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(B) Bulk cultures in NK conditions from transduced LMPP-derived cells. NK cell percentages and
absolute numbers are shown (n = 3).

(C) Bulk cultures in B conditions from transduced LMPP-derived cells. CD10*CD19" B cell percentages
and absolute numbers are shown (n = 3).

One representative phenotypic analysis of NK or B cell differentiation is shown here. Results are shown as
the mean + SEM, n represents number of independent experiments, *p < 0.05, **p < 0.01. See also

Figures S4 and SS.

Figure 7. In vivo functional consequences of HIF genes KD in LMPPs under 3.5% O,.

(A) Percentages of hCD45" cells (chimerism) in BM of NSG-W41 mice injected with shCTL and shHIF-
la transduced LMPP cells after a period of 3.5% O, treatment.

(B) hCD45*GFP* absolute numbers in BM of NSG-W41 mice injected with shCTL and shHIF-1a
transduced LMPP cells after a period of 3.5% O, treatment.

(C) Percentages of hCD10"CD19* and hCD10"CD19 B cells among hCD45"GFP* cells.

(D) Human CD10*CD19* and CD10"CD19" B cells absolute numbers among hCD45"GFP* from BM of
NSG-W41 mice injected with shCTL and shHIF-1a transduced LMPP-derived cells after a period of 3.5%
O, treatment. Plots in B and D show representative phenotypic profiles for chimerism and B lymphoid
differentiation of BM from injected legs (12-13 mice/condition, n = 3). Results are shown as median, *p <
0.05, **p < 0.01, ns: no significant, dot plots illustrate results from one representative mouse.

(E) Possible role of hypoxia and HIFs in regulation of human early lymphopoiesis. Hypoxia allows
LMPPs and Pro-T/NK to exhibit or maintain their lymphoid potential in comparison to normoxia
condition or to native cells. At the molecular level, HIF-1a seems to act preferentially on LMPPs while
HIF-2 o appears more specific to Pro-T/NK. At the functional level, HIF-1a is required for in vivo early B
cell development from LMPPs and HIF-2a is critical for lymphoid cell generation. See also Figure S4 and
Ss.
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STAR Methods

Lead Contact and Materials Availability
Further information and requests for resources should be directed to and will be fulfilled by the Lead

Contact, Rima Haddad (rima.haddad @u-psud.fr; rima.haddad @universite-paris-saclay.fr).

Materials Availability Statement

This study did not generate new unique reagents.

Experimental Model and Subject details

Mice

NOD.Cg-Prkdc*™ 112rg™""1SzJ Kit"*""*! female mice (abbreviated NSG-W41) (Cosgun et al., 2014)
were kindly provided by Susann Rahmig and Claudia Waskow, Technical University Dresden, Dresden,
Germany. Mice were produced and housed in pathogen-free animal facilities at CEA (Fontenay-aux-
Roses, France). Experimental procedures were performed in compliance with the French Agriculture

Ministry and local ethics committee regulations (Authorization number 9458-2017033110277117).

Human umbilical cord blood samples

Normal UCB units from male or female new born were collected according to institutional guidelines and
with the informed written consent of the mothers. UCB samplings and experiments described here were
done in accordance with a signed authorization from Clinique des Noriets (Vitry-sur-Seine, France)

advisory board and from the Laboratory of cell therapy of Hospital Saint Louis (Paris, France).

Cell lines

Mouse bone marrow stromal MS-5 cells were originally obtained from Dr K Mori (Nagata University,
Japan), and MS-5/ huDelta-like1(DLL1) cells have been described in Armstrong et al. (Armstrong et al.,
2009). MS5 cells were transduced with lentiviral TRIP-AU3-EF1a-DLLI-IRES-GFP or TRIP-AU3-
EF10-GFP vectors (Sirven et al., 2000) such that they were 100% GFP* by fluorescence-activated cell
sorter (FACS). The human dl/ cDNA was originally kindly provided by Dr E. Parreira (Gulbenkian
Instituto, Lisboa, Portugal).These cell lines were grown in complete alpha-MEM containing 10% FCS

(Invitrogen, Cergy Pontoise, France and Sigma-Aldrich®, St Louis, MO).
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Primary cell cultures
Cultures of UCB-derived CD34* hematopoietic progenitors were conducted as described in “Method

details” section.

Method details

Flow cytometry analysis

Immunolabeling of cells was performed by incubating the cells for 30 min at 4°C in phosphate-buffered
saline (PBS, ThermoFisher Scientific) or directly in cell suspension medium (for LDA analysis) with
human specific mouse monoclonal antibodies (mAbs) (1:100 final) provided in supporting informations
(Table S1). Analysis of labeled cells was conducted using BD SORP LSR II and BD FACSCanto (BD

Bioscience). Analyses of raw data were performed using FlowJo software (Treestar, Ashland, OR).

Human UCB-derived HPC:s - cell sorting

Following ficoll separation (Lymphocytes separation medium, Eurobio, les Ulis, France), CD34" cells
were purified by immunomagnetic selection using a CD34 MicroBeads kit (Miltenyi Biotec, Paris,
France). For isolation of CD34*CD38""CD45RA CD90" HSPCs, CD34*CD38""CD45RACD90" MPPs,
CD34'CD45RA™CD7/CD10/CD19CD62L*  LMPPs,  CD34'CD45RA"CD7*  Pro-T/NK  and
CD34*CD45RAMCD7/19°CD10* Pro-B cells, purified CD34* cells, pooled from different UCB samples,
were incubated for 30 min at 4°C in PBS with anti-human CD34-PerCP-Cy5.5, CD38-APC-H7,
CD45RA-PE, CD90-BV421, CD7-APC, CDI10-FITC, CD19-FITC or CD19-APCH7, CD62L-PECy7
mAbs (mAbs are listed in Table S1) at 1:100 final in presence of Hoechst or Zombie Aqua™ (BioLegend)
viability dyes. Then, HPCs were sorted, using a BD Influx™ cell sorter (Becton Dickinson, Mountain

View, CA). Purity of sorted HPC populations was > 90%.

Primary co-cultures under normoxia (21% O-) and hypoxia (3.5% O)

MS-5 cells were plated at 3x10* cells/cm” 24h-48h in complete alpha-MEM containing 10% FCS before
co-culture initiation. FACS-sorted CD34*CD38°"CD45RACD90" HSPCs, CD34"CD38"°"CD45RA"
CD90" MPPs, CD34*CD45RA™CD7/CD10/CD19°'CD62L* LMPPs, CD34"CD45RA™CD7 * Pro-T/NK
(5x10°-10* cells/cm?) and CD34"CD45RAMCD7/19°CD10" Pro-B (300-500 cells/cm?) were co-cultured
during 7 days with MS-5 cells under 3.5% O> (PrOox culture chamber BioSpherix, Ltd, Redfield, NY)
and 21% O: in standard complete H5100 human long-term culture medium (StemCell Technologies,

Grenoble, France) in 24 well plates (Dutscher, Issy les Moulineaux, France). At the end of the culture
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period, cells were counted and analyzed phenotypically and functionally.

Cell cycle and Apoptosis

Ki-67/Hoechst-7AAD

Cells derived from primary co-cultures under normoxia and hypoxia were first incubated with anti-human
CD34-APC mAb (Biolegend) as described and washed with PBS. Then cells were stained with Ki67-PE
antibody (BD, 556027) and Hoechst 33342 (Invitrogen) or 7AAD (Beckman Coulter) using the
Fixation/Permeabilization kit Cytofix/Cytoperml] (554714, BD) according to the manufacturer’s
instructions. In brief, cells were fixed in 100 pL of Fixation and Permeabilization solution, mixed,
incubated for 15 min at 4°C and washed with 1 mL of Perm/Wash 1X. Cells were then resuspended in 100
puL of Perm/Wash 1X and incubated with 3 uL Ki67-PE antibody for 45 min at 4°C. 10 min before the end
of the incubation, 7AAD or Hoechst were added and cells were washed with 1 mL of Perm/Wash 1X and

resuspended in PBS. Analyses were conducted by flow cytometry.

Annexin V staining

Cells derived from primary co-cultures under normoxia and hypoxia were stained with CD34-PE mAb,
washed twice with cold PBS and incubated for 15 min at room temperature in Annexin V buffer 1X (BD,
51-66121E) containing Annexin V-APC (550475, BD). Apoptotic cells were determined by flow
cytometry after addition of 7AAD.

Autophagy analysis

Cells derived from primary co-cultures under hypoxia and normoxia were washed and resuspended in
PBS, FCS 5% and stained with CD34-APC mAb and Cyto-ID® Green autophagy dye (1/2000), according
to the manufacturer’s instructions (Cyto-ID® Autophagy detection kit, Enzo Life Sciences, ENZ-51031,
Villeurbanne, France). Rapamycin (500 nM, Thermofisher Scientific) and Chloroquine (10 uM, Sigma-
Aldrich®) treatments were used as positive controls. At the end of the incubation cells were washed and

resuspended in PBS and Hoechst 33258 (Invitrogen). Analyses were done by flow cytometry.

Quantification of mitochondria mass and membrane potential

Cells derived from primary co-cultures under hypoxia and normoxia were incubated with 50 nM
Mitotracker Green (MTG, M7514, ThermoFisher Scientific) and 100 nM TetraMethylRhodamine methyl
Ester (TMRE, T669, ThermoFisher Scientific) for 30 min at 37°C. Negative control cells consisted in
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MTG+TMRE treated cells incubated with Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone
(FCCP, 2920, Sigma-Aldrich®) at 50 uM during 15 min before the end of the staining process. Analyses
were done by flow cytometry. The corrected values correspond to MFI of treated cells minus MFI of
FCCP negative control. When needed, cells were treated for 10 min at 37°C in the presence or absence of
verapamil (50 uM, V-4629, Sigma-Aldrich®) before MTG labelling at 37°C for additional 30 min,
washed in 1xPBS and centrifuged at 1200 rpm for 5 min at 4°C as previously described (de Almeida et
al., 2017).

Immunofluorescence and confocal microscopy

At the end of the co-culture period under normoxia and hypoxia, cells (10*-2x10%) were washed and fixed
in 4% paraformaldehyde for 15 min at room temperature and bathed consecutively in cold absolute
ethanol for 20 min at -20°C and in PBS for 30 min at room temperature. Cells were layered on poly-I-
lysine treated slides (Sigma-Aldrich®) and incubated for 3 hr at 4°C then washed three times in PBS.
Slides were then incubated for 15 min in PBS, 0.2% Triton (Sigma-Aldrich®),washed three times in PBS
and blocked 1 hour in PBS, 3% BSA, 0.1% Tween® 20 (Sigma-Aldrich®) before incubation over night at
4°C with the following primary mAbs: mouse anti-human CD45 (1/250, clone HI30, BD Biosciences) and
rabbit anti-human HIF-1a (1/250, Abcam, ab51608) or rabbit anti-human HIF-2a (1/250, Abcam,
ab207607). Then, cells were washed with PBS, 0.2% Tween-20 and incubated in PBS, 0.2% Tween-20 for
90 min at room temperature in the dark with the following secondary antibodies: goat anti-mouse-
DyLight®488 (1/200, Bethyl Laboratories) and goat anti-rabbit-AlexaFluor®594 (1/200, ThermoFisher
Scientific). Negative controls were cells incubated without primary mAbs and concentration-matched
secondary antibodies. Slides were counterstained with 4°,6-diamidino-2-phenylindole, dihydrochloride
(DAPI) at 1/2000.

Cells were analyzed by a Leica TCS SP8 MP Confocal Microscope (Leica, Germany). Images were
acquired at 63X, and analyzed with the ImageJ software (Larbi et al., 2014). Co-localisation coefficient

(R) was determined by the Plugin LOCIL.

Assessment of NK and B-cell differentiation potentials

Day-0 HPCs and cells derived from primary co-cultures with either MS-5 cells under normoxia or MS-5
cells under hypoxia were cultured under NK- and B-cell differentiation conditions in normoxia. For NK-
cell culture conditions, cells (10* cells/cm?) were co-cultured for 3 weeks with MS-5 cells, in RPMI 1640
(ThermoFisher Scientific), 5% FCS (StemCell Technologies, Grenoble, France), 10% human AB serum

(Jack Boy, Toronto, Canada), with human recombinant cytokines: 50 ng/mL recombinant human stem cell
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factor (rhSCF, Miltenyi Biotec), 5 ng/mL rhinterleukin (IL)-2, 1 ng/mL rhIL-15 (PeproTech, France)
(Haddad et al., 2008). B-cell differentiation of day-0 HPCs and co-cultures-derived cells was assessed by
growing cells (10°-10* cells/cm?) for 3 weeks in unmodified MS-5 cell-coated plates in IMDM
(ThermoFisher Scientific) complemented with 5% FCS, 2 mM L-Glutamine, without cytokines. Half of
the complete media was replaced weekly (Haddad et al., 2008). At the end of the culture period,
hematopoietic cells were counted and NK and B cells were identified by flow cytometry analysis of CD56

(NK cells) and CD19 (B cells).

Assessment of T-cell differentiation potential

Day-0 HPCs and cells derived from primary co-cultures with either MS-5 cells under normoxia or MS-5
cells under hypoxia (5x10°-10* cells/cm®) were co-cultured in normoxia in contact with MS-5/DLL1
(2.8x10" cells/cm?) in reconstituted alpha-MEM (ThermoFisher Scientific) supplemented with 10% FCS
(StemCell Technologies and Sigma-Aldrich®) and 10% human AB serum (J Boy, Reims, France), in
presence of thSCF (50 ng/mL), rhFlt3-ligand (20 ng/mL, Miltenyi Biotec), rhIL-7 (10 ng/mL, Miltenyi
Biotec), Insulin (20 nM, Sigma-Aldrich®) and as described (Calvo et al., 2012). Medium was half
changed twice a week and stromal layer was renewed once a week. At passage time point, hematopoietic
cells were counted and 100 pL containing cells were labelled with specific mAbs (against T cell markers:
CD7/CDS5/CD4/CD8/CD3) when enough cells were available for FACS analysis. T cell cultures were

maintained up for 5 weeks.

Limiting-dilution assays (LDA)

To assess NK-, B- and T- cell progenitor frequencies, cells (day-0 HPCs and co-cultures-derived cells
under normoxia and hypoxia) were seeded at 300, 100, 30, 10, 3, and 1 cell(s)/well into MS-5 or MS-
5/DL1 cell coated 96-well plates (ATGC) and cultured as described above. Cultures lasted for 3 to 5
weeks with half medium changes and fresh cytokines added every 6 to 7 days. Plates were examined
weekly, and cell-containing wells were scored under the microscope as previously described (Haddad et
al., 2004). At the end of the cultures, NK, B and T cells were identified by flow cytometry analysis of
CD56 (NK cells), CD19 (B cells) and CD7/CDS5/CD4/CD8/CD3 (T cells) expressions. The maximum
likelihood estimate of NK-, B-, or T-cell precursors was calculated according to the single-hit Poisson
model using the L-Calc™ limiting dilution analysis software from STEMCELL Technologies which also

provides a confidence interval (95% CI).

Xenotransplantation
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Mice were anesthetized with isoflurane before day-0 LMPP cells and co-cultured LMPP-derived cells
(30x10° — 50x10*) were transplanted into their femurs.

After 3 weeks (for day-0 cells) and 2 weeks (for cells derived from 1 week co-cultures), the mice were
euthanized by CO; inhalation using an infusion device (TEM SEGA, Pessac, France). After treatment by
ACK lysis buffer (Thermo Fisher Scientific) the BM were analyzed by FACS for the presence of human

hematopoietic cells using the conjugated mouse human mAbs listed in Table S1.

Quantitative reverse transcription PCR (QRT-PCR).

RNA samples were extracted using RNeasy® Plus Micro Kit (Qiagen, Courtaboeuf, France) according to
the manufacturer’s instructions and reverse transcribed into cDNA with SuperScript VILO cDNA
synthesis kit (Invitrogen, Carlsbad, USA). Quantitative real time PCR was performed using the power
SYBR-Green I Master Mix (Applied Biosystems, Thermo Fisher Scientific) and 0,5 pM of primers
(Eurogenetec) on a 7900HT instrument fast real-time PCR system (Applied Biosystems). Raw data were
obtained in terms of Ct values and normalized to the Ct values of the housekeeping gene f2M. Analyzed

genes with the corresponding forward and reverse primer sequences (5°=»3’) are listed in Table S2.

Western Blot analysis

Nuclei were extracted with lysis buffer A containing 10mM HEPES/KOH pH 7.9, 1.5 mM MgCl,, 10Mm
KCL, 0.5% DOC supplemented with a protease inhibitor mix (Sigma-Aldrich®). Nuclear proteins were
extracted with lysis buffer C containing 20mM HEPES-KOH pH 7.9, 1.5 mM MgCl,, 25% Glycerol, 0.2
mM EDTA, 420 mM NaCl, 0.5% sodium deoxycholate (Sigma-Aldrich®) supplemented with a protease
inhibitor mix. Proteins were separated by 10% SDS PAGE, transferred onto nitrocellulose membrane
(Schleicher & Schuell) and immunoblotted in standard conditions. Primary antibodies from rabbit were
used against human HIF-1a (1/1000, ref: ab51608, Abcam), and human Lamin-B1 (1/2000, ref: ab16048,
Abcam). The Secondary antibody was a goat anti-rabbit (IRDye® 800CW) (1/10000, ref: ab216773,
Abcam). Analysis was done on the Odyssey® CLx Imaging System by revealing HIF-1a first and Lamin-
B1 24 hrs later.

Lentiviral vectors and cell transduction.
shRNA sequences directed to HIF-IA (shHIF-la: gatgttagctccctatatcccttcaagagagggatatagggagctaacatc)
and HIF-2A (shHIF-2a : aggccgtactgtcaacctcaattcaagagattgaggttgacagtacggcect), were subcloned in the bi-

cistronic lentiviral vector TRIP/AU3-EF1a that contains the enhanced green fluorescent protein under the
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control of the EFla promoter (pTripAU3Efla-EGFPMCSAU3) kindly provided by F. Mazurier (Rouault-
Pierre et al., 2013). shRNA (aaaaagtgttgggtcgcgaaaggtctcttgaacctttcgcgacccaacacggggatc) directed
against the hepatitis B virus was used as a control (shCTL).

Concentrated lentiviral supernatants were generated and collected by the CIGEX platform of CEA/IRCM
Institute. LMPP and Pro-T/NK sorted cells (40x10°-50x10° cells/100 uL) were incubated with
concentrated virus at a multiplicity of infection of 4x10°-12x10° Units/mL during 48 hours in serum-free
medium (BIT, ref: 09500, Stem Cell Technologies) supplemented with SCF (100 ng/mL), rhIL-3 (60
ng/mL), thrombopoietin (TPO, 50 ng/mL), and FL (100 ng/mL) purchased from Miltenyi Biotec (Brunet
de la Grange et al., 2006; Laurenti et al., 2013). Cells were carefully washed after transduction, and co-
cultured with MS-5 stromal cells under 3.5% O- before performing molecular analysis, transplantation in

mice or culture assays.

Quantification and Statistical analysis

Values were presented as mean + SEM from at least three independent experiments or median from three
independent experiments for in vivo assays. To analyze differences in mean or variance values between
low-number samples, data were statistically tested using the ANOVA test, the Mann-Whitney test (in
independent cases) and the rank signed Wilcoxon test (in matched cases) with GraphPad Prism 6. For
LDA, the significance of differences between groups was obtained by the comparison of the ratio of
proportions using a two-tailed test provided by the L-Calc™ limiting dilution analysis software from

STEMCELL Technologies. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Data and Code Availability

This study did not generate/analyze datasets/code.
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