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Abstract

Human hematopoietic stem cells (HSCs), which arise from aorta-gonad-mesonephros (AGM), 

are widely used to treat blood diseases and cancer. However, a technique for their robust 

generation in vitro is still missing. Here we show temporal manipulation of Wnt signaling is 

sufficient and essential to induce AGM-like hematopoiesis from human pluripotent stem cells. 

TGFβ inhibition at the stage of aorta-like SOX17+CD235a− hemogenic endothelium yielded 

AGM-like hematopoietic progenitors, which closely resembled primary cord blood HSCs at the 

transcriptional level and contained diverse lineage-primed progenitor populations via single cell 

RNA-sequencing analysis. Notably, the resulting definitive cells presented lymphoid and myeloid 

potential in vitro; and could home to a definitive hematopoietic site in zebrafish and rescue 

bloodless zebrafish after transplantation. Engraftment and multilineage repopulating activities 

were also observed in mouse recipients. Together, our work provided a chemically-defined and 
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feeder-free culture platform for scalable generation of AGM-like hematopoietic progenitor cells, 

leading to enhanced production of functional blood and immune cells for various therapeutic 

applications.

Introduction

Hematopoietic stem cells (HSCs) lay the foundation of hematopoiesis and give rise to 

all functional myeloid and lymphoid cells, including erythrocytes, leukocytes, platelets, 

immune T and natural killer (NK) cells1,2. Perturbations in the hematopoietic system 

have caused numerous diseases such as anemia, thrombocytopenia and leukemia1,3. 

Hematopoietic cell transplantation (HCT) using HSCs and hematopoietic cell transfusion are 

widely used as primary treatments for many hematological diseases2,4 without alternative 

curative means. However, the lack of access to reliable cell sources of HSCs limits such 

therapeutic applications, since numbers of transplantable cells conventionally from bone 

marrow, cord blood, and mobilized peripheral blood are sometimes quite insufficient, 

and robust cell expansion strategies are still needed5,6. Other challenges, such as the 

risk of graft-versus-host diseases and shortage of human leukocyte antigen-matched cell 

donors, further hamper utility of these readily available HSCs2,7. Alternative cell sources of 

transplantable HSCs are thus needed to enhance healthcare efforts.

Human pluripotent stem cells (hPSCs) represent one potential source for transplantable 

HSCs and could serve as an in vitro model for elucidating underlying mechanisms of 

human hematopoiesis, due to their unique properties of capacity for self-renewal and 

pluripotency2,8. The past decade has witnessed rapid development of methodologies for 

de novo hematopoietic cell generation9, though most of them resemble yolk-sac-stage 

hematopoietic cells that lack long-term repopulating ability after transplantation10. This 

is partly due to the complex nature of the embryonic hematopoietic system composed of 

multiple stage-specific hematopoietic progenitor cells with distinct potential11. In mouse 

embryos, the earliest long-term repopulating HSCs arise from the aorta-gonad-mesonephros 

(AGM) region at embryonic day 119. Pre-HSCs produced in AGM home to fetal liver and 

mature to become repopulating HSCs12, highlighting the importance of AGM for definitive 

hematopoiesis and the need for reproducible methods to differentiate hPSCs into AGM-like 

HSCs. Recently, patterning of Wnt and Activin signaling was used to convert hPSCs into 

more aorta-like vasculature, promoting definitive AGM-like hematopoietic cells that could 

home to bone marrow10. However, a mixed culture of SOX17+ and SOX17- vasculature was 

induced respectively, promoting both definitive and primitive hematopoiesis. A platform for 

robust generation of homogenous SOX17+ vasculature and definitive hematopoietic cells is 

still missing.

Here, we sought to build a robust and straightforward differentiation platform to generate 

definitive AGM-like hematopoietic stem and progenitor cells (HSPCs) by recapitulating 

in vivo AGM hematopoiesis. It is well-established that repopulating HSCs develop 

from hemogenic endothelium (HE) in arterial vasculature through the endothelial-to-

hematopoietic transition (EHT) process13–15. GSK3β inhibition of hPSCs induced robust 

generation of homogenous aorta-like CD31+CD34+ HE from hPSCs that are marked by 

Chang et al. Page 2

Biomaterials. Author manuscript; available in PMC 2023 March 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



SOX17, a transcription factor expressed in vascular structures of AGM and which is 

required for HSC generation from AGM10,16,17. We devised an all-in-one inducible Cas13d-

mediated SOX17 knockdown platform, and found SOX17 knockdown significantly blocked 

formation of endothelial cells induced by Wnt activation. TGFβ inhibition significantly 

promoted the EHT process generating CD43+CD45+ hematopoietic cells that co-expressed 

CD44 and RUNX1, hallmarks of AGM-like hematopoietic cells10,18–20. Using an inducible 

shRNA CTNNB1 knockdown system, we demonstrated that Wnt inhibition was sufficient 

to induce hematopoiesis from HE, mimicking aspects of in vivo AGM hematopoiesis21. 

The resulting late-stage day 18 HSPCs resembled primary cord blood HSCs at global 

transcript levels, displayed lymphoid and myeloid potential in vitro, and homed to definitive 

caudal hematopoietic tissue (CHT) in zebrafish. Notably, our hPSC-derived hematopoietic 

cells also significantly rescued c-myb knockout bloodless zebrafish up to 4 days after 

transplantation, and presented engraftment and multilineage repopulating activities in mouse 

recipients. Single-cell RNA-sequencing (scRNA-seq) analysis identified similarities and 

differences between hPSC-derived and primary AGM hemato-endothelial progenitor cells. 

Discrete sub-populations, enriched for erythroid, myeloid, monocytic, granulocytic or 

megakaryocytic markers, and their developmental hierarchy were identified in the day 18 

hPSC-derived HSPCs. Our findings provide fundamental advances in determining critical 

components for in vitro specification of more homogeneous definitive hematopoiesis. This 

simplified platform will offer a robust model for human hematopoiesis and pave the way 

to a scalable production of functional blood and immune cells for various therapeutic 

applications.

Results

Canonical Wnt signaling specifies homogenous aorta-like CD34+SOX17+ endothelium.

Producing hemogenic endothelium (HE) from hPSCs, marked by the expression of typical 

endothelial marker VE-cadherin (VE-cad), CD31, and CD34, is a vital step towards 

hematopoietic cell generation. Homogenous CD34+CD31+ HE was robustly induced from 

hPSCs via small-molecule activation of Wnt signaling (Fig. 1A–B)22,23. Since simultaneous 

modulation of Wnt and Activin signaling yields aorta-like SOX17+ vessels in AGM 

that give rise to hematopoietic cells10, we speculated that our small molecule-induced 

CD34+CD31+ cells are also SOX17+, which was confirmed by flow cytometry and 

immunostaining analysis of SOX17 expression (Fig. 1C–D, Supplementary Fig. 1A). 

Interestingly, GSK3β inhibition alone yielded a relatively homogenous CD34+SOX17+ 

population (Supplementary Fig. 1B–C), whereas both CD34+SOX17- and CD34+SOX17+ 

populations were observed in the day 6 embryoid body (EB) cultures with Activin A and 

Wnt modulation10,24. Under CHIR99021 (CHIR) treatment, CD34+SOX17+ HE emerged 

as early as day 4 (Supplementary Fig. 1D–E). Furthermore, resulting day 6 CD34+SOX17+ 

AGM-like endothelial cells did not express CD235a (Supplementary Fig. 1F), a well-known 

marker for primitive hematopoiesis25. Using an all-in-one inducible Cas13d-mediated 

gene knockdown system (Fig. 1E), we demonstrated that SOX17 knockdown (Fig. 1F) 

significantly blocked formation of endothelial cells (ECs) (Fig. 1G), consistent with previous 

studies26,27.
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Screening developmental signaling pathways reveals contribution from Wnt and TGFβ 
inhibitions to the hematopoiesis of hemogenic endothelium.

Many signaling pathways, including Wnt10,25, TGFβ28, BMP29,30, retinoic acid (RA)21, 

Notch31, etc., and their cross-talks, regulate hematopoietic cell specification at multiple 

stages. We next screened small molecules and cytokines regulating signaling pathways 

involved in the induction of hematopoiesis from hPSC-derived CD34+SOX17+ HE (Fig. 

2A). SB431542 (SB), a TGFβ inhibitor, significantly enhanced generation of CD43+CD45+ 

hematopoietic cells (Fig. 2B–D), which was blocked by a GSK3β inhibitor, CHIR99021 

(CHIR). Since SB may also block ALK5 receptor (also called TGFβ type I receptor) and 

BMP signaling, we treated HE with ALK5 inhibitor II and a BMP inhibitor (Dorsomorphin) 

and found that ALK5 inhibition could also efficiently induce hematopoiesis (Supplementary 

Fig. 2A), confirming the importance of TGFβ signaling in hematopoiesis. Wnt-C59, a Wnt 

inhibitor, also significantly induced emergence of hematopoietic cells (Fig. 2B–C). CD34+ 

HE and CD34- non-HE cells were sorted (Supplementary Fig. 2B) for hematopoietic cell 

differentiation and more CD45+ cells were produced from CD34+ cells (Supplementary Fig. 

2C). Wnt-C59 and SB also induced hematopoiesis in H9 and 6-9-9 hPSCs with a similar 

efficiency (Supplementary Fig. 2D).

Notably, a higher hematopoietic specifying efficiency was observed under SB treatment, 

suggesting potential cross-talk between TGFβ and other signaling pathways, such as RA 

signaling21, in addition to the Wnt inhibition, for the SB-induced robust hematopoiesis. 

Importantly, hematopoietic cells derived from hPSCs under different conditions could 

produce colony-forming units (CFUs) with various subtypes in methylcellulose (Fig. 2E, 

Supplementary Fig. 2E). Collectively, our results demonstrate that TGFβ and Wnt inhibition 

significantly enhances hematopoiesis of hPSC-derived HE, offering the potential for an 

accessible, simplified platform for further investigation of signaling pathways involved in 

human definitive hematopoiesis.

Wnt inhibition is sufficient to induce hematopoiesis of AGM-like hemogenic endothelium.

To further investigate the role of Wnt signaling during hematopoiesis, we performed RT-

PCR analysis of the day 6 HE samples under different conditions from day 4 to 6. Low 

expression of WNT3A and AXIN2 (Fig. 3A), a downstream target of Wnt signaling, as well 

as low transcriptional activity of endogenous Wnt signaling in a 7TGP Wnt reporter line32 

(Fig. 3B–C), were observed in both SB and Wnt-C59 cultures, indicating the critical role 

of Wnt inhibition at this stage. CTNNB1 knockdown via inducible beta-catenin shRNA 

(ishcat)32 further confirmed that Wnt inhibition is sufficient for hematopoiesis of HE 

(Fig. 3D–E). These findings are consistent with previous reports that genes antagonizing 

canonical Wnt signaling are enriched in human AGM cells10, and Wnt inhibition is required 

for hematopoietic transition from mouse AGM21.

Chemically-defined conditions induce robust generation of AGM-like hematopoietic cells.

Since the window for SB treatment is vital for definitive hematopoiesis8, we optimized the 

culture conditions and identified day 4 to 6 as an optimal time to add SB (Supplementary 

Fig. 3A), which resulted in more than 40% CD45+ hematopoietic cells on day 12 

(Supplementary Fig. 3B). We then screened different basal media, alone or in combinations, 
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for conditions supporting robust hematopoietic cell generation (Supplementary Fig. 3C–E). 

While human serum (HS) significantly increased the purity of hematopoietic cells on day 12, 

the employment of undefined serum increases the complexity and reduces reproducibility. 

Thus, we employed optimal serum-free conditions, hereon referred to as the GiTi (Gsk3β 
inhibitor, TGFβ inhibitor) protocol, for subsequent experiments (Fig. 4A). Dynamic 

morphological changes (Supplementary Fig. 4A) and expressions of hematopoietic-specific 

markers (Fig. 4B–E, Supplementary Fig. 4B–C), including CD45, CD34, CD43, and 

CD4418,19, were observed along with the emergence of hematopoietic clusters from day 

6. The cells were also positive for RUNX1 (Fig. 4F–G), which is expressed in AGM-derived 

repopulating HSCs33, confirming a definitive identity of our hematopoietic cells. Removal 

of SCF and FLT3L from the differentiation medium reduced both the yield and purity of 

CD45+ hematopoietic cells (Fig. 4H–I). HSPCs collected at day 10 and day 15 both formed 

CFUs with various subtypes (Supplementary Fig. 4D). Under current culture condition, the 

number of hPSC-derived CD43+CD45+ HSPCs significantly increased before day 20 and 

then decreased afterwards (Supplementary Fig. 4E), indicating a limitation of our recipe 

in supporting their long-term maintenance and expansion. Nevertheless, day 15 HSPCs 

maintained high viability (Supplementary Fig. 4F) and CFU forming ability (Supplementary 

Fig. 4G) after freeze-thaw, indicating the possibility for long-term storage and shipping. 

Collectively, we developed a chemically-defined, feeder-free monolayer culture platform 

for the generation of AGM-like hematopoietic cells from 11 (9 normal and 2 genetically-

modified) hPSC lines (Supplementary Fig. 4H), highlighting its reproducibility and potential 

clinical application.

Single-cell RNA-sequencing analysis identifies similarities and differences between hPSC-
derived and primary AGM endothelial cells.

To investigate the dynamics and heterogeneity of hemato-endothelial cells derived from 

hPSCs, scRNA-seq analysis was performed on day 5 adherent cells and day 8 suspension 

cells, and compared with that of primary AGM hemato-endothelial cells34. Unsupervised 

clustering and UMAP embedding of quality control (QC)-filtered scRNA-seq data 

(Supplementary Fig. 5A–C) revealed 3, 4, and 7 distinct clusters of cells in day 5 (Fig. 

5A), day 8 (Fig. 5B) and AGM (Fig. 5C) samples, respectively. Cell identities were assigned 

to clusters based on their expression of key marker genes (Supplementary Fig. 5D–G). 

As expected, CDH5+SOX17+ endothelial cells and non-endothelial mesenchymal/stromal 

cells dominated day 5 and AGM cell clusters (Supplementary Fig. 5H–I), whereas fewer 

endothelial and mesenchymal/stromal cells were observed in day 8 cells, which mainly 

included clusters of endothelial (SOX17/CDH5), early (CAV1/RUNX1) hematopoietic, 

hematopoietic (MTTL3)10 and lineage-primed hematopoietic progenitors that were enriched 

in mitochondrial genes35 (Supplementary Fig. 5J). Importantly, high expression levels of 

definitive AGM hematopoiesis markers LMO4 and CD4418,19 and low expression levels of 

primitive marker GYPA (CD235a)25 were observed across all hemato-endothelial samples. 

The expression of CD44, recently identified as a marker and regulator of EHT19, was 

more active in day 5 and 8 cells, indicating these cells were undergoing EHT to achieve 

a hematopoietic fate. This observation was also confirmed by the lack of hematopoietic 

marker SPI1 and PTPRC (CD45) in day 5 and day 8 cells (Fig. 5A–B), while a small CD45+ 

cluster presented in the AGM (Fig. 5C).
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To study the hierarchy of these hemato-endothelial cell populations, trajectory analysis 

was performed using the Monocle packages36. While a single developmental trajectory 

was not observed in the distinct cell clusters, day 5 and AGM cells arose from the 

same progenitor pool of MSX2+ mesenchymal (Supplementary Fig. 5H) and APLNR+ 

endothelial progenitor cells (Supplementary Fig. 5I), respectively. Trajectory analysis on 

day 8 cells demonstrated the emergence and development of hematopoietic progenitor cells 

from hemogenic endothelium (Supplementary Fig. 5J). To compare the similarities and 

differences between hPSC-derived and primary AGM cells, we directly merged day 5, 

day 8 and AGM cells in the UMAP, which displayed high degrees of overlap in terms 

of endothelial and hematopoietic cell clusters, respectively (Fig. 5D). Further analysis on 

the endothelial subsets in merged day 5/AGM and day 8/AGM cells identified two major 

distinct clusters that express venous (APLNR and NR2F2) and arterial (GJA5 and HEY2) 

markers34 (Fig. 5E–F). Four different endothelial cell clusters were identified in AGM 

cells, whereas most day 5 endothelial cells (clusters 1 and 3 in Fig. 5E) expressed both 

venous and arterial markers at lower expression levels than those of individual venous 

cluster 0 and arterial cluster 2, indicating a more homogenous population of our day 5 

endothelial cells. Day 8 endothelial cells expressed predominantly venous markers APLNR 
and NR2F2 as well as EHT markers CD4418,19 and RUNX110 (Fig. 5F), suggestive of 

a more hematopoietic-primed progenitor population at day 8. A previous study using the 

force-directed graph has identified NR2F2+ venous endothelium enriched with cell cycle 

markers (TOP2A, PCNA, and CDK1) as the bridge hematogenic endothelium between 

GJA5+HEY2+ arterial endothelium and CD45+ hematopoietic cell populations in AGM34. 

Consistent with this finding, Monocle 3-based pseudotime trajectory analysis revealed 

a potential developmental trajectory of quiescent APLNR+ venous-to-GJA5+ arterial-to-

proliferating APLNR+ venous-to-APLNR+GJA5+ endothelial populations in merged day 

5-AGM cells (Fig. 5G), and a trajectory of quiescent APLNR+ venous-to-GJA5+ arterial-

to-proliferating APLNR+ venous-to CD44+RUNX1+ hematopoietic populations in merged 

day 8-AGM cell (Fig. 5H, Supplementary Fig. 5K). Our scRNA-seq analysis collectively 

suggested a similar but more homogenous endothelium of our hPSC-derived cells as 

compared to the primary AGM cells at transcriptomic levels.

Transcriptome analysis reveals global similarity among hPSC-derived day 18 
hematopoietic cells, human primary AGM hemato-endothelial cells and cord-blood HSCs.

To further confirm the identity of hPSC-derived hematopoietic cells, we performed bulk 

RNA sequencing (RNA-seq) on 6-9-9 and H9-derived day 18 CD45+ hematopoietic cells. 

Hierarchical clustering analysis (Supplementary Fig. 6A) of RNA-seq expression data of 

hPSCs, hPSC-derived mesoderm (Mes), hematopoietic stem and progenitor cells (HSPCs), 

primary human neonatal cord-blood hematopoietic stem cells (CB-HSCs)37, 5-week AGM 

endothelial (AGM-En), stem/progenitor (AGM-S/P), and progenitor 1 (AGM-Pr1) cells10 

demonstrated that our hPSC-derived hematopoietic cells were closely related to primary 

cord-blood HSCs, thus suggestive of a later hematopoietic stage of our day 18 cells as 

compared to the isolated early AGM hemato-endothelial progenitor cells10. The close 

relationship of transcriptional signatures between hPSC-derived hematopoietic cells and 

CB-HSCs was also confirmed by principal component analysis (PCA) on the RNA-seq data 

(Fig. 6A). In the 3D score plot of the first three principal components (PCs), hPSC-derived 
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hematopoietic cells clustered with CB-HSCs, and were distinct from other cell populations, 

including hPSCs and hPSC-derived mesoderm, from which they originated.

Examination of specific hematopoietic genes revealed that hPSC-derived cells express 

many hematopoietic transcription factors (Supplementary Fig. 6B) and cell-surface markers 

(Supplementary Fig. 6C), though at lower expression levels than those in primary 

AGM and CB cells. Gene set enrichment analysis (GSEA) over hPSCs identified 

enriched hematopoiesis-related gene ontology (GO), including “aorta development”, “cell 

migration”, “hematopoietic stem cell proliferation”, “Notch signaling regulation”, which 

further confirmed the transcriptional similarity between hPSC-derived and AGM cells 

(Supplementary Fig. 6D). Bulk RNA-seq analysis also revealed similar expression patterns 

of HOXA, a landmark of AGM hematopoiesis10, and HOXB genes in the hPSC-derived 

and AGM hematopoietic cells (Fig. 6B). The hPSC-derived and CB cells also displayed 

similar HOXA expression. Collectively, our bulk RNA-seq data suggests the transcriptional 

similarity between our hPSC-derived cells and AGM as well as CB-HSCs, highlighting the 

definitive trajectory of our GiTi hematopoietic differentiation7.

Single-cell RNA-sequencing analysis identifies discrete sub-populations in hPSC-derived 
hematopoietic progenitor cells.

To investigate the dynamics and heterogeneity of hematopoietic cells emerged from hPSC-

derived SOX17+CD34+ HE, scRNA-seq analysis was performed on both day 8 (Fig. 5B, 

Supplementary Fig. 5) and day 18 (Fig. 6C–G, Supplementary Fig. 7) suspension cells. 

Unsupervised clustering and UMAP embedding of quality control (QC)-filtered scRNA-seq 

data (Supplementary Fig. 7A) revealed 11 distinct clusters of cells on day 18 (Fig. 6C). 

As expected, hematopoietic markers PTPRC (CD45) and RUNX1 were highly expressed 

in most day 18 cells (Fig. 6D). Cell identities were assigned to clusters based on their 

expression of key marker genes (Supplementary Fig. 7B). Day 18 cells contained clusters 

of stromal (IGF2/COL1A1), endothelial, and hematopoietic cells, as well as clusters of 

progenitor cells primed towards megakaryocyte (GP9/PF4), monocyte (SPP1/CCL3 and 

CD74/MMP9), granulocyte (AZU1/PRTN3), myeloid (MPO/LYZ) and erythroid (KLF1/

HBE1)10 (Supplementary Fig. 7B–F). Interestingly, hematopoietic cells under the current 

culture conditions were biased towards granulocyte fate, rather than erythroid lineages, 

as only a small fraction of cells expressed HBE1 or KLF138, indicating their definitive 

identity39. Both day 8 and 18 cells displayed high expression levels of definitive AGM 

hematopoiesis markers LMO4 and CD4418,19 (Fig. 5B, 6E). In contrast, only a few cells in 

both samples were positive for the primitive marker GYPA (CD235a)25 (Fig. 5B, 6E). The 

downregulation of LMO4 and upregulation of CD44 upon EHT was consistent with previous 

in vivo emergence of hematopoietic cells from aortic endothelium of mouse AGM19. In 

addition to its role in regulating EHT, CD44 is also a maker of adult HSCs40 and is involved 

in fetal HSC homing and long-term engraftment41, suggesting a potentially high homing 

ability of our hPSC-derived hematopoietic cells.

To study the hierarchy of our day 18 hematopoietic cell populations, pseudotime 

developmental trajectory analysis was performed using Monocle packages36. Trajectory 

analysis on day 8 cells demonstrated the emergence and development of hematopoietic 
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progenitor cells from hemogenic endothelium (Supplementary Fig. 5J). For day 18 cells, 

a single developmental trajectory was not observed in Monocle 3-based pseudotime 

trajectory analysis (Supplementary Fig. 7B), indicating the high heterogeneity of our hPSC-

derived hematopoietic cells. Monocle 2 pseudotime trajectory analysis revealed that day 18 

hematopoietic progenitor cells branched from a central core to three distinct trajectories 

of monocyte-, granulocyte- and erythroid/megakaryocyte-primed lineages (Supplementary 

Fig. 7C–E). Additional endothelial (CAV1), hematopoietic (RUNX1), erythroid (KLF1/
HBE1), and T-cell progenitor (IL7R) cells42 were also positioned to the trajectory map and 

represented by distinct branches (Fig. 6F, Supplementary Fig. 7F). Despite the lack of adult 

HBB expression in day 18 cells, high expression levels of HBA1 and HBG2, as well as low 

expression level of HBZ (Supplementary Fig. 7G), and the globin switches from ε to γ and 

ζ to α, suggested a fetal-like globin profiling. This observation coincides with the transition 

from the primitive yolk sac to definitive fetal liver and bone marrow hematopoiesis43, 

consistent with fetal-like globin switches and profiling observed in the CHIR99021/

SB431542-induced AGM-like hematopoiesis from hPSCs10. HOXB cluster genes, such as 

HOXB544, are predominantly enriched in murine LT HSCs45. More recently, NEO146 was 

reported as a marker of more dormant subpopulations of HOXB5+ LT-HSCs. Consistent 

with bulk RNA-seq data (Fig. 6B), expression of HOXB5 and NEO1 was detected across 

different hematopoietic cell populations via scRNA-seq analysis (Fig. 6G). To monitor 

the dynamics of HOXB5 during hematopoietic cell cultures, mCherry fluorescent protein 

was knocked into the endogenous HOXB5 locus of H9 VE-cad-eGFP reporter line via 

CRISPR/Cas9-mediated homology-directed repair (HDR)47 (Supplementary Fig. 8A). PCR 

genotyping and sequencing identified 1 out of 17 picked clones successfully targeted in both 

alleles (Supplementary Fig. 8B). Immunostaining analysis confirmed the co-localization of 

HOXB5 and mCherry expression (Supplementary Fig. 8C). The mCherry signal was first 

detected at day 5 and elevated at day 20 (Fig. 6H, Supplementary Fig. 8D–E), indicating 

the potential presence of LT-HSCs. Collectively, our data revealed the heterogeneity and 

hierarchy of seemingly homogenous hPSC-derived HSPCs, highlighting the definitive 

trajectory of our GiTi hematopoietic differentiation7.

In vitro and in vivo characterization of hPSC-derived definitive hematopoietic cells.

To further assess their hematopoietic potential, we performed in vitro and in vivo 
functional assays on the hPSC-derived hematopoietic cells. In methylcellulose-based 

colony-forming unit assays, erythroid (E), granulocyte/macrophage (GM), macrophage (M), 

and multilineage progenitor (GEMM) colonies were generated (Supplementary Fig. 9A–

C), confirming the multipotent potential of our hematopoietic cells. Lymphocytic T and 

natural killer (NK) cells, a hallmark of definitive hematopoiesis25, were also successfully 

generated on OP9-DLL4 feeder cells (Fig. 7A–B). Notably, the NK cells generated have 

presented anti-tumor cytotoxicity against various tumor cells (Fig. 7C) with a killing 

efficiency comparable to the reported numbers of primary NK and NK92 cells48. However, 

the tumor-killing efficiency of our hPSC-derived NK cells is lower than that of primitive 

yolk sac erythro-myeloid progenitor (EMP)-derived NK cells, which is likely due to their 

more granular phenotypes49. In summary, our results highlight that our hPSC-derived 

hematopoietic cells can produce off-the-shelf immune cells for both research and clinical 

applications.
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LT-HSCs50 and hPSC-derived AGM-like cells10 are able to home to bone marrow after tail 

vein injection. In support of this, purified hPSC-derived mCherry+CD45+ hematopoietic 

cells were injected in the duct of Cuvier of 48–52 hours post-fertilization (hpf) zebrafish 

(Supplementary Fig. 9D), and mCherry+ cells were detected in the caudal hematopoietic 

tissue (CHT), a site of definitive hematopoiesis, within 1-hour post-transplantation (hpt) 

(Supplementary Fig. 9E). Compared to control neurons, more hematopoietic cells remained 

in the CHT at 5 hpt (Supplementary Fig. 9F–G). We also injected the mCherry+CD45+ 

hematopoietic cells directly into the circulation of c-myb knockout bloodless zebrafish 

embryos (Supplementary Fig. 9H) at 48–52 hpf, and mCherry+ hematopoietic cells were 

observed in the CHT up to 96 hpf (Supplementary Fig. 9I). Similar to cord blood CD34+ 

hematopoietic stem cells (CB-HSCs), hPSC-derived hematopoietic cells significantly 

reduced the death of bloodless zebrafish up to 4 days after transplantation (Supplementary 

Fig. 9J), highlighting their functional capacity. Collectively, our results demonstrated the 

multipotency and function of hPSC-derived definitive hematopoietic cells both in vitro and 

in vivo.

hPSC-derived HSPCs could engraft and repopulate in murine models.

To further confirm their in vivo homing and multi-lineage engraftment potentials, HSPCs 

derived from eGFP+ hPSCs (Supplementary Fig. 10A) were injected into the tail vein 

of irradiated NSG mice. After 15 hr, ~1.3% eGFP+ HSPCs homed to the femur bone 

marrow (BM) in all four recipient mice (Supplementary Fig. 10B–C). Similar to a 

previous report51, a significant number of eGFP+CD45+ HSPCs were detected in the 

mouse peripheral blood (PB) after one month (Supplementary Fig. 10D–E) but disappeared 

after three months (Supplementary Fig. 10F). Bone marrow cells were then harvested for 

chimerism rate analysis. Albeit at a relatively low rate (~0.1%), the homing and long-term 

(3-month) engraftment capacity of hPSC-derived HSPCs was confirmed by flow cytometry 

(Supplementary Fig. 10G) and PCR analysis (Supplementary Fig. 10H). The observed low-

rate engraftment of our cells suggests potentially incorrect patterning of receptors required 

for their homing to BM, as exemplified by enhanced CXCR452–54 and reduced CD2655 

expression on primary hematopoietic stem cells for improved homing and engraftment. To 

further determine the multi-lineage engraftment of our hPSC-derived HSPCs, we injected 

eGFP+ HSPCs intrafemorally into the bone marrow of primary recipients and harvested 

peripheral blood (PB) every four weeks. Increased chimaerism of human eGFP+ HSPCs 

in PB of primary recipients was observed for up to 12 weeks (Fig. 7D–F). Examination 

of PB and bone marrow revealed the multi-lineage engraftment of HSPCs with human 

GLY-A+ erythroid cells (E), CD33+ myeloid cells (M), CD19+ B cells (B), and CD4+CD8+ 

T cells (T) in 5 of 5 recipients (Fig. 7G–H, Supplementary Fig. 11A–E). To quantify 

the frequency of engraftable hematopoietic cells, we transplanted secondary recipients (3 

mice/group) with 103, 104, and 105 eGFP+ HSPCs isolated from femur bone marrow of 

primary engrafted mice (#4 and #5 in Fig. 7H). One out of 3 secondary mice injected 

with 105 eGFP+ HSPCs from the primary recipient demonstrated multi-lineage engraftment 

(Supplementary Fig. 11F–H), indicating an estimated stem-cell frequency of 1 in 135,932 

cells (Fig. 7I) for our hPSC-derived HSPCs, based on the calculation from ELDA software56 

(http://bioinf.wehi.edu.au/software/elda/). Collectively, our mouse data provided preliminary 

evidence supporting the homing and multi-lineage engraftment activities of our hPSC-
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derived HSPCs. Further investigations and improvement of their long-term repopulating 

ability, such as the effects of hypoxia57–59 and HOXA genes10, are needed.

Discussion

While attempts were made to develop hematopoietic cell generation protocols from hPSCs 

with stage-specific employment of morphogens by recapitulating in vivo hematopoiesis, 

it remains unknown which developmental signaling pathways are sufficient and essential 

to specify human AGM-like cells, the first wave of LT-HSCs. In addition, efficient, cost-

effective methods to generate homogenous AGM-like hemogenic and hematopoietic cells 

without primitive hematopoietic cells are lacking, limiting their large-scale production 

for clinical and research applications. This study demonstrates the robust and efficient 

generation of relatively homogeneous definitive AGM-like cells from various hPSC lines 

via sequential manipulation of Wnt and TGFβ signaling under chemically-defined and 

xeno-free conditions (Fig. 7J). Importantly, we also showed that stage-specific manipulation 

of Wnt signaling alone is sufficient to induce homogenous AGM-like SOX17+ hemogenic 

endothelium and hematopoiesis from hPSCs, further demonstrating the critical role of Wnt 

signaling during multiple stages of definitive hematopoiesis10,21,25.

This study also demonstrates transcriptional and functional similarity among hPSC-derived, 

primary AGM and cord blood (CB) hemato-endothelial cells. At global levels, hPSC-derived 

cells clustered closer to CB-HSCs than AGM hemato-endothelial progenitor cells, reflecting 

distinct developmental stages of the collected hPSC-derived and AGM cells. Further 

examination of specific hematopoietic genes and ontology confirmed the transcriptional 

similarity between hPSC-derived and AGM cells. Notably, bulk RNA-seq identified similar 

patterns of HOXA cluster gene patterns between these cells, highlighting their potential 

for repopulating HSC generation10. Comparative scRNA-seq analysis on day 5, day 8, and 

AGM cells revealed similarities and differences among the distinct endothelial subsets. In 

addition, our hPSC-derived hematopoietic cells presented lymphoid and myeloid potential in 
vivo. They were able to home to the definitive CHT site and partially rescued bloodless 

zebrafish after transplantation. Importantly, we also demonstrated that hPSC-derived 

hematopoietic cells could home to the bone marrow and repopulate in irradiated murine 

models. However, further investigations and improvement of their longer-term repopulating 

ability are still needed. For instance, it will be interesting to investigate the effects of HOXA 
genes on the engraftment of hPSC-derived hematopoietic cells, since expression of HOXA 
genes in our cells did not reach an AGM cell expression level10. Additional maturation 

strategies, such as co-culture with OP9 feeder cells60–62, hypoxic culture57–59, CXCR4 

enhancement52–54, DPP4/CD26 inhibition55,63–65, and RA patterning10, may be required to 

improve the long-term repopulating capacity of hPSC-derived hematopoietic cells.

Collectively, our data demonstrated that stage-specific manipulation of Wnt and TGFβ 
signaling pathways (Fig. 7J) is sufficient to induce homogenous aorta-like SOX17+CD34+ 

hemogenic endothelium and definitive hematopoiesis from hPSCs, recapitulating many 

aspects of AGM hematopoiesis in human10 and mouse21 models. This finding is also 

consistent with a previous report that RA signaling-mediated Wnt inhibition is essential for 

HSC development from hemogenic endothelium in mice21. The simplified and scalable 
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GiTi platform for robust definitive hematopoiesis will provide insights into molecular 

mechanisms of human hematopoietic development and has the potential to serve as an easily 

accessible cell source for treating various blood diseases and cancers.

Methods

Maintenance and differentiation of hPSCs.

19-9-11, 19-9-7, 6-9-9, IMR90C4, H1, H9 and H13 were obtained from WiCell and 

maintained on Matrigel- or iMatrix 511-coated plates in mTeSR plus or mTeSR1 medium 

according to a previously published method66. RUES2 were kindly provided by Dr. Ali 

H. Brivanlou at the Rockefeller University. The Kolf2 and CT2 data were acquired in Dr. 

Yang Yang’s lab and Dr. Ourania Andrisani’s lab at Purdue. H9 7TGFP Wnt reporter and 

19-9-11 ischcat-1 as well as ischcat-2 lines32 were kindly provided by Dr. Sean Palecek at 

the University of Wisconsin-Madison. To make hematopoietic cells, hPSCs were dissociated 

with 0.5 mM EDTA and seeded onto iMatrix 511 or Matrigel-coated 6-, 12- or 24-well 

plate at a cell density between 10,000 and 80,000 cell/cm2 in mTeSR plus or mTeSR1 

medium with 5 μM Y27632 for 24 hours (day −1). At day 0, cells were treated with 6 

μM CHIR99021 (CHIR) in DMEM medium (ThermoFisher, 11965) supplemented with 100 

μg/ml ascorbic acid (DMEM/Vc)22, followed by a medium change with LaSR basal medium 

at day 1, day 2 and day 3. Mesoderm differentiation could also be achieved by 2-day CHIR 

treatment in LaSR basal medium23. For female hPSC lines67, 50 ng/mL VEGF was added to 

the medium from day 2 to day 4. On day 4, medium was replaced by Stemline II medium 

(Sigma) supplemented 10 μM SB431542. After 2 days, SB431542-containing medium was 

aspirated and cells were maintained in Stemline II medium with or without 50 ng/mL SCF 

and 50 ng/mL FLT3L. On day 9 and every 2 to 3 days afterward, aspirate half medium and 

add fresh Stemline II medium with or without SCF/FLT3L until analysis. Other media used 

to induce hematopoietic cells were illustrated in Supplementary Fig. 3C.

Genome editing of hPSCs.

Two Cas9 sgRNAs targeting near the HOXB5 stop codon (1: 

GGCTCCTCTGGGCGGGCTCAGGG and 2: ATCGTAACACAAGGCGAGGCAGG with 

a G added at the beginning) were used. To generate the HOXB5–2A-mCherry donor 

plasmid, DNA fragments of about 800 bp in length were PCR amplified from genomic 

DNA before and after the stop codon of HOXB5 and were cloned into the VE‐cad-2A‐eGFP 

(Addgene #92309) and VE‐cad-2A‐mCherry (Addgene #31938) donor plasmids replacing 

the VEcad homologous arms. The resulting 3 μg gRNA1, 3 μg gRNA2, and 6 μg HOXB5‐
2A‐mCherry donor plasmids were prepared in 100 μl stem cell nucleofection solution 

(Lonza, #VAPH-5012) and then co-nucleofected into 2.5–3 million singularized H9 hPSCs 

pretreated with 5 μM Y27632 overnight using program B-015 in a Nucleofector 2b. The 

nucleofected cells were subsequently plated onto one well of a Matrigel‐coated 6-well plate 

in 3 mL pre-warmed mTeSR plus with 10 μM Y27632. Twenty‐four hours later, and every 

day afterward, the medium was changed with fresh mTeSR plus. Once cells are confluent, 1 

μg/ml puromycin was added to the mTeSR plus for selection for about 2 weeks. Single-cell 

clones were then picked into wells of a Matrigel‐coated 96‐well plate and subjected to PCR 

genotyping after 4–7 days. To generate an inducible gene knockdown system in hPSCs, 

Chang et al. Page 11

Biomaterials. Author manuscript; available in PMC 2023 March 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RfxCas13d68,69 (Addgene #138147) was PCR amplified and cloned into our all-in-one 

PiggyBac (PB) backbone70 by replacing SARS-CoV2 N gene (Addgene #154399). The U6 

driven construct, containing a 5’ direct repeat 30 (DR30) and a BbsI-based single guide 

RNA (sgRNA) cloning site, was then cloned right before the 3’ PB sequence (Fig. 1E), 

leading to an all-in-one PB inducible Cas13d-mediated gene knockdown plasmid (Addgene 

#155184). The SOX17 targeting sgRNA1 and sgRNA2 were designed using an online 

tool (https://cas13design.nygenome.org/ or https://www.rnatargeting.org/)and cloned into the 

Cas13d backbone to make SOX17 targeting plasmids (Addgene #155187 and #155188). The 

SOX17 knockdown plasmids were then used to transfect H9 hPSCs along with a hyPBase 

plasmid (kindly provided by Dr. Pentao Liu) via Lipofectamine Stem (ThermoFisher) 

according to the manufacturer’s instructions. Once transfected cells were confluent, 5 μg/ml 

puromycin or 20 μg/ml blasticidine (BSD) were used to select the drug-resistant hPSCs for 

one or two days, and the drugs were reapplied to the survived cells once they recovered 

and used consistently to maintain the engineered H9 hPSCs to avoid gene silencing during 

differentiation.

Hematopoietic colony-forming assay and Wright-Giemsa staining.

About 10,000 hPSC-derived hematopoietic cells on differentiation day 15 were grown in 

1.5 mL cytokine containing MethoCult H4434 medium (StemCell Technologies, Vancouver) 

at 37 °C. After 14 days, the hematopoietic colonies were scored for colony-forming units 

(CFUs) according to cellular morphology. Hematopoietic cells were also seeded onto glass 

slides and stained with modified Wright-Giemsa stain solution.

NK and T cell differentiation from hematopoietic cells.

Both NK71 and T72 cell differentiations were performed on OP9-DLL4 feeder layer (kindly 

provided by Dr. Igor Slukvin at the University of Wisconsin Madison) in α-MEM medium 

supplemented with 20% FBS and 1% GlutaMAX. To initiate NK cell induction, day 12 

hematopoietic cells were cultured on OP9-DLL4 with 100 ng/mL FLT3L, 5 ng/mL IL-7, 

40 ng/mL SCF, and 35 nM UM171. After 7 days and every 7 days afterward, cells 

were transferred to fresh OP9-DLL4. After 14 to 21 days, floating cells were collected 

and subjected to flow cytometry analysis. A similar approach was used to induce T cell 

differentiation on OP9-DLL4, except different cytokines were used: 10 ng/mL SCF, 5 ng/mL 

IL-7 and 5 ng/mL FLT3L.

Flow cytometry and immunostaining analysis.

Floating hematopoietic cells were gently pipetted and filtered through a 70 or 100 μm 

strainer sitting on a 50 ml tube. The cells were then pelleted by centrifugation and washed 

once in PBS−/− solution with 1% bovine serum albumin (BSA). The cells were stained with 

appropriate conjugated antibodies (Supplementary Table 1) for 25 mins at room temperature 

in dark, and analyzed in Accuri C6 plus flow cytometer (Beckton Dickinson) after washing 

once with BSA-containing PBS−/− solution. FlowJo software was used to process collected 

flow data. Immunostaining assay was performed according to previous protocols73,74. 

Briefly, day 5 or day 15 cell cultures were fixed in PBS−/− with 4% formaldehyde for 

15 mins at room temperature and stained with SOX17-APC75,76, CD34-FITC22,23, CD45-

APC77,78 or RUNX1–48879,80 antibodies in 5% nonfat dry milk and 0.4% Triton X-100 
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solution for 30 mins in dark. After gentle washing and nuclei staining, the resulting cells 

were then imaged with a Leica DMi-8 fluorescent microscope and analyzed in ImageJ.

Bulk RNA sequencing and data analysis.

Total RNA of purified day 18 hPSC-derived CD45+ hematopoietic cells was prepared with 

the Direct-zol RNA MiniPrep Plus kit (Zymo Research) according to the manufacturer’s 

instructions. Samples were performed in Illumina HiSeq 2500 by GENEWIZ. HISAT2 

program81 was employed to map the resulting 2×150 sequencing reads to the human genome 

(hg 19), and the python script rpkmforgenes.py82 was used to quantify the RefSeq transcript 

levels (RPKMs). The original fastq files and processed RPKM text files were submitted to 

NCBI GEO (GSE155196). RNA-seq data of human primary AGM and neonatal cord blood 

HSC samples were retrieved from NCBI (SRR3475781, 3475782, 347578310, 3039602, 

and 303960837). Hierarchical clustering of whole transcripts and heatmap of hematopoietic-

specific genes were then plotted using Morpheus (Broad Institute). Principal component 

analysis (PCA) was processed in R program, and 3D score plot of the first three principal 

components (PCs) was plotted in MATLAB. GSEA software (Broad Institute) was used to 

perform gene ontology (GO) enrichment analysis and the values of normalized enrichment 

score (NES) were used to plot GO heatmap in Morpheus.

Single-cell RNA sequencing (scRNA-seq) analysis.

As previously described83, scRNA-seq was performed using the 10X Genomics 3’ v3 kit, 

following their protocol targeting recovery of 10,000 cells. Libraries were constructed per 

the manufacturer’s instructions and sequenced using Illumina’s NovaSeq 6000 platform in 

the Center for Medical Genomics at Indiana University. The average read depth across the 

samples was 92,000 reads/cell for the day 8 sample and 76,000 reads/cell for the day 18 

sample. Reads were then aligned to the human genome GRCh37/hg19 using the CellRanger 

2.1.0 software. Subsequent analysis was performed in R using the filtered barcode and count 

matrices produced by CellRanger. Seurat 3.1.0 was used to analyze the single-cell data84. 

Time points were processed individually and filtered for quality control (Supplementary 

Fig. 5A–C, 7A). Specifically, cells with fewer than 200 detected genes or more than 15% 

mitochondrial content were excluded from analysis, resulting in 4,676 cells for day 8 and 

6,190 cells for day 18. The data was log-normalized, and the top 3000 variable genes 

were used for Principal Component Analysis (PCA) following Seurat’s tutorial as evaluated 

by elbow plots. The top 5 Principal Components (PCs) were used for the day 8 sample, 

and the top 15 PCs for the day 18 sample were used for downstream Louvain clustering 

and UMAP embedding to visualize the data. Seurat’s FindAllMarkers function was used 

to identify differentially expressed genes (DEGs) per cluster and then manually annotated 

based on enriched gene expression. All genes considered for cell-type classification had a 

P-value of less than 0.0001 using a Mann-Whitney Wilcoxon test. Monocle version 2 and 

3 were used for pseudotime analysis and trajectory inference36. scRNA-seq data of day 5 

and primary AGM samples were obtained from previous studies with accession numbers of 

GSE16140885 and GSE15187734. The resulting day 8 and 18 scRNA-seq raw and processed 

data can be accessed via GEO with accession number: GSE157944.
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RT-PCR analysis.

Cells cultured on 24-well plate were collected and lysed in 500 μL TRIzol™ reagent 

(Invitrogen). Total RNA was then prepared with the Direct-zol RNA miniprep kit (Zymo) 

with in-column DNase treatment following the manufacture’s instruction. cDNA was reverse 

transcribed from 1 μg RNA with ProtoScript First Strand cDNA Synthesis Kit (NEB) and 

used for RT-PCR with GoTaq Green Master Mix (Promega). GAPDH was used as an 

endogenous housekeeping control, and the primer pairs for targeted genes were listed in 

Supplementary Table 2.

Transplantation of hPSC-derived hematopoietic cells into zebrafish.

About 200 purified mCherry+CD45+ of day 15 hPSC-derived hematopoietic cells were 

injected in the circulation of 48–52 hour old zebrafish via the duct of Cuvier86,87. After 

1-, 3- and 5-hour post-transplantation (hpt), mCherry+ cells homed to CHT were recorded 

and quantified under a fluorescent microscope. PBS and hPSC-derived neurons66 were used 

as negative controls, and cord-blood (CB) HSCs were used as a positive control. Bloodless 

zebrafish were generated by injecting embryos at the 1-cell stage with Cas9 protein and two 

c-myb targeting sgRNAs88 or 0.2 mM c-myb–specific antisense morpholino89. ~200 cells 

were injected into the duct of Cuvier of 48–52 hour old bloodless zebrafish. At 1, 5, 48, 72, 

and 96 hpf, mCherry+ cells homed to CHT were recorded under a fluorescent microscope, 

and viable zebrafish were counted.

Transplantation of hPSC-derived hematopoietic cells into irradiated mice.

All animal experiments were performed in accordance with institutional guidelines 

approved by the Purdue Animal Care and Use Committee (PACUC) and 

Indiana University Institutional Animal Care and Use Committee (IACUC). NOD.Cg-

RAG1tm1MomIL2rgtm1Wjl/SzJ (NRG) or NOD.Cg-Prkdcscid IL2rgtm1Wjl/SzJ (NSG) mice 

were bred and housed at the animal care facility. 6- to 10-week-old female mice were 

irradiated (2.75 Gy) 24 hr before transplantation. Day 10 to day 15 eGFP+ HSPCs were 

purified via magnetic-activated cell sorting (MACS) using CD34 or CD44 microbeads. For 

the intravenous injection, PBS, 5×104, 105 or 5×105 sorted eGFP+ HSPCs were injected 

into the tail vein of sublethally irradiated NSG mice, and cells homed to the recipient 

bone marrow were analyzed after 15 hr. One or three months after transplantation, the 

percentage of human CD45+ cell chimerism was analyzed. For intrafemoral transplantation, 

a 28.5-gauge insulin needle was used to inject 25 μl volume of 105 cells into the femur 

bone marrow of five primary recipient NRG mice. Peripheral blood was collected every 

4 weeks from the primary recipients for multilineage engraftment analysis. At week 8, 

eGFP+ HSPCs were isolated from the bone marrow of primary recipients and intrafemorally 

injected into the secondary recipient mice with different cell numbers of 103, 104, and 

105 for limited dilution analysis. Peripheral blood was collected at week 4 and 6 for the 

multilineage engraftment analysis in secondary transplantation.

Statistical analysis.

Data are presented as mean ± standard error of the mean (s.e.m). Statistical significance was 

determined by Student’s t-test (two-tail) between two groups, and three or more groups were 
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analyzed by one-way analysis of variance (ANOVA). P<0.05 was considered statistically 

significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Canonical Wnt signaling specifies homogenous aorta-like CD34+ SOX17+ endothelium. 

(A) A schematic of the protocol used to differentiate hPSCs towards hemogenic 

endothelium. (B–D) 19-9-11 iPSC-derived day 5 cultures were subjected to flow cytometry 

analysis for CD34/CD31 (B) and CD34/SOX17 (C), and immunostaining analysis for 

SOX17 and CD34 (D). Scale bars, 200 μm. CHIR, CHIR99021. (E–G) Drug-resistant H9 

hPSCs (E) were differentiated into definitive endoderm (F) and hemogenic endothelium (G) 

with or without doxycycline (dox) treatment, and day 3 definitive endoderm (DE) and day 5 

endothelial cell (EC) cultures were subjected for flow cytometry analysis of SOX17 (F) and 

Chang et al. Page 21

Biomaterials. Author manuscript; available in PMC 2023 March 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CD31 (G) expression. #P < 0.05, dox treatment versus no dox condition. Inducible Cas13d 

scramble gRNA (iscramble) line was used as negative control. Data are represented as mean 

± s. e.m of three independent replicates.
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Figure 2. 
Wnt and TGFβ inhibitors significantly induce hematopoiesis of hemogenic endothelium. 

(A) A schematic of the protocol used to differentiate CD34 + SOX17+ hPSC-derived 

hemogenic endothelium towards hematopoietic cells. (B–D) 19-9-11 iPSC-derived cultures 

differentiated as shown in (A) with indicated molecular signaling regulators were subjected 

to flow cytometry analysis for CD45/CD43 (B), and representative flow plots were shown 

in (C) and immunostaining images were shown in (D). CHIR, CHIR99021; SB, SB431542; 

Ctrl, control; PVA, polyvinyl alcohol; TPO, thrombopoietin; CSF, colony-stimulating factor 

3. (E) Colony-forming unit (CFU) assay was performed on day 12 differentiated cultures 
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with indicated treatment using 19-9-11, H9 and 6-9-9 hPSC lines, and scored by cellular 

morphology: erythroid (E), granulocyte (G), granulocyte/macrophage (GM), macrophage 

(M), and multilineage progenitor (GEMM). Data are represented as mean ± s. e.m of three to 

five independent replicates. Scale bars, 200 μm.
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Figure 3. 
Wnt inhibition is sufficient for the AGM-like hematopoiesis. (A) RT-PCR analysis of 

19-9-11 iPSC-derived day 6 cells for AXIN2, WNT3A and GAPDH expression was 

performed and quantified. (B–C) H9 7TGP Wnt reporter hPSCs (B) were differentiated as 

illustrated in Fig. 2A with indicated signaling modulators, and day 6 differentiation cultures 

were subjected to flow cytometry analysis for eGFP expression (B). #P < 0.05, CHIR versus 

other conditions. Representative flow plots were shown in (C). (D–E) 19-9-11 inducible 

shRNA CTNNB1 (beta-catenin) knockdown (ishcat) iPSCs were cultured as illustrated in 

Fig. 2A with or without doxycycline (dox) treatment from day 4 to day 6. At day 6, cells 
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were subjected to RT-PCR analysis and quantified in (D). At day 12, cells were analyzed 

for CD45 expression by flow cytometry (E). Data are represented as mean ± s. e.m of three 

independent replicates. #P < 0.05, dox treatment versus no dox condition.
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Figure 4. 
Chemically-defined conditions for robust AGM-like hematopoietic cell generation. (A) A 

schematic of the optimized protocol for differentiation of hPSCs to hematopoietic cells. 

(B–G) 19-9-11 iPSCs were differentiated as illustrated in (A). At different time points, 

CD45 (B) and CD34/CD43 (C) expression was assessed by flow cytometry. Representative 

flow plots of CD45, CD45/CD43, and CD34/CD43 expression were shown in (D) and (E). 

RT-PCR analysis of RUNX1 and GAPDH at indicated days was performed and quantified 

in (F). Representative immunostaining images of CD45 and RUNX1 expression were shown 

in (G). Scale bars, 200 μm. (H–I) 19-9-11 iPSCs were cultured as illustrated in (A) with 
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or without the addition of SCF and FLT3L, and day 15 cultures were subjected for flow 

cytometry analysis of CD45 (H) and the yield of CD45+ cells were shown in (I). Data are 

represented as mean ± s. e.m of three to five independent replicates. #P < 0.05, SCF/FLT3L 

versus control condition (ctrl).
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Figure 5. 
Comparative transcriptome analysis of hPSC-derived and primary aorta-gonad-mesonephros 

(AGM) hemato-endothelial cells. (A–C) Clustering and UMAP embedding of scRNA-seq 

data of day 5 (A), day 8 (B) and AGM [34] (C) samples were colored by meta-clusters to 

simplify visualization. Cell identities were assigned to the clusters based on their expression 

of key marker genes. Gene expression plots of endothelial and hematopoietic cell markers 

are also shown. Violin plots for PTPRC and GYPA at day 5 (A) and day 8 (B) were 

used due to their low expression. (D–F) Clustering and UMAP embedding of scRNA-seq 

data of merged day 5, day 8 and AGM samples (D), endothelial subsets of merged day 
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5/AGM (E) and day 8/AGM (F) were colored by meta-clusters to simplify visualization. 

The lower panels in (D) are cell clusters of merged scRNA-seq samples, in which cell 

identities were assigned based on their expression of key marker genes. (G–H) Pseudotime 

trajectory analysis using Monocle 3 of the merged day 5/AGM (G) and day 8/AGM (H) 

identifies the potential developmental trajectory within the heterogenous endothelial cells. 

Gene expression plots of hemato-endothelial and cell cycle markers for merged day 5/AGM 

and day 8/AGM samples were also shown.

Chang et al. Page 30

Biomaterials. Author manuscript; available in PMC 2023 March 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Transcriptome analysis of hPSC-derived definitive hematopoietic cells. (A) 3D scores plot 

of the first three principal components (PCs) from the principal component analysis on 

the RNA-sequencing data of hPSCs, hPSC-derived mesoderm (Mes), day 18 hematopoietic 

stem-like cells (hPSC-HSC), primary neonatal cord-blood HSCs (CB-HSC), 5-week aorta-

gonad-mesonephros (AGM) endothelial, stem/progenitor and progenitor cells. Each data 

point corresponds to different biological samples. RNA-seq data of primary CB-HSC [37] 

and AGM cells [10] were obtained from previous publications. (B) Heatmap showing 

similar expression patterns of HOXA and HOXB gene clusters among hPSC-derived, CB 
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and AGM hematopoietic cells. (C) UMAP embedding of day 18 scRNA-seq data colored 

by meta-clusters to simplify visualization. Mono: monocytes; Mye: myeloid cells; Granulo: 

granulocytes; Ery: erythroid cells; Mega: megakaryocytes. Violin plots of RNA counts 

of two hematopoietic progenitor markers PTPRC and RUNX1, and UMAP plots of two 

definitive and one primitive hematopoietic cell markers are shown in (D) and (E). (F–G) 

Violin plots of T-cell progenitor marker IL7R, and hematopoietic cell marker HOXB5 and 

NEO1 along different clusters are shown in (F) and (G). (H) VEcad-eGFP HOXB5-mCherry 

dual reporter H9 hPSCs were differentiated as illustrated in Fig. 4A. At different time points, 

HOXB5-mCherry expression was assessed by flow cytometry. Data are represented as mean 

± s. e.m of three independent replicates.
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Figure 7. 
In vitro and in vivo characterization of hPSC-derived AGM-like hematopoietic cells. 

(A–C) Day 12 hPSC-derived hematopoietic cells were co-cultured with OP9-DLL4 for 

immune T and natural killer (NK) cell differentiation. At different time points, expression 

of CD4/CD8 (A) and CD45/CD56 (B) was assessed by flow cytometry. (C) hPSC-NK 

cells were co-cultured with different cancer cells at the indicated effector-to-target ratios, 

and the corresponding percentages of lysis were shown. (D–H) eGFP+ hPSC-derived 

hematopoietic stem and progenitor cells (HSPCs) were transplanted into femur of irradiated 

immunodeficient NRG mice for the assessment of engraftment and repopulation potentials. 
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Engrafted human HSPCs were recorded at the indicated weeks (D) and representative 

flow plots of eGFP+ cells were shown in (E). The expressions of multi-lineage markers, 

including CD45 (F), CD4, CD8, CD33, GLY-A, and CD19 (G) in eGFP+ cells isolated from 

recipient peripheral blood (PB) and bone marrow (BM) were assessed by flow cytometry 

and quantified in (H). E: erythroid cells; M: myeloid cells; B: B cells; T: T cells. (I) 

Limiting dilution assay of hPSC-derived HSPCs during secondary transplantation. 103, 104, 

and 105 eGFP + cells isolated from bone marrow of primary recipients (#4 and #5) were 

transplanted to secondary recipients. Confidence intervals of 1/(stem cell frequency) were 

calculated by ELDA according to Poisson distribution. (J) A schematic model highlighting 

the specification of hPSCs to AGM-like hematopoietic cells by stage-specific modulation 

of Wnt with or without TGFβ signaling pathway. VEGF is required for endothelial 

specification of female hPSC lines.
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