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KEY PO INT S

l An interactive data set
of single-cell RNA and
CITE sequencing of
human HSPCs derived
from pluripotent stem
cells has been
generated.

l An artificial neural
network identifies
HSC-like cells derived
in vitro from hPSCs.

Hematopoietic stem and progenitor cells (HSPCs) develop in distinct waves at various
anatomical sites during embryonic development. The in vitro differentiation of human
pluripotent stem cells (hPSCs) recapitulates some of these processes; however, it has
proven difficult to generate functional hematopoietic stem cells (HSCs). To define the
dynamics and heterogeneity of HSPCs that can be generated in vitro from hPSCs, we
explored single-cell RNA sequencing (scRNAseq) in combination with single-cell protein
expression analysis. Bioinformatics analyses and functional validation defined the tran-
scriptomes of naı̈ve progenitors and erythroid-, megakaryocyte-, and leukocyte-
committed progenitors, and we identified CD44, CD326, ICAM2/CD9, and CD18,
respectively, as markers of these progenitors. Using an artificial neural network that we
trained on scRNAseq derived from human fetal liver, we identified a wide range of hPSC-
derived HSPCs phenotypes, including a small group classified as HSCs. This transient HSC-

like population decreased as differentiation proceeded, and was completely missing in the data set that had been
generated using cells selected on the basis of CD43 expression. By comparing the single-cell transcriptome of
in vitro–generated HSC-like cells with those generated within the fetal liver, we identified transcription factors and
molecular pathways that can be explored in the future to improve the in vitro production of HSCs. (Blood. 2020;136(25):
2893-2904)

Introduction
Human pluripotent stem cells (hPSCs) can be differentiated
in vitro into various hematopoietic cell types, providing both a
model for basic research studies and a source of clinically rel-
evant cells.1 During embryonic development, 2 waves of re-
stricted hematopoietic progenitors arise in the extraembryonic
tissues of the yolk sac, before emergence of hematopoietic stem
cells (HSCs) in the embryo proper.2 In the mouse embryo, at
embryonic day (E) 7.25, the first “primitive” wave gives rise to
erythrocytes, megakaryocytes, and macrophages,3,4 after E8.25,
the secondwave, also known as the first “definitive” progenitors,
consists of erythromyeloid progenitors that can be distinguished
from the primitive progenitors by their potential to generate
granulocytes.5 Furthermore, the monocytes that emerge from
erythromyeloid progenitors provide the embryo with tissue-
resident macrophages; the first life-long–lasting population of
immune cells.6-8 Intraembryonic hematopoiesis is established

from E10.5 to E11.5 in the aorta-gonad-mesonephros (AGM)
region, with the emergence of HSCs that will sustain the life span
production of all blood lineages, also upon transplantation.9

Some studies have indicated that human hematopoietic de-
velopment follows a comparable process,10-13 but for ethical
reasons, it has proven difficult to gain a clear insight into the
lineage potential and hierarchical relationships between early
human hematopoietic progenitors. The dynamic nature and the
heterogeneity of hematopoietic progenitor populations that
arise during development poses additional confounders to the
identification of molecular mechanisms associated with their
formation and function.

To gain insight into the transcriptome of developing human
hematopoietic progenitors, we performed in-depth character-
ization of hematopoietic progenitors derived from hPSCs.
Single-cell expression profiles of hPSC-derived hematopoietic
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cells have been reported, but those studies used either a limited
number of cells or biased approaches in their isolation and so
failed to depict their trajectory of differentiation.14-16 This signifi-
cantly affected the ability to resolve the complex heterogeneity of
the progenitor pool, to identify the hierarchal relationship between
subpopulations, and to compare the transcriptome of hPSC-
derived progenitors to that of their in vivo counterparts.

To address these limitations, we generated interactive single-
cell RNA sequencing (scRNAseq) data sets of human hPSC-
derived hematopoietic progenitors (lab.antonellafidanza.com).
Lineage trajectories predicted in silico were validated by func-
tional assays of sorted cells, and the specificity of our marker
repertoire was confirmed by using the cellular indexing of
transcriptomes and epitopes by sequencing (CITE-seq)17 strat-
egy. To annotate the hPSC-derived progeny in an unbiased
manner, we employed machine learning and trained an artificial
neural network (ANN) to recognize the single-cell gene ex-
pression profiles of human fetal liver cells. This trained ANN was
subsequently used to predict the identities of hPSC-derived
cells. The ANN thereby provided mapping between in vivo
and in vitro hematopoiesis and revealed a subset of hPSC-
derived cells that most closely resemble HSCs in the fetal
liver. Finally, by comparing that transcriptome of in vitro– and
in vivo–generated HSCs we identified genetic pathways that can
be explored to improve HSCs production in vitro from hPSCs.

Methods
The procedures used are described in the supplemental
Methods, available on the Blood Web site.

Results
Single-cell RNA sequencing of induced
iPSC-derived hematopoietic progenitor cells
reveals the transcriptome of naı̈ve and
lineage-committed progenitors
To resolve the heterogeneity of in vitro–generated hPSC-
derived hematopoietic progenitors we designed a minimal
membrane marker strategy that allows for broad isolation of
hPSC-derived hematopoietic progenitors. This marker strategy
was validated using colony-forming unit cell (CFU-C) assays of
sorted cell populations and gene expression profiling of dif-
ferent hPSC lines, including SFCi55, an hiPSC line that we had
derived,18 and 2 reporter cell lines, SFCi55-KLF1-mCherry (a
targeted clone of the SFCi55 induced-PSC [iPSC] line) and the
human embryonic stem cell (hESC) line, HES3-RUNX1C-GFP19

(supplemental Figure 1). These data, together with previous
reports,19-23 support our rationale that the isolation of CD235a2

CD431 cells would enrich for HSPCs and exclude cells derived
from the primitive wave (supplemental Figure 1). We anticipated
that the CD235a2CD431 compartment would also comprise the
early stages of lineage commitment, capturing the downstream
hierarchy of early human progenitors.

CD235a2CD431 suspension cells from 2 independent replicate
cultures of SFCi55 hiPSCs18 at day 13 of differentiation were
sorted by fluorescence-activated cell sorting (FACS) and sub-
jected to scRNAseq and data analyses (Figure 1A). After quality
control and clustering24 we obtained the transcriptome of 11 420

cells (supplemental Figure 2A-C), belonging to 8 clusters of cells
(Figure 1B). Although the 2 replicates did not show obvious
differences (supplemental Figure 2C), any potential batch effect
was regressed out before integration.We assigned cell identities
based on the expression of known markers and identified ad-
ditional markers from the data set that were cluster specific
(Figure 1C-D). Clusters containingmore immature, uncommitted
progenitors were identified by their expression of progenitor-
associated genes, such as KIT and GATA2, and their lack of
expression of genes associated with specific cell lineages and
were thus annotated as naı̈ve populations (Figure 1D; supple-
mental Figure 2D). Clusters that displayed expression of lineage
markers were annotated as lineage-committed progenitors
(Figure 1B-D; supplemental Figure 2D), including clusters of cells
committed toward the megakaryocyte (GP9 and PF4), erythroid
(GYPA and KLF1), and granulocyte (AZU1 and PRNT3) lineages
(Figure 1D). Markers for each of the cell clusters were identified
by differential gene expression analysis, further supporting the
identities assigned to each cluster (Figure 1C; supplemental
Table 1).

Trajectory analyses reveal the hierarchy of
in vitro–derived hematopoietic progenitors
To study the hierarchical relationship between cell populations,
we performed trajectory analysis using different methods, in-
cluding diffusion analysis25 with the Seurat R package,24 pseu-
dotemporal ordering with the Monocle R package,26 and
partition-based graph abstraction (PAGA).27 Diffusion analysis
identified a central core from which 3 distinct trajectories
emerged (Figure 2A). The central core corresponded to cells that
we had annotated as naı̈ve progenitors (Figure 2A-B). Branches
comprised cells expressing genes associated with specific line-
ages, annotated as erythroid-, megakaryocyte-, and granulocyte-
committed lineages (Ery, Mega, and Granulo, respectively, in the
figures). Comparable trajectories were observed using pseu-
dotemporal ordering with PAGA and Monocle (Figure 2C-D).
The PAGA analysis showed that the naı̈ve cells were highly
connected to erythroid-, megakaryocyte-, and granulocyte-
committed cells (Figure 2C). Pseudotime reconstruction of the
hierarchy showed that cells annotated as naı̈ve 1 were located at
the top of the hierarchy and appeared to progress to naı̈ve 2 cells
before entering branches containing lineage-committed cells
(Figure 2D-E). Lineage commitment was also inferred from the
expression of lineage-associated transcription factors that were
filtered from the cluster-specific marker genes according to their
Gene Ontology (GO) annotation (Figure 2F, supplemental
Figure 2E). For example, erythroid-committed clusters dem-
onstrated expression of both KLF1 and MYC, with the latter
decreasing in Ery 2 compared with Ery 1, in keeping with
their position within the hierarchy (Figure 2E, F). Within
megakaryocyte-committed clusters 1 and 2, we observed the
expression of GATA1, TAL1, and FLI1, a cocktail of genes re-
cently used for hPSC forward programming to megakaryocytes
(Figure 2F).28 Granulocyte-committed cells were represented by
a separate branch and demonstrated the expression of CEBP-D,
CEBP-B, CEBP-A, and CEBP-E (Figure 2F). We then focused our
attention on the transcription factors expressed by the naı̈ve
progenitor clusters and noted a high level of expression of LMO4
and ID2, as well as GATA2, which is known to be expressed in
HSPCs (Figure 2F). We then inferred their role in the gene
network using a network inference algorithm (Partial Information
Decomposition and Context).29,30 Single-cell transcriptomic data
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offer the potential to observe dependencies between the ex-
pression profiles of pairs of genes, that if coregulated, are
expected to change in a coordinated fashion. Genes with the
highest statistical dependencies are connected by edges that,
altogether, define the network.29,30 Many of the transcription
factors previously detected to be highly expressed within the
naı̈ve cell populations, such as ID2, ID4, and LMO4, occupy
nodes within this large network (supplemental Figure 3A-B). This
strategy corroborates the importance of the identified tran-
scription factors as functional elements within the single-cell
gene network.

CD44 membrane expression marks human
clonogenic hematopoietic progenitors
To validate the results of our trajectory analyses experimentally,
we set out to assess the hematopoietic potential of the naı̈ve
progenitor populations. We defined a prospective sorting
strategy using genes encoding the cell surface markers CD33,
CD44, and ITGB2 (also known as CD18) that were enriched
within the naı̈ve progenitors’ clusters (Figure 3A). CD33 was
expressed by both naı̈ve 1 and 2 progenitors, whereas CD44 and

CD18 expression appeared higher in the naı̈ve 1 population
(Figure 3A). We fractionated CD235a2CD431CD331 cells and
identified subpopulations as naı̈ve 1A (CD441CD182), naı̈ve 1B
(CD441CD181), and naı̈ve 2 (CD442CD182; Figure 3B). Tra-
jectory analysis predicted that naı̈ve 1 cells were at the top of the
hierarchy and would give rise to the naı̈ve 2 cells before lineage
commitment (Figure 2D-E). To test this in silico prediction, we
used a chimeric coculture system involving the Zeiss Green (ZsG)
reporter hiPSC SFCi55-ZsG line31 (Figure 3C). This approach
allowed us to sort, for example, ZsG-labeled naı̈ve 1 cells, then
track their ZsG progeny after they were returned to the complex
differentiation environment. We synchronously differentiated
the SFCi55-ZsG-iPSC line, which constitutively expresses the
fluorescent reporter,31 and the parental SFCi55 iPSC line. To
verify the progressions of naı̈ve 1 to naı̈ve 2 and naı̈ve 2 to
lineage-committed cells, we sorted naı̈ve 1 (CD331CD442

CD182) or naı̈ve 2 (CD331CD441CD182/1) cells from ZsG-iPSCs
at day 10 and cocultured them with the synchronized differ-
entiating parental cells for a further 3 days. As predicted from the
trajectory analysis, the naı̈ve 1 cell population generated ZsG-
expressing naı̈ve 2 cells. We also noted that the naı̈ve 1 cells
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that expressed genes associated with erythroid (Ery 1 and 2), megakaryocyte (Mega 1, 2, and 3), and granulocyte (Granulo) lineages. (C) Heatmap showing expression of the top
10 marker genes for each cluster (colors of each cluster are as in panel B). (D) Gene expression levels of marker genes associated with different progenitor cell types that were
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retained their immunophenotype, indicating some self-renewal
capacity (Figure 3D). Interestingly, naı̈ve 2 cells demonstrated
some potential to acquire CD44 and CD18, which are markers of
naı̈ve 1 cells (Figure 3D), suggesting fluidity between these
states. As predicted by our trajectory analyses (Figure 2D-E),
naı̈ve 2 cells acquired the ability to generate more mature cells,
including erythroids (CD235a1), megakaryocytes (CD411), and
macrophages (25F91; supplemental Figure 3C). We compared
the colony-forming capacity of the naı̈ve 1 and 2 progenitors
present at days 10 and 13. When plated in clonogenic CFU-C
assays, CD441 naı̈ve 1 cells formed CFU-C colonies but virtually
no colonies were generated by naı̈ve 2 cells at either time point
(Figure 3E-F). These data support the proposed hierarchy and
show that all colony forming cells express CD44. Our chimeric
coculture system, therefore, enabled us to assess the lineage
output that could not be assessed solely by CFU-C assays. We
observed that naı̈ve progenitors expressed high levels of ID
genes (Figure 2F) and that they were identified as nodes within

the gene network (supplemental Figure 3A). Because ID genes
are targets of bone morphogenetic protein (BMP) signaling, we
predicted that these naı̈ve cells would be responsive to BMP
stimulation. We added BMP4 to the differentiation culture
from day 10, when both naı̈ve 1 and 2 cells were present, and
then assessed the proportion of these cells 3 days later. In the
presence of BMP4, we observed a 25% and 59% expansion of
naı̈ve 1 and 2 cells, respectively (supplemental Figure 3E). In this
experiment, we used the hESCs H9 and HES3-RUNX1C-GFP, as
well as the SFCi55 hiPSC line, and showed that naı̈ve progenitors
were present at comparable frequencies in both hESCs and
hiPSCs (supplemental Figure 3D), and that naı̈ve progenitors
derived from both lines responded to BMP stimulation in a
comparable manner (supplemental Figure 3D-E). Thus, this
experiment not only identified an important functional signaling
pathway but also confirmed that the markers we used to define
naı̈ve progenitors and their response to BMP signaling are not
PSC line specific.
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Figure 2. Trajectory analyses support naı̈ve progenitor identity and their progression to lineage-committed progenitors. (A) Diffusion plot displays the naı̈ve progenitors
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(F) Expression levels of the marker genes coding for transcription factors associated with each cluster; bar color indicates the cluster.
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To assess whether the naı̈ve cell populations identified using our
unique sorting strategy showed features of definitive hemato-
poietic progenitors, we assessed the expression of the HES3-
RUNX1C-GFP reporter. We observed RUNX1C-GFP expression
in both cell types, with a higher proportion of RUNX1C1 cells in
the naı̈ve 1 compared with the naı̈ve 2 populations (Figure 3G).
Definitive HSPCs are generated via endothelial-to-hematopoi-
etic transition during embryonic development,32,33 so we would
expect comparable hPSC-derived progenitors to have hall-
marks of their endothelial origin. In our study, naı̈ve CD441 cells

generated in vitro from hPSCs coexpressed CD34 and the en-
dothelial marker CD144 (also known as VeCad) with expression
being higher at day 10, when most of the naı̈ve progenitors were
present (supplemental Figure 3L). This endothelial signature of
naı̈ve progenitors, together with their lineage potential reflects
their definitive features. To confirm that CD44 expression is
associated with HSPCs in vivo we demonstrated its colocaliza-
tion with CD45 and CD144 in the mouse yolk sac and AGM
region (supplemental Figure 3F-J). At E10.5 in the yolk sac,
CD44 was expressed on endothelial cells in a bimodal fashion,
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with vessels expressing low and high levels, the latter being
associated with bright clusters of hematopoietic cells (supple-
mental Figure 3G). By flow cytometry, we observed that by E11,
all CD451 cells and a proportion of CD1441 cells were within the
CD44high population (supplemental Figure 3F). Within the em-
bryo proper, CD44 was expressed on the membrane of endo-
thelial cells within the dorsal aorta, whereas venous endothelial
layers were CD442 (supplemental Figure 3H-I). CD44 was also
coexpressed with CD451 in the AGM region (supplemental
Figure 3H-J). Furthermore, expression of LMO4 in CD441 cells
within the AGM region is in keeping with its high level of ex-
pression in naı̈ve hPSC-derived HSPCs (Figure 2F) and supports
its identification as a novel hematopoietic transcription factor.
These data suggest that CD44 is expressed on hemogenic
endothelial cells and that it is retained on emerging hemato-
poietic cells in vivo, similar to what we have observed during the
in vitro differentiation of human progenitors (supplemental
Figure 3I).

Identification of membrane markers of
lineage-committed progenitors
Wenext selectedmembranemarkers that we predicted could be
used for the isolation of lineage-committed progenitors.
Erythroid-primed clusters 1 and 2 both showed expression of
MYC (Figure 2F) and EPCAM (also known as CD326; supple-
mental Figure 4A), indicative of early-committed erythroid
cells.34,35We confirmed that CD326was expressed inmost of the
CD235a1 cells at day 13 of iPSC differentiation, but interestingly,
we noted a small number of CD3261CD235a2 cells (supple-
mental Figure 4B), suggesting that CD326 may be marking
commitment to the erythroid lineage before CD235a acquisi-
tion. To test this possibility, we assessed the expression dy-
namics of these markers during the erythroid differentiation of
umbilical cord blood CD341 (UCB341) cells. At day 10 of dif-
ferentiation, CD326 was expressed in CD235a2/low cells but not
in CD235ahigh cells, the latter corresponding to more mature
erythroid cells (supplemental Figure 4B). CD326 was not
expressed in cells at day 18 of the differentiation protocol (when
most of the cells were mature CD235a1 cells), nor in the mature
erythrocytes found in adult peripheral blood (supplemental
Figure 4B). Taken together, these data suggest that CD326
marks early erythroid progenitors in hiPSCs, fetal-, and adult-
derived cells. We also noted the expression of HBG1, HBG2,
HBA1, and HBA2, subunits of fetal hemoglobin, indicative of
erythroid cells derived from definitive hematopoiesis (supple-
mental Figure 4C).

Three clusters with megakaryocyte and platelet signatures
(Mega-primed 1, 2, and 3) were predicted by expression of
ITGA2B (CD41), GP9, PF4 (Figure 1C-D; supplemental Table 1).
ICAM2 was expressed at higher level in cluster Mega-primed 3
(supplemental Figure 4D), as for CD9, known to increase along
megakaryocyte differentiation.36 ICAM2 and CD9 coexpression
was confirmed by flow cytometry (supplemental Figure 4D). We
observed a population of CD411CD91ICAM21 cells, with;85%
of the CD411CD42a1 (supplemental Figure 4E) cells that did not
show polyploidy, supporting their immature status (supple-
mental Figure 4F-G).

Granulocyte-committed clusters were predicted by expression
of markers, such as MPO, AZU1, RNASE2, and ITGB2 which
encodes the membrane marker CD18, subunit of different

leukocytes marker, such as CD11a-d, Mac-1, and LFA-1
(Figure 1C; supplemental Table 1). We sorted CD235a2

CD431CD331CD442CD181 cells and confirmed the phenotype of
granulocytes and monocytes based on their nuclear morphology
(supplemental Figure 4H). Further clustering revealed 3 subclusters
corresponding to the eosinophil, neutrophil, and monocyte line-
ages (supplemental Figure 4I-L). It is noteworthy that RUNX3 ex-
pression was specifically associated with the monocyte subcluster
(supplemental Figure 4J), previously reported to be important for
zebrafish stem cells and macrophages37 and to be expressed by
mouse tissue-resident macrophages of the skin.38

In summary, naı̈ve progenitors also gave rise to committed
progenitors characterized by features of granulocytes and
monocyte, cell types that emerge exclusively in the definitive
waves.5

CITE-seq analysis of human iPSC-derived
hematopoietic progenitors
To further study the temporal emergence of the progenitor
populations and their associated markers, we performed CITE-
seq analysis whereby single-cell membrane marker expression
can be correlated directly with the relative transcriptome.17 To
ensure that we sampled even the rarest progenitor cell pop-
ulation, we extended the CITE-seq analysis to adherent cells and
included an earlier time point (day 10) in addition to day 13.
Again, to exclude primitive erythroid cells, we selected CD235a2

suspension cells but, in this experiment, we included and
enriched for CD432 cells that had been excluded in our initial
study (supplemental Figure 5B). We expected early progenitors
to express CD31 and to potentially remain part of hematopoietic
clusters within the adherent fraction of the culture, and so we
used FACS to sort the adherent cells into CD312 and CD311

fractions. The cells were labeled with an oligonucleotide-tagged
antibody specific for the membrane markers that we identi-
fied in our initial experiment (antibody-derived tag [ADT]_
CD18, ADT_CD33, ADT_CD41, ADT_CD44, ADT_CD102, and
ADT_CD326) as well as other markers of endothelial and early-
committed hematopoietic cells (ADT_CD144) and of macro-
phages (ADT_CD163). To test the specificity of the membrane
marker repertoire previously identified on the suspension cells,
we subset the 2 libraries corresponding to suspension cells
collected at days 10 and 13 (Figure 4; supplemental Figure 5B-
C). After multidimension reduction and clustering analysis, we
identified a naı̈ve progenitor population (Figure 4A), comparable
to our first sequencing experiment (Figure 2A). These naı̈ve
progenitors exhibited erythroid-, megakaryocyte-, granulocyte-
and monocyte-lineage potential, with increased lineage com-
mitment at day 13 compared with that on day 10 (Figure 4B), in
line with the expression pattern of genes associated with naı̈ve
and committed stages on those days (supplemental Figure 5D).
Analysis of the ADTs showed that each marker was expressed in
the expected cluster (Figure 4C), thus supporting them as
markers for defined progenitors. To further explore the power of
the ADT approach, we performed multidimension reduction,
using ADTs as the only input dimensions, and proved that ADT
data alone identified remarkably similar clusters (Figure 4D-E),
strongly correlated with the clusters derived from the entire
transcriptome (Figure 4F). The CITE-seq approach confirms that
the markers identified from our first scRNAseq analysis define
the hierarchy of human developmental hematopoiesis in vitro
with high specificity.

2898 blood® 17 DECEMBER 2020 | VOLUME 136, NUMBER 25 FIDANZA et al

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/136/25/2893/1794620/bloodbld2020006229.pdf by guest on 19 M

ay 2023



Comparison of in vitro–generated progenitors with
in vivo–produced cells
The use of human PSCs as a renewable source of hematopoietic
cell types faces major challenges relating to, for example, the in-
efficient repopulation capacity of progenitor cells and the in-
complete maturation of differentiated cell types. To identify the
underlying molecular basis associated with these deficiencies in
hPSC-derived cells, we comparedour data set to a human fetal liver
data set that contains the complete hematopoietic hierarchy from
long-term reconstituting HSCs to differentiated cell types.

To assess how hPSC-derived naı̈ve and lineage-committed
progenitors compared with their equivalent counterpart gen-
erated in vivo, we assessed the expression of selected genes
identified to distinguish the various cell types detected in the
human fetal liver39 (Figure 4G). An initial analysis of marker genes

of lineage commitment in the developing embryo revealed that
these markers are remarkably powerful for discriminating the
equivalent in vitro cell types identified in our in vitro study
(Figure 4G; supplemental Table 1). Interestingly, SPINK2, a
newly reported marker of fetal HSC/multipotent progenitors
(MPPs),39 was also expressed specifically by our naı̈ve progenitor
cells (Figure 4G), together with CD34 (supplemental Figure 3L).
These specific similarities observed between in vitro and in vivo
developing hematopoietic progenitor cells led us to investigate
the phenotype of cell types that are produced in vitro in a more
comprehensive manner and howwell these in vitro–derived cells
reflect the corresponding cell types during in vivo development.
To do this, we used the same published human fetal liver
scRNAseq data as a reference: first, to identify in vitro–derived
cells with gene expression signatures of human fetal liver he-
matopoietic cells and, second, to quantify the similarity to their
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Figure 4. CITE-seq analyses confirm markers for naı̈ve and lineage-committed progenitor cells. (A) tSNE visualization of the CITE-seq analysis of days 10 and 13 CD235a2

suspension cells. Dimension reduction and clustering analyses were performed using only transcriptomic data (hiPSC-SFCi55). (B) tSNE visualization of the libraries obtained
from CD235a2 suspension cells collected at days 10 and 13 showing the direction of lineage commitment. (C) Single-cell protein expression level of the membrane markers
associated with the different cell types. Data are visualized on tSNE. (D) tSNE plot and annotation of clustering obtained from analysis derived from ADT data alone. (E)
Visualization of the libraries obtained from CD235a2 suspension cells projected on the tSNE obtained from ADT data in panel D. Cell progression shows lineage commitment
trajectory, with cells colored according to the day of collection. (F) Confusionmatrix of clustering obtained from complete transcriptomic data (RNA) and that were obtained from
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scRNAseq OF hPSCs-DERIVED BLOOD PROGENITORS blood® 17 DECEMBER 2020 | VOLUME 136, NUMBER 25 2899

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/136/25/2893/1794620/bloodbld2020006229.pdf by guest on 19 M

ay 2023



corresponding transcriptomes. To address the first question, we
used machine learning to transfer labels from the fetal liver
reference data to our in vitro–derived blood cells (Figure 5A).
This approach enabled a much broader and unbiased identifi-
cation of cell types compared with inference based purely on
marker genes. We followed our recently developed strategy40

and trained an ANN40 to recognize single-cell gene expression
profiles of human fetal liver cells that were sampled at a time in
development when the liver is the main site of blood cell for-
mation.39 In brief, this ANN is trained using the expression data
of 3479 genes and 145 725 cells from fetal liver as an input.39

From these labeled data, the ANN learns to predict from which
of the 28 different fetal liver cell types a particular gene

expression pattern originates. Once trained, the ANN is given
previously unseen test data from in vitro–derived cells as an
input, to annotate thesedatawith human fetal liver cell labels. Since
this approach considers 3479 genes, it enables a more compre-
hensive identification of cell types based on similarities in global
gene expression patterns rather than specific marker genes.

The ANN identified cell types within the source domain (the fetal
liver data) with high accuracy, as shown by the performance
metrics obtained from 5-fold cross-validation (supplemental
Figure 6A-B). The trained ANN was subsequently applied to the
target domain (the in vitro–derived data set) to test whether the
hPSC-derived cells were similar to those present in the fetal liver,
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in which case the label of that specific in vivo cell would be
transferred. The ANN assigned labels to 92% of in vitro–
produced cells into various cell types present in vivo (supple-
mental Figure 6 C-D), most notably, a small population was
labeled as HSCs/MPPs. This result indicates that the global gene
expression pattern of a subset of the in vitro–derived cells was
very similar to HSCs/MPPs from the in vivo reference data in fetal
liver. To quantify precisely how similar these in vitro–derived
HSCs/MPPs are to their in vivo counterparts, we calculated the
average pairwise Euclidean distance between HSCs/MPPs, us-
ing the human fetal liver as a reference. The results indicated that
the fetal liver HSCs/MPPs were, on average, only marginally
more similar to one another than they were to iPSC-derived
HSC/MPPs (supplemental Figure 8A). In summary, this analysis
indicates that the in vitro–derived HSCs/MPPs closely, yet not
perfectly, reflect the gene expression patterns of their in vivo
counterparts in the fetal liver. Using the ANN, we also observed
that the relative abundance of the predicted HSC/MPP pop-
ulation decreased with time by day 13 (Figure 5B), whereas, the
relative abundance of committed cells increased during this
time, as expected (supplemental Figure 6E). When we applied
the same ANN strategy to our first data set, which was generated
from day 13 progenitors that were selected on the basis of CD43
expression, no HSCs/MPPs were detected (Figure 5C). This
finding is consistent with our observation that this transient HSC/
MPP population was present in a higher number earlier, at day
10, when they were almost equally distributed in the adherent
CD311 and suspension CD235a2 compartment (supplemental
Figure 6F). We looked for marker genes that define this pre-
dicted HSC/MPP cell population in vitro, looking specifically for
membrane markers according to their GO annotation (supple-
mental Table 1). Together with expected markers such as CD34,
CD44, and CD33, we also detected CD132, CD52, CD180, and
IL3RA andmany others that will allow for designing a prospective
sorting strategy to isolate this specific population. We then
created subsets for the in vivo and in vitro HSCs/MPPs and in-
tegrated the 2 data sets (Figure 5D). The integrated data allowed
for direct comparison of their transcriptome and identified 54
differentially expressed genes (supplemental Table 1), all of
which were lower in HSCs/MPPs produced in vitro than in those
generated in vivo. GO analysis of these genes identified en-
richment for KEGG (Kyoto Encyclopedia of Genes and Ge-
nomes) signaling pathways, such as NOD-like receptor, IL-17,
NF-kB, and HIF-1 (supplemental Table 1). We also identified 6
genes encoding the transcription factors EGR1, ZFP36L1,
NR4A1, FOS, JUN, and JUNB (Figure 5E). Interestingly, the
EGR1-binding site was enriched, among others, in the upstream
region of the differentially expressed genes (Figure 5F), sug-
gesting an important regulatory role of EGR1.

We next compared the transcriptome of hPSC-derived HSCs/
MPPs that were predicted by the machine-learning approach to
the transcriptome of hematopoietic progenitors isolated from
the different sites of hematopoiesis in the developing embryo.
We used published data sets derived from fetal liver HSCs/
MPPs,39 yolk sacMPPs39 that were collected at Carnegie stages 5
to 14, and AGM-sorted41 progenitors (CD341CD451CD235a2)
collected at Carnegie stage 15, around the time of early HSCs
emergence (supplemental Figure 7A-B). Whole transcriptome
comparison, followed by KEGG pathway analysis, showed
that in vitro HSC/MPP cells were marked by the expression of
genes associated with oxidative phosphorylation (supplemental

Table 1), indicating metabolic differences between in vitro– and
in vivo–produced progenitors. Hypoxic conditions characterize
mammalian embryo develepoment42 and, more specifically, the
development of the hematopoietic system, where hypoxia has
been detected in hematopoietic clusters in the AGM region and
in the fetal liver.43 The hematopoietic progenitors derived from
hPSCs were generated in vitro under normoxic conditions, and
this could explain their different metabolic profile.

Another notable finding was that fetal liver progenitors were
marked by HLA genes, and consequently, the KEGG pathways
associated with antigen presentation and T-cell development
(supplemental Table 1). The AGM data set displayed high ex-
pression levels of genes associated with the Notch pathway,
such as HES1, NOTCH1, NOTCH2, JAG1, and JAG2. Their
expression level is in line with the developmental stage at which
they were collected when the Notch pathway orchestrates HSC
emergence.44 Within the markers of yolk sac progenitors, we
detected genes related to early hematopoietic development.
FRZB, a mesodermal cell marker, and HBE1, a marker of prim-
itive hematopoiesis, were listed in the top 10 differentially
expressed genes, which supports the early developmental
features of these yolk sac progenitors. From this analysis, gene
expression differences were detected between all the samples,
both in vivo and in vitro, suggesting that the hPSC-derived
HSCs/MPPs do not precisely recapitulate any progenitor pop-
ulation derived from either of the tissues analyzed. However, the
limited availability of data sets, the different sorting strategies,
and, in some cases, the different scRNAseq chemistries may act
as confounders for this analysis; additional coherent data sets
are needed to address this question.

Finally, we noted also that SPINK1 was identified as the marker
for yolk sac progenitors. Although SPINK2, identified here and
by others as a marker of progenitor cells,39,41 was expressed by
progenitors from all the tissues, SPINK1 was detected exclu-
sively in the yolk sac (supplemental Figure 7D), suggesting that
this gene could discriminate extraembryonic from intra-
embryonic hematopoiesis.

The ANN strategy also identified lineage-committed cells in our
in vitro data set, which we then compared with their in vivo
counterpart from fetal liver, to identify genes that can be used as
targets to improve the production in vitro of differentiated blood
cell types. We listed the differentially expressed genes between
in vitro and fetal liver cells and identified the transcription factors
within the list (supplemental Figure 8; supplemental Table 1).

Particularly interesting was that late erythroid cells in vitro
showed a high level of PCLG2 (phospholipase Cg2) able to control
intracellular calcium via production of inositol triphosphate. In-
tracellular calcium peaks in orthochromatic erythroblasts just
before enucleation.45 Erythroid cells derived from hPSCs are
characterized by generally inefficient enucleation,18,46 independently
of their primitive or definitive origin (supplemental Figure 1J), and this
deficiency could be related to their intracellular calcium control.

In summary, we used a machine-learning approach to identify a
rare population of HSC/MPP-like cells in vitro that emerge early
during differentiation of hPSCs and that display a gene ex-
pression pattern that is broadly similar to that of HSCs in de-
velopment. The difficulties in generating fully functional HSCs
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from hPSCs is well recognized, but the identification of the
transcriptome of a rare progenitor population that most closely
resembles HSCs represents a significant advance. However,
subtle differences were also apparent and could explain the
functional deficiencies of hPSC-derived cells and could ulti-
mately be explored to improve their therapeutic potential.

Discussion
We describe the single-cell transcriptome and membrane
markers of naı̈ve hematopoietic progenitors and their lineage-
committed descendants derived in vitro from human pluripotent
stem cells. The repertoire of membrane markers proved to be
remarkably accurate in capturing the different states before and
after lineage commitment.

We identified a population of naı̈ve progenitors situated at the
top of the differentiation hierarchy, marked by CD44, a protein
involved in the hematopoietic transition of the hemogenic en-
dothelium in the mouse AGM region.47 We validated their
lineage potential by using a chimeric culture system, where
isolated naı̈ve progenitors, marked by Zeiss-Green expression,
demonstrated a lineage output that overlapped that predicted
in silico.

We also observed that progenitors are capable of moving be-
tween the naı̈ve states and of progressing into committed states.
This finding is in keeping with the many other scRNAseq and
proteomic studies that have reported a continuum of cell states,
as opposed to sequential discrete cell type hierarchies.48-51 In
line with a recent murine study,47 we showed that CD44 is
expressed in naı̈ve hPSC-derived progenitors and demonstrated
that both human and mouse progenitors also express LMO4, a
LIM-domain protein.52 Recent scRNAseq detected LMO4 in
both human granulocyte progenitors in the bone marrow48 and
adult mouse HSCs,53 but its associated proteins have not been
identified. We also reported high levels of ID genes within the
progenitors, target genes of BMP signaling known to be in-
volved in HSCs emergence.54-56 IDs, like LMOs proteins, do not
present a DNA binding domain, but rather act through binding
of other proteins in complexes involved in HSPC development57

and erythropoiesis.58 Overexpression of ID2 in human HSCs
from cord blood has been reported to enhance their functional
stemness in vivo,59 supporting the idea that this class of proteins
may maintain the progenitor status and thus may be useful in
alternative programming strategies of hPSCs.

We showed that hPSC-derived cells had a remarkably specific
expression pattern of marker genes identified in the human
embryo. For example, SPINK2, a novel marker of human fetal
liver HSCs andMPPs, alsomarked our naı̈ve progenitors. The use
of scRNAseq on a vast number of cells allows for detection of
even the rarest cell population, and we considered that it might
enable the detection of rare HSC-like cells in differentiating
hPSC cultures. By using machine learning, we identified specific
cell types sampled in vivo and detected a small and transient
population of HSC-like cells that, when compared with their
in vivo counterparts from fetal liver, showed relatively small
transcriptional differences. Previous reports described the he-
matopoietic progenitors obtained with the differentiation pro-
tocol used in this study as intraembryonic-like, using the T-cell
lineage as a hallmark of definitive hematopoiesis.20 However, the

yolk sac showed T-cell potential before HSCs emergence,60,61

thus limiting the use of a T-cell assay alone as discriminative of
the corresponding developmental wave. Our machine-learning
approach and the detection of HSC-like cells support the
intraembryonic identity of the hematopoietic cells differentiated
in vitro. The unbiased and comprehensive machine-learning
approach enabled us to identify a list of genes that were
expressed at a lower level in in vitro HSC-like cells compared
with those in the fetal liver and that thus could be explored to
improve production of functional HSC in vitro. For example, we
propose a regulatory role for the transcription factor EGR1,
expressed at low levels in vitro, whose binding site was also
enriched in the upstream region of the differentially expressed
genes. We therefore hypothesize that transgenic expression or
activation of EGR1 would improve the direct programming
approaches and produce HSCs in vitro.

Our machine-learning analysis also indicated that in vitro HSC-
like cells did not express CD43, a phenotype that is comparable
to mouse pro-HSCs before their maturation into functional,
definitive HSCs.62 This finding could suggest that the widely
acknowledged inability of hPSC-derived progenitors to re-
constitute the hematopoietic system is related to their immature
phenotype and the failure of the culture conditions to promote
HSC maturation and maintenance. In addition, the identification
of the HSC-like population by our machine-learning approach,
which is based on high similarity of the gene expression profiles,
could suggest that the molecular basis of the functional de-
ficiency of this in vitro–derived population could reside at a
posttranscriptional level. Future experiments are necessary to
assess whether a further ad hoc maturation step of sorted HSC-
like cells would achieve reconstitution.

When we compared the hematopoietic progenitors developed
in the human embryo throughout gestation with those derived
in vitro, we found that, whereas SPINK2 was expressed by all
progenitors, SPINK1 was exclusively detected in cells from the
yolk sac. SPINK1 binds to EGFR and induces the epithelial-to-
mesenchymal transition in cancer cells,63,64 a process similar to
the endothelial-to-hematopoietic transition, where the role of
SPINK1 remains largely unexplored. We propose that SPINK1
could distinguish between primitive and definitive hematopoi-
esis and could be used in a lineage-tracing strategy to track the
cells that colonize the embryo from the yolk sac.

The defined, serum-free differentiation protocol used in this
study is one of the protocols most commonly used by many
laboratories, and we have shown that the hematopoietic pro-
genitor cell markers we defined can identify functionally similar
progenitors in several different hPSC lines. Thus, our browsable
data sets and the findings of our study should be of interest to
many in the field of hematopoiesis and enable them to test how
the frequency of progenitor populations vary in response to
different cytokine conditions. In addition, the increasing avail-
ability of a large scRNAseq data set of human tissue makes our
ANN pipeline applicable to the analyses of other systems where
hPSCs differentiation aims to produce adult-like cells for clinical
application. In this way, cell types differentiated in vitro can now
be annotated in an unbiased manner that does not rely on a few
known markers and enables the identification of transcriptional
discrepancies between cell types produced in vitro and their
in vivo counterparts.
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In summary, our browsable data set provides a comprehensive
transcriptional characterization of in vitro derived hematopoietic
progenitors. This work defines the heterogeneity and hierarchy
of HSC-like cells and progenitor populations that give rise to
immune cells, such as macrophages and granulocytes, which
holds great promise for their therapeutic application.
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