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METHODS FOR GENERATING FUNCTIONAL 
HEMATOPOIETIC STEM CELLS 

CLAIM OF PRIORITY 

This application claims the benefit of U.S. Provisional Application Serial Nos. 

62/262,464, filed on December 3, 2015, and 62/332,853, filed on May 6, 2016. The 

entire contents of the foregoing are incorporated herein by reference. 

FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT 

This invention was made with Government support under Grant No. 

5K01DK085217, 2R03DK100672, and 5R01HL131645 awarded by the National 

Institutes of Health. The Government has certain rights in the invention. 

TECHNICAL FIELD 

Described herein are methods for preparing populations ofhematopoietic stem 

cells (HSCs), e.g., autologous and/or allogenic HSCs, using mechanical stretching or 

Trpv4 agonisists, and methods of use of the HSCs in transplantation. 

BACKGROUND 

HSC transplantation (HSCT) is widely used to treat patients with blood, bone 

15 marrow, metabolic, and immune diseases (1-5). Despite advances in umbilical cord 

and haplo-identical stem cell transplantation, the therapeutic use ofHSC 

transplantation is often restricted due to the difficulty of finding suitable human 

leukocyte antigen (HLA)-matched donors in a timely manner, especially in countries 

with ethnic minorities and lack of national unrelated donor registries (6-9). Although 

20 mixed-race persons account for 1.6 percent (9.7 million) of the U.S. population, 

multiracial volunteers make up only 3 percent (21,000) of the 7 million people on the 

registry, leaving 6,000 patients without a bone marrow match. Even if one finds a 

suitable match, immunologic complications such as graft-versus-host disease 

(GVHD), donor rejection, and high treatment-related mortality could compromise 

25 patient survival. However, these complications are eliminated by autologous 

transplant. Although autologous HSCs would not replace allogeneic HSCs entirely, 

especially in the context of hematologic malignancy, they would overcome major 

hurdles in HSCT including, lack of donor availability and GVHD for patients with a 
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broad span of malignant and non-malignant hematologic, immune, and metabolic 

disorders (3-5, 15). 

SUMMARY 

Described herein are methods for developing human hemogenic endothelial 

5 cell derived, clinical-grade HSCs for treating malignant and non-malignant 

hematologic, metabolic, and immune disorders. 

Thus, described herein methods for preparing populations of hematopoietic 

stem cells (HSC). The methods include providing a population comprising 

hemogenic endothelial (HE) cells, and (i) contacting the HE cells with an amount of 

1 o an agonist of transient receptor potential cation channel-subfamily vanilloid member 4 

(Trpv4); and/or (ii) subjecting the cells to cyclic 2-dimensional strectching, 

15 

for a time and under conditions sufficient to stimulating endothelial-to-RSC 

transition. 

In some embodiments, the subject does not have a hematological malignancy. 

Also provided herein are methods for treating subjects who have, bone 

marrow, metabolic, and immune diseases; the methods include administering to the 

subject a therapeutically effective amount ofhematopoietic stem cells (HSCs) 

obtained by a method described herein, e.g., a method comprising: providing a 

population comprising hemogenic endothelial (HE) cells, and (i) contacting the HE 

20 cells with an amount of an agonist of transient receptor potential cation channel-

subfamily vanilloid member 4 (Trpv4); and/or (ii) subjecting the cells to cyclic 2-

dimensional stretching, for a time and under conditions sufficient to stimulating 

endothelial-to-RSC transition. 

In some embodiments, the HE cells used in the methods described herein are 

25 obtained from induced pluripotent stem cells (iPSC), e.g., skin or CD34+ cells are 

first converted to induced pluripotent stem cells (preferably human iPSCs) using 

established methods. Then such human iPSCs are differentiated into human HE cells 

using methods known in the art and/or described herein. For example, differentiation 

of human iPSCs into EBs can occur in presence of drugs, growth factors, cytokine 

30 cocktails to induce hemogenic endothelial fate, followed by sorting of cells between 

day 7-9 and further incubation with an established cocktail to enrich HE cells. 

In some embodiments, the agonist of Trpv4 is selected from the group 

consisting of Arachidonic Acid, 5,6-EET, 8,9-EET, bisandrographolide A (BAA), 
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Phorbol ester (e.g., 4a-PDD and 4a-PDH), RN-1747, substituted 1,4-diaminobutane 

or 1,3-diaminopropane analogues; and GSK10116790A. 

In some embodiments, the HE cells or iPSC are obtained from a subject who 

has a blood, bone marrow, metabolic, or immune disease. 

5 In some embodiments, the agonist of Trpv4 is selected from the group 

10 

consisting of Arachidonic Acid, 5,6-EET, 8,9-EET, bisandrographolide A (BAA), 

Phorbol ester (e.g., 4a-PDD and 4a-PDH), RN-1747, substituted 1,4-diaminobutane 

or 1,3-diaminopropane analogues; and GSK10116790A. 

In some embodiments, the subject is a mammal, e.g., a human. 

In some embodiments, the subject has multiple myeloma; non-Hodgkin 

lymphoma; Hodgkin disease; acute myeloid leukemia; neuroblastoma; a germ cell 

tumor; an autoimmune disorder (systemic lupus erythematosus (SLE) or systemic 

sclerosis); or amyloidosis. 

Unless otherwise defined, all technical and scientific terms used herein have 

15 the same meaning as commonly understood by one of ordinary skill in the art to 

which this invention belongs. Methods and materials are described herein for use in 

the present invention; other, suitable methods and materials known in the art can also 

be used. The materials, methods, and examples are illustrative only and not intended 

to be limiting. All publications, patent applications, patents, sequences, database 

20 entries, and other references mentioned herein are incorporated by reference in their 

entirety. In case of conflict, the present specification, including definitions, will 

control. 

25 

Other features and advantages of the invention will be apparent from the 

following detailed description and figures, and from the claims. 

DESCRIPTION OF DRAWINGS 

Figures lA-G. Hematopoietic stem cells emerge despite inhibition of the 

shear-stress pathway and early circulation arrest. (A-B) Time-lapse confocal 

imaging of cd41 :eGFP+ HSCs emerging fromjlkl:mCherry+ endothelial cells in the 

control and cdh5-silenced embryos between 30-42 hpf, suggesting that the loss of 

30 cdh5, and thus impaired circulation, does not affect the endothelial emergence of 

cd4l:eGFP+HSCs (examples are marked with arrows). (C) qRT-PCRanalyses ofzf­

runxl and zf-c-Myb expression levels, demonstrating expression levels of HSC 

surrogate markers are normal despite the loss of cdh5 and inhibition of NOS pathway 
3 
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in cdh5-morphant embryos. (D-E) Confocal imaging of wild-type (control) 

flkl :mCherry and malbec: :jlkl :mCherry demonstrates that arteries and veins are 

formed in the absence of cdh5. (F-G) Time-lapse confocal imaging of lcr:eGFP+ red 

cell as well as flkl: mCherry+ vascular structure formation between 21-48 hpf. At 21 

5 hpf, red cells from primitive hematopoiesis are present in the AGM region. As soon as 

the heartbeat begins at 23 hpf, red cells begin circulating in control embryos and 

expression of endothelial markers is visible between 25-48 hpf, which demonstrates 

vasculature formation. In contrast, lcr:eGFP+ red cells are accumulated in the AGM 

region in the cdh5-morphants despite the beginning of a heartbeat and vascular 

1 o formation, demonstrating early circulation arrest. 

Figures 2A-E. cdh5-morphant embryos have normal heartrate, impaired 

cardiac output, and abnormal heart morphology. (A) Electrocardiography of the 

zebrafish heart in the control and cdh5-morphant embryos (0.2-0.4 mM), 

demonstrating that cdh5-morphants have a normal heartrate. (B) Cardiac output in the 

15 control and cdh5-morphant embryos (0.2-0.4 mM), demonstrating that the cdh5-

morphants have no cardiac output. (C) Micro-angiography of the cdh5-morphant, 

demonstrating that fluorescent dye injected in the cdh5-morphant heart is entrapped in 

the atrium of the heart, as seen with pericardia! edema. (D) Immunohistochemistry of 

hearts isolated from control and cdh5-morphant embryos using antibodies against 

20 cardiomyocyte myosin heavy chain (MF20) and endothelial cells (Flkl), suggesting 

that atrium, ventricle, and outflow tract are distorted. *P<0.05 

Figures 3A-C. Pulsation in blood vessels is due to heartbeat. (A) 3D 

Doppler analysis to measure pulse rate in wild-type and cdh5-morphant embryos, 

demonstrating that cdh5-morphants have normal pulse rate in the absence of blood 

25 flow. (B-C) Time-lapse confocal imaging of lcr:eGFP: :jlkl: mCherry in control 

embryos, followed by machine-learning (artificial intelligence) based measurement of 

motion-frequency correlation values of pulsating blood vessel, demonstrating that 

pulsation in blood vessels is synchronized with heartbeat and blood flow. 

Figure 4. Schematic representation of recapitulating 2D circumferential 

30 stretch conditions on Ell.5 A GM-derived sorted endothelial, hemogenic 

endothelial, vascular, and mesenchymal stromal cells using a standardized, 

custom-made bioreactor. We use a computer controlled vacuum pump system 

(FlexCell Tension System) attached to the nylon-membrane of a flexible-bottomed 
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culture plate, followed by analysis of the functional potential of emerging HSC using 

CFU, gene-expression, FACS, long-term engraftment (including serial transplant), 

and limiting dilution assays. 

Figures 5A-C. 2D circumferential stretch stimulates HSC formation. (A) 

5 Colony formation unit assay to measure multipotent GEMM colonies (marker of 

HSPCs) following 2D cyclic strain (6%, 24 h) and transient receptor potential cation 

channel-subfamily vanilloid member 4 (Trpv4) agonist (GSK10116790A, referred to 

herein as GSKlOl) treatment ofEll.5 AGM cells. (B) Percentage of CD45.2+ 

peripheral blood chimerism in static El 1.5 AGM, 2D cyclic strain-treated El 1.5 

10 AGM, and Trpv4 agonist (GSK 101) treatedAGM-transplanted recipients after 8 

weeks. Each recipient was transplanted with 2 e.e. AGM. (C) Quantitative lineage 

analysis of peripheral blood from mice transplanted with static Ell.5 AGM, 2D cyclic 

strain treated Ell.5 AGM, and Trpv4 agonist (GSK 101)-treated Ell.5 AGM after 8 

weeks. Increase in GEMM, % CD45.2 peripheral blood chimerism, and% multi-

15 lineage reconstitution demonstrated that 2D cyclic strain, and Trpv4 activation 

stimulate HSC formation in this customized organ-on-a-chip model. n=6; *P<0.05 vs 

static control. 

Fig. 6 A decision tree to interpret potential outcomes following 2D 

circumferential stretch application on Ell.5 AGM derived sorted cells. 

20 Figure 7. Inhibition of stretch-activated ion channels reduces HSC 

formation. qRT-PCR analyses of zf-runxl and zf-c-Myb expression in GdCb-, 

Ruthenium Red-, GSK205 (Trpv4 antagonist)-, and GSKlOl (Trpv4 agonist)-treated 

zebrafish embryos. *P<0.05 vs control; n=l20 in each group. 

Figures 8A-D. Activation of Trpv4 enhances HSPC formation in normal 

25 embryos and rescues HSC formation in silent heart (sih) embryos. Whole-mount 

in situ hybridization for HSPC marker ( c-myb) expression demonstrates that the 

incubation of control embryos with Trpv4 agonist (GSKlOl) enhances HSPC 

formation (Fig. 8A vs 8B), whereas the incubation of silent heart (sih)-MO embryos 

with Trpv4 agonist (GSKlOl) rescues HSPC formation (Fig. 8A vs 8C vs 8D). n=l20 

30 in each group; examples of c-myb+ HSPC clusters are denoted by arrows. 

Figures 9A-B. Activation of Trpv4 stimulates HSPC formation. (A) 

Schema of mouse Ell.5 AGM-derived hemogenic endothelial cell in explant culture 

with stretch-sensitive ion channel modulators followed by analyses of their 
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hematopoietic function. (B) We used an explant culture system to incubate whole 

El 1.5 AGM with a non-specific inhibitor of stretch activated ion channel (SAC) 

(GdC13), pan-inhibitor ofTrpv (Ruthenium Red; R.R.), Trpv4 agonist (GSKlOl and 

4a-PDD), Trpv4 antagonist (GSK205), as well as Trpv4 agonist (GSKlOl) and CREB 

5 phosphorylation inhibitor (KT5720) for 24 hr followed by colony formation assays. 

We found that activation ofTrpv4 stimulates multipotent progenitor (GEMM) 

formation, whereas inhibition of SAi and Trpv4 attenuates GEMM formation. We also 

established that inhibition of CREB phosphorylation (KT5720) attenuates stimulating 

impact ofTrpv4 agonist (GSKlOl) in HSPC formation. n=8; *P<0.05 vs static 

10 control; **P<0.05 vs GSKlOl treatment. 

Figures lOA-D. Schematic representation of the ex vivo mouse embryo 

culture with stretch-activated ion channel modulators followed by analyses of 

their hematopoietic function. We have optimized conditions to culture mouse 

embryo(s) from E9.5 to El0.5 (A), El0.5 to Ell.5 (B), and El0.5 to El2.5 (C) using 

15 our customized mouse embryo incubation unit. We verify the growth of embryos by 

counting the number of somites at each developmental stage and analyse 

hematopoietic function (D). 

20 

Figure 11: Proposed mechanism(s) for HSC formation following the 

Trpv4 activation. 

DETAILED DESCRIPTION 

During fetal development, a subset of endothelial cells in the aorta-gonad­

mesonephros (AGM), termed hemogenic endothelial cells, change their fate to 

become HSCs that ultimately colonize the fetal liver and bone marrow (10, 11). 

However, the identities of the factors stimulating hemogenic endothelial cells remain 

25 elusive, limiting the utility of hemogenic endothelial cells as a potential source of 

functional HSCs. Blood flow-mediated shear-stress on the endothelial lining is the 

only known biomechanical force stimulating the endothelial emergence ofHSCs (12, 

13). Using Cdh5-null zebrafish and murine models, it was recently established that 

functional HSCs emerge despite early circulation arrest (14). These cdh5-silenced 

30 models were used as a pivot to study shear-stress independent biomechanical forces 

triggering functional HSC emergence, to investigate additional mechanisms by which 

pulse-pressure-mediated circumferential stretch governs HSC emergence. 

6 
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Attempts to generate HSCs from hemogenic endothelial cells in the laboratory 

have been largely unsuccessful, in part due to a lack of knowledge about factors that 

stimulate HSC emergence from hemogenic endothelial cells. 

As described herein, micro-angiography, echocardiography, 3D digital 

5 Doppler ultrasound, and time-lapse confocal imaging established that circumferential 

vascular stretch due to pulsations from a beating heart triggers functional HSCs to 

emerge from hemogenic endothelial cells, which can ultimately engraft and 

differentiate into definitive lineages. In addition, the activation of stretch-sensitive 

transient receptor potential cation channel-subfamily vanilloid member 4 (Trpv4) 

1 o channels rescued HSC formation in silent heart (tnnt2; sih)-silenced embryos in the 

absence of heartbeat and blood flow. 

The present findings establish new ex vivo methods (employing 2D 

circumferential stretch) and novel pharmacological target(s) (Trpv4 and/or modulators 

of the immediate early response genes (IEGs, a class of transcriptional factors; CREB, 

15 c-Fos, Elkl, NFAT)) to stimulate functional HSC formation. The present methods 

allow for the establishment of hemogenic endothelial cells as a bone marrow­

independent source of functional HSCs in the treatment of blood, bone marrow 

failure, metabolomics, and immune disorders. 

The unbiased zebrafish genetic screen described herein investigated the origin 

20 and development of hematopoietic cells, and led to the identification of new cell­

extrinsic and -intrinsic factors that could stimulate the endothelial transition to HSCs 

in zebrafish, mouse, and human. Blood flow- and shear-stress-mediated activation of 

NOS have been implicated as a trigger for HSC emergence from the hemogenic 

endothelium during fetal development (12, 13). Under this model, one might predict 

25 that the absence of blood flow would compromise hematopoietic cell formation. 

Using zebrafish and mouse models, it however was established that functional HSCs 

emerge in the absence of blood flow (14). To analyze novel biomechanical forces 

stimulating the endothelial-to-RSC transition, the present experiments illustrated that 

pulse-pressure-mediated circumferential stretch stimulated functional HSC formation 

30 via the activation of Trpv4 signaling, and establish circumferential stretch as a novel 

biomechanical force and Trpv4 as a novel molecular mechanism stimulating the 

endothelial emergence ofHSCs. Thus, the present methods provide a platform to use 
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hemogenic endothelial cells as a new and safe source of functional HS Cs in the 

treatment of human blood, immune, metabolic, and bone-marrow failure diseases. 

The present disclosure describes how the hemogenic endothelium transitions 

to HSCs during fetal development, and provides methods to recapitulate this process, 

5 at least in part. As demonstrated herein, HSCs emerge, migrate, self-renew, engraft, 

and differentiate despite impaired blood circulation and/or NOS inhibition. Therefore, 

blood flow- and shear stress-independent, cell-extrinsic mechanisms regulating 

endothelial emergence and development ofHSCs must exist. Micro-angiography, 

confocal imaging, 3D Doppler ultrasound, gene-expression analyses, and 

1 o echocardiography data demonstrated that pulse-pressure-mediated circumferential 

stretch stimulates the endothelial transition to HSCs. An organ-on-a-chip was used to 

recapitulate in situ circumferential stretch conditions on mouse El 1.5 AGM and/or 

AGM-derived endothelial, hemogenic endothelial, hematopoietic, vascular, and 

mesenchymal stromal cells. The circumferential stretch activates Trpv4 ion channels, 

15 which are expressed on endothelial and hematopoietic tissues. In addition, Trpv4 

activation increases HSC formation and rescues hematopoiesis in silent heart-silenced 

embryos. The identification of circumferential stretch as a new biomechanical, cell­

extrinsic factor stimulating HSC emergence will model the hemogenic endothelium as 

a potential source of functional HSCs. 

20 Hemogenic Endothelial Cells 

The present methods include the use ofhemogenic endothelial cells to 

generate HSC. The hemogenic endothelial cells (e.g., Flkl + CD45+ cells, 

Flkl+CD41+ cells or CD3l+CD43+ cells) can be obtained in any manner, including 

from an allogeneic donor or from the subject to be treated with the HSC (i.e., 

25 autologous hemogenic endothelial cells, e.g., generated from iPSC created using cells 

from the recipient). Methods for isolating hemogenic endothelial cells are known in 

the art, and include generation from human pluripotent stem cells. See, e.g., 

Example 3 herein and Ditadi et al., Nature Cell Biol. 17(5) 580-591 (2015); 

Nakajima-Takagi et al., Blood. 2013;121(3):447-458; Zambidis et al., Blood. 2008 

30 Nov l; 112(9):3601-14 and Park et al., Cytometry A. 2013 Jan; 83(1): 114-126 

(human embryoid body (hEB)-based hemato-endothelial differentiation methods for 

efficient hiPSC differentiation); Choi et al., Cell Rep. 2012 Sep 27; 2(3): 553-567. 

(hPSC differentiation in coculture with OP9); Sandler et al., 2014 July 17; 
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511(17509):312-318 (endothelial cells to hematopoietic cells); see also Sluvkin, 

Blood 2013 122:4035-4046. 

Generating HSC from Hemogenic Endothelial (HE) Cells 

The present methods can be used to generate HSC from HE cells in vitro, and 

5 can include incubating the cells in the presence of Trpv4 agonists and/or subjecting 

the cells to stretch, e.g., to cyclic stretching. 

Trpv4 Agonists 

Trpv4 is a member of the TRPV subfamily of Transient Receptor Potential 

(TRP) ion channels. The channel can be activated by physical stimuli (e.g., cell 

10 swelling or stretch and innocuous warming, e.g., to about 27-35°C) and by chemical 

ligands including Arachidonic Acid and 5,6-EET and 8,9-EET (Watanabe et al., 

Nature 424:434-438 (2003), (Vincent and Duncton, Current topics in medicinal 

chemistry 11(17):2216-26 (2011)); bisandrographolide A (BAA, Smith et al., J Biol 

Chem 281:29897-29904 (2006)); Phorbol esters such as 4a-PDD and 4a-PDH 

15 (Watanabe et al., J Biol Chem 277: 13569-13577 (2002); Vincent and Duncton, 

Current topics in medicinal chemistry 11(17):2216-26 (2011)); RN-1747; substituted 

1,4-diaminobutane or 1,3-diaminopropane analogues (Vincent and Duncton, Current 

topics in medicinal chemistry 11(17):2216-26 (2011)); and GSK10116790A 

(Thomeloe et al., J Pharmacol Exp Tuer 326:432-442 (2008)). See, e.g., compounds 

20 disclosed in Vriens et al., Mol Pharmacol 75 (6)1262-1279 (2009); Vriens et al., Curr 

Neuropharmacol. 6(1): 79-96 (2008); Vincent and Duncton, Current topics in 

medicinal chemistry 11(17):2216-26 (2011); W02007098393; W02007030761; 

W02006105475; W02007070865; W02007082262; W02007082262; and Jeong et 

al., In 238th ACS National Meeting, Washington, DC, United States, August 16-20, 

25 2009; Washington, DC, United States, 2009; MEDI-392. 

Stretch 

Alternatively or in addition, mechanical means can be used to apply stretching 

forces to the cells. For example, a computer controlled vacuum pump system (e.g., 

the FlexCell™ Tension System) attached to a nylon-membrane of a flexible-bottomed 

30 culture plate can be used to apply 2D circumferential stretch ex vivo to HE-derived 

cells under defined and controlled cyclic strain conditions, e.g., as described herein. 

9 
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Methods of Use 

The methods described herein can be used to generate populations ofHSC for 

use in transplantation protocols, e.g., to treat blood (malignant and non-malignant), 

bone marrow, metabolic, and immune diseases. In some embodiments, the HSC are 

5 derived from autologous cells, e.g., generated from iPSC created using cells from the 

recipient subject. In some embodiments, e.g., wherein autologous-derived cells are 

used, the recipient subject has a condition selected from multiple myeloma; non­

Hodgkin lymphoma; Hodgkin disease; acute myeloid leukemia; neuroblastoma; Germ 

cell tumors; autoimmune disorders (systemic lupus erythematosus (SLE), systemic 

1 o sclerosis); amyloidosis; or other condition treatable using an autologous HSC 

transplant. In some embodiments wherein autologous-derived cells (e.g., wherein the 

HSC are generated from cells from the recipient subject) are used, the recipient 

subject does not have a hematological malignancy. In some embodiments, the 

recipient subject has Acute myeloid leukemia; Acute lymphoblastic leukemia; 

15 Chronic myeloid leukemia; Chronic lymphocytic leukemia; Myeloproliferative 

disorders; Myelodysplastic syndromes; Multiple myeloma; Non-Hodgkin lymphoma; 

Hodgkin disease; Aplastic anemia; Pure red-cell aplasia; Paroxysmal nocturnal 

hemoglobinuria; Fanconi anemia; Thalassemia major; Sickle cell anemia; Severe 

combined immunodeficiency (SCID); Wiskott-Aldrich syndrome; Hemophagocytic 

20 lymphohistiocytosis; Inborn errors of metabolism; Epidermolysis bullosa; Severe 

congenital neutropenia; Shwachman-Diamond syndrome; Diamond-Blackfan anemia; 

or Leukocyte adhesion deficiency; in these embodiments, preferably allogeneic­

derived cells (e.g., HSC generated from cells from a subject other than the recipient 

subject, e.g., a subject who is matched with the recipient subject based on blood type 

25 and Human leukocyte antigen (HLA) typing) are used. 

30 

The methods can include administering the HSC generated using a methods 

described herein to a subject, e.g., by intravenous infusion or intrabone marrow 

transplantation. The methods can be performed following myeloablative, 

nonmyeloablative, or immunotoxin-based (e.g. anti-c-Kit, etc.) conditioning regimes. 

EXAMPLES 

The invention is further described in the following examples, which do not 

limit the scope of the invention described in the claims. 

10 
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EXAMPLE 1: Analysis of the cellular physiology of the effects of 

circumferential stretch on the endothelial emergence of HSCs. 

Introduction 

During embryonic development, blood flow generates shear stress on the 

5 ventral wall of the aortic endothelial lining and stimulates the endothelial transition to 

HSCs (12). Shear stress further activates the endothelial NOS pathway, which triggers 

the endothelial emergence ofHSCs (13). It was recently demonstrated that functional 

HSCs emerge, develop, engraft, and reconstitute multi-lineage adult blood in the 

absence of active blood-circulation (14). Therefore, this example investigated new 

10 cell-extrinsic mechanisms stimulating the endothelial emergence ofHSCs. Using 3D 

Doppler ultrasound, micro-angiography, echocardiography, and confocal imaging, we 

demonstrated that pulse-pressure generates circumferential stretch on blood vessels 

(Figs. 1-3). We developed AGM-on-a-chip to recapitulate circumferential stretch 

conditions ex vivo by applying cyclic strain on a single-cell suspension of E 11.5 

15 AGM-hemogenic endothelial cells overlaid on a flexible nylon membrane of the 

FlexCell well (Fig. 4). We found that 2D circumferential stretch on El 1.5 AGM cells 

stimulated HSC formation (Fig. 5). 

Research Design 

In mice, HSCs begin to emerge from AGM-hemogenic endothelial cells 

20 between El0.5 and El2.5. These HSCs colonize the fetal liver between El2.5 and 

El5.5, and ultimately engraft in the bone marrow and reconstitute multi-lineage blood 

(10, 21-26). We harvested El0.5 or 11.5 embryos from time-mated pregnant mice, 

dissected the AGM, and made a single-cell suspension to sort endothelial, hemogenic 

endothelial, hematopoietic, vascular, and/or mesenchymal stromal cells. 

25 To recapitulate in situ circumferential stretch conditions using AGM-derived 

cells, we used the FlexCell FX-5000 Tension System based organ-in-a-dish (a.k.a. 

organ-on-a-chip or bioreactor) approach. Our computer-regulated, vacuum pressure 

based bioreactor generates 2D circumferential stretch ex vivo on AGM-derived cells 

by applying defined and controlled cyclic strain conditions on cells growing on the 

30 nylon-membrane of a flexible-bottomed culture plate (Fig. 4). 

We first coated each well of the 6-well FlexCell plate using 

Fibronectin/Matrigel and allowed it to settle on the nylon membrane of each well. 

Then we seeded two embryo equivalent (e.e.) single-cell suspension of AGM 

11 
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(composed of endothelial, hemogenic endothelial, hematopoietic, vascular smooth 

muscle (VSMCs), and mesenchymal stromal cells)-derived cells in each FlexCell 

well, with a coating of Fibronectin/Matrigel allows A GM-derived (sorted or not 

sorted) cells to adhere to the bottom of the well. We filled each well with an explant 

5 culture medium containing Myelocult and growth factors (27, 28). We put these 6-

well plates into the FlexCell machine and applied cyclic strain (4-12%) for 6-48 hours 

using customized pins hooked to the bottom of each well. We inserted the customized 

rubber gasket in several wells to simulate static control conditions as well. Next we 

added drugs modulating the stretch-activated ion channel signaling in a few wells 

1 o undergoing the external cyclic strain. After 6-48 hours of external stimulation of 

circumferential stretch, we harvested AGM-derived cells from the FlexCell plate and 

analyzed their capacity to make hematopoietic cells: (I) We performed CFU assays 

using Methocult media to count multi-potential granulocyte, erythroid, macrophage, 

megakaryocyte progenitors (GEMM), granulocyte-macrophage progenitors (CFU-

15 GM, CFU-M, CFU-G), and erythroid progenitor (BFU-E) colonies after seven days of 

seeding AGM derived sorted cells. (II) We analyzed the expression levels of Runxl, 

c-Myb, Lmo2, Gata2, CDJ 44, and Gata]. (Ill) We also stained AGM-derived cells 

with fluorescently labeled conjugated antibodies to measure the expression levels of 

Flkl, CD144, CD41, c-Kit, & CD45.2. (IV) We injected two e.e. AGM (donor; 

20 CD45.2)-derived cells in sub-lethally irradiated CD45. l (SJL; recipient) mice. We 

analyzed long-term engraftment and multi-lineage reconstitution potential of donor 

cells for 16 weeks followed by serial-transplantation to differentiate between HSCs 

and hemogenic endothelial cells. (V) We also performed limiting dilution assays to 

analyze the number ofHSCs generated per AGM-derived cell following 2D 

25 circumferential stretch. 

Results 

An unbiased zebrafish chemical mutagenesis screen yielded malbec, a mutant 

for vascular endothelial cadherin (ve-cdh, cdh5). Cdh5 is a cell-adhesion molecule 

that helps preserve endothelial permeability and the integrity of the endothelial lining 

30 (16-18). The loss of cdh5 resulted in no cardiac output and impaired active blood 

circulation. malbec, cdh5-morphant embryos, Cdhs-1-Gjp+:Cdhs+1+Gjjx chimera, and 

Cdh5fllfl:Scl-Cre-ERT mouse embryos had normal primitive and definitive 

hematopoiesis despite early circulation arrest (14). 

12 
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In zebrafish the heart begins to beat around 23 hpf, the blood circulation 

begins at approximately 24-26 hpf, and definitive HSCs emerge from hemogenic 

endothelial cells in the AGM region between 26-48 hpf (11). Blood flow generates 

shear-stress on the ventral wall of the aortic endothelium and stimulates the 

5 endothelial-to-RSC transition by activating the NOS pathway (12, 13). When we 

performed time-lapse confocal imaging of both the control and the cdh5-silenced 

cd4l:eGFP::jlkl:mCherry embryos between 30-48 hpf, we found cdh5-silenced 

cd41 :eGFP/ow HSCs emerging fromjlkl :mCherry+ endothelial cells despite early 

circulation arrest (Fig. lA-B). In addition, we incubated cdh5-silenced embryos in the 

10 presence ofL-NAME, a pharmacological inhibitor of NOS (12), between 19-48 hpf. 

We found that NOS inhibition did not abolish HSC formation in the cdh5-silenced 

embryos (Fig. IC). Thus, HSCs would emerge from hemogenic endothelial cells, 

despite impaired circulation and NOS inhibition. These striking data led us to 

investigate shear stress-independent biomechanical and molecular mechanisms 

15 responsible for the endothelial transition to HSCs. 

To document whether circulation is impaired in the cdh5-silenced embryos, 

we analyzed the vascular structure and blood circulation in the cdh5-silenced 

embryos. We first performed confocal imaging of blood vessels in the control and in 

the cdh5-silencedflkl :mCherry embryos. We found that both arteries and veins were 

20 intact in cdh5-silenced embryos (Fig. lD-E). Next, we analyzed the circulation ofred 

blood cells in blood vessels before and after the heart begins to beat using time-lapse 

confocal imaging of the control and cdh5-silenced lcr:eGFP:: flkl :mCherry embryos. 

We found that lcr:eGFP+ red cells were accumulated in blood vessels of cdh5-

silenced embryos even after the heart begins to beat (Fig. lF-G). These data 

25 demonstrate that cdh5-morphants did not have active circulation despite the formation 

of blood vessels. 

To begin analyzing the morphology and function of the two-chamber heart in 

the cdh5-silenced zebrafish embryo, we performed micro-angiography, 

immunohistochemistry, echocardiography, and electrophysiology assessment of the 

30 cdh5-morphant heart. We used electrophysiology and echocardiography to 

demonstrate that heart rate in the cdh5-morphant was comparable to the control (Fig. 

2A), but stroke volume was near null in cdh5-morphants. We, therefore, found that 

cardiac output(= stroke volume X heartrate) was impaired in cdh5-morphants as well 
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(Fig. 2B). We injected fluorescent beads into the hearts of the cdh5-morphants and 

followed their passage. Unlike the control embryos, we found that the fluorescent 

beads did not enter into the main aortic circulation in the cdh5-morphant embryos 

because they were trapped in the heart (Fig. 2C-D). To examine the structural 

5 integrity of the heart, we isolated hearts from the control and cdh5-silenced 

flkl:mCherry::cmlc2:eGFP embryos and performed immunohistochemistry for 

endothelial lining (GFP) and cardio-myocytes (MF20). We found that the atrium, 

atrioventricular (AV) valve, ventricle, and outflow tract are formed in cdh5-

morphants, are contracting, but are elongated and distorted (Fig. 2E). In addition, we 

1 o observed a significant pericardia! edema in cdh5-morphant cardiac cavities, which 

may be due to the back-flow of blood from the heart (Fig. 2C). The accumulation of 

fluid in the pericardia! space results in a reduced ventricular filling and a subsequent 

hemodynamic compromise (19, 20). To examine whether cardiac tamponade is a 

factor in the accumulation of fluid in the pericardia! space, we punctured the cardiac 

15 cavity (as in pericardiocentesis) and aspirated pericardia! fluid to reduce the fluid­

pressure buildup on the heart. However, we could not rescue the cardiac output 

deficiency of the cdh5-morphant heart (video data not shown). These data 

demonstrate that heartbeat is normal in cdh5-morphants, but their cardiac output is 

impaired due to structural defects in the heart, resulting in accumulation of blood in 

20 the pericardia! cavity. 

Although the heart was beating and blood vessels had formed, cardiac output 

was near zero and blood cells were not actively circulating in blood vessels. Thus we 

focused on shear stress-independent biomechanical cues stimulating HSC emergence 

in blood vessels. Surprisingly, we found that blood vessels were pulsatile, despite a 

25 lack of blood flow. These striking data led us to investigate whether pulsation in 

blood vessels is due to their inherent properties, as is seen with lymphatic vessels, or 

whether it is due to pulse-pressure generated by the heartbeat. Therefore, we used 3D 

digital Doppler to measure pulsation frequency in the control embryos and the cdh5-

morphants. We found normal pulse-frequency, but a lower amplitude in cdh5-

30 morphants compared to the control (Fig. 3A). Since the amplitude of pulse-rate is 

governed by heartbeat and blood flow, the lower amplitude in the cdh5-morphants 

was expected due to an absence of blood flow. However, it is believed both the 

control and cdh5-morphants had optimum pulse frequency to develop circumferential 
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stretch on blood vessels. Thus, cdh5-morphant embryos become a pivot for us to 

investigate the role of pulse-pressure mediated circumferential stretch on the 

endothelial emergence ofHSCs. 

To document that biomechanical mechanisms independent of circulation and 

5 shear stress are active in wild type embryos as well, we performed time-lapse 

confocal imaging of the pulsating blood vessels injlkl :mCherry: :lcr:eGFP embryos 

to investigate the origin of pulsation and to examine whether pulsation in blood 

vessels is synchronous with heartbeat (Fig. 3B). We subsequently used machine­

leaming algorithms (artificial intelligence) to measure individual motion frequency-

1 o correlation values from the flkl: mCherry channel, which depicts pulsating blood 

vessels, and the lcr:eGFP channel, representing red cells in blood circulation (Fig. 

3C). When we superimposed motion frequency-correlation values of GFP and 

mCherry channels, we found that their frequencies overlap. These data eliminate the 

possibility that pulse is an inherent property of blood vessels. Thus, heartbeat 

15 mediated pulse-pressure causes blood vessels to oscillate, which subsequently creates 

circumferential stretch. Since HSCs emerged in the absence of active blood 

circulation, we studied the direct effect of circumferential stretch on hemogenic 

endothelial cells in HSC formation. 

In summary, these analyses illustrate that heartbeat and pulse-mediated 

20 circumferential stretch stimulate the endothelial emergence of functional HSCs. 

Using a customized bioreactor based on organ-on-a-chip (Fig. 4), we applied 

2D circumferential stretch (6% cyclic strain, 24 hr) to a single cell suspension of two 

e.e. El 1.5 AGM cells. In parallel, we also incubated two e.e. El 1.5 AGM static cells 

with Trpv4 agonist (GSKlOl (29)). We found that both 2D circumferential stretch 

25 and Trpv4 agonist treatment not only enhanced GEMM formation, but increased the 

percentage of engraftment and multi-lineage reconstitution. These data demonstrate 

that 2D circumferential stretch and the activation of Trpv4 channels on El 1.5 AGM­

derived cells can enhance functional HSC formation. 

30 Mouse AGM is a heterogeneous tissue. To further dissect the role of 

circumferential stretch at the cellular level, we sort the endothelial cells, hemogenic 

endothelial cells, vascular smooth-muscle cells, mesenchymal stromal cells, and 

hematopoietic cells from El 1.5 AGM using fluorescence activated-cell sorting 
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(FACS) or magnetic activated-cell sorting (MACS). We overlay a single cell 

suspension of each cell type on a FlexCell well, apply 2D circumferential stretch, and 

analyze CFU formation capacity, gene expression changes (FACS and qRT-PCR), 

limiting dilution, as well as long-term engraftment and multi-lineage reconstitution 

5 capacity, followed by serial transplant assays (Fig. 4, 6). 

We also analyze whether the circumferential stretch-mediated endothelial to 

HSC transition is due to cross-talk between endothelial or hemogenic endothelial cells 

with VSMCs or mesenchymal cells of the AGM. Therefore, we apply 2D cyclic strain 

on A GM-derived endothelial cells or hemogenic endothelial cells premixed with 

1 o VSMCs or mesenchymal cells, followed by HSC functional assays (Fig. 4, 6). 

To exclude potential noise from hemogenic endothelial cells engraftment and 

distinguish between hemogenic endothelial cells and HSCs, we perform a limiting 

dilution and self-renewal (serial long-term transplant) assays (Fig. 4, 6) using 

established methods (14, 30-32). 

15 The processes of the hemogenic specification of endothelial cells and the 

endothelial emergence ofHSCs are dynamic and complimentary (13, 14, 24-26). As 

demonstrated herein, HSCs emerge, develop, engraft, and differentiate in the absence 

of active blood circulation due to shear stress-independent mechanisms. We have 

already successfully optimized experimental conditions for recapitulating controlled 

20 2D circumferential stretch conditions on growing cells in the FlexCell Tension 

System (Fig. 4, 5). Since a heartbeat causes pulsation in blood vessels and thus 

generates circumferential stretch (Fig. 1-3), an ex vivo reconstitution of 

circumferential stretch could emerge as a stand-alone, additive, or synergistic cell­

extrinsic, biomechanical force stimulating the endothelial transition to HSCs. 

25 Since 2D circumferential stretch on a single cell suspension of E 11.5 AGM 

cells stimulated HSC formation (Fig. 5), 2D circumferential stretch applied to sorted 

hemogenic endothelial cells is expected to increase HSC formation as well. 

The reprogramming of human endothelial cells to hematopoietic cells requires 

vascular induction (33). Additionally, the vascular niche promotes hematopoietic 

30 multipotent progenitor formation (34). Therefore, it is expected that 2D 

circumferential stretch on endothelial or hemogenic cells pre-mixed with sorted 

VSMCs would have substantially higher hemogenic impact than 2D circumferential 

stretch on endothelial or hemogenic endothelial cells alone. 

16 



WO 2017/096215 PCT/US2016/064706 

We first differentiate human induced pluripotent stem cell (hiPSC) into 

embryonic bodies (EBs) and then treat them with drugs and growth factors to induce 

mesoderm and subsequently hematopoietic and endothelial specification (see 

Example 3). Between day 7-8 of EB differentiation, we sort CD34+CD43- cells and 

5 treat them with drugs and growth factors for seven days to enrich hemogenic 

endothelial cells. Then we seed human hemogenic endothelial cells (35) on a flexible 

nylon membrane and test whether 2D ex vivo circumferential stretch stimulates their 

hematopoietic cell formation potential using CFU assays, gene-expression analyses, 

and transplant into NOD-SCID immunocompromised mice. 

1 o EXAMPLE 2: Examine the molecular mechanisms underlying Trpv4 

signaling during HSC formation. 

Introduction 

The impact of circumferential-stretch is communicated by member(s) of the 

Kl-selective family, Trp-family, ENaC/DEG family, and/or Piezo family (36-39). 

15 Our gene-expression analyses demonstrate that Trpv4 is expressed in both endothelial 

and hematopoietic cells. Therefore, we investigated the role of Trpv4 in the 

endothelial to HSC transition. We demonstrated that the non-specific inhibition of 

stretch-activated ion channels (40, 41) and Trpv family channel (41, 42), as well as 

the targeted inhibition ofTrpv4 (42) reduced the expression of markers for and 

20 numbers ofHSPCs in zebrafish and mice (Fig. 7, 9). We also established a functional 

link between trpv4 signaling and HSC generation, by demonstrating that the 

activation oftrpv4 channels (29) increased HSC formation in zebrafish and mice (Fig. 

7, 8A-B, 9) while rescuing hematopoietic deficiency in sih (tnnt2)-silenced embryos, 

in the absence of heartbeat and blood flow (Fig. 8A, C-D). 

25 We analyze the functional potential of additional HSCs generated following 

Trpv4 activation by performing zebrafish embryo-to-embryo transplant as well as ex 

vivo culture of El0.5 mice embryos, followed by long-term engraftment and a multi­

lineage reconstitution assay. 

It is our expectation that the stimulation of the stretch-activated Trpv4 ion 

30 channels will be a giant leap towards exploiting patient-derived endothelial cells as a 

source of clinical-grade HSCs in the treatment of malignant and non-malignant 

disorders of blood and bone marrow. 
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Results 

To demonstrate whether the activation of stretch-activated ion channels 

influences HSC emergence, we incubated zebrafish embryos with a non-specific 

inhibitor of the stretch-activated ion channels (SAC) (Gadolinium Chloride, GdCb; 

5 (40)) between 19-42 hpf. Using zebrafish WISH and quantitative RT-PCR, we found 

that the expression ofHSPC surrogate markers, runx:l and c-myb, were reduced (Fig. 

7) in GdCb-treated zebrafish embryos. These data demonstrate that cell-signaling 

triggered by stretch-activated ion channels regulates the endothelial emergence of 

HS Cs. 

1 o An impact of circumferential stretch is communicated by member( s) of the 

Kl-selective superfamily, Trp-superfamily, ENaC/DEG superfamily, and/or Piezo 

family (36-39). In silica gene-expression analyses demonstrated that Trpv4 is 

expressed in both endothelial and hematopoietic cells. However, the direct role of 

Trpv4 in HSC emergence has not been established. We therefore treated zebrafish 

15 embryos with a pan-inhibitor ofTrpv channels (Ruthenium RED; (41)), Trpv4 

antagonist (GSK 205; (42)), and Trpv4 agonist (GSKlOl; (29)) between 19-42 hpf, 

followed by qRT-PCR and WISH for HSPC surrogate markers (c-myb and runxl). 

Upon pan-inhibition of the Trpv family channels (using Ruthenium Red (41)), or 

specific inhibition ofTrpv4 (using Trpv4 antagonist; GSK205; (42)), we found a 

20 reduction in runxl and c-myb expression (Fig. 7). We further demonstrated that the 

incubation of control embryos with trpv4 agonist (GSKlOl; (29)) increased the 

expression ofHSPC markers, c-myb (Fig. 7, 8A-B) and runxl. These data implicate 

the activation of Trpv4 ion channels as key signaling factors in HSC emergence. 

Together, these findings demonstrate that circumferential stretch stimulates Trpv4 

25 signaling and thus triggers the endothelial emergence ofHSCs. 

Silent heart cardiac troponin (sih, tnnt2)-mutant embryos lack heartbeat and 

blood circulation (43). We and others (12) have demonstrated that sih-embryos lack 

expression ofhematopoietic stem progenitor cell (HSPC) markers, such as c-myb 

(Fig. 8A vs. 8C) and runxl (data not shown). Because heartbeat-mediated pulse 

30 pressure on blood vessels stimulates HSC emergence, we studied whether the 

activation of the Trpv4 ion channels triggers HSC formation in the absence of a 

heartbeat and blood circulation. We therefore incubated sih-silenced embryos (casper 

or cd4l:eGFP:.jlkl:mCherry) with trpv4 agonist (GSKlOl) between 19-42 hpf. We 
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demonstrated that trpv4 agonist (GSKlOl) rescues hematopoietic stem progenitor cell 

(HSPC) formation in sih-embryos based on the mRNA expression levels of runxl and 

c-myb using WISH (Fig. 8A, 8C, vs 8D) and qRT-PCR techniques. We also 

established that trpv4 activation rescues the formation of cd4 l: eGFP+ HS Cs in trpv4-

5 agonist treated sih-silenced cd4 l-eGFP:jlkl-mCherry embryos. 

In mice, the first heartbeat occurs at E8.25, and HSCs begin to emerge from 

AGM-derived hemogenic endothelium between El0.5-El2.5 (10, 11). To investigate 

whether circumferential stretch-activated ion channels are also involved in 

mammalian HSC emergence, we incubated El 1.5 AGM with non-specific SAC 

10 channels inhibitor (GdCb) and pan-Trpv channel inhibitor (Ruthenium Red) in 

explant culture media and analyzed their hematopoietic CFU capacity, and the 

expression of endothelial and hematopoietic genes (CD41, CD45.2, c-Kit, Flkl, 

CD144). We found that GdCb and Ruthenium Red reduced the expression of 

hematopoietic genes (data not shown) and GEMM colony formation capacity (Fig. 

15 9B). These data demonstrate that the circumferential stretch-signaling pathway in 

HSC emergence and development is conserved in mammalian systems. 

To further investigate the influence of Trpv4 on HSC formation from 

hemogenic endothelial cells, we incubated El 1.5 AGM (28) with Trpv4 agonist 

(GSKlOl, 4a-PDD (44)) and Trpv4 antagonist (GSK 205) for 24-48 hr (Fig. 9). We 

20 found that the pharmacological activation ofTrpv4 stimulated multipotent GEMM 

formation whereas the inhibition of Trpv4 attenuated multipotent GEMM formation 

(Fig. 9B). These data demonstrate that modulation of the Trpv4 channel regulates the 

endothelial cell-transition-to HSCs. 

In summary, the data highlight that the activation of Trpvr4, a circumferential-

25 stretch signaling molecule, stimulates the endothelial transition to HSCs. Thus, these 

findings establish the pharmacological activation of Trpv4 as a new avenue to 

stimulate HSC formation. 

Example 2A: Investigate the functional utility of HSCs generated after the 

Trpv4 activation. 

30 Rationale, Strategies, and Analytical Plan: The circumferential stretch 

activates trpv4 on endothelial cells (45). Here we demonstrate that circumferential 

stretch mediated trpv4 activation stimulates the endothelial-to-RSC transition. To 

show that HSCs produced following Trpv4 activation are functional, we incubate 
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zebrafish embryos with Trpv4 agonists followed by embryo-to-embryo HSC 

transplant as well as ex vivo incubation of El0.5 mouse embryos with Trpv4 agonists, 

followed by AGM transplant. 

Zebrafish Functional Assays and Embryo-to-Embryo HSC Transplantation: 

We utilize zebrafish transgenic lines, cd4 l :eGFP for HS Cs and flkl: mCherry 

for endothelial cell expression analyses (14). We inject trpv4-morpholino in zebrafish 

embryos and/ or incubate cd4 l: eG FP:: flkl: mChe rry transgenic embryos with trpv4 

agonists (GSKlOl, 4a PDD), between 19 and 42 hpf of development. At 42 hpfwe 

will perform a F ACS analysis to measure the relative levels of cd4 l: eGFP+ HSCs, 

1 o cd4 l :eGFP+ flkl: mCherry + hemogenic endothelial cells, and flkl: mCherry + 

endothelial cells. In addition, we mount drug-treated or morpholino-injected 

cd4 l :eGFP:: flkl :mCherry embryos in low-melting point agarose, and perform time­

lapse confocal imaging to quantify the cd41 :eGFP+ HSCs emerging from 

flkl :mCherry +endothelial cells. These analyses examine how the activation or 

15 silencing of the trpv4 ion channel pathways could influence the HSC generating 

capacity of hemogenic endothelial cells. These are established techniques (Fig. lA­

B). 

Zebra.fish HSC Transplantation: The transplantation of cd4 l :eGFP/ow HSCs 

into irradiated zebrafish embryos has previously successfully contributed to blood 

20 progenitors in recipient kidney marrow, demonstrating the functional potential of 

cd41 :eGFP/ow HSCs (46, 47). To examine the functional potential ofHSCs generated 

after trpv4 activation, we sort cd41 :eGFP+ HSCs from trpv4-agonist-treated 

cd41 :eGFP+ embryos and prepare a suspension of 400 cells/microliter with 0.5% 

rhodamine-dextran as a marker for injection. We back-fill a microinjection needle 

25 with the cell suspension and calibrate it to ensure each embryo can be injected with 1, 

2, or 4 drops. This gives an estimated cell dose of 0.4, 0.8, or 1.6 cells per embryo. 

We inject the drops into the sinus venosus (i.e., duct of Cuvier) of 48 hpf wild-type 

embryo recipients, placed in agarose injection ramps. We inject approximately 30 

embryos per dose and expect 12-26 embryos per group to survive to adulthood (3-5 

30 months) based on our prior experience. We analyze cd41 :eGFP+ platelets in recipient 

embryos and/or whole-kidney marrow for a percentage of engrafted cd41 +cells using 

a FACS machine. We score any recipients with GFP+-positive cells above background 
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(> 0.001 % ofWKM) as engrafted. This method has been described previously (14, 

48). 

Mouse ex vivo Embryo Incubation Systems: 

To investigate the factors stimulating the endothelial emergence ofRSCs, we 

5 have developed an ex vivo mouse embryo culture system to grow mouse embryos 

from E9.5 to El2.5 by optimizing media and temperature conditions, gaseous 

mixtures, and the humidity level in our state-of-the-art ex vivo incubation chamber 

(Figs. lOA-C). Thus, we treat mouse embryos with pharmacological agents targeting 

Trpv4 between E9.5 and El2.5 to test their influence on the endothelial emergence of 

10 RSCs. These analyses validate the functional RSC-generating efficiency ofTrpv4-ion 

channel modulators (Fig. lOD). 

To investigate how Trpv4 influences mammalian RSC formation in ex vivo 

conditions, we incubate E 10 .5 or E 11.5 mouse embryos with Trpv4 modulators for 

24-48 hr (Figs. lOA-C). Subsequently, we dissect AGM tissue from El 1.5 or El2.5 

15 mouse embryos to perform CFU assays, and measure CD41, c-Kit, CD144, and 

CD45.2 expression using FACS and qRT-PCR analyses (Fig. lOD). We also 

transplant AGM-derived definitive RSCs into sub-lethally irradiated and/or 

immunocompromised mice to validate their long-term engraftment as well as multi­

lineage reconstitution potential by evaluating the blood-lineage distribution in 

20 recipients for up to 16 weeks. To dissect the role ofTrpv4 at the cellular level, we sort 

endothelial, hemogenic endothelial, and hematopoietic cells from E 11.5 AGM before 

transplantation using known CFC assays, FACS and qRT-PCR analyses, and long­

term engraftment analyses (14, 30-32, 49, 50). 

Example 2B: Molecular mechanisms underlying Trpv4 activation during 

25 HSC development. 

Rationale and Strategies: Activation of Trpv4 stimulates intracellular calcium 

levels (51-56). A transient increase in intracellular calcium levels ([Ca+2]i) further 

stimulates immediate early genes class of transcription factors (57, 58), such as CREB 

(38, 59-61), Fos/Jun (62-64), SRF/Elkl (57, 65), NFAT(66, 67), TCF(68, 69), TGF-

30 ~l/MRTF-A (63). Since Trpv4 activation stimulates the endothelial-to-RSC 

formation (Fig. 5, 7-9), we investigate how the Trpv4 signaling modulates cellular ion 

levels and transcriptional changes in the endothelial cell fate specification to RSCs. 
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Our incubation of human umbilical vein endothelial cells (HUVEC) 

withTrpv4 agonist (GSKlOl) resulted in increase in [Ca+2]i levels. To analyze 

whether Trpv4 and CREB cross-talk during the endothelial to HSC transition, we 

used El 1.5 AGM explant culture (Fig 9A) and found that pharmacological inhibition 

5 of CREB phosphorylation (using KT5720; (70)) attenuated Trpv4 agonist-mediated 

increase in multipotent GEMM formation (Fig. 9B). 

To establish the functional correlations between Trpv4 activation, [Ca+2]1, 

CREB phosphorylation, and/or additional transcriptional factor during HSC 

formation, we incubate zebrafish and/or mouse embryos with Trpv4 agonist and 

10 specific transcription factor inhibitor (Fig. 9B, 10). We perform qRT-PCR, whole­

mount in situ, and time-lapse confocal imaging in zebrafish embryos as well as CFU, 

F ACS, and long-term engraftment assays for AGM cells derived from drug-treated 

El 1.5 mouse embryos. 

These results provide the first evidence for the direct role of Trpv4 in the 

15 endothelial emergence of functional HSCs. Since we demonstrated that El 1.5 AGM 

treatment with Trpv4 agonist stimulates functional HSC formation, it is reasonable to 

expect that cd41 :eGFP+ HSCs generated after Trpv4 activation would engraft and 

thus would be functional. Similarly, our ex vivo incubation of El0.5 mouse embryos 

with Trpv4 agonists followed by transplant could also demonstrate higher levels of 

20 functional HSC formation. As incubation of zebrafish embryos with trpv4 agonist 

increased HSPC gene expression, incubation of mouse embryos and/or whole AGM 

would produce increased functional HSC formation, resulting in increased GEMM 

formation, hematopoietic gene expression, as well as higher long-term engraftment 

and multi-lineage reconstitution. Since Trpv4 activation enhances [Ca+2]i levels in 

25 HUVECs, we would see an increase in [Ca+2]i levels in Trpv4-agonist treated 

hemogenic endothelial cells. IEGs are activated by a transient increase in intracellular 

calcium levels (57, 58). Therefore, we expect to see increased phosphorylation of 

CREB (Fig. 9B) and/or higher expression/activity of other IEGs in Trpv4-activated 

hemogenic endothelial cells. Thus, the zebrafish and mouse-based complimentary 

30 approaches could establish a conserved role of Trpv4 in functional HSC emergence 

and development. We combine genetic and pharmacological tools with explant and ex 

vivo mouse embryo culture methods to demonstrate the promising utility ofTrpv4 
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and/or IEG modulators in establishing endothelial cells as a source of functional 

HSCs in the treatment of human hematologic diseases. 

EXAMPLE 3: Exemplary Protocol for Generation of HE cells from human 

iPSC. 

5 The following protocol is based on the publication Ditadi et al., Nat Cell Biol. 

10 

15 

2015;17(5):580-91. 

20°C) 

Aggregation Media DO-D2 

375 ml IMDM (lnvitrogen 10639-011) 

125 ml Ham's F-12 

5 ml P/S (10 ng/ml) 

5 ml N2 (LifeTech 17502-048) 

10 ml B27 (LifeTech 17504-044) 

3.3 ml BSA (0.05%; stock 7.5%, stored at +4°C) 

(5 ml L-glutamin (2 mM); usually supplemented in the IMDM) 

880 uL Ascorbic Acid (1 mM; 100 mg/mL stock (0.57 M) in H20, stored at -

750 uL Holo-Transferrin (150 ug/ml; Sigma T0665-1G; 100 mg/ml stock in 

IMDM, stored at -20°C) 

1 mL MTG 500x (0.4 mM; prepare 500x stock: 35 uL/2 ml PBS, filter 

20 sterilized, stored at receiving +4 °C) 

25 

20°C) 

hEB Media from D3 

500 ml StemPro-34 with Supplement (lnvitrogen 10639-011) 

5 ml L-glutamin (2 mM) 

880 uL Ascorbic Acid (1 mM; 100 mg/mL stock (0.57 M) in H20, stored at -

750 uL Holo-Transferrin (150 ug/ml; Sigma T0665-1G; 100 mg/ml stock in 

IMDM, stored at -20°C) 

1 mL MTG 500x (0.4 mM; prepare 500x stock: 35 uL/2 ml PBS, filter 

30 sterilized, stored at receiving +4 °C) 

5 ml P/S (10 ng/ml) 

DO. Generation of EBs 
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1) Generally, one week after splitting hiPSCs, cells are ready to make EBs. 

Colonies should appear thick, dense, white and fairly free of differentiation. 

2) Aspirate media from each 15 cm dish. Replace with 8 mL of IX collagenase 

IV diluted in 0.22 uM filtered DMEM/Fl2 

Collagenase IV (Gibco Cat#l7104-019) Receiving fridge. 

Measure out 0.5 g collagenase IV and dilute with 50 mL DMEM/Fl2. 

Filter with 0.22 uM steriflip (500mg/50mL = lOX). Before use, dilute 

lOX collagenase with DMEM/Fl2 to IX (1 mg/mL). 

3) Incubate at room temperature in the hood for 5 minutes. 

10 4) Aspirate collagenase IV and replace with 8 mL of filtered DMEM/Fl2. 

15 

20 

25 

30 

5) Using a cell scraper, scrape colonies only once, taking care to preserve the 

entire colony. 

6) Gently and slowly transfer the cells to a Falcon-15 tube using a 5 mL glass 

pipet. If there are residual colonies, wash plates with additional 5 mL and add 

to same Falcon-15. 

7) Allow cells to settle in the Falcon-15 by gravity ( ~3-5 minutes). Aspirate the 

supernatant to get rid of most of the MEFs that remain in suspension. Gently 

add ~10 mL ofDMEM/Fl2 to wash cells, and spin down 1000 rpm for 1 min. 

8) While cells are spinning, add 11 mL of Aggregation media to Low-Adherent 

10 cm dishes. 

9) Aspirate the media and resuspend cells gently with 1 mL of Aggregation 

media. 

10) Gently transfer the 1 mL of cells to each Low-Adherent 10 cm containing 

Aggregation media. Using the same pipette, pipet up 1 mL from an area of the 

plate without any cells and wash the Falcon-15. Add back the 1 mL to the 

Falcon-15; final volume of each plate now containing 2 starting plates of 

hiPSCs is 12 mL. 

11) Transfer to hypoxic incubator at 37°C. 4-5 plates can be stacked on top of 

one another, with one plate filled with PBS at the bottom of the stack to 

prevent evaporation. This is day 0 ofhEB culture. 

DO. Add 10 ng/ml BMP4. Culture under hypoxia (5% C02/5% 02190% N2) 

for days 0-8. 

Dl. 10 ng/ml BMP4 + 5 ng/ml bFGF. Add directly to media. 
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D2. 10 ng/ml BMP4 + 5ng/ml bFGF + 6 µM SB-431542+ 3 µM 

CHIR99021. Add directly to media, unless color has changed or there is a lot of cell 

debris. 

D3. 5 ng/ml bFGF + 15 ng/ml VEGF. Collect media, spin 1min1,000 rpm, 

5 replace media with hEB media. 

10 

D4-5. 5 ng/ml bFGF + 15 ng/ml VEGF. Add directly to media. 

D6-7. 5 ng/ml bFGF + 15 ng/ml VEGF + 10 ng/ml IL-6 + 5 ng/ml IL-11 + 

25 ng/ml IGF-1+50 ng/ml SCF + 2 U/ml final EPO. Collect media, spin 1 min 

1,000 rpm, replace media with hEB media and hematopoietic cytokines. 

DB. 5 ng/ml bFGF + 15 ng/ml VEGF + 10 ng/ml IL-6 + 5 ng/ml IL-11+25 

ng/ml IGF-1 + 50 ng/ml SCF + 2 U/ml final EPO + 30 ng/ml + TPO + 10 ng/ml Flt-

3L + 30 ng/ml IL-3 

D9. 5 ng/ml bFGF + 15 ng/ml VEGF + 10 ng/ml IL-6 + 5 ng/ml IL-11+25 

ng/ml IGF-1 + 50 ng/ml SCF + 2 U/ml final EPO + 30 ng/ml + TPO + 10 ng/ml Flt-

15 3L + 30 ng/ml IL-3. Move cells to normal 02 incubator 

Table 1. Cell Treatment Protocol 

DayO Day 1 Day2 Day3 Day4 Day 5 Day 6 Day7 Day8 

BMP4 BMP4 BMP4 

bFGF bFGF bFGF bFGF bFGF bFGF bFGF bFGF 

SB VEGF VEGF VEGF VEGF VEGF VEGF 

CHIR 
IL-6 IL-6 IL-6 

IL-11 IL-11 IL-11 

IGF-1 IGF-1 IGF-1 

SCF SCF SCF 
EPO EPO EPO 

TPO 

Flt-3 

IL-3 
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OTHER EMBODIMENTS 

It is to be understood that while the invention has been described in 

25 conjunction with the detailed description thereof, the foregoing description is intended 

to illustrate and not limit the scope of the invention, which is defined by the scope of 

the appended claims. Other aspects, advantages, and modifications are within the 

scope of the following claims. 
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WHAT IS CLAIMED IS: 

1. A method of preparing a population of hematopoietic stem cells (HSCs), the 

method comprising: 

providing a population comprising hemogenic endothelial (HE) cells obtained from 

non-embryonic stem cells, and  

(i) contacting the HE cells with an amount of an agonist of transient receptor 

potential cation channel-subfamily vanilloid member 4 (Trpv4); and/or 

(ii) subjecting the HE cells to cyclic 2-dimensional stretching, 

for a time and under conditions sufficient to stimulating endothelial-to-HSC 

transition. 

2. The method of claim 1, wherein the HE cells are obtained from iPSC. 

3. The method of claim 1, wherein the agonist of Trpv4 is selected from the group 

consisting of Arachidonic Acid, 5,6-EET, 8,9-EET, bisandrographolide A (BAA), 

Phorbol ester (e.g., 4α-PDD and 4α-PDH), RN-1747, substituted 1,4-

diaminobutane or 1,3-diaminopropane analogues; and GSK10116790A. 

4. The method of claim 1, wherein the HE cells are obtained from a subject who has a 

blood, bone marrow, metabolic, or immune disease. 

5. The method of claim 4, wherein the subject does not have a hematological 

malignancy. 

6. The method of claim 1 further comprising the step of formulating the HSCs as a 

medicament for the treatment of a blood, bone marrow, metabolic, or immune 

disease in a subject. 

7. The method of claim 6 wherein the medicament is to be administered to the subject 

by intravenous infusion or intrabone marrow transplantation.   

 

8. The method of claim 7 wherein the HE cells are obtained from the subject.   
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9. The method of claim 7 wherein the HE cells are obtained from another subject who 

is matched with the subject based on blood type and Human leukocyte antigen (HLA) 

type. 

 

10. The method of claim 7 wherein the administration of the medicament to the 

subject follows myeloablative, nonmyeloablative, or immunotoxin-based (e.g. anti-c-

Kit, etc.) conditioning regimes.   
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