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Hematopoietic development is spatiotemporally tightly regulated by 
defined cell-intrinsic and extrinsic modifiers. The role of cytokines 
has been intensively studied in adult hematopoiesis; however, their 

role in embryonic hematopoietic specification remains largely unexplored. 
Here, we used induced pluripotent stem cell (iPSC) technology and estab-
lished a 3-dimensional (3D), organoid-like differentiation system 
(“hemanoid”) maintaining the structural cellular integrity to evaluate the 
effect of cytokines on embryonic hematopoietic development. We show 
that defined stages of early human hematopoietic development were reca-
pitulated within the generated hemanoids. We identified 
KDR+/CD34high/CD144+/CD43–/CD45– hemato-endothelial progenitors 
(HEP) forming organized, vasculature-like structures and giving rise to 
CD34low/CD144–/CD43+/CD45+ hematopoietic progenitor cells. We demon-
strate that the endothelial to hematopoietic transition of HEP is dependent 
on the presence of interleukin 3 (IL-3). Inhibition of IL-3 signaling blocked 
hematopoietic differentiation and arrested the cells in the HEP stage. Thus, 
our data suggest an important role for IL-3 in early human hematopoiesis 
by supporting the endothelial to hematopoietic transition of HEP and high-
light the potential of a hemanoid-based model to study human hematopoi-
etic development.
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ABSTRACT

Introduction 

Different cell-intrinsic and extrinsic factors direct the specification of early meso-
dermal progenitor cells towards hematopoietic stem cells (HSC), which arise in the 
aorta-gonad-mesonephros (AGM) region, mature in the fetal liver and finally home 
and reside in the bone marrow. This process is spatiotemporally tightly regulated 
and proceeds through two distinct stages: a primitive and a definitive hematopoi-
etic program.1 While embryonic macrophages and nucleated red blood cells are 
generated early in development in the first wave of primitive hematopoiesis, lym-
phoid cells, definitive erythro-myeloid progenitors and long-term repopulating 



HSC are only generated at later stages by the definitive 
hematopoietic program.2 In several studies, the hemogenic 
endothelium (HE), which is predominantly present in the 
AGM, has been identified as the primary cell source 
responsible for the emergence of definitive hematopoietic 
cells.3-5 The emergence of hematopoietic cells from the HE 
(also referred to as endothelial to hematopoietic transition 
[EHT]), is controlled by distinct cell-intrinsic signals medi-
ated by transcription factor (TF) activation, as well as 
important cell-extrinsic factors such as cell-cell interac-
tions, extracellular matrix molecules, and cytokines.6 

The latter are of great interest as diverse cytokines have 
been shown to regulate the differentiation of mature 
blood cells from adult HSC.7 Among others, interleukin-3 
(IL-3), formerly known as multi colony stimulating factor, 
has been implicated in survival, proliferation, and differen-
tiation of HSC and hematopoietic progenitor 
populations.8 Although disruption of IL-3 or IL3ra/b genes 
is not lethal in mice,9,10 IL-3 has been shown to induce 
amplification of the HSC pool in the midgestation mouse 
embryo.11 The same study suggests that the mechanism 
by which IL-3 expression facilitates the detection of HSC 
in early embryonic day (E) E10 AGM and yolk sac (YS) is 
mediated by supporting (i) either the survival and/or pro-
liferation of a limiting number of previously undetectable 
HSC or (ii) even the emergence of new HSC. Along the 
same lines, IL-3 has been shown to positively regulate 
hemangioblast development in the murine AGM, by stim-
ulating the differentiation and proliferation of fetal liver 
kinase (Flk) 1+ mesodermal progenitors.12  

While most of these findings are derived from non-ver-
tebrate or murine studies, little is known about the differ-
ent cell-intrinsic and extrinsic regulators of human embry-
onic hematopoietic development. Similarly, the role of  
IL-3 in human hematopoietic specification has remained 
elusive. Given the difficulties to study these processes in 
humans, in vitro hematopoietic differentiation of human 
pluripotent stem cells (hPSC) provides an invaluable plat-
form to study hematopoietic specification and identify 
factors critically regulating the human EHT.13,14 In vitro 
hPSC-derived hematopoietic development has been 
shown to proceed through distinct stages including KDR+ 
mesodermal progenitors, hemogenic endothelium and 
finally the emergence of hematopoietic stem/progenitor 
cells. Whereas the two waves of primitive and definitive 
hematopoietic development are spatiotemporally regulat-
ed in vivo,15 hPSC-derived hematopoiesis often yields a 
mixture of cells derived from the primitive and definitive 
hematopoietic program.6,16 Several modulators, such as the 
Activin/Nodal- and WNT-signaling pathways, have been 
identified to be important for the emergence of definitive 
hematopoietic precursor cells.17 However, even when con-
sidering the most advanced in vitro differentiation proto-
cols available to date, only very limited hematopoietic 
engraftment and a restriction to the myeloid differentia-
tion fate have been observed for hPSC-derived HSC,6 
highlighting the necessity to better characterize PSC-
derived hematopoiesis. 

One factor often neglected in PSC-based hematopoietic 
differentiation systems is the influence of the microenvi-
ronment. The development of HSC in the AGM is critical-
ly regulated by microenvironmental signals from the sur-
rounding mesenchyme, hematopoietic and endothelial 
cells.18 In order to gain further insights into the cues regu-
lating early developmental processes, different organoid 

systems have been introduced and shown to closely 
mimic features of e.g., lung, intestine or brain develop-
ment.19 Organoid-based hematopoietic differentiation sys-
tems providing a 3-dimensional (3D) niche for developing 
HSC may also be of high relevance to gain novel insights 
into transcriptional regulators of human hematopoietic 
development.  

Considering the important role of IL-3 in early murine 
hematopoietic development, we sought to evaluate the 
regulatory role of IL-3 in early human hematopoiesis. 
Using an organoid-like hematopoietic differentiation pro-
tocol, we demonstrate that the addition of IL-3 alone is 
sufficient to induce the continuous production of imma-
ture, myeloid progenitor cells. We furthermore provide 
evidence that EHT is IL-3 dependent, highlighting a very 
early effect of this cytokine on hematopoietic specifica-
tion of hPSC. Thus, we have developed an organoid-like 
hematopoietic differentiation system for hPSC and unrav-
el the IL-3 signaling cascade as an important regulator of 
early human hematopoietic specification.  

 
 

Methods 

Human induced pluripotent stem cell cultivation 
hPSC were cultured on irradiated murine embryonic fibroblasts 

(MEF) derived from CF1 mice in induced PSC (iPSC)-medium 
(knockout DMEM, 20% knockout serum replacement, 1 mM L-
glutamine, 1% NEAA, 1% penicillin/streptomycin [all Invitrogen], 
0.1 mM β-mercaptoethanol [Sigma-Aldrich], and 10 ng/mL basic 
fibroblast growth factor [bFGF] [Peprotech]).20 Cells were passaged 
every 7-10 days using incubation with collagenase IV. 

Human induced pluripotent stem cell differentiation 
Hematopoietic differentiation was performed following our 

establish protocol.21 In brief, embryoid bodies (EB) were generated 
from iPSC colonies disrupted with collagenase by cultivation of 
the fragments on an orbital shaker (85 rpm) in iPSC-medium with-
out bFGF but supplemented with 10 mM Rock inhibitor (Y-27632; 
Tocris). Medium was changed after 2-3 days. After 5 days, EB 
were manually selected and transferred to adherent plates in dif-
ferentiation medium I (APEL [II] medium, Stem Cell Technologies 
or prepared according to a previously published protocol22) supple-
mented with 50 ng/mL IL-3, a combination of 25 ng/mL)22 IL-3 
and 50 ng/mL M-CSF, 250 ng/mL of a rat anti-human IL-3 anti-
body (Clone BVD8-3G11, BD Bioscience) or without cytokine 
addition. Alternatively, the last step of differentiation was carried 
out in suspension as described recently.23 Floating hematopoietic 
cells were harvested from the medium and filtered through a 150-
µm mesh from day 14 onwards while hemanoids remained in cul-
ture.  

For terminal differentiation, cells harvested from the hemanoids 
were cultured in differentiation medium II (RPMI 1640 medium 
supplemented with 10% fetal serum, 2 mM L-glutamine, 1% 
penicillin-streptomycin, all from Invitrogen) supplemented with 
100 ng/mL human macrophage (hM) colony stimulating factor 
(CSF) (hM-CSF), human granulocyte-CSF (hG-CSF), or human 
macrophage-granuclocyte-CSF (hGM-CSF), for 7–10 days. 

Whole transcriptome analysis 
Gene expression analyses were performed using Illumina 

HumanHT12v4 BeadChips® at the Genomics and Proteomics 
Core facility of the DKFZ-Heidelberg. Gene expression data were 
quantile-normalized and subsequently anlayzed using 
R/Bioconductor through the graphical user interface Chipster 
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(v3.8, chipstercsc.fi). Differentially regulated genes were called 
using two group tests (empirical Bayes). Differential expression 
thresholds were set to log2-fold change ≥1 (upregulated) or ≤1 
(downregulated) with an adjusted P-value of ≤0.05 (corrected with 
Benjamini Hochberg equasion). 

Heatmap clustering analysis and generation of GO-based 
heatmaps were performed in Omics Explorer (version 3.4). Gene 
ontology analysis of biological processes, molecular function and 

cell type classification based on The Human Gene Atlas were con-
ducted using Enrichr (https://amp.pharm.mssm.edu/Enrichr). Gene set 
enrichment analysis (GSEA) was performed using GSEA v3.0, 
Broad Institute. 

Culture of OP9 stromal cells 
Transgenic OP9 cells expressing Delta-like ligand (DLL) 1 or 

DLL4 were cultured in a-MEM supplemented with 20% fetal calf 

M. Ackermann et al.

1356 haematologica | 2021; 106(5)

Figure 1. Effect of IL-3 on hematopoietic differentiation of human induced pluripotent stem cells. (A) Schematic representation and brightfield microscopy of dif-
ferent stages within the employed hematopoietic differentiation protocol. From left to right: pluripotent stem cells, embryoid bodies, hemanoids (scale bars: 500 mm) 
and induced pluripotent stem cell (iPSC)-derived macrophages (scale bar: 100 mm). (B) Quantity of total cells harvested from the supernatant of the hemanoids cul-
tured in different differentiation conditions (without [w/o] cytokines, with only IL-3 or with IL-3/M-CSF) per week and well (n=9-10, mean ± standard error of the mean 
[SEM]). (C and D) Analysis of cells harvested from differentiation cultures with only IL-3 and IL-3/M-CSF. (C) Representative flow cytometry analysis of specific surface 
marker expression (percentage of gated population is indicated) and (D) quantification of  n=3, mean±SEM. (E) Colony forming units (CFU) granulocyte/monocyte 
(GM) and CFU-granulocyte/erythrocyte/monocyte/megakaryocyte (GEMM) or erythroid burst forming unites (BFU-E) of cells harvested from different culture condi-
tions (n=3-4, mean±SEM). (F) Cytospin staining of cells harvested from cultures with only IL-3 that were further matured for 1 week in medium with M-CSF (upper 
row) or G-CSF (lower row), respectively (scale bar: 50 mm and 20 mm, respectively). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; statistical significance was 
assessed using (B) one-way ANOVA with Tukey’s multiple comparison test and (D and E) two-way ANOVA with Sidak's multiple comparisons test.
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  D                                                              E                                                      F
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serum (FCS) (Hyclone), 1 mM L-glutamine, 1% NEAA, 1% peni-
cillin/streptomycin (all from Invitrogen) and 0,2% β-mercap-
toethanol (Sigma-Aldrich). In order to counteract transgene silenc-
ing and maintain a high expression of DLL, cells were cultured 
with 2 mg/mL puromycin (Roth). Cells were passaged twice a 
week using trypsin. For EHT assay, OP9 DLL1 and DLL4 cells 
were mixed 50:50 and seeded in 12-well plates (TPP, Switzerland). 

Endothelial to hematopoietic transition culture  
In order to facilitate endothelial to hematopoietic transition out-

side the hemanoids, fluorescence-activated cell sorting (FACS)-

purified HEP (CD34+/CD144+/CD45–) were cultured on over-
grown OP9 stromal cells expressing DLL1 and DLL4 in differenti-
ation medium I supplemented with 50 ng/mL IL-3 (or as a control 
in the absence of any cytokines). Cells were analyzed by 
microscopy or flow cytometry 7-14 days post sorting. 

Ethical approval 
Generation and use of hiPsc has been approved by the local eth-

ical committee of Hannover Medical School (Approval No.: 2127-
2014 and 7870_BO_K_2018). Human CD34 cells were isolated 
following written informed consent of the donor, which has been 
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Figure 2. Characterization of hemanoids during hematopioietic specification. (A) Analysis of paraffin sections of hemanoids day 16. A: glandular structure (white 
arrow), immature mesodermal (black arrow) and neuroectodermal structures (spotted arrow), B: mesodermal structures of varying degrees of differentiation, C: neu-
roectodermal formation (CD56 positive [H]), D: smooth muscle actin (ATCA2) positive myoepithelial cells in glandular structures, E: vimentin (VIM) positive mesoder-
mal cells, F: pan cytokeratin (CK) positive epithelial structures with varying degrees of positivity, G: PGM1/CD68 mononuclear MO precursors (black arrow) with 
immature mesoderm and glandular structures (white and spotted arrowheads respectively), H: CD56 positive neuroectodermal formation. Scale bar represents  
100 mm). (B) Immunohistochemical analyses of CD45 expression in hemanoids day 16 (bottom panel: arrowheads indicate CD45 positive cells in the magnified 
area). (C) Analysis of transcription factor expression at defined stages of differentiation (induced pluripotent stem cell [iPSC], embryoid bodies [EB], hemanoids day 
4, 8 and 12 and iPSC-derived macrophages [iPSC-MΦ]) by quantitative real time polymerase chain reaction (qRT-PCR) (n=3, mean±standard error of the mean 
[SEM]). (D) Analysis of surface marker expression at defined stages of differentiation (iPSC, EB, hemanoids day 4, 8, 12 and 16) by flow cytometry (n=3, mean±SEM). 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 statistical significance was assessed using one-way ANOVA with Dunnetts multiple comparison test.
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approved by the local ethical committee of Hannover Medical 
School (No.: 2127-2014 and 1303-2012). 

 
 

Results 

Interleukin 3 allows the generation of immature 
myeloid cells from induced pluripotent stem  
cell-derived hemanoids 

We recently established a hematopoietic differentiation 
system that facilitates the generation of different mature 
myeloid cells from human iPSC via the generation of 3D 
complexes, which we refer to as “hemanoids” (Figure 1A). 

These complexes are, depending on the cytokine adminis-
tration, able to produce different myeloid cell types such 
as macrophages and granulocytes13 or erythrocytes24 for 
several months, suggesting the development and mainte-
nance of a hematopoietic progenitor population. While 
we have intensively employed this approach for disease 
modeling studies and cell-based therapies,25-29 we here 
sought to utilize these organoid-like 3D complexes to 
study human embryonic hematopoietic development in 
vitro.  

In order to elucidate the effect of IL-3 on the hematopoi-
etic differentiation of hiPSC, we first evaluated the effect 
of cytokine withdrawal in our hemanoid-based differenti-
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Figure 3. Characterization of hemato-endothelial progenitors within hemanoids. (A and B) Frequency of CD34+/CD144+ hemato-endothelial progenitors (HEP) at 
different days of hematopoietic specification. (A) Representative flow cytometry data (percentage of gated population is indicated) and (B) quantification of n=4, 
mean±standard error of the mean (SEM). (C) Detailed surface marker phenotype of HEP derived from hemanoids day 4 analyzed by flow cytometry (pre-gated on 
CD34+/CD144+ cells, histogram overlay: unstained grey filled, surface marker expression blue, representative data from n=3, approx. 1,000 HEP were analyzed per 
sample). (D) Expression of the IL3Ra/CD123 on CD34+/CD144+ HEP (histogram overlay: unstained grey filled, surface marker expression blue, representative data 
from n=3, approx. 1,000 HEP were analyzed per sample, percentage of gated population is indicated). (E) Morphology of HEP after 1 week in endothelial to 
hematopoietic transition (EHT) culture (scale bars: 100 mm and 200 mm, respectively). (F) Flow cytometry analysis of CD144, CD43 and CD45 expression on CD34+ 

cells after 1 week EHT culture (unstained: grey, surfacemarker expression: blue, representative data from n=2, approx. 10,000 CD34+ cells were analyzed per sam-
ple, percentage of gated population is indicated, pre-gating on CD34 is shown in the Online Supplementary Figure S3C). (G) Left: Frequency of colony forming units 
(CFU) of iPSC-derived CD34+ cells after 1 week of EHT culture and cord blood-derived CD34+  cells (n=4, two biological and two technical replicates, mean±SEM). 
*P<0.05, **P<0.01, ns: not significant; statistical significance was assessed using (B) One-way ANOVA with Dunnetts multiple comparison test and (G) two-way 
ANOVA with Sidak's multiple comparisons test.)
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ation process. To this end, EB were generated from an 
established iPSC line (hCD34iPSC16)28 by culture on an 
orbital shaker for 5 days and subsequently, cultured in 
media (i) without cytokines, (ii) with IL-3 only and (iii) in 
standard conditions containing IL-3/M-CSF (Figure 1A). 
While the absence of any cytokines precluded the produc-
tion of hematopoietic cells from hemanoids, supplementa-
tion with IL-3 alone resulted in the continuous production 
of predominantly (>90%) CD45+ blood cells that could be 
harvested from the supernatant over several weeks, albeit 
at 2-3-fold lower quantities compared to the standard IL-
3/M-CSF condition (Figure 1B; Online Supplementary Figure 
S1A). Interestingly, cells produced by the IL-3 only 
hemanoids were smaller (based on their forward scatter 
profile/properties in flow cytometry) and showed a more 
immature myeloid phenotype of 
CD45+/CD11b+/CD14–/CD163– compared to the predom-
inantly CD45+/CD11b+/CD14+/CD163+ and larger mono-
cyte/macrophages generated by the standard  
IL-3/M-CSF culture condition (Figure 1C-D; Online 
Supplementary Figure S1A). Cells harvested from IL-3 only 
cultures showed a higher frequency of cells with colony 
forming potential, as demonstrated by a significantly 
higher potential to form granulocyte/monocyte colonies 
(CFU-GM) and erythroid burst forming units (BFU-E) or 
granulocyte/erythrocyte/monocyte/megakaryocyte (CFU-
GEMM) colonies in a methyl-cellulose-based assay (Figure 
1E). Of note, the few cells generated without cytokine 
supplementation did not give rise to any colonies in this 
assay. Cells from the IL-3 only hemanoids could be further 
matured into iPSC-derived macrophages or granulocytes 
in the presence of M- or G-CSF, respectively. iPSC-derived 
macrophages were characterized by the expression of 
CD14 and CD163, whereas iPSC-derived granulocytes 
showed expression of CD66b and CD16 upon final differ-
entiation (Figure 1F; Online Supplementary Figure S1B). 
Taken together, we show that addition of IL-3 only is suf-
ficient to induce the hematopoietic program in our 

hemanoid differentiation system and enables the genera-
tion of iPSC-derived myeloid progenitor cells.  

Hematopoietic differentiation in human induced 
pluripotent stem cell-derived hemanoids recapitulates 
embryonic hematopoietic development 

As a next step, we aimed to further characterize the cel-
lular composition of the hemanoids and performed hema-
toxilin/eosin (H/E) staining on paraffin embedded sec-
tions. Whereas a high proportion of EB resembled neuro-
ectodermal structures, after hematopoietic specification, 
several hemanoids also displayed glandular, vimentin-pos-
itive mesodermal and pan-cytokeratin-positive epithelial 
structures (Figure 2A; Online Supplementary Figure S2A). 
Moreover, several hemanoids of day 16 of differentiation 
demonstrated cystic structures with endothelial linings as 
well as hematopoietic cells stained positive for CD45 
(Figure 2A and B). Immunofluorescent staining moreover 
confirmed the development of all three germlayers in the 
hemanoids as we detected tubulin positive cells marking 
neuronal networks, FOXA2 positive endoderm as well as 
desmin positive mesodermal/muscle cells (Online 
Supplementary Figure S2B).  

In order to further delineate the effect of IL-3 on early 
hematopoietic specifications, we next investigated early 
key stages of human embryonic hematopoietic develop-
ment in our hemanoid system. We dissociated EB and 
whole hemanoids cultured with IL-3 at defined differenti-
ation stages (days 4, 8 and 12) and analyzed the expression 
of specific TF associated with hematopoietic specification 
and the emergence of early hematopoietic cell popula-
tions. We found differential regulation of key genes 
involved in early human hematopoietic development 
within the first 16 days of differentiation. The primitive 
streak marker MIXL1 and early mesoderm gene KDR1 
were upregulated during EB formation and subsequently 
progressively downregulated in the hematopoietic specifi-
cation phase. Transient expression of SOX17, a key TF 
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Figure 4. Characterization of hematopoietic progenitors within hemanoids. (A and B) Frequency of CD34+CD45+ hematopoietic progenitors (HP) at different days of 
hematopoietic specification. (A) Representative flow cytometry data (percentage of gated population is indicated) and (B) quantification of n=4, mean±standard error 
of the mean (SEM). (C) Left: Frequency of colony-forming unites (CFU) of fluorescence-activated cell sorting-purified HP (mean±SEM, n=4, two biological and two 
technical replicates) and right: bright field microscopy of colony forming units (CFU) in methylcellulose. (D) Representative cytospin staining of CFU from HP derived 
from the clonogenic assay (scale bar: 20 mm). *P<0.05, ****P<0.0001; statistical significance was assessed using one-way ANOVA with the Dunnetts multiple com-
parison test.
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expressed in (hemogenic) endothelium was noted in early 
phases of differentiation (EB and hemanoid day 4 to day 
8), whereas expression of the hematopoietic TF TAL1 pro-
gressively increased during the differentiation process 
(Figure 2C). In line with these results, we observed a 
strong downregulation of the pluripotency-associated sur-
face antigen TRA-1-60 during the first days of differentia-
tion. Moreover, expression of CD144 and CD34, both sur-
face antigens expressed on (hemogenic) endothelium, 
peaked in hemanoids at day 8 of differentiation. The 
emergence of the first hematopoietic cells characterized 
by expression of CD43 and CD45 was observed around 
day 4 or day 8 of differentiation, respectively (Figure 2D).  

A more detailed analysis of defined cell populations 
within the hemanoids revealed the early emergence of 
CD34high/CD144+ HEP during EB formation and the early 

hematopoietic specification phase. HEP were first detect-
ed in EB (0.72±0.46%, mean±standard deviation [SD], 
n=4), and numbers gradually increased until hemanoid 
day 8 to 1.64±0.48% (mean±SD, n=4). Thereafter, a clear 
reduction of HEP in hemanoid day 8 to day 12 was 
observed (Figure 3 A and B). The CD34high/CD144+   HEP 
were further characterized by high expression of 
CD309/KDR, absence of the hematopoietic markers 
CD45 and CD43 as well as the pluripotency-associated 
surface marker TRA-1-60. Moreover, CD235a, a marker 
previously associated with primitive YS hematopoiesis16 
was not detectable (Figure 3C). Interestingly, 
74.1±10.32% (mean±SD, n=3) of hemanoid day 8 HEP 
expressed the IL-3 receptor a-chain (IL3RA, CD123) 
(Figure 3D). When purified from the hemanoid by fluores-
cence-activated cell sorting (FACS), HEP could be cultured 
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Figure 5. 3D organisation of hemato-endothelial progenitors within the hemanoids using a lentiviral reporter construct. (A) Upper panel: flow cytometry analysis 
correlating enhanced green fluorescent protein (eGFP) and CD144 expression in embryoid bodies (EB) and hemanoids (day 8 and day 16) generated from the trans-
genic human induced pluripotent stem cell line hCD34iPSC16 CBX3.CD144.GFP. Lower panel: analysis of CD34 and CD45 expression in GFP+/CD144+ cells (repre-
sentative data of n=3, percentage of gated population is indicated). (B) Expression of GFP in CD144+/CD45–  (green; hemato-endothelial progenitors [HEP]), 
CD144–/CD45+ (red, hematopoietic progenitors [HP]), and CD34– (grey) cells. Upper plot represents individual staining of CD45 and CD144 in day 16 hemanoids 
(pre-gated on total CD34+ cells, percentage of gated population is indicated). Lower histogram overlay shows GFP expression in HEP, HP and CD34– cells, percentage 
of gated population is indicated. (C) Fluorescence microscopy of EB and developing hemanoids at day 8 and day 16 of differentiation (brightfield, CD144. GFP fluo-
rescence and overlay, scale bar 200 mm and 100 mm respectively).
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Figure 6. Whole transcriptome analysis. Fluorescence-activated cell sorting (FACS)-purified Tra-1-60+ pluripotent induced pluripotent stem cell (iPSC), Tra-1-60-
/KDR+ mesodermal progenitor cells derived from embryoid bodies (EB), CD34+/CD144+/CD45– hemato-endothelial progenitor (HEP) and CD34+/CD144– 

/CD45+hematopoietic progenitors (HP) derived from the hemanoids were analyzed by microarray analysis. (A) Expression analysis of selected genes (SOX17, GATA2, 
RUNX1, CD45, GFI1 and IL3RA) in FACS-purified populations by quantitative real time polymerase chain reaction (qRT-PCR) (n=3, mean±standard error of the mean 
[SEM]). (B and C) Analysis of whole transcriptome data. (A) Heatmap analysis of selected GO (pluripotency: black, primitive streak: blue, blood vessel endothelium: 
green, hematopoiesis: red). (C) Gene set enrichment analysis of HEP and HP. Upper panel: GO Endothelium development (normalized enrichment score [NES]=2.89, 
P<0.001, false discovery rate [FDR]<0.01, lower panel: KEGG hematopoietic cell lineage (NES=-1.99, P<0.001, FDR<0.01). *P<0.05, ****P<0.0001; statistical sig-
nificance was assessed using one-way ANOVA with the Dunnetts multiple comparison test.
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in endothelial medium for more than three passages, 
revealed similar endothelial morphology to human umbil-
ical cord endothelial cells (HUVEC), and were able to form 
endothelial tubes in semisolid culture medium (Online 
Supplementary Figure 3A and B). Besides this endothelial 
phenotype and functionality, HEP were also analyzed for 
their potential to undergo the EHT and to give rise to 
CD34+/CD45+ hematopoietic progenitor cells. Coculture 
of FACS-purified, CD34+/CD144+/CD45– HEP from 
hemanoid day 8 on OP9-DLL1  and 4 expressing stroma 
cells in IL-3 supplemented medium resulted in the forma-
tion of characteristic “cobblestone areas” and round-
shaped suspension cells after approximately 1 week 
(Figure 3E). Flow cytometry confirmed the downregula-
tion of CD144 as well as the upregulation of CD43 and 
CD45 in the majority of CD34+ cells and thus the acquired 
hematopoietic phenotype (Figure 3F;  Online 
Supplementary Figure S3C). CD144–/CD34+/CD45+ 
hematopoietic stem/progenitor cells from the EHT culture 
demonstrated high clonogenic potential in a methylcellu-
lose assay and gave rise to different colony types with 
comparable frequency to cord-blood-derived CD34+ cells 
(Figure 3G; Online Supplementary Figure 3D). iPSC-derived 
hematopoietic cells isolated from the CFU represented dif-
ferent myeloid celltypes such as macrophages, granulo-
cytes and erythrocytes (Online Supplementary Figure S3C). 
In constrast, HEP freshly purified from hemanoids and 
before EHT did not give rise to hematopoietic colonies 
when cultured in methyl-cellulose (Online Supplementary 
Figure S3E).  

Following the emergence of HEP in the early phases of 
hematopoietic specification,  we detected first 
CD34low/CD45+ hematopoietic progenitors (HP) at 
hemanoid day 4 which increased till hemanoid day 16 to 
5.36±1.46 (mean±SD, n=4) (Figure 4A and B). HP were fur-
ther characterized by the absence of CD144 and TRA-1-
60, low expression of CD43, and expression of the IL-
3Ra/CD123 (Online Supplementary Figure S3F). 
Functionally, HP demonstrated clonogenic potential in a 
methylcellulose-based assay and generated different 
colony types as well as several myeloid cell types (Figure 
4C and D). 

Endothelium in human induced pluripotent stem  
cell-derived hemanoids shows 3D organization 

Interestingly, HEP within the developing hemanoids 
demonstrated a highly organized 3D structure, indicated 
by a reporter iPSC line (hCD34iPSC),16 which was trans-
duced with a lentiviral vector (CBX3.CD144.GFP) express-
ing an enhanced green fluorescent protein (eGFP) under 
the control of a CD144 promoter sub-fragment (modified 
from).30 In order to prevent epigenetic silencing, a minimal 
CBX3 ubiquitous chromatin opening element31 was incor-
porated into the lentiviral vector. Flow cytometric analysis 
of EB and hemanoids generated from the reporter line 
confirmed a strong and specific eGFP expression only in 
CD34+/CD144+/CD45– cells, as well as a downregulation 
of eGFP expression in CD34+/CD144–/ CD45+ hematopoi-
etic progenitor cells (Figure 5A-B). When analyzing the 
developing hemanoids derived from the CD144-reporter 
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        A                                                                                                                           B

Figure 7. In situ hybridization analyses on embryonic day (E) 9.0, E9.5 and E10.5 wild-type embryos. (A) Whole mount in situ hybridization analysis of IL-3R, Sox17 
and Gata2 mRNA in E9.0, E9.5 and E10.5 embryos. IL-3R was expressed in the aorta-gonad-mesonephros (AGM) region (see arrowhead), the tailbud mesenchyme, 
the limbs, the branchial arches and the somites from E9.0 until E10.5. Sox17 mRNA was expressed in these tissues at all analysed stages. Gata2 transcripts were 
found in the caudal head mesenchyme from E9.0 until E9.5 and additionally in the otic vesicle, the midbrain and the AGM region at E10.5. (B) RNA in situ hybridiza-
tion analysis of transverse sections of the E9.5 embryo.  



iPSC line by fluorescence microscopy, we noted GFP 
expression already at the EB stage, which correlated with 
the emergence of few HEP detected by flow cytometry. 
Following differentiation, an organized and arborizing 
endothelial like network was formed within the 
hemanoids, as seen by fluorescence microscopy on differ-
ent days of differentiation (Figure 5C). 

Transcriptome analysis recapitulates defined  
developmental stages 

We next subjected FACS purified TRA-1-60+ pluripotent 
iPSC, TRA-1-60-/KDR+ mesodermal progenitor cells 
derived from EB, CD34high/CD144+/CD45– HEP and 
CD34low/CD144–/CD45+ HP derived from the hemanoids 
to whole transcriptome analysis. Quantitative RT-PCR on 

3D iPSC-differentiation model

haematologica | 2021; 106(5) 1363

Figure 8. Influence of IL-3 on the endothelial to hematopoiet-
ic transition of hemato-endothelial progenitors. (A) 
Frequency of total CD34+ within hemanoids at different days 
cultured either without (w/o) cytokines, w/o cytokines+IL-3 
blocking antibody (IL-3 block) or in the presence of IL-3 (n=4-
7, mean±standard error of the mean [SEM]). (B and C) 
Analysis of CD144+/CD45- hemato-endothelial progenitors 
(HEP) and CD144–/CD45+ hematopoietic progenitors (HP) 
among total CD34+ cells within the hemanoids. (B) 
Representative flow cytometry data for hemanoid day (d) 8 
and (C) quantification of n=4-7 over 16 days of hematopoietic 
specification, mean±SEM, percentage of gated population is 
indicated). (D) Colony forming units (CFU) in methyl-cellulose 
after endothelial to hematopoietic transition (EHT) culture on 
OP9 stromal cells in the presence or absence of IL-3 (n=4, two 
technical and two biological replicates, mean±SEM). (E) 
Schematic representation of the hemanoid model system as 
well as the effect of IL-3 on the hematopoietic specification of 
hemogenic endothelium (scheme was prepared with 
BioRender software). *P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001, ns: not significant; statistical significance 
was assessed using two-way ANOVA with Tukey’s multiple 
comparison test.

     A                                                                        B

     C                                                                                                                                                   D

E



sorted populations confirmed the high expression of 
SOX17 in HEP, whereas the hematopoietic TF GATA2 and 
RUNX1 as well as the protein tyrosine phosphatase CD45 
were particularly expressed in HP. We furthermore evalu-
ated the expression of the TF GFI1, which has been 
shown to play a crucial role in the intra-embryonic EHT.32 
In the hemanoids, GFI1 expression was first observed in 
KDR+ mesoderm and increased during further differentia-
tion stages from HEP to HP. Quantitative PCR as well as 
whole transcriptome analysis confirmed increased 
expression of the IL3Ra already at the HEP stage (Figure 
6A). In order to verify this early expression of the IL-3 
receptor, we performed RNA in situ hybridization of E9.5 
murine embryos, a developmental stage where Sox17+ 
hemogenic endothelium has already developed in the 
AGM, but no hematopoietic cells characterized by 
expression of Gata2 are yet detectable. Also in this in vivo 
scenario we observed partial co-expression of the IL3ra 
and Sox17 in cells lining the dorsal aorta before the EHT, 
although IL3ra appeared to be more widely expressed in 
the AGM domain (Figure 7). 

Expression analysis of stage-specific gene ontologies in 
whole transcriptome data demonstrated characteristic 
expression profiles of all defined cell populations. 
Transcripts associated with pluripotency (black) such as 
NANOG, DNMT3B, and POU5F1 were highly expressed 
in iPSC and rapidly downregulated upon induction of 
hematopoietic differentiation. In contrast, genes associat-
ed with primitive streak and mesoderm (dark blue) for-
mation such as PDGFRA, HAND1 or CDH11 were highly 
enriched in the Tra-1-60-/KDR+ early mesoderm popula-
tion. Emerging HEP showed characteristic expression of 
transcripts associated with blood vessel endothelium 
(green) such as genes involved in transforming growth 
factor (TGF) (e.g., ACVRL1) and Notch (NOTCH1, DLL4) 
signaling. When analyzing gene ontologies associated 
with hematopoiesis (red) we found the important regula-
tor of EHT HOXA9 highly expressed in our HEP, further 
confirming their hematopoietic potential. Classical genes 
involved in hematopoiesis such as GFI1B, GATA2, 
GATA1, EVI2B, SPI1 or ANGPT1 were highly expressed 
in HP (Figure 6B). Gene set enrichment analysis con-
firmed the endothelial phenotype of HEP as well as the 
upregulation of genes specific for HSC in HP (Figure 6C). 
Further analysis of HEP revealed an upregulation of genes 
associated with an arterial endothelium such as DLL4, 
EFNB2 and NOTCH1, whereas markers of venous 
endothelial fate did not reveal gene upregulation, except 
from EPHB4 (Online Supplementary Figure S4A and B, 
respectively). Next, we analyzed the signaling pathways 
important for the development of iPSC towards HP. 
Signaling pathways at the defined differentiation stages 
revealed the glycine, serine and threonine metabolism 
pathways as well as hedgehog and WNT signaling path-
ways were highly enriched in the KDR+ early mesoderm 
population sorted from EB (EnrichR, KEGG2018). In con-
trast, developing HEP showed highest enrichment scores 
for hematopoietic stem cell differentiation, angiogenesis, 
and dorsal aorta development (EnrichR, GO Biological 
Processes), whereas in HP, especially genes associated 
with IL5, IL-3 or B-cell receptor signaling were upregulat-
ed when compared to HEP (EnrichR, WikiPathways, 
Online Supplementary Figure S4C).  

Taken together, our hemanoid system recapitulates 
early human hematopoietic development and shows the 

temporally regulated emergence of KDR+/CD34high/ 
CD144+/CD43–CD45– HEP with endothelial and 
hematopoietic potential and a characteristic transcription-
al fingerprint. Also the emergence of clonogenic 
CD34low/CD144–/CD43+CD45+ HP expressing important 
TF characteristic for hematopoietic stem and progenitor 
cells was observed at later stages of differentiation. 

Influence of IL-3 on the early hematopoietic  
specification of human induced pluripotent stem cells 

After defining the spatiotemporal emergence of human 
HEP and HP in our hemanoid system, we next evaluated 
the effect of IL-3 on the emergence of early HP. We disso-
ciated whole hemanoids cultured in different cytokine 
conditions at specific days of differentiation and analyzed 
the frequency of HEP and HP populations. No significant 
difference in the overall frequency of emerging CD34+ 

cells irrespective of the addition of IL-3 could be observed. 
Similarly, cultures treated with an anti-IL-3 antibody to 
block any effect by autocrine or paracrine secreted IL-3 
within the hemanoids, revealed a similar frequency of 
total CD34+  cells (Figure 8A-B). However, when further 
analyzing the fate of CD34+  cells within the hemanoids 
by scoring CD144 (HEP) or CD45 (HP) expression, we 
noted strong differences in cultures treated with IL-3, 
compared to cultures in which IL-3 was omitted (w/o) or 
blocked by the addition of an IL-3 blocking antibody (w/o 
+IL-3 block). In IL-3 treated cultures or cultures w/o 
cytokines analyzed at day 8 of differentiation CD34+  con-
tained CD34high/CD144+  and CD34low/CD45+  positive sub-
populations (Online Supplementary Figure S5A). In contrast, 
nearly all CD34+  cells remained CD144+  and were unable 
to undergo the EHT process in cultures treated with an IL-
3 blocking antibody (Figure 8B). Moreover, CD34+  cells in 
hemanoids supplemented with IL-3 showed a decline in 
CD34high/CD144+ /CD45– HEP cells and an increasing pro-
portion of CD45 expressing cells over time, suggesting 
successful EHT and the progression towards a 
CD34low/CD144–/CD45+ HP phenotype (Figure 8C). 
Interestingly, also without the exogenous addition of IL-3 
we observed the emergence of 18.18±11,16% (mean± SD, 
n=6) CD34low/CD144–/ CD45+  HP in hemanoid day 8, an 
effect that could be completely blocked upon addition of 
an anti-IL-3 antibody to the differentiation cultures 
(1.85±1,90% HP, mean±SD, n=5). This data suggests local 
production of IL-3 by the hemanoid complex, which is 
sufficient to induce the EHT of some HEP (Figure 8C). In 
order to further specify at which stage the EHT is arrested 
upon IL-3 inhibition, we analyzed the expression of 
CD43, one of the earliest surface markers indicating the 
hematopoietic fate of human embryonic endothelium.33 
Also the emergence of CD34+/CD144–/CD43+ was strong-
ly reduced in cultures without addition of IL-3 and this 
effect was even more pronounced in cultures where 
autocrine/paracrine IL-3 signaling was blocked (Online 
Supplementary Figure S5B). In order to further assess the 
important role of IL-3 in the progression of HEP to HP, we 
subjected FACS-purified HEP from the hemanoid system 
to the OP-9 based in vitro EHT culture assay. Similar to our 
3D hemanoid culture, we observed significantly more  
(>5 fold) CFU when IL-3 was added to the EHT culture 
medium compared to culture conditions without IL-3 
(Figure 8D).  

Of note, the stimulating effect of IL-3 on the EHT could 
not be recapitulated by the addition of Oncostatin M or 
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stem cell factor (SCF), both described as regulators of early 
hematopoietic development. While we did not see a 
change in the frequency of emerging HEP in the 
hemanoids, we observed a significant increase of HP only 
in cultures treated with IL-3, but not upon addition of 
Oncostatin M (Online Supplementary Figure S5C). Similarly, 
also the addition of SCF, independent of a simultaneous 
block of endogenous IL-3 signaling, did not lead to an 
increase in the frequency of HP compared to cultures 
without cytokine supplementation. Also, the combined 
supplementation of differentiation cultures with IL-3 and 
SCF did not lead to an increase in HP compared to cultures 
with only IL-3 supplementation (Online Supplementary 
Figure S5D). 

Given the heterogeneity between different iPSC lines, 
we confirmed our key findings in a second iPSC line, 
which was derived from fetal fibroblasts (F134iPSC).34 
Similar to our previous finding, the addition of only IL-3 
resulted in the efficient production of hematopoietic cells 
from the hemanoids (Online Supplementary Figure S6A). In 
addition, the transition of HEP towards HP was again sig-
nificantly improved by the addition of IL-3, highlighting 
the regulatory role of IL-3 signaling in our hemanoid sys-
tem (Online Supplementary Figure S6B to D). Of note, in this 
iPSC line, we did not observe an effect of the IL-3-block-
ing antibody, indicating that endogenous expression of IL-
3 is not a uniform feature of the hemanoids and might dif-
fer between different iPSC lines, regardless of their 
hematopoietic differentiation potential upon cytokine 
supplementation.  

In summary, we here highlight the potential use of a 
hemanoid-based iPSC model to study human hematopoi-
etic development and demonstrate the important role for 
IL-3 in early human hematopoiesis by supporting the EHT 
of hemato-endothelial progenitor cells (Figure 8E). 

 
 

Discussion 

Although well studied in adult hematopoiesis, the role 
of cytokines in general and IL-3 in particular remains large-
ly unexplored during human hematopoietic development. 
Utilizing an iPSC-based differentiation system, which 
recapitulates key stages of embryonic hematopoiesis, we 
here demonstrate an important role for IL-3 in the 
endothelial to EHT of KDR+/CD144+/CD34high/CD43–/ 
CD45– HEP.  

We used a hematopoietic differentiation protocol, 
which maintains the 3D organization of iPSC-derived 
cells developing within an EB and introduced 
“hemanoids” as a model system to study early human 
hematopoietic specification. Notably, this system does 
not rely on excessive cytokine priming and might follow a 
more physiological differentiation process, as only low 
frequencies of CD34+ cells are detected. HEP developing 
within the hemanoids started to form endothelial  
tube-like structures already during the first days of  
differentiation and formed an organized/arborizing  
vasculature-like network within 8 to 16 days. A similar 
effect was recently observed by using a SOX17/RUNX1C 
transgenic hESC reporter-line.35 The authors demonstrated 
the development of HOXA+ hemogenic vasculature which 
resembles the AGM within an EB-based protocol. 
Interestingly, a simultaneous modulation of activin and 
WNT signaling by SB/CHIR during mesoderm patterning 

was necessary to induce the development of an organized 
vasculature. In contrast, in our hemanoid system we 
observed the formation of vascular structures without fur-
ther exogenous modification of these two pathways. 
Moreover, transcriptome profiling of developing HEP con-
firmed the upregulation of genes associated with Notch 
signaling, an important regulator of EHT in hemogenic 
endothelium and indispensable for lympho-myeloid 
hematopoiesis and HSC-specification.36,37 Further pathway 
analysis revealed high scores for dorsal aorta develop-
ment/regulation in HEP compared to HP, indicating the 
hemogenic capacity of this cell population. Likewise, 
analysis of specific genes involved in arterial and venous 
development indicate an arterial fate of the developing 
endothelium, an important prerequisite for the develop-
ment of definitive hemogenic endothelium.38,39  

In fact, the idea of maintaining the 3D organization of 
iPSC-derived cells during the differentiation process has 
been applied in a variety of different tissues such as kid-
ney, liver, brain or gut in organoid-based differentiation 
systems.19 Those organoids are characterized by the self-
organization of cells within a 3D complex, have been 
shown to recapitulate human organ development remark-
ably similar to in vivo development and especially support 
the often problematic final maturation of iPSC-derived 
progeny as e.g., demonstrated for iPSC-derived hepato-
cytes.40,41 Thus, it is likely that the recapitulation of the 
spatial organization and structures formed within the 
AGM might also support the maturation and definitive 
hematopoietic development of human iPSC, which 
remains hampered without genetic modification. 
However, it is worth mentioning that Ng and colleagues 
did not achieve long-term engraftment with the iPSC-
derived cells from 3D cultures either,35 suggesting that 
important cues are still missing. Considering the onset of 
blood flow as an important instructive developmental sig-
nal in the early embryo,42,43 maybe this or other important 
determinants have to be considered in more detail and 
implemented into the organoid-like differentiation sys-
tems. 

After we confirmed the suitability of our hemanoid-
based differentiation protocol to recapitulate human 
hematopoietic development, we aimed to investigate the 
role of IL-3 on the hematopoietic specification of human 
iPSC. Although intensively studied during adult 
hematopoiesis, the role of IL-3 in early human hematopoi-
etic development remains as of yet elusive. We demon-
strate by flow cytometry and gene expression analysis, 
that HEP already express IL3RA before the EHT, indicating 
a responsiveness to IL-3 signaling. We also confirmed the 
physiological relevance of this finding in murine embryos 
and demonstrate the expression of the IL-3R in SOX17+, 
GATA2– E9.5 AGM cells. This observation is in line with 
previous reports, showing expression of IL-3R at very 
early stages of murine embryogenesis on E10.5 and E7.5 
hemangioblast cells.12 

Withdrawal of IL-3 or inhibition of IL-3 signaling arrest-
ed the hematopoietic specification at the hemogenic 
endothelium stage. This observation concurs with previ-
ous reports studying the role of IL-3 in early murine 
hematopoietic development. As an example, Robin and 
colleagues proved an IL-3 dependent amplification effect 
on the HSC pool in midgestation mouse embryos and 
showed, that IL-3 functions either as a proliferation and/or 
survival factor for the earliest HSC in the embryo. 

3D iPSC-differentiation model

haematologica | 2021; 106(5) 1365



Likewise, IL-3 promotes HSC activity in E10 AGM and YS 
(at a time when normally no HSC are yet detected), sug-
gesting an even earlier role of IL-3 during murine 
hematopoietic development. Furthermore, IL-3 has been 
demonstrated to elevate numbers as well as intrinsic 
hematopoietic commitment of the hemangioblast cells by 
inducing the downregulation of Flk-1 and upregulation of 
hematopoietic genes in single cell suspension derived 
from E7.5 embryos.12 These results are in line with our 
observations, showing that also in the human system,  
IL-3 can support the EHT and the emergence of 
CD144–/CD34low/CD43+/CD45+ HP with clonogenic 
potential.   

Previous studies revealed IL-3 expressing cells within 
the lumen of the aorta in E11 murine embryos, indicating 
a physiological role of paracrine IL-3 in HSC regulation. In 
our hemanoid system, we also observed a more pro-
nounced differentiation arrest when an IL-3 blocking anti-
body was applied, suggesting the endogenous production 
of IL-3 within our hemanoids. This observation favors the 
concept, that within the hemanoids specific developmen-
tal stages of embryonic development are recapitulated and 
also a specific microenvironment supporting the early 
hematopoiesis develops. However, endogenous IL-3 pro-
duction was only observed in one of the employed iPSC 
lines, indicating that there is some heterogeneity in the 
differentiation. Here, further studies are needed to evalu-
ate the differences of endogenous IL-3 production and to 
determine the source of IL-3 within the hemanoid 
microenvironment. 

Despite the similarities of our hemanoid system to the 
murine in vivo scenario, a contradictory role of IL-3 has 
been reported. Rybtsov et al. propose that IL-3 only acts 
on E11 Type II pre-HSC (CD144+CD41low CD43+D45–), 
whereas SCF is the driving factor to induce engraftment 
potential and the emergence of definitive HSC from 
murine E9 pro-HSC (CD144+CD41+RUNX1+CD43–D45–). 
In our human model, however, we did not observe an 
effect of SCF on the EHT of HEP 
(CD144+CD34+CD43–CD45–) and subsequent emergence 
of either CD43+ or CD45+ cells, which only emerge when 
IL-3 signaling is active. However, the different subtypes are 
not that specifically defined in the human system and 
more studies are needed to shed further light onto the 
exact mechanism of human hematopoietic development. 

In fact, our model would be of high value to study the 
effect of other cytokines known to promote the generation 
of HSC in the adult system. Given the minimal cytokine 
administration schedule, it would be of great interest to 
study the effect of e.g., FLT3-L,TPO or other cytokines to 
improve robust HSC production in the future. 

Our hemanoid system provides proof-of-evidence, that 
the spatial organization of developing cells in vitro has an 
effect on early human hematopoietic specification and 
that organoid-like structures generated from hPSC may be 
used to unravel new determinants in the generation of  
de novo HSC in the near future.  
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