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SUMMARY
Activation of NOTCH signaling in human hematopoietic stem/progenitor cells (HSPCs) by treatment with an engineered Delta-like

ligand (DELTA1ext-IgG [DXI]) has enabled ex vivo expansion of short-termHSPCs, but the effect on long-term repopulating hematopoietic

stem cells (LTR-HSCs) remains uncertain. Here, we demonstrate that ex vivo culture of human adult HSPCs with DXI under low oxygen

tension limits ER stress in LTR-HSCs and lineage-committed progenitors comparedwithnormoxic cultures. A distinct HSC gene signature

was upregulated in cells cultured with DXI in hypoxia and, after 21 days of culture, the frequency of LTR-HSCs increased 4.9-fold relative

to uncultured cells and 4.2-fold compared with the normoxia + DXI group. NOTCH and hypoxia pathways intersected to maintain un-

differentiated phenotypes in cultured HSPCs. Our work underscores the importance of mitigating ER stress perturbations to preserve

functional LTR-HSCs in extended cultures and offers a clinically feasible platform for the expansion of human HSPCs.
INTRODUCTION

Allogeneic transplantation and autologous ex vivo gene

correction strategies for blood disorders are often restricted

due to insufficient numbers of hematopoietic stem and pro-

genitor cells (HSPCs) derived from umbilical cord blood

(UCB) units, or from bone marrow (BM) and mobilized pe-

ripheral blood (MPB) of patientswith impairedhematopoie-

sis. Likewise, due to inefficiencies of current nuclease-based

protocols for targeted integrationorcorrectionofa therapeu-

tic genewithin humanHSPCs only rare gene-edited cells are

generally available for transplantation. Ex vivo expansion of

transplantable hematopoietic stem cells (HSCs) would

circumvent these shortcomings. Most efforts to expand hu-

man HSCs have focused on cells derived from UCB sources

(Delaney et al., 2010; Horwitz et al., 2019; Wagner et al.,

2016). However, UCB HSCs are biologically distinct and

display a higher BM repopulating potential compared with

adult HSCs; conditions developed for expansion of these

cells typically show lower efficacy when applied to adult

sources of HSCs (Tanavde et al., 2002). Hence, the develop-

ment of safe and effective expansion strategies for adult

HSCs remains a challenging goal in clinical hematology.

Ectopic activation of NOTCH signaling in human HSPCs

promotes self-renewal (Kumano et al., 2003; Stier et al.,

2002) and has been exploited for their expansion ex vivo
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(Delaney et al., 2005, 2010, 2016). NOTCH signaling is

initiated by engagement of Jagged or Delta-like ligands to

one of four NOTCH receptors on neighboring cells, result-

ing in a series of proteolytic cleavages and release of the

intracellular domain (ICD) of NOTCH receptors from the

cellular membrane (Artavanis-Tsakonas et al., 1995). The

released domains translocate to the nucleus where they

form transcriptionally active protein complexes and stimu-

late NOTCH-regulated genes, such as HES and HEY tran-

scriptional targets. NOTCH activation in cultured human

UCB HSPCs by treatment with DELTA1ext-IgG (DXI), an en-

gineered NOTCH Delta-like ligand composed of the extra-

cellular domain of DELTA1 fused to the Fc portion of the

human immunoglobulin 1 (IgG1), has enabled clinically

significant ex vivo expansion of short-term HSPCs and

reduced times to neutrophil recovery following transplan-

tation (Delaney et al., 2005, 2010). However, in this double

UCB transplantation system in which only one of the cord

units was expanded and the other left unmanipulated, sus-

tained engraftment of the expanded donor graft was gener-

ally not observed. Although T cells found only in the un-

manipulated UCB fraction may have triggered an

immune-mediated rejection of the expanded cells after

transplantation, this study also raised the possibility of

ineffective expansion of long-term repopulating HSCs

(LTR-HSCs) in cultures with DXI.
ecommons.org/licenses/by-nc-nd/4.0/).
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Recent studies have highlighted how increased prolifera-

tive demand triggers ER stress perturbations that collec-

tively impair HSC function in ex vivo culture (Miharada

et al., 2014; Milyavsky et al., 2010; Mohrin et al., 2010; Si-

gurdsson et al., 2016; van Galen et al., 2014, 2018; Xie

et al., 2019). Accumulation of misfolded and unfolded pro-

teins within the ER has been identified as an important

mediator of ER stress in highly proliferating cells (Walter

and Ron, 2011). The cellular ER responds to the burden

of improperly assembled proteins by activating the

unfolded protein response (UPR). Undermild and transient

stress conditions, proteome homeostasis (i.e., proteostasis)

is re-established and stress signals promote HSC survival,

whereas under strong and persistent stress stimuli, UPR

and chaperone activities initially increase in an attempt

tomitigate ER stress but cell death through apoptosis even-

tually ensues when cellular homeostasis can no longer be

restored (Tabas and Ron, 2011).

Multipotent HSCs occupy the most hypoxic niches

within the BM (Giuntoli et al., 2007; Kubota et al., 2008;

Parmar et al., 2007). Their bioenergetic demands are largely

met by metabolic pathways based on anaerobic glycolysis.

The limited production of reactive oxygen species (ROS)

from anaerobic metabolic processes maintains their quies-

cent state (Bigarella et al., 2014; Jang and Sharkis, 2007).

Hypoxia-inducible factors (HIFs) function asmaster regula-

tors of the cellular response to hypoxic signals (Semenza,

2012). HIF-1 and its paralog HIF-2 consist of an alpha sub-

unit (HIF-1a or HIF-2a) that can heterodimerize with the

beta subunit of HIF-1 (HIF-1b), also known as aryl hydro-

carbon receptor nuclear translocator (ARNT) (Mohyeldin

et al., 2010). Under well-oxygenated conditions, HIF-a

proteins are ubiquitinated and targeted for proteasomal

degradation, thus preventing formation of functional het-

erodimers with HIF-1b. Unbound HIF-1b/ARNT can com-

plex with the aryl hydrocarbon receptor (AHR) to induce

expression of target genes, such as CYP1A1 and CYP1B1,

which promote cellular differentiation (Lindsey and Pa-

poutsakis, 2012). In contrast, HIF-a subunits are stabilized

under hypoxia and form heteromers with HIF-1b proteins

which are no longer accessible for binding with AHR.

Instead, HIF-a/HIF-1b duplexes bind to hypoxia response

elements within promoter regions of genes regulating

metabolic states of HSCs, resulting in cellular quiescence

and protection from oxidative stress (Semenza, 2012; Sim-

sek et al., 2010). Evidence indicates that culture under hyp-

oxia limits ER stress stimuli and may thus offer a simple

approach to preserve and expand higher numbers of func-

tional HSCs under highly proliferative conditions, such as

those promoted in culture with DXI (Jang and Sharkis,

2007; Rouault-Pierre et al., 2013). Because HSCs display a

lower tolerance to cellular stress and an increased propen-

sity to apoptosis compared with downstream progeny,
hypoxia may provide a distinct advantage to long-term

HSCs subjected to high proliferative pressure (Miharada

et al., 2014; Milyavsky et al., 2010; Mohrin et al., 2015).

In addition to the potential role of low oxygen tension in

mitigating ER stress, accumulating evidence indicates that

microenvironmental cues such as hypoxia can directly

modulate NOTCH signaling output in various cell types

(Landor and Lendahl, 2017; Poellinger and Lendahl,

2008). Studies in precursor cell lines (Gustafsson et al.,

2005) established amolecularmechanism based on a direct

interaction between NOTCH1 ICD and HIF-1a. Whether

NOTCH and hypoxic signals intersect in human HSCs is

not known, but in several other stem cell types the role of

hypoxia in maintaining their primitive phenotype and

promoting their proliferation requires functional NOTCH

signaling (Fraker et al., 2007; Gustafsson et al., 2005; Xu

et al., 2013). These observations suggest that culture of

HSPCs with DXI under hypoxiamay influence the potency

and/or duration of NOTCH signaling to promote their

expansion ex vivo.

Here, we provide evidence that concurrent activation of

NOTCH and hypoxic pathways in ex vivo cultures of hu-

man adult HSPCs enables a clinically relevant expansion

of LTR-HSCs in xenotransplant models. We demonstrate

a NOTCH-hypoxia molecular crosstalk in HSPCs cultured

with DXI under hypoxic conditions, and a transcriptomic

signature that coheres with a mitigated ER stress response

within the HSC compartment compared with counterpart

cells from normoxia + DXI cultures.
RESULTS

NOTCH-mediated ex vivo expansion of human CD34+

progenitor cells is enhanced by culture under hypoxic

conditions

Wefirst compared the global effect of normoxia andhypox-

ia on cellular growth, survival, and differentiation in the

presence or absence of DXI. A total of 1 3 105 human MPB

CD34+ cells were cultured for 21 days under normoxic

(21% O2) or hypoxic (1%–2% O2) conditions in vessels

coated with fibronectin alone or combined with increasing

concentrations of DXI (2.5, 5, 10, and 20 mg/mL). After

expansion, cells were counted and characterized by flow cy-

tometry and functional assays. Low oxygen tension alone

markedly reduced total cell numbers compared with nor-

moxic cultures. In both normoxia and hypoxia, addition

ofDXI furtherdecreased total cell counts inadensity-depen-

dent manner compared with control cultures without DXI

(Figure 1A). The overall diminished cell production in hyp-

oxia was not due to increased apoptosis (Figure S1A) or dif-

ferentiation block of a specific hematopoietic lineage,

although some skewing toward erythroid production was
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Figure 1. NOTCH-mediated ex vivo expan-
sion of human CD34+ progenitor cells is
enhanced by culture under hypoxic condi-
tions
Human CD34+ cells were cultured under nor-
moxia (21% O2) or hypoxia (1%–2% O2) in
vessels coated with fibronectin alone or
combined with increasing concentrations of
DXI. After 21 days in culture, cells were
counted and characterized by flow cytometry
and colony-forming unit (CFU) assays.
(A) Total cell numbers (n = 4 donors).
(B) Percentages of CD34+ cells (n = 4 donors).
(C) Absolute CD34+ cell numbers (n = 4
donors).
(D) Percentages of CD34+CD90+CD45RA� cells
(n = 4 donors).
(E) Absolute CD34+CD90+CD45RA� cell
numbers (n = 4 donors).
(F) Numbers of myeloid and erythroid CFUs
per 1,500 day-0 equivalent CD34+ cells plated
(n = 6–9 technical replicates, from three
donors).
In (A), (C), (E), and (F), blue horizontal
dotted lines represent corresponding data
from uncultured cells. Data are displayed as
mean± SEM; two-way ANOVAwas used. *p%
0.05, **p % 0.01, ***p% 0.001, ****p%
0.0001. See also Figure S1.
observed at all DXI concentrations compared with nor-

moxic cultures (Figures S1B–S1F). The reduced total cell

numbers athigher liganddensities inbothhypoxia andnor-

moxia were also not associated with significant differences

in the percentages of cells that underwent apoptosis (Fig-

ure S1A)or lineage-specific inhibitionofdifferentiation (Fig-

ures S1B–S1F). We observed decreased monocytic (CD14)

differentiation at higher DXI concentrations in normoxic

and hypoxic cultures, but the overall contribution of this

lineage was low and alone cannot account for the observed

decrease in total cell counts (FigureS1B). Fromthesedata,we

infer that concurrent activation of NOTCH and hypoxia

pathways in human CD34+ cells decreased the rate of

cellular proliferation in a DXI-density-dependent manner,

with minimal impact on cell survival or skewing of lineage

differentiation.
2338 Stem Cell Reports j Vol. 16 j 2336–2350 j September 14, 2021
Next, we evaluated the relative effect of normoxia and

hypoxia on the CD34+ progenitor compartment after

expansion for 21 days with or without DXI. In the absence

of NOTCH ligand, residual percentages (Figure 1B) and ab-

solute numbers (Figure 1C) of CD34+ cells were generally

poor, albeit better in hypoxic than normoxic cultures.

Compared with control groups (no DXI), cells cultured

with NOTCH ligand showed a marked increase in percent-

ages (Figure 1B) and numbers (Figure 1C) of CD34+ cells at

all tested concentrations of ligand in both normoxia and

hypoxia. We observed a peak 18.3-fold expansion of

CD34+ cells in hypoxic cultures plated with 5 mg/mL

DXI relative to baseline cell input, whereas normoxic

conditions increased CD34+ cell numbers up to 10-fold

at the same or higher concentrations of NOTCH ligand

(Figure 1C). A ligand-density-dependent expansion of



Figure 2. NOTCH and hypoxia pathways cooperate in human HSPCs
(A) Heatmap of leading edge subset (left) and enrichment plot (right) showing relative expression of genes associated with the NOTCH
pathway in CD34+ cells cultured in normoxia (21% O2) or hypoxia (1%–2% O2) with optimized densities of DXI. NES, normalized enrichment
score; FDR, false discovery rate.

(legend continued on next page)
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HSC-enriched populations of CD34+CD90+CD45RA� cells

was also observed, with maximum detection of these cells

at DXI concentrations of 10–20 mg/mL in normoxia or

5 mg/mL in hypoxia (Figures 1D and 1E). In clonogenic pro-

genitor assays, growth of myeloid (CFU-G, CFU-M, and

CFU-GM) and erythroid (BFU-E and CFU-E) colonies also

increased at all DXI densities under both normoxic and

hypoxic conditions relative to colony counts derived

from the same number of nonexpanded CD34+ cells (Fig-

ure 1F). At the prime concentrations of DXI in normoxia

(10 mg/mL) and hypoxia (5 mg/mL), hypoxic cultures

enabled a superior rise (1.7-fold) in total progenitor

numbers compared with cells cultured under normal oxy-

gen tension (Figure 1F). Collectively, our data indicate

that NOTCH-mediated ex vivo expansion of human MPB

CD34+ progenitor cells is enhanced by culture under

hypoxic conditions, albeit minimally (<2-fold), when

comparing optimized densities of ligand for each culture

condition.

NOTCH and hypoxia pathways cooperate in human

HSPCs

Evidence that hypoxia can directly modulate NOTCH

signaling output in various cellular systems and our obser-

vation that lower densities of DXI were generally required

to support the expansion of CD34+ cells under hypoxic

conditions suggested that molecular regulators of the hyp-

oxia pathway may influence the potency and/or duration

of NOTCH signaling in HSPCs. To test this hypothesis,

we first cultured human MPB CD34+ cells under normoxic

or hypoxic conditions for 24 h with or without DXI, and

compared expression of the primary NOTCH target gene

HES-1 by qRT-PCR. We observed a global increase in HES-

1 gene expression in cells cultured under hypoxia

compared with normoxia (Figure S2A). Consistent with

the known regulation of HIF-1a by hypoxia at the protein

level, mRNA expression of HIF-1awas comparable between

normoxic and hypoxic conditions (Figure S2B). We then

undertook a global transcriptomic analysis of purified
(B) Top: western blot analysis confirming exogenous HIF-1a expressio
after transduction with a mutant HIF-1a-expressing lentiviral vector. A
shown for comparison. b-Tubulin was used as loading control. Botto
replicates, from three donors). Results indicate the fold increase in H
(C) Representative ImageStream images of human CD34+ cells cultu
optimized concentrations of DXI. BF, bright-field; NICD, NOTCH1 intr
(D) Quantification of the mean fluorescence intensity (MFI) of NOTCH
(E) Representative high-resolution images of individual cells assessed
channel generated with Imaris imaging software.
(F) Quantification of NOTCH1 ICD and HIF-1a signal colocalization
coefficient (n = 20 cells/condition).
In (B), (D), and (F), data are displayed as mean ± SEM. Two-sided (B an
0.01, ****p % 0.0001. See also Figures S2 and S3; Table S2.
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CD34+ cells treated for 24 h in normoxic or hypoxic cul-

tures in wells coated with DXI at the optimized densities

(10 mg/mL in normoxia; 5 mg/mL in hypoxia). We observed

several differentially expressed genes between each experi-

mental group (Figure S2C and Table S1; false discovery rate

[FDR] < 0.05; fold change > 1.5 or <�1.5). The ranked gene

lists were evaluated using gene set enrichment analysis

(GSEA) against open-access expression databases for both

hypoxia andNOTCHpathways.When comparing the hyp-

oxia pathway for cells cultured with DXI under normoxic

or hypoxic settings, we observed the expected enrichment

of this gene set in the hypoxia group (Figure S2D and Table

S2). Analysis of gene sets implicated in NOTCH signaling

revealed increased activity of the NOTCH pathway in the

hypoxia + DXI group relative to the normoxia + DXI con-

trol (Figure 2A and Table S2), notwithstanding the lower

concentration of DXI used in hypoxic cultures.

To determine whether the impact of hypoxia on NOTCH

signaling was linked to the specific recruitment of HIF-1a,

we measured HES-1 expression in CD34+ cells transduced

with a lentiviral vector expressing a mutant HIF-1a

(P402A/P564A) known to resist proteasome degradation

(Yan et al., 2007), and cultured these cells under normoxic

conditions with DXI (Figure 2B, top panel). Notably, after

48 h of normoxic culture, HES-1 expression was signifi-

cantly increased in mutant HIF-1a-overexpressing cells

compared with a GFP-transduced control group (Figure 2B,

bottom panel). Together, these results suggest an HIF-

1a-mediated cooperation between NOTCH and hypoxia

pathways in human HSPCs, analogous to observations in

other stem/progenitor cell populations (Gustafsson et al.,

2005).

Because activation of NOTCH receptors ultimately leads

to the liberation of NOTCH ICDs, we next queried whether

this step in the NOTCH signaling cascade might be modu-

lated by hypoxia. We used ImageStream to compare pro-

tein levels of NOTCH1 and NOTCH2 ICD in human

CD34+ cells cultured under normoxic or hypoxic condi-

tions in the absence or with previously optimized
n in human CD34+ cells cultured under normoxic conditions with DXI
control group transduced with a GFP-expressing lentiviral vector is
m: HES-1 gene expression measured by qRT-PCR (n = 9 technical
ES-1 levels normalized to a GFP-transduced control group.
red under normoxic or hypoxic conditions in the absence or with
acellular domain (ICD); DAPI, 40,6-diamidino-2-phenylindole.
1 ICD in 10,000 cells/condition.
by confocal microscopy. The bottom panel displays a colocalization

in individual cells for each condition by the Pearson’s correlation

d F) and one-sided (D) unpaired t test were used. *p% 0.05, **p%



concentrations of DXI. When examining NOTCH1, we

first confirmed that the ICDs were readily detected within

the nucleus upon addition of the ligand in normoxia and

hypoxia (Figure 2C). Importantly, the signal intensity of

NOTCH1 ICD significantly increased in hypoxic cultures

compared with control groups (Figures 2C and 2D), indi-

cating that hypoxia affects signaling mediated by the ICD

of NOTCH1 receptor. However, no differences in ICD fluo-

rescence intensities were observed in experiments exam-

ining the effect of hypoxia on NOTCH2 signaling (Figures

S3A and S3B).

Because NOTCH1 ICD and HIF-1a were previously

shown to cooperate by direct physical association in other

cellular systems, we examined the localization of their fluo-

rescence signals by confocal microscopy within human

CD34+ cells cultured for 24 h under normoxia or hypoxia,

with or without DXI. Similar to findings by ImageStream,

we observed enhanced NOTCH1 ICD signal intensities un-

der hypoxic conditions (Figure 2E, NICD). Importantly,

this approach also revealed increased spatial overlap of

NOTCH1 ICD with HIF-1a after concomitant activation

of NOTCH and hypoxia pathways in culture compared

with control groups (Figure 2E, colocalization). Statistical

quantification of colocalization in individual cells for

each condition by the Pearson’s correlation coefficient

confirmed an increased co-occurrence of NOTCH1 ICD

and HIF-1a in HSPCs cultured under hypoxia with DXI

relative to control groups (Figure 2F). In contrast, hypoxic

culture did not enhance colocalization of NOTCH2 ICD

and HIF-1a (Figure S3C). Taken together, these results sup-

port a molecular mechanism by which HIF-1a enhances

signaling mediated by the ICD of NOTCH1 in human

HSPCs.

Concomitant activation of NOTCH and hypoxia

pathways enhances ex vivo expansion of human LTR-

HSCs

To address whether LTR-HSCs can be expanded in our cul-

ture system, we quantified human cell engraftment at

4 months after transplantation of NOD-Scid-IL2rynull

(NSG) mice with 1 3 105 unmanipulated MPB CD34+ cells

or the 21-day expanded progeny of the same starting cell

number for each culture condition. In contrast to previous

studies utilizing HSPCs derived fromUCB sources (Delaney

et al., 2005, 2010), MPB CD34+ cells cultured in normoxia

with 10 or 20 mg/mL DXI resulted in levels of engraftment

in NSG mice comparable but not superior to uncultured

cells, and lower densities of DXI were insufficient to main-

tain cells with repopulating activity (Figure 3A). Notably,

we observed a significant increase (�5-fold) in human

cell engraftment when hypoxia was used in combination

with 2.5 or 5 mg/mL DXI compared with unexpanded

CD34+ cells or HSPCs cultured in normoxia at optimal den-
sity (10 mg/mL) of DXI (Figure 3A). Multilineage engraft-

ment was detected in all groups in proportions similar to

engraftment derived from uncultured cells (Figure 3B).

To elucidate how hypoxia improved engraftment of

CD34+ cells cultured in the presence of DXI compared

with normoxia, we speculated that either the homing po-

tential of repopulating cells, their absolute numbers, or

both properties were enhanced by hypoxia. We first

measured expression of CXCR4, a chemokine receptor

regulated via HIF-dependent pathways and well known to

mediate homing of HSPCs within the BM after transplanta-

tion (Kahn et al., 2004; Schioppa et al., 2003; Speth et al.,

2014; Staller et al., 2003). Cultures of CD34+ cells from

eight independent donors were established under nor-

moxic or hypoxic conditions in wells coated with DXI at

previously optimized concentrations. No statistically sig-

nificant difference in CXCR4 expression was seen in

CD34+ cells after 21 days of culture under normoxia or hyp-

oxia (31.7%versus 35.8%, p = 0.19). Similar results were ob-

tained when CXCR4 expression was compared in a more

purified CD34+CD90+CD45RA� cell population (37.4%

versus 38.8%, p = 0.55), indicating that upregulation of

CXCR4 was likely not the primary mechanism by which

hypoxia augmented engraftment of DXI expanded cells.

Next, we performed limiting dilution analyses to

compare the frequency of LTR-HSCs within the CD34+

cell compartment at baseline and after 21 days of normoxic

or hypoxic cultures supplemented with the optimized con-

centrations of DXI (Figures 3C and 3D). Engrafting cells in

uncultured CD34+ cells were measured at the expected fre-

quency of 1 in 7,719 (Huntsman et al., 2015). When

analyzed at 4 months post transplantation, a limited (1.5-

fold) increase in frequency (1 in 5,090) was obtained

from normoxic cultures relative to uncultured cells. In

contrast, the frequency of long-term repopulating cells (1

in 1,586) was 4.9-fold higher (p = 0.007) in hypoxic cul-

tures compared with uncultured cells and 4.2-fold higher

(p = 0.045) than in the normoxia group (Figures 3C and

3D).

To corroborate these findings molecularly, we queried

the ranked gene lists from our previously established RNA

sequencing (RNA-seq) dataset (see Figure 2A, Table S2,

and Figures S2C and S2D) using GSEA against published

gene expression signature databases of LTR-HSCs (Eppert

et al., 2011; Laurenti et al., 2013). Consistent with func-

tional transplantation assays, we found that HSC gene

expression signatures were significantly upregulated in

cells cultured with DXI in hypoxia compared with cells

exposed to DXI under normoxic conditions (Figures 3E

and 3F; Table S2). Collectively, these data show that hypox-

ia supports a superior ex vivo expansion of human LTR-

HSCs compared with normoxia at optimized densities of

DXI ligand.
Stem Cell Reports j Vol. 16 j 2336–2350 j September 14, 2021 2341



Figure 3. Concomitant activation of
NOTCH and hypoxia pathways enhances
ex vivo expansion of human LTR-HSCs
(A) Percentages of human CD45+ cells in the
BM of NSG mice 4 months after trans-
plantation of 13 105 uncultured CD34+ cells
(blue horizontal dotted line) or the 21-day
expanded progeny of the same starting cell
number for normoxic and hypoxic culture
conditions in the absence or with increasing
concentrations of DXI (n = 3–4 mice/group).
(B) Lineage distribution of human CD45+ cells
in the BM of NSG mice. N, normoxia; H, hyp-
oxia (n = 3–4 mice/group).
(C) Semilogarithmic plot of LTR-HSC fre-
quency 4 months after transplantation of
uncultured CD34+ cells or the 21-day
expanded progeny of the same starting cell
number for normoxic or hypoxic culture
conditions in the presence of optimized
concentrations of DXI. Solid lines indicate
the best-fit linear model for each dataset.
Dotted lines represent 95% confidence in-
tervals.
(D) Summary of LTR-HSC frequency and fold
increase in LTR-HSC frequencyafter 21daysof
expansion in normoxia or hypoxia with opti-
mized concentrations of DXI relative to un-
cultured CD34+ cells. p values were measured
by extreme limiting dilution analysis.
(E and F) Heatmaps of leading edge subset
(left) and enrichment plots (right) showing
the relative expression of genes associated
with HSC pathways (E, Eppert et al., 2011; F,
Laurenti et al., 2013) in CD34+ cells cultured
in normoxia or hypoxia with optimized den-
sities of DXI. NES, normalized enrichment
score; FDR, false discovery rate.

In (A) and (B), data are displayed asmean± SEM. Two-wayANOVAwas usedunless otherwise specified. *p% 0.05, **p% 0.01, ***p% 0.001,
****p% 0.0001. See also Table S2.
Downregulation of ER stress pathways by hypoxia

during DXI-mediated expansion of human LTR-HSCs

To further clarify how hypoxia improved NOTCH-medi-

ated expansion of LTR-HSCs, we performed single-cell

RNA-seq (scRNA-seq) of sorted MPB CD34+ cells treated

with optimized DXI densities under normoxic or hypoxic

conditions. In total, after quality control 1,532 and 2,709

single CD34+ cell libraries from normoxic and hypoxic cul-

tures, respectively, were retained for further analyses. Sum-

mary statistics are shown in Figure S4A.

To impute a pattern of HSPC differentiation, we clustered

and visualized transcriptome sequencing data of single

CD34+ cells from each experimental group in two-dimen-

sional uniform manifold approximation and projection

(UMAP). We identified six distinct cell clusters with a com-
2342 Stem Cell Reports j Vol. 16 j 2336–2350 j September 14, 2021
parable distribution of cells per cluster between normoxic

(Figure 4A) and hypoxic cultures (Figure 4B). By associating

cluster-specific transcripts with defined lineage transcrip-

tome signatures (Eppert et al., 2011; Laurenti et al., 2013;

Laurenti and Gottgens, 2018; Tirosh et al., 2016; Zhao

et al., 2017), CD34+ cell clusters could be computationally

assigned todefinehematopoietic subpopulations, including

lymphoid-primedmultipotent progenitors (cluster 0), mul-

tipotent progenitors (cluster 1), granulocyte-monocyte

progenitors (GMP, cluster 2),megakaryocytic-erythroidpro-

genitors (MEP, cluster 3), common lymphoid progenitors

(CLP, cluster 4), and a single HSCpopulation (cluster 5) (Fig-

ures 4A, 4B, and S4B). Pseudotemporal ordering was used to

reconstruct hematopoiesis. Bymapping the cell type profile

from UMAP, we developed a trajectory of differentiation



Figure 4. Downregulation of ER stress pathways by hypoxia during DXI-mediated expansion of human LTR-HSCs
(A and B) UMAP visualization of scRNA-seq data for CD34+ cells treated in vessels coated with optimized densities of DXI under normoxic
(A) or hypoxic (B) conditions. A total of six cell clusters were identified and annotated as lymphoid-primed multipotent progenitors

(legend continued on next page)
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from HSCs to MEP and to myeloid (GMP) and lymphoid

progenitors (CLP) (Figure 4C). Thus, we were able to decon-

volute the heterogeneous CD34+ cell population at single-

cell level, and reconstructed a trajectorial pattern of

hematopoiesis.

To assess the relative impact of normoxia and hypoxia on

the HSC compartment, we performed GSEA of cells within

HSC cluster 5 for each culture condition. A total of 27 differ-

entially expressed genes (all downregulated) were identified

in HSCs exposed to hypoxia + DXI compared with control

cultures (Figures 4D, S4C, and S4D; Tables S3 and S4).

Consistent with the known molecular crosstalk between

hypoxic and AHR signaling pathways (Lindsey and Papout-

sakis, 2012), culture with DXI under hypoxia downregu-

lated expression of two AHR target genes (i.e., CYP1A1 and

CYP1B1), providing an objective validation of the scRNA-

seq dataset (Figure 4D). Pathways indicative of cellular ER

stress, including UPR, heat-shock protein (HSP), and chap-

erone systems, were most significantly downregulated in

hypoxia-treatedcells relative tonormoxiccultures (Figure4E

and Table S5). When the top differentially expressed genes

in HSC cluster 5 were examined across all cell clusters, we

observed a more prominent upregulation of these genes

within transcriptionally definedHSCs exposed to normoxia

relative to more mature progenitor populations in clusters

0–4 (Figure 4F, red violin plots). Notably, hypoxia lessened

the cellular stress response in both progenitors and HSCs,

but the mitigation was more apparent in the HSC popula-

tion (Figure 4F, gray violin plots).

To independently confirm these findings, we performed

qRT-PCR of the top differentially expressed ER stress

response genes (see Figure 4D) fromMPB CD34+CD38+ he-

matopoietic progenitors and HSC-enriched CD34+CD38�

populations treated with optimized DXI densities under

normoxic or hypoxic conditions. Consistent with the

scRNA-seq analysis, we observed an upregulation of ER

stress response genes in LTR-HSC-enriched populations
(LMPP, cluster 0), multipotent progenitors (MPP, cluster 1), gran
erythroid progenitors (MEP, cluster 3), common lymphoid progenitor
(C) Reconstruction of the hematopoietic hierarchy pseudotime orderi
(D) List of 27 differentially expressed genes (DEGs) (all downregulate
normoxic and hypoxic cultures. These genes represent the overlap bet
methods, Wilcoxon rank sum (Figure S4C) and DESeq2 (Figure S4D).
(E) Enrichment plots showing the relative expression of genes asso
pathways. NES, normalized enrichment score; FDR, false discovery rat
(F) Violin plots showing expression levels of the top downregulated g
(G) Quantification of protein aggregates (aggresomes) in human
CD34+CD38�CD90+CD45RA� LTR-HSC populations (pHSCs) cultured wit
measured using a ProteoStat staining approach. Left: representative
used as positive control to define a population of ProteoStathigh popul
of aggresomes (n = 9 technical replicates, from three independent don
ANOVA was used. *p % 0.05.
See also Figures S4 and S5; Tables S3, S4, and S5.
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exposed to normoxia relative tomoremature hematopoiet-

ic progenitors, and hypoxia lessened ER stress response

more prominently in LTR-HSC-enriched populations (Fig-

ure S5). To assess the impact of NOTCH signaling inhibi-

tion on ER stress response, we also incubated cells from

each culture condition with LY411575, a small-molecule

inhibitor of g-secretase-mediated proteolytic cleavage of

NOTCH ICD. Blockade of NOTCH ICD cleavage and release

by LY411575 did not reverse downregulation of ER stress

response mediated by hypoxia during ex vivo culture with

DXI (Figure S5).

To furthercorroborategeneexpressionanalysisofERstress

response pathways, we compared the burden of improperly

assembled proteins in human HSPCs cultured with opti-

mizedDXIdensities under normoxic orhypoxic conditions.

Accumulation of protein aggregates (i.e., aggresomes) was

previously shown to correlate with activation of ER stress

response in HSPCs (Sigurdsson et al., 2016). In agreement

with transcriptomic data, we found that hypoxia lowered

aggresome formation in both CD34+CD38+ progenitors

and phenotypically defined CD34+CD38�CD90+CD45RA�

LTR-HSC populations (pHSCs), as measured using a Proteo-

Stat staining approach (Figure 4G). From these data,we infer

that hypoxia curtailed ER stress response pathways during

DXI-mediated expansion of LTR-HSCs.

Downregulation of apoptotic pathways by hypoxia

during DXI-mediated expansion of human LTR-HSCs

To investigate whether decreased ER stress response in hyp-

oxic cultures resulted in improved survival of LTR-HSCs

more than progenitors, we first evaluated the ranked gene

lists from each scRNA-seq cell cluster using GSEA against

the Hallmark Collection of the Molecular Signatures Data-

base, which includes gene sets linked to apoptosis (Liber-

zon et al., 2015). A significant (FDR < 0.05) hypoxia-medi-

ated decrease in apoptosis was observed exclusively within

the HSC cluster (Figure 5A).
ulocyte-monocyte progenitors (GMP, cluster 2), megakaryocytic-
s (CLP, cluster 4), and hematopoietic stem cells (HSC, cluster 5).
ng by Monocle in the integrated dataset.
d) identified by comparing the transcriptome of HSC cluster 5 from
ween two lists of DEGs identified using two independent statistical

ciated with unfolded protein, heat-shock protein, and chaperone
e.
enes identified in (D).
CD34+CD38+ progenitors (PROGs) and phenotypically defined

h optimized DXI densities under normoxic or hypoxic conditions, as
flow-cytometry histograms; the proteasome inhibitor MG-132 was
ation. Right: summary of relative mean fluorescence intensity (MFI)
ors). Data are displayed as mean ± SEM. One-way repeated-measures



Figure 5. Reduced apoptosis and ROS levels by hypoxia during DXI-mediated expansion of human LTR-HSCs
(A) Enrichment plots showing the relative expression of genes associated with the apoptosis pathway for all six cell clusters identified by
scRNA-seq of CD34+ cells treated in vessels coated with optimized densities of DXI under normoxic or hypoxic conditions. NES, normalized
enrichment score; FDR, false discovery rate.

(legend continued on next page)
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To independently confirm these findings, we next treated

CD34+cellswithoptimizedDXIdensitiesundernormoxicor

hypoxic conditions for24handmeasured levelsofapoptosis

by annexin V staining assay in subpopulations composed of

hematopoietic progenitors or highly enriched in LTR-HSCs.

In both normoxic and hypoxic groups, themajority (>90%)

of progenitor cells were viable (i.e., annexin V�/7AAD�). In
contrast, the proportion of LTR-HSC-enriched populations

that underwent apoptosis (i.e., annexin V+) rose markedly

in normoxic cultures (55.8% ± 4.5%, mean ± standard error

of themean [SEM]), and a significantly lower fraction of this

population (27.7% ± 2.0%, mean ± SEM) underwent

apoptosis in hypoxia (Figures 5B and 5C).

Because ER stress-mediated apoptosis can be exacerbated

by increased ROS production and vice versa, we also quan-

tified ROSmolecules in normoxic and hypoxic cultures.We

confirmed the expected lower ROS levels in the hypoxia

group (Figures 5D and 5E) and showed rescue of pHSC

apoptotic death in normoxia by addition of N-acetyl-L-

cysteine (NAC) ROS scavengers in culture (Figure 5C).

Taken together, these results indicate that hypoxia enables

DXI-mediated expansion of LTR-HSCs by mitigating ER

stress, ROS production, and apoptosis associated with

increased cellular proliferation under normoxic ex vivo cul-

ture conditions.
DISCUSSION

In this study we provide functional, phenotypic, and mo-

lecular evidence that ex vivo culture of human adult

CD34+ cells under hypoxic conditions enables a superior

DXI-mediated expansion of hematopoietic cells with

long-term lymphoid and myeloid repopulating capacity

compared with normoxic cultures. Our data suggest a

two-pronged mechanism by which optimal ectopic activa-

tion of NOTCH signaling in human HSCs enhances their

self-renewal, and culture under hypoxia mitigates ER stress

triggered by the increased proliferative demand, as evi-

denced by reduced UPR and HSP chaperone activity, lower

ROS levels, and decreased formation of aggresomes, result-

ing in improved survival of expanding HSCs.
(B) Representative flow-cytometry plots obtained by dual annexin V
in (A).
(C) Summary of percentages of annexin V+ cells in CD34+ cell subpopula
phenotypically defined CD34+CD38�CD90+CD45RA� LTR-HSC populati
cysteine (NAC) ROS scavengers in culture rescued pHSC apoptotic dea
(D) Quantification of ROS levels in human PROGs and pHSCs after cultur
conditions using a CellROX green assay. Representative flow-cytometr
positive control.
(E) Summary of relative mean fluorescence intensity (MFI) of ROS (n
Data are displayed as mean ± SEM. Ordinary one-way ANOVA was used.
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Akeyfinding emerging fromourwork is thedistinct influ-

ence of hypoxia on LTR-HSCs and progenitors during

expansion with DXI. As previously shown in alternative

culture systems (Milyavsky et al., 2010; Mohrin et al.,

2010; Sigurdsson et al., 2016; van Galen et al., 2014; Xie

et al., 2019), activation of ER stress and apoptotic pathways

under normoxic conditions was more apparent in cell pop-

ulations enriched in LTR-HSCs than in hematopoietic pro-

genitors. Importantly, the benefits provided by low-oxygen

cultures were most notable in the primitive HSC compart-

ment, consistent with a recent investigation suggesting

that, under lower stress conditions, pro-survival integrated

stress responses are uniquely activated in HSCs to restore

cellular homeostasis and ensure their long-termpersistence

(van Galen et al., 2018). Other approaches have also been

proposed to confer protection against ER stress, including

addition or enforced expression of chaperones (Miharada

et al., 2014; Sigurdsson et al., 2016; van Galen et al., 2014)

and transient pharmacological inhibition of de novo sphin-

golipid synthesis inHSPCs (Xie et al., 2019), but their utility

in combination with DXI-mediated NOTCH activation for

LTR-HSC expansion will require direct testing.

Further investigation is needed to fully understand the

mechanism by which hypoxia limits activation of ER stress

pathways in HSPCs, andmost notably in LTR-HSCs treated

with DXI. Our data suggest that the stabilized alpha sub-

units of HIF-1 and HIF-2 regulators in hypoxia likely play

a critical role by averting extensive ROS formation known

to simulate ER stress and trigger apoptosis by activation

of the UPR pathway (Rouault-Pierre et al., 2013). The

importance of thwarting excessive ROS production for

optimal expansion of LTR-HSCs was recently highlighted

in a study using three-dimensional culture of human

HSPCs in a degradable zwitterionic hydrogel that promoted

extensive CD34+ cell proliferation by suppressing ROS

levels (Bai et al., 2019). Likewise, prevention of ER stress

by ectopic expression of the RNA binding protein Dppa5

(Miharada et al., 2014) or the mitochondrial HSP Mortalin

(Tai-Nagara et al., 2014) maintained low cytosolic ROS

levels and improved HSC function compared with

untreated controls. Alternative strategies to scavenge or

limit production of ROS within CD34+ cell populations,
/7AAD immunostaining of human CD34+ cells treated as described

tions comprising hematopoietic CD34+CD38+ progenitors (PROGs) or
ons (pHSCs) (n = 3 independent donors). Addition of N-acetyl-L-
th under normoxic conditions.
e for 24 h with optimized densities of DXI under normoxic or hypoxic
y plots are shown. Cells treated with menadione were included as a

= 3 independent donors).
**p% 0.01, ***p% 0.001, ****p% 0.0001; ns, not significant.



including supplementation of culturemediawith common

antioxidant agents (e.g., NAC) (Hu et al., 2014), pharmaco-

logical inhibitors of mitochondrial permeability transition

pore (e.g., cyclosporin A) (Mantel et al., 2015), or stabilizers

of HIF alpha subunits (e.g., dimethyloxylalylglycine)

(Speth et al., 2014), may be useful in combination with

NOTCH signaling activation to expand LTR-HSCs. Howev-

er, cellular toxicity associated with these small molecules is

often limiting (Bai et al., 2019; Broxmeyer, 2016).

Beyond its role in mitigating ER stress, hypoxia may also

play a central role in DXI-mediated expansion of human

HSPCs by potentiating NOTCH intracellular signals in

cultured cells. The intersection between NOTCH and hyp-

oxia signaling mechanisms has been increasingly recog-

nized in various physiological and disease contexts (Landor

and Lendahl, 2017; Poellinger and Lendahl, 2008), and this

crosstalk is important to maintain undifferentiated states

in several stem cell populations (Fraker et al., 2007; Gustafs-

son et al., 2005; Xu et al., 2013). Here, we demonstrate that

a molecular link also exists between NOTCH signaling and

the cellular hypoxic response in human HSPCs. This

finding expands on previous reports describing the integra-

tion of other intracellular signaling systems in HSPCs, such

as NOTCH and Wnt pathways known to converge for the

maintenance and self-renewal of HSCs (Duncan et al.,

2005; Moore, 2005). Consistent with previous investiga-

tions (Gustafsson et al., 2005; Villa et al., 2014), we found

that NOTCH1 ICD and HIF-1a are central in the conver-

gence point between the two signaling pathways in HSPCs.

The contribution of NOTCH1 ICD is underscored by the

increased detection of its signal under hypoxic conditions

in flow cytometry and confocal microscopy imaging. The

enhanced NOTCH1 ICD activity under hypoxia could

result from increased cleavage at the cellular membrane,

perhaps via activation of proteolytic enzymes mediating

this process (Villa et al., 2014) or from increased domain

stability as suggested by pulse-chase experiments in other

cellular systems (Gustafsson et al., 2005). The participation

of HIF-1a in the NOTCH-hypoxia convergence is high-

lighted in our study by the upregulation of HES-1 gene

expression under normal oxygen tension when a nor-

moxia-resistant form of HIF-1a was upregulated in culture,

and by the observed colocalization of HIF-1a and NOTCH1

ICD inferred by metrics based on Pearson’s coefficient of

correlation. Direct physical association between HIF-1a

and NOTCH1 ICD was previously confirmed by coimmu-

noprecipitation of in vitro translated proteins (Gustafsson

et al., 2005), but this pull-down assay is impractical in pri-

mary humanHSPCs due to the low abundance of both pro-

teins in these cells. Although HIF-1a and the ICD of

NOTCH1 likely interact in HSPCs, the precise role and

fate of this complex remain unclear. Upregulation of genes

involved in NOTCH signaling observed under hypoxia in
our study suggests that HIF-1a complexed with NOTCH1

ICD could be recruited onto NOTCH-responsive gene

promoters, as shown in previous chromatin immunopre-

cipitation studies (Gustafsson et al., 2005). Our work also

indicates that NOTCH2 is unlikely to be implicated in the

intersection of NOTCH and hypoxic signaling in human

HSCs. However, it is probable that other constituents of

each pathway (e.g., NOTCH3, HIF-2a, Factor Inhibiting

HIF-1a) participate in this crosstalk tomaintain undifferen-

tiated states in HSPC populations.

In conclusion, we provide newmolecular and functional

evidence to support the use of DXI in combination with

hypoxia to facilitate the expansion of human LTR-HSCs

and, to a lesser extent, moremature hematopoietic progen-

itors. Our findings underscore the importance of incorpo-

rating strategies to mitigate ER stress in HSC expansion

protocols. Collectively, data presented in this study have

implications for fundamental investigations exploring

ex vivo expansion of human HSPCs, and for genetic and

cellular therapeutics requiring increased cell doses to

improve clinical efficacy.
EXPERIMENTAL PROCEDURES

See supplemental experimental procedures for a full description of

methods.

Cell culture
G-CSF (granulocyte-colony stimulating factor) mobilized human

CD34+ cells from healthy donors were thawed and resuspended

at a concentration of 1 3 105 cells/mL for 21-day cultures or 5 3

105 cells/mL for short-term cultures in StemSpan Serum-Free

Expansion Medium II (STEMCELL Technologies) supplemented

with 50 ng/mL of human recombinant Stem Cell Factor, Fms-like

tyrosine kinase 3 ligand, and thrombopoietin (PeproTech). Cells

were cultured in vessels coatedwith fibronectin alone or combined

with DXI under normoxic (21% O2) or hypoxic (1%–2% O2) con-

ditions with 5% CO2 at 37
�C.
Transplantation of human CD34+ HSPCs into NSG

mice
Female NSG mice (Jackson Laboratory) were sublethally irradiated

(280 cGy) 24 h before tail-vein injection. Animals were housed and

handled in accordance with the guidelines set by the Committee

on Care and Use of Laboratory Animals of the Institute of Labora-

tory Animal Resources, National Research Council (DHHS publica-

tion no. NIH 85-23), and the protocol was approved by the Animal

Care and Use Committee of the NHLBI.
Statistics
Data are reported as mean ± SEM. Statistical significance (p < 0.05)

was assessed using one-way or two-way ANOVA with Tukey’s mul-

tiple comparison test or an unpaired Student’s t test. Statistical an-

alyses for bulk and scRNA-seq experiments were performed within
Stem Cell Reports j Vol. 16 j 2336–2350 j September 14, 2021 2347



the RStudio IDE. All other statistical analyses comparing the

different experimental groups were performed using GraphPad

Prism 8 software.

Data and code availability
The data generated for this study have been deposited at the Gene

Expression Omnibus under accession codes GEO: GSE157465 and

GSE157321.
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Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2021.08.001.
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