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Abstract

In vitro generation of mature neutrophils from human induced pluripotent stem cells (iPSCs)
requires hematopoietic progenitor development followed by myeloid differentiation. The purpose
of our studies was to extensively characterize this process, focusing on the critical window of
development between hemogenic endothelium, hematopoietic stem/progenitor cells (HSPCs), and
myeloid commitment, to identify associated regulators and markers that might enable the stem cell
field to improve the efficiency and efficacy of iPSC hematopoiesis. We utilized a 4-stage
differentiation protocol involving: embryoid body (EB) formation (Stage-1); EB culture with
hematopoietic cytokines (Stage-2); HSPC expansion (Stage-3); and neutrophil maturation
(Stage-4). CD34*CD45™ putative hemogenic endothelial cells were observed in Stage-3 cultures,
and expressed VEGFR-2/FIk-1/KDR and VE-cadherin endothelial markers, GATA-2, AML1/
RUNX1, and SCL/TAL1 transcription factors, and endothelial/ HSPC-associated microRNAs
miR-24, miR-125a-3p, miR-126/126*, and miR-155. Upon further culture, CD34*CD45" cells
generated CD34+*CD45" HSPCs that produced hematopoietic CFUs. Mid-Stage-3 CD34"CD45*
HSPCs exhibited increased expression of GATA-2, AML1/RUNX1, SCL/TAL1, C/EBPa, and PU.
1 transcription factors, but exhibited decreased expression of HSPC-associated microRNAs, and
failed to engraft in immune-deficient mice. Mid-stage-3 CD34~CD45* cells maintained PU.1
expression and exhibited increased expression of hematopoiesis-associated miR-142-3p/5p and a
trend towards increased miR-223 expression, indicating myeloid commitment. By late Stage-4,
increased CD15, CD16b, and C/EBPe expression were observed, with 25-65% of cells exhibiting
morphology and functions of mature neutrophils. These studies demonstrate that hematopoiesis
and neutrophil differentiation from human iPSCs recapitulates many features of embryonic
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hematopoiesis and neutrophil production in marrow, but reveals unexpected molecular signatures
that may serve as a guide for enhancing iPSC hematopoiesis.
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Introduction

The use of induced pluripotent stem cells (iPSCs) in research and as potential therapies
requires a full understanding of the ontogeny of /in vitro development of these cells into
differentiated cells and tissues. Our laboratory has a longstanding interest in developing
genetic and pharmacologic treatments for inherited disorders affecting the function or
production of neutrophils, which can be modeled /n7 vitro using patient derived iPSCs.

Human embryonic stem cells (ESCs) or iPSCs can be differentiated /n vitroto mature cells
of multiple hematopoietic lineages, including erythrocytes, macrophages, B-cells, T-cells,
megakaryocytes, and neutrophils [1—11], through processes recapitulating many aspects of
embryonic hematopoietic development. In both mice and humans, primitive hematopoiesis is
initiated in the extraembryonic yolk sac [12, 13]. After the first wave of primitive
hematopoiesis, definitive hematopoietic stem/progenitor cells (HSPCs) can be detected in
the embryonic aorta-gonado-mesonephros (AGM) region. Both yolk sac and AGM
hematopoiesis originate from cells demonstrating hematopoietic and endothelial potential,
termed hemangioblasts or hemogenic endothelium [14—16]. In human ESC differentiation
studies, such cells have been found in the CD34*CD45 population [13] expressing Flk-1
(VEGFR-2) [17] and CD31 [18]. Upon further differentiation, CD45 is expressed in
hematopoietic lineages. Among both somatic cells and cells derived from human pluripotent
stem cells, CD34+*CD45* cells are enriched for clonogenic HSPCs possessing the capacity
to generate multiple mature hematopoietic lineages, as in methylcellulose CFU assays.

Despite success in generating mature hematopoietic lineages from human pluripotent stem
cells, there has been less progress towards developing techniques for /n vitro generation of
HSPCs that are capable of robust long-term multilineage repopulation /n vivo, with few
studies demonstrating even limited hematopoietic engraftment and reconstitution in
immune-deficient mouse transplants [19—22]. It has been reported that teratomas formed by
human iPSCs subcutaneously injected in immune-deficient mice can generate small numbers
of human HSPCs that are capable of engraftment upon subsequent transplant into additional
immune-deficient mice [23]. Moreover, teratomas formed by co-injection of OP9 cells with
human iPSCs exhibited enhanced development of both myeloid cells and transplantable
HSPCs, particularly with OP9 cells expressing Wnt3a transgene. Wnt3a has also been
shown to enhance development of functional neutrophils from iPSCs of patients with severe
congenital neutropenia [24]. More recently, /in vitro co-culture of primate iPSC-derived
CD34" cells with human umbilical cord endothelial cells expressing Notch ligands was
shown to enhance long term hematopoietic engraftment in immunodeficient mice [25].
These studies demonstrated that human iPSCs are not intrinsically defective for production

Stem Cells. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sweeney et al. Page 3

of engraftable HSPCs, depending on the conditions used for hematopoietic differentiation,
and that maneuvers such as exposure to Wnt3a or Notch ligand could improve the efficiency
of HSPC differentiation and myelopoiesis from iPSCs.

In order to identify additional molecular factors that are associated with the regulation or
identity of human iPSC-derived hematopoietic cell lineages, we utilized a 32-day 4-stage
discontinuous culture system that we previously described as supporting the generation of
functionally mature neutrophils from human iPSCs in vitro [10], which was adapted from
Yokoyama’s ESC system [9], and which we previously utilized to demonstrate safe harbor
targeted minigene correction of iPSCs from patients with chronic granulomatous disease by
restoring oxidase activity in differentiated neutrophils [11]. This culture system allows for
the generation of a high percentage of mature neutrophils (25-65%) following the
emergence of HSPCs.

The present study delineates the kinetics of hematopoietic clonogenicity and expression of
surface markers, transcription factors, and 754 microRNAs during HSPC and neutrophil
differentiation in this iPSC culture system, and identifies relationships between lineage
commitment, phenotype, and the expression of microRNAs and transcription factors that
recapitulate features of the embryonic development of hematopoietic tissues and production
of neutrophils in marrow. These analyses may provide the stem cell research community
with a roadmap for developing tools to improve the efficiency and efficacy of hemogenic
endothelial and hematopoietic differentiation from iPSCs.

Material and Methods

Human subjects

All human subjects providing peripheral blood signed written informed consent allowing
these studies following the Declaration of Helsinki under the National Institute of Allergy
and Infectious Diseases Institutional Review Board approved NIH protocol 05-1-0213.

iPSC source and maintenance
Human iPSCs in this study included peripheral blood CD34+ HSPC-derived iNC-01-3,
iNC-01-4, and iNC-01-12 [26], and fibroblast-derived iPS(IMR90)-1 [27] (WiCell,
Madison, WI, USA). iPSCs were cultured at 37°C, 5% CO5, on mitomycin C-treated mouse
embryonic fibroblasts as previously described [26].

Differentiation of mature neutrophils from human iPSCs by 4-stage discontinuous culture

4-stage discontinuous culture for generation of neutrophils from iPSCs (Fig. 1A) was
performed as previously described [9—11].

Stage-1 embryoid body (EB) formation was initiated on day 0 from iPSCs seeded to ultra-
low attachment dishes (Corning, Tewksbury, MA, USA) in StemSpan SFEM (STEMCELL
Technologies, Vancouver, BC, Canada) with 10 uM Y-27632 ROCK inhibitor (Merck
Millipore, Billerica, MA) overnight. Results labeled day O refer to analyses of
undifferentiated iPSCs.
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Stage-2 was initiated on day 1 by changing medium to IMDM (Life Technologies, Grand
Island, NY, USA) containing 15% HyClone fetal bovine serum (FBS; Thermo Scientific,
Waltham, MA, USA), 1% NEAA, 2mM L-glutamine, 100U/mL penicillin/streptomycin
(Life Technologies), and 0.1mM B-mercaptoethanol plus human cytokines: bone
morphogenetic protein-4 (25ng/mL; R&D Systems, Minneapolis, MN), stem cell factor
(SCF, 50ng/mL), FIt-3 ligand (50ng/mL), interleukin-6 (IL-6, 50ng/mL) and thrombopoietin
(TPO, 20ng/mL; PeproTech, Rocky Hill, NJ, USA). EBs were cultured in this hematopoietic
induction media for 17 days (labeled days 2 to 18).

For Stage-3, EBs were dissociated on day 18 with 0.25% Trypsin/EDTA and plated onto
irradiated (15Gy) murine OP9 marrow stromal cells (ATCC, Manassas, VA, USA) in IMDM
supplemented with 10% FBS, 10% horse serum (STEMCELL Technologies), 5% protein-
free hybridoma medium (Life Technologies), 100U/mL penicillin/streptomycin, 0.1mM j3-
mercaptoethanol, 100ng/mL SCF, 100ng/mL FIt-3 ligand, 100ng/mL IL-6, 10ng/mL TPO
and 10ng/mL human interleukin-3 (PeproTech). Results labeled days 19 to 25 refer to
analyses of non-adherent cells (harvested by gentle pipeting), unless otherwise indicated that
the adherent cell layer (harvested using trypsin/EDTA) was analyzed after removal of non-
adherent cells.

For Stage-4, non-adherent cells were transferred on day 25 onto new irradiated OP9 cells for
7 days culture in IMDM with 10% FBS, 100U/mL penicillin, 100ug/mL streptomycin,
0.1mM B-mercaptoethanol, and 50ng/mL human granulocyte colony-stimulating factor (G-
CSF; Neupogen; Amgen, Thousand Oaks, CA). Results labeled days 26 to 32 refer to
analyses of non-adherent cells.

Neutrophil morphology and function

Cells from the end of Stage-4 culture were cytospun at 70x g for 5 minutes using a Cytospin
3 (Thermo Scientific), fixed with methanol for 5-7 minutes, stained for 15 to 30 minutes
with modified Giemsa stain (Sigma-Aldrich, St. Louis, MO), and rinsed with deionized
water. Dihydrorhodamine-123 (DHR) analysis of oxidase activity and zymosan analysis of
neutrophil phagocytic capacity were performed as previously described [10, 11].

Cell surface marker analyses

Cells were labeled with fluorescein isothiocyanate (FITC)-conjugated anti-human (h)CD15
or hCD45 antibodies; phycoerythrin-cyanin5 (PE-Cy5)-conjugated anti-hCD45 or hCD33;
allophycocyanin (APC)-conjugated hCD34; and/or phycoerythrin (PE)-anti-hCD34,
hVEGFR-2/FIk-1/KDR, hVE-cadherin, or hCD16b (BD Biosciences, San Jose, CA).
Surface marker expression was analyzed and cell subpopulations were sorted with a
FACSCanto or FACSCalibur flow cytometer (BD Biosciences).

Transcription factor analysis

Total RNA was extracted with RNATotal Purification Kit (Bio-Synthesis, Lewisville, TX)
and cDNA was produced using SuperScript First-Strand Synthesis System (Life
Technologies). Real-time PCR was performed with TagMan Universal PCR Master Mix on
an ABI 7500 system (Applied Biosystems; Life Technologies). Gene-specific primers and
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probes were from Applied Biosystems: GATA-2 (Hs 00231119 m1), SCL/TAL1 (Hs
00268434_m1), AML1/RUNX1 (Hs00231079_m1), C/EBPa (Hs 00269972_s1), C/EBPe
(Hs 00357657_m1) and PU.1 (Hs 00231368_m1). Transcription factor cDNAs and beta-2-
microglobulin controls for each sample were amplified in duplicate. Comparative
quantification of each transcription factor was performed based on cycle threshold (CT)
normalized to beta-2-microglobulin relative to expression in undifferentiated iPSCs using
AACT.

Methylcellulose colony forming unit (CFU) assay

For initial CFU assays, single cell suspensions of whole non-adherent populations from
Stage-3 were plated in triplicate at 100,000 cells in 1.5ml of MethoCult H4535 (without
EPO; STEMCELL Technologies) per 35mm dish. Cells were incubated for 14 days in a
humidified incubator at 37°C with 5% CO, and evaluated for colonies by bright field
microscopy. For CFU assays of sorted Stage-3 cell populations, CD34+*CD45™ cells were
used directly (day 22) or CD34*CD45™ cells were cultured for 7 additional days in Stage-3
medium then sorted for CD347CD45* (day 22+7). For each population, 500 or 1000
CD34*CD45* cells were plated per 35mm dish in MethoCult H4434 (with EPO;
STEMCELL Technologies) and cultured for 14 days as above.

Statistical analyses

For surface marker, transcription factor, and CFU analyses, one-way ANOVA or unpaired
two-tailed t-test were performed using GraphPad Prism version 6.0 for Mac (GraphPad
Software, La Jolla, CA).

MicroRNA expression assay

Undifferentiated iPSCs (n=5), day 18 EBs (n=2), and Stage-3 day 22 sorted CD34*CD45~
adherent cells, CD34*CD45™ cells, and CD34~CD45* cells (n=3 each) were prepared from
iNC-01-3 and iNC-01-4 iPSCs. Samples were disrupted in denaturing lysis buffer and total
RNA was purified using mirVana miRNA Isolation Kit (Applied Biosystems). MicroRNA
cDNA was synthesized from total RNA using TagMan MicroRNA Reverse Transcription Kit
with Megaplex RT primers (pool A and B), followed by two unbiased preamplification
reactions (Megaplex PreAmp primers pool A and B; Applied Biosystems). Expression
analysis of 754 microRNAs was performed with TagMan Human MicroRNA Array A+B
v3.0 on an ABI 7900HT system using ExpressionSuite software v1.0.3 (Applied
Biosystems) for comparative CT analysis normalized to U6 snRNA and RNU48 control
RNAs relative to expression in undifferentiated iPSCs; for each microRNA, replicates with
an undetermined CT were omitted by the software analysis, based on a presumed technical
failure of that assay. Statistical analysis was performed using ExpressionSuite software two-
tailed Student’s t-test. MicroRNA expression data was deposited in Gene Expression
Omnibus with accession number GSE69503 (http://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE69503).

Stem Cells. Author manuscript; available in PMC 2017 June 01.


http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE69503
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE69503

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sweeney et al. Page 6

Results

Differentiation and characterization of functional mature neutrophils from human iPSCs

4-stage differentiation of iPSCs to neutrophils was performed as described in Materials and
Methods and Figure 1A. At the end of Stage-4, 25-65% of non-adherent cells exhibited
mature neutrophil morphology (Fig. 1B), with macrophages, eosinophils, and myeloid
precursors also present. The end-stage cell population demonstrated neutrophil-associated
oxidative burst activity by DHR assay (Fig. 1C) and the ability to phagocytize opsonized
zymosan (Fig. 1D), in addition to the antimicrobial and /n vivo homing functions of mature
neutrophils that we previously reported using this differentiation protocol [10].

Kinetics of cell surface antigen expression

To further characterize the process of neutrophil differentiation from iPSCs, we analyzed
surface marker expression on cells arising during 4-stage iPSC differentiation cultures (Fig.
2). Except for very low expression of CD15/Lewis X/SSEA-1 antigen in a small subset of
undifferentiated iPSCs, no hematopoietic surface markers were detected in undifferentiated
iPSCs. CD34 antigen, which is expressed on hemangioblasts, some endothelial cells, and
HSPCs that give rise to mature cells of multiple hematopoietic lineages, could be detected in
small numbers of differentiating cells by day 3, peaking at 11% CD34* by day 10 (midway
through Stage-2) and then declining through the end of Stage-2 (Fig. 2A, 2B). CD34" cells
appearing during early to mid-Stage-2 cultures lacked expression of the CD45 pan-leukocyte
marker, consistent with early hemangioblasts or hemogenic endothelium. Following the
emergence of rare CD34*CD45" cells in late Stage-2, expression of CD33 myeloid-specific
marker and CD45 also was detected, with 6-10% of cells becoming weakly positive by day
18.

Following transition of cultures to Stage-3 on day 18, the majority of EB-derived cells
adhered tightly to the OP9 feeder layer. On day 18 prior to OP9 co-culture, most CD34*
cells also expressed endothelial progenitor markers VE-cadherin and VEGFR-2/FIk-1/KDR
(Fig. 3A and 3B; left-most panels), and were CD45~ (not shown). By 4 hours after transfer
of dissociated EBs onto OP9 feeder cells, a distinction was evident between endothelial
marker expression in the majority of adherent CD34* cells (Fig. 3A and 3B; lower graph
series in each) versus no expression in the majority of non-adherent CD34" cells (Fig. 3A
and 3B; upper graph series in each). This became more accentuated over the next 4 days of
Stage-3.

During early Stage-3, the percentage of CD34* non-adherent cells rapidly increased,
peaking at 30-40% of non-adherent cells at day 20 (Fig. 2B), and then decreased
significantly thereafter (p<0.0001 by ANOVA). Throughout Stage-3 and Stage-4, nearly
100% of non-adherent CD34" cells also co-expressed CD45 (Fig. 2A, 2B), marking them as
putative HSPCs. The percentage of CD45" and CD33* non-adherent cells also rapidly
increased during Stage-3 (Fig. 2A, 2B) to almost 100% by day 22, remaining so through the
end of Stage-4, suggesting rapid progression towards myeloid differentiation from HSPCs.
Expression of the late differentiation myeloid antigen CD15 and neutrophil-specific antigen
CD16b increased progressively in non-adherent cells during Stage-3, plateauing by the end
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of Stage-4 (Fig. 2A, 2B) when cells exhibiting mature neutrophil morphology and functions
were observed (Fig. 1).

Expression kinetics of transcription factors

We performed quantitative reverse-transcription PCR analysis of transcription factors
involved in hematopoietic commitment throughout the 4-stage culture (Fig. 4A). Baseline
expression of GATA-2, AML1/RUNX1 and C/EBPa was detected in iPSCs, and increased
by approximately 4 to 8-fold to peak levels early during Stage-2 at around day 3. Similarly,
SCL/TALL1 also increased in Stage-2, but peaked later at around day 10 (Fig. 4A), when the
initial peak of CD347CD45™ cells was also observed (Fig. 2B). GATA-2, AML1/RUNX1, C/
EBPa and SCL/TAL1 expression decreased slowly from peak levels during subsequent
culture stages, but with a modest spike of SCL/TAL1 and AML1/RUNX1 expression at day
20 (Fig. 4A), concomitant with a peak of CD34*CD45* cells (Fig. 2B). GATA-2 and SCL/
TALL1 were undetectable by late Stage-4.

PU.1 is a master transcription factor regulating development of both granulocytes and
monocytes/macrophages [28—30]. During iPSC differentiation, PU.1 expression began to
increase at mid-Stage-2, peaking at day 20 in non-adherent cells early after transition to
Stage-3 culture (Fig. 4A). There was a second smaller peak in PU.1 expression at day 27
after transition to Stage-4 culture with the addition of G-CSF, with maintenance of PU.1
expression thereafter. Expression of the late-myeloid transcription factor C/EBPe began to
increase at day 20 and peaked following transition to Stage-4 culture, with the highest levels
of expression observed on day 28 (Fig. 4A) when 90-95% of cells expressed CD15 and
CD16b (Fig. 2B).

Due to asynchronous differentiation, cells of varying hematopoietic stages and lineages were
present together in cultures at the same time-points and on multiple days during Stage-3 and
Stage-4. To compare transcription factor expression between different subpopulations and
days, we used surface co-expression of either CD34/CD45 or CD15/CD33 to FACS-sort and
analyze putative hemogenic endothelium (CD347CD457), putative HSPCs (CD34*CD45%),
and their maturing hematopoietic progeny (CD34~CD45%) at days 18 and 22, and myeloid
lineage cells (CD15*CD33") at day 22 and 28. Transcription factors GATA-2, AML1/
RUNX1 and SCL/TAL1 were significantly increased in expression in day 22 CD347CD45~
putative hemogenic endothelium compared to day 0 iPSCs (GATA-2 and AML/RUNX1.:
p<0.01; SCL/TAL1: p<0.0001 by t-test), and were further increased in day 22 CD34*CD45"
presumptive HSPCs (GATA-2 and AML/RUNX1: p<0.0005; SCL/TAL1: p<0.005 by t-test,
compared to day 22 CD34*CD45"), but were significantly decreased in CD34~CD45" cells
on day 22 (p<0.001 by t-test) and CD15"CD33* cells on days 22 and 28 (p<0.0005 by t-test)
compared to day 22 CD34*CD45* (Fig. 4B). Early myeloid transcription factors C/EBPa
and PU.1 were significantly increased in the day 22 CD34*CD45* population compared to
day 22 CD34*CD45™ cells (C/EBPa.: p=0.0005; PU.1: p<0.0001 by t-test). PU.1 expression
was maintained in CD34-CD45" cells and CD15*CD33"* cells, while C/EBPa decreased
significantly in late Stage-4 day 28 CD15"CD33* cells compared to day 22 CD34+*CD45*
cells (p<0.005 by t-test). C/EBPs expression over background iPSC levels was only detected
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in CD15*CD33"* cells (Fig. 4B), consistent with previous reports that C/EBPs is exclusively
expressed in granulocytes [31, 32].

Kinetics of hematopoietic colony forming potential

In order to characterize the clonogenic potential of hematopoietic cells arising during 4-
stage cultures, we performed methylcellulose colony assays on unsorted cells to determine
when HSPCs with CFU activity emerged. In parallel, cells were analyzed by flow cytometry
for an HSPC phenotype (CD34*CD45%). Consistent with the results described above (Fig.
2A and 2B), only ~1% of cells were CD34*CD45" at the end of Stage-2 on day 18 (Fig.
5A), but CD34*CD45™ cells constituted ~30% of non-adherent cells in Stage-3 cultures at
day 20, significantly decreasing in numbers thereafter (p<0.0001 by ANOVA), and
becoming undetectable by day 28. Concomitantly, CFU activity, nearly undetectable at day
18 (Fig. 5B), peaked at days 20 and 22 at approximately 450 CFU/100,000 unsorted cells,
decreasing significantly thereafter (p<0.0001 by ANOVA), and becoming undetectable by
day 28. This indicated that the emergence of hematopoietic CFUs during iPSC
differentiation coincided with the appearance of CD34/CD45 antigen co-expression,
although peak CFU activity persisted in day 22 populations in which CD34*CD45* cells
decline.

For further characterization of the hematopoietic potential of Stage-3 cells, CD34*CD45*
non-adherent cells and CD34*CD45™ adherent cells were sorted from Stage-3 day 22
cultures (Fig. 5C and 5D). When sorted CD34"CD45™ adherent cells were cultured for an
additional 7 days in Stage-3 medium without OP9 cells (day 22+7 culture), >80% of cells
became CD45" (Fig. 5E), indicating that the CD347CD45~ adherent population included
hemogenic cells capable of giving rise to putative HSPCs. Sorted CD34*CD45™ cells from
both day 22 and day 22+7 cultures were capable of forming hematopoietic CFUs in
methylcellulose assays (Fig. 5F), with a CFU frequency of 1/115 to 1/47 for the day 22
sorted cells compared to a CFU frequency of 1/20 for the day 22+7 sorted cells, confirming
HSPC activity of these CD34+*CD45" populations. CFUs detected in these assays were
predominantly CFU-GM (Fig. 5G), and CFU-E or BFU-E were not observed.

Despite /n vitro CFU potential, intra-femoral injection of CD34*CD45* cells into
immunodeficient NSG mice resulted in no detectable human CD45* hematopoietic cells at 8
weeks post-transplant (Supplemental Figure S1). This result is consistent with the failure to
generate long-term engrafting HSPCs from human pluripotent stem cells that has been
reported with numerous /n vitro differentiation protocols based on EBs and/or co-culture
with marrow stromal cells [1, 18, 19, 33].

MicroRNA expression in cell populations with hematopoietic potential

To assess microRNA expression in differentiated cells present at time-points when HSPCs
with CFUs activity were detectable, we analyzed Stage-2 day 18 EBs and sorted populations
of cells from mid-Stage-3 (day 22) cultures: adherent CD34*CD45™ cells (containing
hemogenic endothelium), non-adherent CD34*CD45* HSPCs, and non-adherent
CD34~CD45* cells. Expression of 754 microRNAs in these populations was compared to
undifferentiated iPSCs. MicroRNAs for which expression was significantly increased or
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decreased (p<0.05) in one or more of the day 22 sorted populations compared to iPSCs are
shown in Table 1 and Supplemental Figure S2.

As expected, decreased expression of pluripotency-associated microRNAs was observed in
day 18 EBs and in sorted cells from day 22 cultures (Table 1 and Supplemental Figure S2),
including the miR-302/367 cluster family members miR-302a*, miR-302b, miR-302c,
miR-302d, and miR-367 [34, 39], and miR-372 [36]. MicroRNAs with significantly
increased expression in adherent CD34*CD45™ cells relative to iPSCs included endothelial-
and HSPC-associated miR-24, miR-125a-3p, miR-126/126*, and miR-155, as well as
erythropoiesis-associated miR-144. Non-adherent CD347CD45* cells also exhibited
significantly increased expression of miR-144 but did not have significantly increased
expression of HSPC-associated microRNAs relative to iPSCs. Non-adherent CD34-CD45*
cells expressed significantly increased levels of HSPC-associated let-7e and hematopoiesis-
associated miR-142-3p and miR-142-5p compared to undifferentiated iPSCs, and
significantly decreased expression of miR-130a, which has been reported to decrease during
neutrophil differentiation from myeloblasts and promyelocytes [37], consistent with the
beginning of myeloid and neutrophil commitment in this cell population.

Day 22 sorted cells also exhibited significantly altered expression of additional microRNAs
not previously associated with hematopoiesis or pluripotency (Table 1 and Supplemental
Figure S2). These include a subset of microRNAs with distinct population-specific patterns
of increased expression: miR-139-5p, miR-497, miR-938, and miR-1289 which exhibited
peak expression in CD347CD45™ cells, and miR-938 which exhibited peak expression in
CD34*CD45* cells (Supplemental Figure S3). Of these, the tumor-suppressors miR-139-5p
[38—40] and miR-497 [41—44] have been reported to inhibit metastasis or regulate cell cycle
progression, respectively, in a variety of cell types. MiR-628-3p expression has been
reported as increased or decreased in a variety of cancers [45—48], but its function has not
been defined. MiR-938 expression has been associated with inhibition of Smad3 expression
in TGF-P signaling in pituitary adenomas [49]. MiR-1289 has been associated with the
localization of target mMRNAs into microvesicles [50]. These functions, or others not yet
described for this subset of microRNAs, may delineate important properties of the
hematopoietic-associated cell populations characterized in the present study.

Expression patterns of a subset of hematopoiesis-associated microRNAs in iPSCs, day 18
EBs, and day 22 sorted cell populations are shown in Figure 6. CD34*CD45" cells exhibited
lower mean levels of HSPC-associated let-7e, miR-24, miR-125a-3p, miR-126/126*, and
miR-155 compared to adherent CD347CD45™ cells and levels of hematopoietic-associated
miR-142-3p/5p intermediate between CD34*CD45~ and CD34~CD45" cells. MiR-142-3p
and miR-142-5p expression are specific to all hematopoietic cells [51], and increase as
HSPCs differentiate towards myeloid cells and other hematopoietic lineages [52—54],
consistent with the higher expression levels in CD34-CD45" cells compared to
CD34*CD45* HSPCs. Increased expression of myeloid-associated miR-223 [55, 56] was
also observed in CD34*CD45* and CD34~CD45* cells, but fell short of the statistical
significance threshold (p<0.05) applied to the microRNA expression analysis. Together,
these microRNA expression profiles suggest a decrease in HSPC potential and the beginning
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of myeloid commitment in day 22 CD34*CD45* cells prior to maturation into CD34-CD45*
cells and subsequent granulocyte differentiation.

Discussion

Differentiation of human iPSCs through early HSPC development to mature myeloid cells
offers a novel opportunity to study both hematopoiesis and the modeling of neutrophil
disorders in vitro [11, 24]. In the current study, we utilized a 32-day 4-stage /n vitro culture
protocol that supports the generation of mature neutrophils from iPSCs to analyze the
kinetics of hematopoietic surface marker and transcription factor expression associated with
normal hematopoietic and myeloid cell development. Through analyses of intermediary cell
stages that emerged in 4-stage cultures, we characterized the early development of primitive
hemangioblasts or hemogenic endothelium from iPSCs and the subsequent appearance of
cells with HSPC surface markers (CD34*CD45") and clonogenic potential. We also
evaluated the expression of 754 microRNAs in embryoid bodies, endothelial cells with
hemogenic potential, and hematopoietic cell populations arising in this culture system, to
further characterize molecular signatures of iPSC-derived cells at different stages of
hematopoietic and myeloid development.

In our study, progression of iPSC differentiation towards neutrophils was evident by changes
in surface marker expression, cell morphology, and function, recapitulating many aspects of
early embryonic hematopoietic development and marrow granulopoiesis. During early
Stage-2, small numbers of cells initially emerged expressing CD34 without CD45, and
expressed VEGFR-2 and VE-cadherin endothelial markers by late Stage-2, likely
representing hemangioblasts or hemogenic endothelium as in human ESC studies. Transition
to Stage-3 co-culture with OP9 cells greatly enhanced generation of non-adherent
CD34*CD45* HSPCs that likely emerged from CD34*CD45™ adherent hemogenic
endothelium, since purified day 22 CD34*CD45™ adherent cells were shown to generate
non-adherent CD34*CD45* cells when sorted into new cultures. The kinetics of generation
of CD34*CD45" HSPCs closely paralleled the kinetics of development of clonogenic
hematopoietic progenitors based on CFU assays. However, HSPCs and clonogenic
hematopoietic progenitors did not persist in culture, but instead progressively differentiated
into more mature hematopoietic cells, with an abrupt disappearance of CD34 and emergence
of myeloid (CD33) and neutrophil markers (CD15 and CD16b).

Hematopoietic differentiation requires temporal regulation of transcription factors and
signaling pathways that, if manipulated, may help instruct an HSPC fate from iPSCs. These
include Wnt [57], Notch [58], and bone morphogenetic protein signaling [59], as well as
expression of GATA-2, SCL/TAL1, and AML1/RUNX1 transcription factors [60—63].
GATA-2 is thought to be important in early hematopoiesis but is not required for terminal
differentiation [60]. We observed that GATA-2 increased early in differentiation, and
decreased prior to the appearance of CD15 neutrophil marker. SCL/TAL1 appears to be the
most reliable transcription factor for tracking early hematopoietic commitment and is
expressed in all hemogenic embryonic tissues [62, 63]. SCL/TAL1 regulates erythroid and
megakaryocytic differentiation, and SCL/TAL1~'~ mice exhibit embryonic lethality with
lack of blood formation [64]. In the current study, SCL/TAL1 expression increased during
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early Stage-2, peaking at day 10, indicating conversion of mesoderm to hemogenic
progenitors. The second wave of SCL/TAL1 appeared at day 20 when CD34*CD45" cell
percentages peaked. AML1/RUNX1 was also expressed in waves, the first peaking at day 3
and the second at day 20 of differentiation. At day 18 and 20, AML1/RUNX1 expression
was highest in CD34*CD45* cells, but was also expressed at lower levels in CD34tCD45~
cells containing hemogenic endothelium, consistent with previous reports that SCL and
AML1/RUNX1 are expressed in hemangioblasts during EB differentiation from mouse
ESCs [65, 66).

C/EBPa and PU.1 are critical for hematopoietic commitment to a neutrophil/monocyte
progenitor and progression to mature neutrophils and monocytes [67]. C/EBPe plays an
important role in late neutrophil maturation; C/EBPe-deficient mice lack secondary and
tertiary granules (indicating defective progression from myeloblasts to promyelocytes and
myelocytes) and C/EBPs mutations are associated with neutrophil-specific granule
deficiency in humans [32]. In our iPSC differentiation culture, C/EBPe expression appeared
later than C/EBPa and was detected only in CD15* cells, while PU.1 expression was up-
regulated in CD34*CD45™ cells and was retained during subsequent myeloid maturation.

MicroRNAs are a class of small noncoding RNAs that can silence expression of target genes
post-transcriptionally by regulating mRNA translation or stability [68], and play important
roles in governing lineage commitment of hematopoietic progenitors [69]. In our analysis of
sorted cell populations in Stage-3 differentiation cultures relative to undifferentiated iPSCs,
the majority of the microRNAs detected at significantly increased levels in these cell
populations had not previously been associated with hematopoietic identity. These
microRNAs may provide additional insight into the differences between iPSC-derived
hematopoietic populations and their somatic counterparts. Further functional studies are
warranted to assess their roles in hematopoietic differentiation and determine whether their
manipulation can influence hematopoietic differentiation from human iPSCs.

MicroRNAs expressed at significantly increased levels in day 22 CD34*CD45™ adherent
cells relative to undifferentiated iPSCs included miR-24, miR-125a-3p, miR-126/126*, and
miR-155. Expression of miR-125a [70-72], miR-126/126* [/3-7°], and miR-155 [6, 77]
are associated with both endothelial cells and HSPCs. MiR-125a is expressed in a
tricistronic transcript with miR-99b and let-7e in HSPCs [71, 72, 78]; miR-99b and let-7e
also exhibited increased mean expression in CD34*CD45 adherent cells, but were not
statistically significant in this population. In human cord blood, miR-126 expression is
highest in HSPCs with repopulating capacity in immune-deficient mouse transplants [79],
while expression is significantly decreased in myeloid [79] and megakaryocyte
differentiation [80]. MiR-155 negatively regulates myelopoiesis and erythropoiesis in human
CD34* HSPCs [81]. MiR-24 is associated with inhibition of proliferation during terminal
differentiation in hematopoietic and other cell lineages [82], and is required for
hematopoiesis from mouse ESCs, as suppression of miR-24 results in decreased SCL and
RUNX1 expression and inhibition of HSPC production from mouse ESC-derived
hemangioblasts [83]. Together, expression of these microRNAs is consistent with both the
endothelial and hemogenic properties observed in the day 22 CD34*CD45™ cells. However,
this hemogenic population did not express detectable miR-142-5p, in contrast to previous
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reports that the development of hemangioblasts or hemogenic endothelium correlates with
the emergence of low levels of miR-142-5p expression in those cells in Xengpus, mouse
[84], and zebrafish [85]. This suggests either that hemogenic activity in the current study
was only present in a small subset of the day 22 CD34*CD45™ cell population, rendering
miR-142 expression undetectable in the population as a whole, or that hemogenic activity
from this population only emerged during subsequent culture. Further, this data suggests a
potential target through which hematopoiesis might be enhanced, by manipulating
expression of miR-142 in iPSC-derived CD34*CD45~ endothelial cells.

Although the iPSC-derived CD34*CD45" HSPCs in our study expressed HSPC-associated
surface markers and transcription factors and possessed hematopoietic CFU capacity /n
vitro, these cells exhibited decreased expression of HSPC-associated microRNAs compared
to CD34*CD45™ cells. The only significantly increased hematopoietic-associated microRNA
expressed in day 22 CD34*CD45" cells relative to undifferentiated iPSCs was erythrocyte-
associated miR-144 [86—88], while miR-142-3p/5p and miR-223 exhibited a trend towards
increased expression that fell short of statistical significance in this cell population. The
decreased expression of HSPC microRNAs and increased expression of both PU.1 and
microRNAs associated with maturing hematopoietic lineages (miR-142-3p/5p, miR-144,
and miR-223) is consistent with the rapid differentiation of CD34*CD45" cells and decline
in CFU potential that we observed as Stage-3 culture progressed after day 22. These
disparities between iPSC-derived HSPCs and their somatic counterparts may provide
insights into their inability to engraft in immunodeficient NSG mice, and suggest potential
molecular targets for manipulating expression to enhance their hematopoietic stem cell
functions.

Conclusion

Our study provides the first detailed characterization of changes in hematopoietic cell
surface phenotypes, appearance of clonogenic progenitors, and the expression of
transcription factors and microRNAs during the development of HSPCs and differentiation
of neutrophils from human iPSCs. While the surface marker and transcription factor
expression profiles of the cell populations analyzed in this study were predominantly
consistent with those expected for hemogenic endothelium, HSPCs, or maturing
granulocytes, microRNA expression analyses of iPSC-derived HSPCs revealed disparities
that may provide insights into the differences between these cells and their somatic cell
counterparts. These findings may serve as a guide for the stem cell research community in
developing tools to manipulate the production of hematopoietic cells from iPSCs.
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In vitro directed differentiation of human iPSCs into neutrophils. (A) Schematic of the 4-
stage differentiation protocol for generating mature neutrophils from iPSCs. Time-points and
cytokine conditions for each stage are indicated, and representative cell images at various
stages are shown. Throughout the text, day 0 refers to undifferentiated iPSCs; days 2—-18
refer to cells from Stage-2 EBs; Stage-3 samples (days 19-25) refer only to the non-adherent
cells from OP9 co-culture, unless specifically indicated that the adherent layer from Stage-3
was analyzed; Stage-4 samples (days 26—32) refer only to non-adherent cells. Molecular
analyses of the expression of surface markers, transcription factors, and microRNAs were
performed on sorted or unsorted cells from adherent, non-adherent, or total cell populations,
as indicated. Images were acquired by light microscopy at 40x (iPSC and EB), 100x (OP9
co-culture) or 200x (Neutrophil; Giemsa stain) original magnification. (B) Giemsa stained
cytospin preparation of day 32 end Stage-4 differentiated cells showing cells with

multilobed nucleus typical of mature neutrophil phenotype by light microscopy (bar = 20
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um; 200x original magnification). Also present in this cytospin are polymorphonuclear
eosinophils with red-staining granules and large mononuclear macrophages. (C) DHR flow
cytometry assay of oxidase activity demonstrating that 64% of cells in the day 32 culture of
neutrophils differentiated from normal iPSCs are strongly oxidase positive when maximally
stimulated with phorbol myristate acetate. (D) Flow cytometry assay of phagocytosis of
Alexa Fluor 488 fluorescence labeled opsonized zymosan by neutrophils present in day 32
differentiation culture.
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Figure 2.

Hematopoietic surface marker analysis of cells during neutrophil differentiation from
iPS(IMR90) and iNC-01-12 iPSCs. (A) Dot plot representation of flow cytometry analysis
of cells from the indicated days (day 0, 7, 10, 18, 20, 22, 28, and 32 of differentiation) for
kinetics of co-expression of HSPC surface markers CD34/CD45 or myeloid surface markers
CD15/CD33. (B) Percentage of cells positive for CD34, CD45, CD34/CD45, CD33, CD15
and CD16b at days 0, 3, 7, 10, 14, 18, 20, 22, 24, 26, 28, and 32 (n=3 for each time-point;
replicates were from iPS(IMR90) and iNC-01-12 iPSC lines; error bars denote standard
deviation). The day 20 through day 32 data points for both panels A and B represent only
analysis of the non-adherent fraction of the Stage-3 and Stage-4 cultures. Transitions
between Stages-1/2, Stage-3, and Stage-4 are denoted by dotted lines.
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Expression of endothelial surface markers before and following transition to the Stage-3
OP9 cell co-culture from iPS(IMR90) and iNC-01-12 iPSCs. At day 18, 19, 20, and 22, non-
adherent cells and adherent cells were stained separately for CD34 and (A) VE-cadherin or
(B) VEGFR-2/FIk-1. The left-most graph in both represents analysis of all cells in the day
18 Stage-2 culture, while the upper and lower set of graphs in both represent the non-
adherent cells or tightly adherent cells respectively at 4 hours and 1-4 days after transition to
the Stage-3 co-culture with OP9 cells.
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Figure 4.
Expression kinetics of selected transcription factors during granulocyte differentiation from

iPS(IMR90) and iNC-01-12 iPSCs. (A) Time course quantitative reverse-transcription PCR
analysis of expression of the indicated transcription factors throughout the 4-stage
differentiation culture. Expression of GATA-2, AML1/RUNX1, SCL/TALL, PU.1, C/EBPa
and C/EBPe (n=3 for each time-point; replicates from iPS(IMR90) and iNC-01-12 iPSC
lines; error bars denote standard deviation) are shown relative to expression levels in
undifferentiated iPSCs (day 0). Transitions between Stages-1/2, Stage-3, and Stage-4 are
denoted by dotted lines. Day 3 through day 18 (Stage-2) analyses assessed all cells in the EB
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culture, but day 20 through day 32 (Stage-3 and Stage-4) analyses assessed only the non-
adherent cells from OP9 culture. (B) Relationship between sorted cells expressing surface
markers CD34/CD45 or CD15/CD33 and transcription factor gene expression in those cells
at different days during differentiation. Quantitative reverse-transcription PCR was used to
analyze the gene expression of the indicated transcription factors in the indicated sorted cell
populations at day 18, 22, or 28 (d18, d22, or d28; n=3 for each population; replicates were
from iPS(IMR90) and iNC-01-12 iPSC lines; error bars denote standard deviation) relative
to gene expression or background levels in undifferentiated iPSCs (day 0; d0).
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Figure 5.
Hematopoietic colony-forming potential of cells during neutrophil differentiation from

iPSCs. (A) CD34/CD45 co-expression on cells used in (B) for hematopoietic CFU assays
(n=3 for each time-point; error bars denote standard deviation), for either the total
population (day 18) or non-adherent subset (days 20-28). (B) Hematopoietic colony-
forming kinetics of differentiated cells on indicated days (n=3 for each time-point; replicates
from iPS(IMR90) and iNC-01-12 iPSCs; error bars denote standard deviation). (C)
Schematic of experimental design for (D-G). (D) CD347CD45™ and CD34*CD45* cells
were sorted from mid-Stage-3 (day 22 overall) differentiation cultures for CFU assays or
further expansion for 7 days in Stage-3 medium without OP9 cell co-culture. Left and right
panels show non-adherent and adherent cells, respectively. Data shown is from iNC-01-3
iPSCs. (E) Flow cytometry analysis of CD34 and CD45 surface marker expression after 7
days of post-sort culture of day 22 sorted CD347CD45~ cells (day 22+7). Analysis was
performed in harvested pooled adherent and non-adherent cells. Left and right panels show
differentiated cells from iNC-01-3 and iNC-01-4 iPSCs, respectively. (F) Hematopoietic
CFU assays of CD347CD45* cells sorted from either day 22 or day 22+7 (day 22
CD34*CD45™ cells cultured for 7 additional days in Stage-3 medium then sorted again for
CD347CD45%). iNC-01-3 and iNC-01-4 denote the iPSC line used for differentiation. (G)
CFU-GM containing granulocytes and macrophages; shown are CFUs from iNC-01-3 day
22 (left panel) and day 22+7 CD34*CD45* cells (right panel). Images were collected with
an Olympus 1X70 inverted microscope and FX1520 SPOT Flex Color camera (75x
magnification).
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Figure 6.

Comparison of relative expression levels of selected hematopoietic-associated microRNAS
between populations. Populations are undifferentiated iPSCs (iPSC), day 18 EBs (EB) and
sorted day 22 cells: CD34*CD45™ adherent cells (CD34+45-), CD34"CD45* non-adherent
cells (CD34+45+), and CD34-CD45" non-adherent cells (CD34-45+). Expression levels are
relative to undifferentiated iPSCs; day 22 sorted populations with statistically significant
increased microRNA expression relative to undifferentiated iPSCs are noted (*p<0.05;
**p<0.01; ***p<0.001, based on ExpressionSuite two-tailed Student’s t-test analysis).
Samples used for microRNA analyses were biological replicates obtained from separate
differentiations of iNC-01-3 and iNC-01-4 iPSCs (n=3 for day 22 samples; n=2 for EB
samples; n=5 for undifferentiated iPSCs). For miR-144 in CD34+45- and CD34+45+ cells,
determination of statistically significant increased expression was based on two analyzed
replicates, after a third replicate with an undetermined CT was omitted by software analysis
under a presumption of technical failure of the assay. Error bars denote the calculated
maximum (RQ Max) and minimum (RQ Min) expression levels calculated based on 1
standard deviation; these error bars are asymmetrical due to conversion of log-based CT
values to linear RQ values. Populations lacking error bars are those for which only one
replicate exhibited detectable expression of the microRNA.
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