
Regular Article

HEMATOPOIESIS AND STEM CELLS

Blood stem cell fate regulation by Delta-1–mediated rewiring of IL-6
paracrine signaling
Elizabeth Csaszar,1,2 Weijia Wang,1 Tatiana Usenko,1 Wenlian Qiao,1 Colleen Delaney,3,4 Irwin D. Bernstein,3,4

and Peter W. Zandstra1,2,5,6,7

1Institute for Biomaterials and Biomedical Engineering and 2Department of Chemical Engineering and Applied Chemistry, University of Toronto, Toronto,

ON, Canada; 3Fred Hutchinson Cancer Research Center, University of Washington, Seattle, WA; 4Seattle Children’s Hospital, Seattle, WA;
5Terrence Donnelly Centre for Cellular and Biomolecular Research, University of Toronto, Toronto, ON, Canada; 6Heart and Stroke/Richard Lewar Centre of

Excellence, University of Toronto, Toronto, ON, Canada; and 7McEwen Centre for Regenerative Medicine, University Health Network, Toronto Medical

Discovery Tower, Toronto, ON, Canada

Key Points

• The Notch ligand Delta-1
reduces membrane bound
IL-6R expression, inhibiting
IL-6 cis-signaling and the
production of myeloid cells.

• Combined with a dynamically
fed culture system that
minimizes IL-6 trans-signaling,
Delta-1 produces rapid and
sustained HSC engraftment.

Increasing evidence supports the importance of cell extrinsic regulation in stem cell fate

control. Hematopoietic stem cells (HSC) are responsive to local signals from their niche

and to systemic feedback from progenitors and mature cells. The Notch ligand Delta-1

(DL1), a key component of the stem cell niche, regulates human hematopoietic lineage

development in a dose-dependent manner and has been used clinically for primitive

progenitor expansion. How DL1 acts to regulate HSC fate and whether these actions are

related to its lineage skewing effects are poorly understood. Here we demonstrate that,

although DL1 activates signal transducer and activator of transcription 3 signaling

similarly to the gp130-activating cytokine interleukin-6 (IL-6), it has opposite effects on

myeloid cell production. Mechanistically, these different outcomes are attributable to

aDL1-mediated reduction inmembrane (m)-bound IL-6 receptor (R) expression, converting

progenitor cells from being directly IL-6 responsive to requiring both IL-6 and soluble (s)

IL-6R for activation. Concomitant reduction of both mIL-6R (by DL1 supplementation) and

sIL-6R (using dynamically fed cultures) reduced myeloid cell production and led to

enhanced outputs of human HSCs. This work describes a new mode of cytokine action in which DL1 changes cytokine receptor

distributions on hematopoietic cells, altering feedback networks and their impact on stem cell fate. (Blood. 2014;123(5):650-658)

Introduction

Stem cell niche-mediated signaling is complex and context de-
pendent. Notch signaling in hematopoiesis exemplifies this complex-
ity.1,2 Osteoblasts regulate hematopoietic stem cells (HSCs) in the
bonemarrow niche in aNotch-mediatedmanner; however, the precise
role of Notch pathway activation inHSC cell fate control is less clear.2

In vitro, Notch ligand Delta-1 (DL1) has been shown to enhance
short-term severe combined immunodeficient (SCID)-repopulating
cells (SRCs), and clinical data indicate that patients transplanted
with cells cultured in the presence of DL1 had improved time to
neutrophil engraftment after transplantation.3,4

Methods to expand HSC numbers in vitro have traditionally
focused on identifying self-renewal factors.4-8 The phenotypic and
molecular continuum between HSCs and their closely related but
developmentally restricted progeny makes this endeavor challeng-
ing. We have previously shown that feedback from mature cells has
a significant and cell type–specific impact on HSC expansion.9,10

The role of lineage skewing on local and systemwide feedback may
significantly contribute to the regulation of HSC fate in vitro and in
vivo. Here, we sought to understand the link between Notch-

mediated mature cell lineage skewing and primitive cell fate
modulation during human hematopoiesis. By decoupling intrinsic
cell fate changes from their microenvironmental consequences using
dynamically fed cultures,9 we demonstrate that the myeloid cell
lineage skewing observed in the presence of DL1 is predominantly
attributable to Notch-mediated regulation of cell type–specific
interleukin 6 receptor (IL-6R) expression. This lineage skewing
results in an environment supportive for HSC growth, allowing for
both rapid and sustained expansion of SRCs.

Methods

Umbilical cord blood cell collection and processing

Umbilical cord blood cell samples were collected from consenting donors
according to ethically approved procedures at Mt Sinai Hospital (Toronto,
ON, Canada). Mononuclear cells were obtained as described.11 Lineage
negative (Lin2) progenitor cells or CD341 cells were isolated from the
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mononuclear cell fraction using the EasySep system with the human
progenitor cell enrichment kit or human CD341 enrichment kit (Stemcell
Technologies, Vancouver, BC, Canada).

DL1 preparation

DL1 was produced and coated as previously described.12 Both 2.5 mg/mL of
DL1 and 5 mg/mL of retronectin (Takara Shuzo, Otsu, Japan) were diluted in
chilled phosphate-buffered saline, coated onto nontissue culture–treated
plates at 0.16 mL/cm2, and kept overnight at 4°C.

Cell seeding and in vitro culture

CD341 cells were seeded on DL1-coated plates at an initial density of 13 105

cells/mL in serum-free Iscove modified Dulbecco medium (Gibco,
Rockville, MD) with 20% bovine serum albumin, insulin, and transferrin
serum substitute (Stemcell Technologies) and 1% Glutamax (Gibco). The
medium was supplemented with 100 ng/mL Stem Cell Factor (R&D Sys-
tems, Minneapolis, MN), 100 ng/mL FMS-like Tryosine Kinase 3 Ligand
(R&D Systems), 50 ng/mL Thrombopoietin (R&D Systems), and 1 mg/mL
low-density lipoproteins (Calbiochem, La Jolla, CA). Plates were cultured on
an orbital shaker to aid in mixing of the system. Tomimic the feeding scheme
of the previously described fed-batch system,9 cultures were fed every 24 hours
with 1 unit volume of fresh media to maintain a dilution rate of D 5 1. Cells
were transferred to plates with freshly coated ligand every 4 days. Where
indicated, IL-6 (R&D) was used at 50 ng/mL, soluble (s)IL-6R (R&D) was
used at 1000 ng/mL, Janus kinase inhibitor (JAKi) (Calbiochem) was used at
50 nM,g-secretase inhibitor L685, 458 (R&D)was used at 1mM, and SR1was
used at 750 nM. For non–fed-batch conditions, CD341 cells were cultured at
1 3 105 cells/mL, and a full media exchange was performed every 4 days.

Cell assays

Colony-forming cell (CFC) assay and long-term culture-initiating cell (LTC-
IC) assay assays were performed as previously described.11 Surface marker
staining was performed with conjugated human antibodies (BD Biosciences,
San Jose, CA). All samples were analyzed on a FACSCanto or FACS LSR
Fortessa flow cytometer (BD Biosciences). For the sorted cell assay, Lin2

cells were sorted for Rhodamine (Rho)loCD341CD382CD45RA2CD49f1

with a FACSAria flow cytometer (BDBiosciences), as previously described.13

Forty sorted cells were dispensed per well in a 96-well plate in the previously
described media and cultured for 7 days. For the assessment of paracrine
signaling, conditioned media were produced by culturing Lin2 cells for 10
days in the previously described culture media and then sorting for cells
positive for CD14, CD15, CD7, CD41, GlyA, or other (CD342CD142CD152

CD72CD412GlyA2). Mature cells were seeded at 53 105 cells/mL for 7 days
and the media were then collected and used to culture the sorted primitive cells
as described previously.

Gene expression analysis

Raw gene expression data were obtained from the National Center for Bio-
technology Information’s Gene Expression Omnibus through accession
numbers GSE4241414 and GSE24759.15 The 2 datasets were combined by
following a 4-step procedure. First, quantile signals of GSE42414 and
GSE24759 datasets were obtained using the normalizeQuantiles() function
and the justRMA() function in the open-source limma package (v3.12.3) of
BioConductor, respectively. Second, genomewide normalization was per-
formed with respect to a common population between the 2. Third, for each
dataset, the average value of probes that target the same gene was calculated.
Last, the 2 datasets were combined through Entrez ID. All the analyses were
performed in R. Cell populations were labeled as follows: HSC 5 CD341

CD382CD901/2CD49f1CD45RA2, multilymphoid progenitor5Lin2CD341

CD382CD902CD45RA1, common myeloid progenitor 5 CD341 CD381

CD1351CD45RA2CD72CD102, granulocyte/monocyte progenitor5 CD341

CD381CD1351CD45RA1CD72CD102, megakaryocyte/erythrocyte pro-
genitor 5 CD341CD381CD1352CD45RA2CD72CD102, colony-forming
unit (CFU)-macrophage 5 CD342CD331CD131, monocyte 5 FSChi SSClo

CD141 CD45dim, CFU-granulocyte 5 CD342SSHhiCD451CD11b2CD162,

neutrophil 5 FSChiSSChiCD161CD11b1, CFU-megakaryocyte 5 CD341

CD411CD611CD452, megakaryocyte5 CD342CD411CD611CD452,
CFU-erythroid 5 CD342CD711GlyA2, erythrocyte 5 CD342CD712

GlyA1, NK cell/T cell progenitor 5 CD142CD19-CD31CD1d1, CD8 T 5
CD81CD62L1/2CD45RA1/2, and CD4 T5CD41CD62L1/2CD45RA1/2.

pSTAT3 analysis

CD341 cells cultured for 8-12 days were starved of cytokines and DL1
overnight at low cell densities. Following starvation, cells were stimulated with
soluble factors as indicated. For DL1 simulation, starved cells were transferred
to plates precoated with DL1 (2.5 mg/mL) to initiate the stimulation period.
After the commencement of stimulation, cells were fixed and permeabilized
as previously described16 before being stained with phospho-signal
transducer and activator of transcription (pSTAT)3 antibody (Cell Signaling
Technology, Danvers, MA) and an AF-647 secondary antibody.

Secreted factor analysis

Conditionedmedia from cells cultured for 12 days in the indicated conditions
were collected and frozen. Secreted factor concentrations were sampled in
duplicate from thawed conditioned media aliquots using IL-6 and sIL-6R
Quantikine ELISA Kits (R&D Systems), according to the manufacturer’s
directions.

Limiting dilution transplantation studies

All animal studies were performed according to procedures approved by the
appropriate animal ethics boards. Female nonobese diabetic/SCID/IL-2Rgc-
null (NSG) mice were sublethally irradiated (250 rad) 24 hours before
transplantation. Uncultured CD341 enriched cells, or cells cultured for 12
days or 16 days, were transplanted via tail vein injection. Cohorts of mice
were killed at 3, 9, 16, and 24 weeks after transplantation and bone marrow
was collected. Cells were assessed by flow cytometry. Mice were scored
positive for human repopulation if at least 0.5% of bone marrow cells were
positive for both human CD45 and human HLA-ABC. All limiting dilution
analysis and associated statistical analysis was performed with L-calc
software (Stemcell Technologies).

Mathematical simulations

The model that we previously developed and described9,11 was used to run
all culture simulations with MATLAB 2012 software (Mathworks, Natick,
MA). For specific revisions to the model made for this study, see the Blood
Web site for supplemental data.

Statistical analysis

Statistical significance was computed using Student t test and analysis of
variance. All error bars represent the standard deviation of 3 or more biological
replicates. Asterisks or number signs indicate statistical significance between
indicated conditions (or if not indicated, between the test condition and control)
of P , .05.

Results

DL1-mediated lineage skewing creates a blood progenitor

cell–supportive environment

Immobilized DL1 was added to a fed-batch culture platform, which
regulates endogenously produced soluble factors.9 The addition of
DL1 caused a significant increase in primitive cells, as measured
both by phenotype (CD341 and CD341CD901) and by functional in
vitro assays (CFC assay and LTC-IC assay) (Figure 1A). The greatest
impact of the ligand was seen on the more primitive progenitor pop-
ulations (CD341CD901 and LTC-IC). During the first several days of
culture, we observed that DL1 caused a decrease in total cell number
because of slower proliferation, as demonstrated by carboxyfluorescein
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succinimidyl ester staining (supplemental Figure 1). In this heteroge-
neous culture system, there was not an immediate enhancement in the
frequency of progenitor cells as compared with the control; how-
ever, as the culture progressed, the anticipated DL1-mediated en-
hancement of primitive progenitors emerged. We have previously
demonstrated that endogenously produced secreted factors can be
dominant modulators of HSC fate.9,17 Thus, given the delayed

emergence of progenitor expansion with DL1, we next examined
whether DL1 was altering the endogenous microenvironment to
indirectly regulate primitive cell fate.

To decouple the direct and indirect effects of DL1, we com-
pared the observed impact of DL1 on CD341 cells (;0.1% of
which are HSCs18) with its impact on purified primitive cells
(Lin2RholoCD341CD382CD45RA2CD49f1, ;20% HSCs13).

Figure 1. DL1 generates a microenvironment that is progenitor cell expansion supportive. (A) The addition of DL1 to the fed-batch culture system enhanced the expansion

of (i) CD341 cells; (ii) CD341CD901 cells; (iii) CFCs; (iv) LTC-ICs. (Bi) Addition of DL1 to HSC-enriched (Lin2RholoCD341CD382CD45RA2CD49f1) cells did not lead to a significant

increase in the expansion of CD341CD901 cells after 7 days of culture. (Bii) In contrast, the addition of DL1 to CD341 cells for 16 days significantly enhanced CD341CD901 expansion

as compared with cells cultured without DL1. (C) Microarray analysis indicated that the Notch1 and Notch2 receptors are expressed at varying levels in many hematopoietic

populations. (D) DL1 caused lineage skewing in hematopoietic cell culture, most notably a decrease in CD141 cells and CD151 cells, and an increase in CD71 cells. (E) When CD141

cells or their CM were cultured with Lin2RholoCD341CD382CD45RA2CD49f1 cells, there was an inhibitory effect on the proliferation of the CD341CD901 population. (F) The CM from

the specified mature cell lineages (CD141, CD151, CD411, GlyA1, CD71, other 5 CD342CD142CD152CD412GyA2CD72) was added to the Lin2RholoCD341CD382CD45RA2

CD49f1 cells and cultured for 7 days. Different lineages had varying impacts on the expansion of (i) total cells and (ii) CD341CD901 cells. Effects were categorized as negative

(red region), neutral (gray region), or positive (green region) as compared with CM from unsorted cell populations (all). All error bars indicate standard deviation. n$ 3, *P, .05. CFU-

E, CFU-erythroid; CFU-M, CFU-macrophage; CFU-G, CFU-granulocyte; CFU-MK, CFU-megakaryocyte; CMP, common myeloid progenitor; ERY, erythrocyte; GMP, granulocyte/

monocyte progenitor; MEGA, megakaryocyte; MEP, megakaryocyte/erythrocyte progenitor; MLP, multilymphoid progenitor; MONO, monocyte; NEUT, neutrophil.
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When DL1 was added to the Lin2RholoCD341CD382CD45RA2

CD49f1 cells, there was no significant increase in primitive cell
(CD341CD901) expansion beyond what was seen with the cytokine
control, and the expansion was lower than that demonstrated with
the small molecule SR1, which directly targets primitive cells5

(Figure 1Bi). In contrast, DL1 added to the CD341 input cell
population gave a CD341CD901 cell expansion significantly higher
than the control population after 16 days of culture (Figure 1Bii).
These data suggest that DL1 is not exclusively targeting HSC self-
renewal. Instead, we hypothesized that DL1 is acting (at least in part)
non–cell-autonomously with respect to HSC fate.

To help determine which lineage populations may be receptive to
DL1 and responsible for the indirect enhancement of primitive
progenitor cells, we mined gene expression datasets of sorted
hematopoietic populations14,15 to assess the expression levels of
Notch1 and Notch2, the known receptors of DL1.19 Both of these
receptors were expressed at varying levels on many hematopoietic
cell populations with particular enrichment on myeloid progeni-
tors (Figure 1Ci), suggesting lineage committed cell populations
as targets of DL1. Protein expression analysis of Notch1 and
Nocth2 also show variation in their expression among both primitive
and lineage-restricted populations (supplemental Figure 2). It has
previously been reported that DL1 changes mature lineage output.3,20

We predicted that this lineage skewing may be altering the cell en-
vironment and contributing to the effects seen on primitive progenitor
expansion. The addition of DL1 to CD341 cells led to a significant
and sustained reduction in the production of CD141 monocytes and
CD151 granulocytes and an increase in CD71 lymphocytes, as has
been previously reported (Figure 1D).3 The reduction of CD141 and
CD151 cells seen with the addition of DL1 is particularly interesting
because it has been shown that mature myeloid cells have a significant
inhibitory effect on the expansion of progenitor populations.10,21

To assess the feedback signaling impact of specific mature cell
populations onHSC cell fate, wemixed sortedmature cell populations
or their conditioned media with Lin2RholoCD341CD382CD45RA2

CD49f1 cells. Similar effects on primitive cells were seen with
mature cell cocultures or with the corresponding conditioned media
(CM), confirming that the effects were soluble factor–mediated
(Figure 1E). CM from CD141, CD151, and GlyA1 cells caused
a significant decrease in expansion of total cells and CD341CD901

cells, whereas the effect of CD71 cells was neutral and CD411 cells
caused a trend toward increased primitive cell expansion (Figure 1F).
These results confirmed the differential effects of mature lineage
populations on primitive cell expansion and highlighted the inhibitory
effect of CD141 and CD151 cells. We also confirmed that the ex-
pansions of primitive CD341CD901 cells were proportionally higher
in cultures seededwith purified primitive cells as comparedwith those
seeded with CD341 cells where myeloid cell accumulation is rapid
(supplemental Figure 3), providing further evidence toward the net
inhibitory nature of mature myeloid cells. DL1 reduces the CD141

and CD151 cell populations that are most inhibitory toward pro-
genitor growth. It is likely that this altered signaling environment
contributed to the sustained expansion of the primitive cell pop-
ulations in the presence of DL1. We next sought to identify the
downstream targets through which DL1-mediated signaling was
altering myeloid cell production.

DL1 activates JAK-STAT3 signaling but inhibits

IL-6 cis-signaling

Given the inhibitory nature of CD141 and CD151 cells, we were
particularly interested in understanding the mechanism by which

DL1 inhibited their production. The production and differentiation
of macrophages and granulocytes is known to be largely modulated
by gp130 signaling and cytokine-mediated STAT3 activation.22-25

Furthermore, interactions between Notch signaling and STAT3 acti-
vation have been reported,26,27 leading us to hypothesize that the
DL1-mediated effect on myeloid cell production acted through
modulation of the JAK-STAT3 signaling pathway.

To investigate the impact of DL1 on STAT3, we measured the
dynamic activation of STAT3 in response to different stimuli. As
expected, stimulation of cultured CD341 cells with IL-6 or both
IL-6 and sIL-6R caused a significant and JAK-dependent upregu-
lation of pSTAT3 (Figure 2Ai). When cultured CD341 cells were
stimulated with DL1, we saw a rapid activation of STAT3 that
mimicked that seen with IL-6 and sIL-6R (Figure 2Aii). This
activation could be prevented by either JAKi or g-secretase in-
hibitor. However, the addition of cycloheximide did not impact the
DL1-mediated activation of STAT3, which together with the rapid
kinetics of the activation, suggested that it is not a transcriptionally
regulated event. The JAK-STAT pathway is known to act in an
autoregulatory manner, such that targets of STAT3 upregulate the
further production of IL-6 and related ligands.28 Accordingly, we
measured the levels of soluble IL-6 family members during culture
with or without DL1 and observed that CD341 cells cultured in the
presence of DL1 produced significantly higher concentrations of
both IL-6 and sIL-6R (Figure 2B). Notably, DL1-mediated IL-6
production was abrogated by the addition of a JAKi. Conversely,
levels of sIL-6R were only somewhat dampened by a JAKi, sug-
gesting that the DL1-mediated increases in sIL-6R were at least
partially JAK-STAT3–independent.

Our observation that DL1 was modulating IL-6 signaling led us
to consider whether DL1 was also changing the population of cells
that were responsive to IL-6. IL-6 can initiate JAK-STAT signaling
in 1 of 2 ways (Figure 2C). IL-6 cis-signaling results when the IL-6
ligand binds to the membrane (m) IL-6R, which then associates with
gp130. In hematopoiesis, mIL-6R and IL-6 cis-signaling are res-
tricted to myeloid lineage cells,29 and we observed that the addition
of IL-6 to CD341 cells produced a significant and JAK-dependent
increase in CD141 and CD151 cell production (Figure 2D; supple-
mental Figure 4A). In contrast, combining exogenous IL-6/sIL-6Rwith
DL1 produced the same low levels of CD141 and CD151 cells that
were generated with DL1 alone, indicating that DL1 is impeding IL-6
cis-signaling. In cells that do not express mIL-6R, IL-6 trans-signaling
can occur when IL-6 binds to sIL-6R, and the soluble complex then
binds to the ubiquitously expressed gp130 receptor. When both IL-6
and sIL-6R were added to culture, in addition to the increase in CD141

and CD151 cells, we also observed a trans-signaling–mediated in-
crease in GlyA1 cells (Figure 2D) consistent with previous reports.30

DL1 in combination with IL-6/sIL-6R maintained GlyA1 levels, sug-
gesting IL-6 trans-signaling is not affected by DL1.

The addition of IL-6 or IL-6/sIL-6R led to a significant increase
in total cell expansion but a corresponding decrease in the frequency
of CD341 cells (supplemental Figure 4B). Notably, on the primitive
Lin2RholoCD341CD382CD45RA2CD49f1 cell population, IL-6
or IL-6/sIL-6R enhanced the expansion of CD341CD901 cells
(supplemental Figure 4C), but this effect was not evident in the bulk
cultures, likely because of the high level of inhibitory factor–secreting
mature cells in these cultures. Therefore, despite the similar
propensities of DL1 and IL-6/sIL-6R to activate STAT3, these 2
stimuli produce very different effects on both mature cell and
primitive cell populations. It was puzzling that both DL1 and IL-
6/sIL-6R activated STAT3 but that the effects of the signaling resulted
in completely different cell population dynamics. We hypothesized
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that the reduction of IL-6 cis-signaling was a result of the loss of mIL-
6R. To test this hypothesis, we next measured the effect of DL1 on cell
population–specific mIL-6R expression.

DL1 converts progenitors from IL-6 cis-signaling to

trans-signaling through loss of mIL-6R

Freshly isolated CD341 cells do not express mIL-6R; however,
upon culture, mIL-6R expression was very quickly (within 6 hours)
upregulated (Figure 3A). In the presence of DL1, mIL-6R up-
regulation was significantly inhibited. This inhibition occurred
rapidly, before the first cell division, suggesting that this effect is
signaling mediated, as opposed to because of the emergence of

a new cell population or changes in cell population composition.
The rapid DL1-mediated mIL-6R inhibition was seen on both the
more primitive CD341CD45RA2 cell population and the more
committed CD341CD45RA1 cell population (Figure 3Ai-ii). A
similar trend was seen on the highly purified CD341CD382

CD45RA2CD901 population (supplemental Figure 5A). Throughout
culture, CD341 cells maintained mIL-6R at a significantly lower
frequency in the presence of DL1 (Figure 3B-C). This was true on
both the CD341CD45RA2 subset and the CD341CD45RA1 subset
(Figure 3D). The addition of either exogenous IL-6/sIL-6R or a JAK
inhibitor did not significantly alter the levels of mIL-6R seen with or
without DL1 on the CD341 cells, demonstrating that the inhibition of
mIL-6R expression was occurring via a JAK-STAT3–independent

Figure 2. DL1 activates STAT3 similarly to IL-6 but impacts mature cells differently. (Ai) IL-6 stimulation activated STAT3 on cultured CD341 cells. This effect was

enhanced with the combination of IL-6 and sIL-6R and diminished by the addition of a JAKi. *Statistical comparison of IL-6 stimulation to unstimulated condition; #statistical

comparison of IL-6/sIL-6R stimulation to IL-6 stimulation. (Aii) DL1 stimulation activated STAT3 on cultured CD341 cells and was dependent on both JAK and g-secretase

(GSi) but was not impacted by cycloheximide. (B) DL1 upregulated the secretion of (i) IL-6 and (ii) sIL-6R. (C) Schematic of IL-6 cis-signaling and trans-signaling. IL-6 ligand

can initiate JAK-STAT signaling in the absence or presence of sIL-6R on cell types that express mIL-6R (cis-signaling). On cells that do not express mIL-6R, IL-6–mediated

signaling can occur only in the presence of sIL-6R (trans-signaling). (D) IL-6 increased CD141 cells and CD151 cells. The addition of sIL-6R additionally increased GlyA1

cells. The combination of IL-6/sIL-6R and DL1 inhibited the production of (i) CD141 cells and (ii) CD151 cells and maintained the production of (iii) GlyA1 cells. *Statistical

comparison of IL-6 to control condition; #statistical comparison of IL-6/sIL-6R to IL-6 condition. All error bars indicate standard deviation. n $ 3, P , .05.
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Figure 3. DL1 causes the loss of mIL-6R, inhibiting IL-6 cis-signaling. (A) DL1 inhibited the rapid upregulation of mIL-6R on (i) CD341CD45RA2 cells and (ii) CD341

CD45RA1 cells on culture of CD341 cells. (B) DL1 significantly decreased mIL-6R on CD341 cells throughout culture. The effect was JAK-independent. *Statistical

comparison of DL1 to control condition (C) Representative flow cytometry plots at day 16 (i) without DL1 and (ii) with DL1. (D) The impact of DL1 on mIL-6R was similar on (i)

CD341CD45RA2 and (ii) CD341CD45RA1 cells. (E) Fed-batch (FB) conditions reduced sIL-6R production as compared with non–FB conditions. (F) Protein expression of

ADAM17 measured by flow cytometry on cells cultured in the absence or presence of DL1 for 10-12 days. (G) Comparison of (i) surface expression of mIL-6R (CD126) and (ii)

intracellular expression of mIL-6R on CD341 cells cultured in the absence or presence of DL1 for 8-12 days. (H) Schematic of proposed mechanism. DL1 activates STAT3

and causes the loss of mIL-6R. The loss of mIL-6R reduces IL-6 cis-signaling and thus reduces the production of CD141 and CD151. Instead, only IL-6 trans-signaling can

occur, which enhances the production of other cell types, and results in a microenvironment that is more supportive for hematopoietic stem and progenitor cells. The FB

conditions further reduce IL-6 trans-signaling. All error bars indicate standard deviation. n $ 3, P , .05.
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mechanism (Figure 3B), consistent with the JAK-STAT3–inde-
pendent sIL-6R production observed in DL1 culture (Figure 2Bii).
Conversely, the DL1-mediated effect was significantly diminished in
the presence of the g-secretase inhibitor (supplemental Figure 5B).

Studies have shown that CD341mIL-6R1 cells are myeloid-
restricted progenitors.20 Therefore, the reduction of mIL-6R on
these cells prevents IL-6 cis-signaling–mediated production of ma-
ture monocytes and granulocytes. In the absence of mIL-6R,
myeloid progenitor cells can still respond to IL-6 via IL-6 trans-
signaling in the presence of sIL-6R. However, our use of the fed-
batch culture platform, which allowed for the continuous reduction
of the impact of endogenously produced soluble signaling factors,
allowed us to decouple these aspects by reducing sIL-6R levels
(Figure 3E) and thus enhance the impact of DL1-mediated mIL-6R
inhibition. It is likely that DL1 causes the ADAM17-mediated
shedding of mIL-6R because the metalloprotease ADAM17 is
known to facilitate mIL-6R shedding31 and is also responsible for
the cleavage of the extracellular domain of Notch receptors to
activate Notch signaling.32 Cell-surface ADAM17 is upregulated on
cells cultured in the presence of DL1 (Figure 3F). Moreover,

intracellular accumulation of mIL-6R is not affected by DL1,
providing further evidence that the reduction in mIL-6R is due to
receptor shedding and not internalization (Figure 3G).

Taken together, these data indicate that both DL1 and IL-6/sIL-
6R activate the JAK-STAT3 pathway. Activation through IL-6/sIL-
6R leads primarily to IL-6 cis-signaling, which enhances production
of CD141 and CD151 cells and results in the generation of a non-
supportive microenvironment with high levels of feedback inhibition.
Conversely, DL1 supplementation causes the JAK-STAT3–
independent reduction of mIL-6R expression, which inhibits IL-6
cis-signaling. As a result, DL1-mediated STAT3 activation results
only in IL-6 trans-signaling, which can be minimized through
environmental regulation of sIL-6Rwith the fed-batch culture system.
Together, this results in a decrease in CD141 and CD151 cell
production that generates a more supportive environment for pro-
genitor cell expansion. A summary model of the system is shown in
Figure 3H. Given the degree of environmental control that DL1
generates in combination with the fed-batch platform, we further
hypothesized that this system would support the production of
both short- and long-term HSCs.

Figure 4. The impact on short- and long-term repopulating HSCs by feedback-mediated DL1 is predicted and validated. (A) Comparison of day 12 model predictions

and experimental expansion outputs from the fed-batch control culture, the DL1 culture, and the IL-6/sIL-6R culture for (i) total cell expansion; (ii) CD341 cell expansion; and

(iii) CD341CD901 cell expansion. (Bi) Model predictions of day 12 short-term SRC expansions under each culture condition. (Bii) Model predictions of long-term SRC

expansions after 12 and 16 days of culture. (C) Time course of human engraftment after transplantation of day 12–cultured cells into NSG mice. Bone marrow was assessed

at 3, 9, 16, and 24 weeks following transplantation with 500 000 cells cultured in the fed-batch control or the fed-batch plus DL1 culture conditions. (D) Quantification of week

16 SRC expansion, based on limiting dilution analysis performed 16 weeks posttransplantation. Cells were cultured for 12 or 16 days in the fed-batch system with or without

DL1 before transplantation. Expansions indicated compared cells cultured in vitro with transplantation of the uncultured CD341 cells. (E) Schematic of the combined effect of

DL1 and the fed-batch platform on both rapid and sustained human engraftment.
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Concurrent modulation of IL-6 cis- and trans-signaling

supports the expansion of short- and long-term SRCs

To predict the impact of DL1 addition on HSC fate control, we first
used a previously described mathematical model.9,11 The model
inputs were revised based on DL1-specific data (details of the
mathematical model are described in the supplemental data).
Figure 4A shows that the predicted population outputs were com-
parable to experimental controls, demonstrating the utility of the
model in predicting outputs from DL1 or IL-6/sIL-6R conditions.
One prediction that emerged from the model simulations was that
the combination of the fed-batch system and DL1 would lead to
significant expansions of both short- and long-term repopulating
HSCs, as measured by SRCs (Figure 4B). The expansion of prim-
itive progenitors and short-term repopulating HSCs by DL1 has
been previously demonstrated by quantification of human engraft-
ment at 3 and 9 weeks posttransplantation.4 This study did not see
a significant expansion of the longer term repopulating HSCs with
DL1. However, the fed-batch system reduces IL-6 trans-signaling
and produces a different microenvironmental context onto which
DL1-induced Notch signaling is added.

To experimentally assess the expansion of the SRC populations,
we transplanted cells expanded with or without DL1 into NSG mice
and quantified human cell repopulation in the bone marrow
intermittently for 24 weeks. We confirmed that DL1 showed a trend
toward enhancement of human engraftment at 3 and 9 weeks
posttransplantation (Figure 4C). We then assessed longer term SRC
expansion by limiting dilution analysis at 16 weeks posttransplan-
tation (Figure 4D, supplemental Table 2). The combination of fed-
batch and DL1 led to a significant expansion of SRCs as compared
with the uncultured CD341 cells. Thus, the environmental regulation
gainedwith the combination of DL1 and the fed-batch–feeding strategy
allowed for both rapid and sustained human engraftment, as illustrated
schematically in Figure 4E. Taken together, the findings in this study
demonstrate a novel mechanism for signaling rewiring through the
conversion of IL-6 cis-signaling to IL-6 trans-signaling, thereby
altering the cell populations that are responsive the JAK-STAT
pathway. This regulation generates a supportive soluble factor
microenvironment that enables enhanced expansion of stem and
progenitor cells.

Discussion

Notch signaling plays many important roles in human hematopoi-
esis, including the in vitro enhancement of primitive cell expansion,
which can be achieved through presentation of immobilized DL1
ligand at low concentrations. However, the mechanisms through
which this effect is achieved and why it had been limited to short-
term SRCs were not fully understood. Here, we demonstrate a
non–stem cell autonomous role whereby DL1 acts to alter cell-
specific responsiveness to IL-6 signaling, subsequently reducing
inhibitory myeloid cell production and unmasking a signaling
environment supportive of HSC expansion.

Despite similar STAT3 activation by DL1 and IL-6/sIL-6R, the
resulting impact of these 2 stimuli on mature cell populations was
very different. We hypothesized that this difference was due to the

modulation of IL-6 signaling at the level of mIL-6R and showed
that the addition of DL1 causes the loss of mIL-6R from CD341

myeloid progenitor cells, thus preventing IL-6 cis-signaling. Our
data indicate that DL1 signaling is altering mIL-6R receptor
expression in individual cells; however, we cannot formally rule
out mIL-6R differences resulting from changes in relative numbers
of highly enriched stem cell populations.

It is likely that the Notch pathway impacts lineage differentiation
via a number of different mechanisms, including the alteration of
CEBPA expression on primitive murine myeloid cells33 and the
maintenance of T-cell potential in early progenitors.34 This study
demonstrates a novel mechanism of myeloid cell inhibition and
identifies a new level of control of IL-6-JAK-STAT signaling
through the DL1-mediated conversion of cis-signaling to trans-
signaling, which allows for different cell populations to respond to
IL-6 proliferation signals. Furthermore, with the knowledge gained
here, we have been able to demonstrate further enhancement in the
generation of progenitors as well as short- and long-term SRCs in
a clinically relevant cell culture system.
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