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SUMMARY:  21 
This protocol enables the maintenance of quiescent human hematopoietic stem cells in vitro by 22 
mimicking the bone marrow microenvironment using abundant fatty acids, cholesterol, lower 23 
concentrations of cytokines, and hypoxia. 24 
 25 
ABSTRACT:  26 
Human hematopoietic stem cells (HSCs), like other mammalian HSCs, maintain lifelong 27 
hematopoiesis in the bone marrow. HSCs remain quiescent in vivo, unlike more differentiated 28 
progenitors, and enter the cell cycle rapidly after chemotherapy or irradiation to treat bone 29 
marrow injury or in vitro culture. By mimicking the bone marrow microenvironment in the 30 
presence of abundant fatty acids, cholesterol, low concentration of cytokines, and hypoxia, 31 
human HSCs maintain quiescence in vitro. Here, a detailed protocol for maintaining functional 32 
HSCs in the quiescent state in vitro is described. This method will enable studies of the behavior 33 
of human HSCs under physiological conditions. 34 
 35 
INTRODUCTION:  36 
Hematopoietic stem cells (HSCs) and multipotent progenitor cells (MPPs) coordinately form a 37 
reservoir for continuous replenishment of differentiated cells to maintain hematopoiesis 38 
throughout life in humans1. Cell cycle quiescence is a prominent feature of HSCs, differentiating 39 
them from MPPs2. Conventionally, HSCs are thought to reside at the apex of the hierarchy of the 40 
hematopoietic system, producing all differentiated blood cells. This hierarchical model was 41 
mostly deduced from transplantation experiments3. However, recent studies indicated that the 42 
dynamics of HSCs differ in vivo as compared to those in transplantation experiments4-7. Lineage 43 
tracing experiments using several barcoding systems revealed that phenotypic murine HSCs are 44 
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not a unique cell type that contributes to steady-state hematopoiesis, and MPPs, which display 45 
limited self-renewal activity upon transplantation settings, continuously supply mature blood 46 
cells4,5,8. In contrast, the contribution of HSCs to mature cells is enhanced after bone marrow 47 
injury4. This may be attributed to drastic alterations in the microenvironment following bone 48 
marrow ablation, including bone marrow transplantation. Although applying lineage tracing of 49 
murine cells to human cells is difficult, phylogenetic analysis combining single-cell-derived colony 50 
isolation and whole genome sequencing revealed a similar property of the hematopoietic system, 51 
in which both HSCs and MPPs are responsible for the daily production of mature cells7. Thus, 52 
although transplantation is essential for examining murine or human HSC activity, other 53 
experimental models are needed to understand the behaviors of HSCs under physiological 54 
conditions. 55 
 56 
Culturing methods for HSCs have been studied in detail to understand their clinical applications 57 
and characteristics. Human HSCs can be expanded in vitro using a combination of cytokines, 58 
reconstitution of extracellular matrices, removal of self-renewal antagonists, co-culture with 59 
mesenchymal or endothelial cells, addition of albumin or its replacement, transduction of self-60 
renewal transcription factors, and addition of small-molecule compounds9,10. Some of these 61 
methods, including addition of small compounds SR111 and UM17112, have been tested in clinical 62 
trials with promising results9. Considering the quiescent nature of HSCs in vivo, maintaining HSCs 63 
with minimal cell cycling is critical for recapitulating HSC behavior in vitro. Quiescent and 64 
proliferating HSCs exhibit differential cell cycle entry13, metabolic status14, and tolerance against 65 
multiple stresses15 . The methods used to maintain the quiescence of human HSCs in vitro are 66 
limited. 67 
 68 
By mimicking the microenvironment of the bone marrow (hypoxic and rich in lipids) and 69 
optimizing the concentration of cytokines, human HSCs can be maintained undifferentiated and 70 
quiescent under culture. Recapitulating the quiescent nature of HSCs in vitro will improve the 71 
understanding of the steady state properties of HSCs and enable experimental manipulation of 72 
HSCs. 73 

 74 
PROTOCOL:  75 
 76 
The protocol follows the guidelines of National Center for Global Health and Medicine. All 77 
experimental procedures performed on mice are approved by the National Center for Global 78 
Health and Medicine animal experiment committee. 79 
 80 
NOTE: An overview of the protocol is illustrated in Figure 1. 81 
 82 
1. Lipid preparation 83 
 84 
1.1. Dissolve the following lipids in methanol in glass tubes at the indicated concentrations: 85 
sodium palmitate, 16 mg/mL; sodium oleate, 30 mg/mL; and cholesterol, 4 mg/mL. Store the lipid 86 
solution at -30 °C and thaw the sample before use. 87 
 88 



   

1.2. Mix the lipid solutions prepared in step 1.1 in a fresh glass tube at the doses necessary to 89 
obtain the final concentration of 100 μg/mL palmitate, 100 μg/mL oleate, and 20 μg/mL 90 
cholesterol. For instance, when preparing 10 mL of culture media, mix 62.5 μL of palmitate 91 
solution, 33 μL of oleate solution, and 50 μL of cholesterol solution in the glass tube. 92 
 93 
1.3. Evaporate the methanol by passing nitrogen gas through the lipid solution (Figure 2A and 94 
2B). If nitrogen gas is not available, pass air through the solution by using a pipette-aid. 95 
 96 
1.4. Completely evaporate the remaining methanol by heating the glass tube in a water bath 97 
at 37 °C (Figure 2C). 98 
 99 
NOTE: The use of a high concentration of N2 gas in confined space is potentially harmful. Although 100 
the volume used in the protocol to evaporate methanol is limited and thus is considered as safe, 101 
ventilating the room adequately and labeling areas of potentially high concentrations of N2 gas 102 
is important should an unexpected gas leak occur. 103 
 104 
2. Medium preparation 105 
 106 
2.1. Prepare Dulbecco’s modified Eagle medium (DMEM)/F12 medium (with HEPES and 107 
glutamine). Add penicillin and streptomycin sulfate to the medium to the final concentration of 108 
50 units and 50 μg/mL, respectively. DMEM/F12 medium containing antibiotics can be stored at 109 
4 °C for at least 2 months. 110 
 111 
2.2. Add 4% w/v of bovine serum albumin (BSA) to Dulbecco’s modified Eagle medium 112 
(DMEM)/F12 medium (with HEPES and glutamine). 113 
 114 
2.3. Adjust the pH of the medium to pH 7.4–7.8 using NaOH solution, typically to pH 7.6. 115 
 116 
2.4. Add the medium to the glass tube prepared in step 1. To achieve a solution with maximum 117 
solubility, addition of 3–15 mL medium is recommended. 118 
 119 
2.5. Completely dissolve the lipids by sonication (optimal: more than 20 min of sonication). 120 
After the BSA and lipids are dissolved, the sample should be stored at -80 °C and used within 2 121 
months. Thaw immediately before use. 122 
 123 
2.6. Add 1/1,000 of the insulin, transferrin, sodium selenite, and ethanol amine (ITS-X) mixture 124 
to the DMEM/F12. Filter the mixed medium using a 0.22 μm filter (designated as “culture 125 
media”). Before use, add human stem cell factor (SCF) and human thrombopoietin (TPO) to the 126 
culture media at a final concentration of 3 ng/mL each. After adding the cytokines and ITS-X, the 127 
medium cannot be stored. 128 
 129 
2.7.  Staining buffer: Add 10% FCS to Ca- and Mg-free phosphate-buffered saline (PBS). This 130 
solution can be stored at 4 °C for 2 weeks. 131 
 132 



   

2.8.  Thawing media: Add 10% FCS to the DMEM/F12. This solution is single-use. 133 
 134 
2.9. Cytokine stock solution: Dissolve each human SCF or human TPO in PBS (Ca- and Mg-free) 135 
at 20 μg/mL. This solution can be stored at -80 °C for at least one year without a loss of activity. 136 
Once thawed, store the stock solution at 4 °C and use within 1 month. 137 
 138 
NOTE: Examine the lot after every purchase to avoid variation in the contaminants in BSA. Culture 139 
HSCs at the same time with different batches of BSA and examine the phenotypic HSC number at 140 
day 7 as described below. If a BSA batch shows a low number or frequency of CD34+ cells (e.g. 141 
less than a half the number of input cells), avoid using this batch. 142 
 143 
3. Preparation of human bone marrow CD34+ cells 144 
 145 
3.1. Purchase human CD34+ bone marrow cells and store the cells in liquid nitrogen until use. 146 
Alternatively, bone marrow cells from a healthy volunteer or fresh cord blood cells can be used 147 
upon approval by the institute ethical committee and donor consent. 148 
 149 
3.2. Warm 10 mL of thawing media in a 15-mL conical tube in a 37 °C water bath. 150 
 151 
3.3. Thaw the frozen cells in vials in a 37 °C water bath within 2 min. After wiping the vial with 152 
70% ethanol to remove contaminants, transfer the cells to the 15-mL conical tube containing the 153 
pre-warmed medium from step 3.2. 154 
 155 
3.4. Centrifuge the 15 mL tube at 200 × g for 15 min at room temperature. Aspirate the 156 
supernatant carefully to keep the pellet intact (leaving < 50 μL of medium). Resuspend the cells 157 
with the remaining medium and transfer them to a 1.5 mL tube on ice. 158 
 159 
NOTE: Exposure to human-derived samples directly in the mucosa including the eye or wounded 160 
tissue may cause infection by known or unknown pathogens; thus, gloves and eyeglasses are 161 
recommended when handling human cells. Even if the purchased CD34+ cells test negative for 162 
hepatitis B virus (HBV), hepatitis C virus (HCV), and human immunodeficiency virus 1 (HIV1), 163 
careful monitoring should be performed according to institutional guidelines if an exposure 164 
incidence occurs. Follow the institutional guidelines when disposing of materials exposed to 165 
human cells.  166 
 167 
4. Sorting HSCs 168 
 169 
4.1. Label the cells with fluorochrome-conjugated antibodies. Mix 50 μL of staining buffer plus 170 
10 μL of anti-CD34-FITC, 2 μL of anti-CD38-PerCP-Cy5.5, 5 μL of anti-CD90-PE-Cy7, and 10 μL of 171 
anti-CD45RA-PE. Resuspend the cell pellet in the antibody mixture. Incubate the cells for 30 min 172 
at 4 °C in the dark. 173 
 174 
4.2. Add 1 mL of staining buffer to wash the antibodies. Centrifuge the tubes at 340 × g for 5 175 
min at 4 °C. Discard the supernatant. 176 



   

 177 
4.3. Resuspend the cell pellet in 0.5 mL of staining buffer + 0.1% propidium iodide. Transfer 178 
the suspension into a 5 mL tube using a 40 μm filter. 179 
 180 
4.4. Gate the phenotypic HSCs within the PI-CD34+CD38-CD90+CD45RA- fraction using the 181 
FACS Aria-IIIu and sort the cells into a 1.5 mL tube filled with 500 µL of culture media (Figure 3). 182 
Using the gating strategy shown in Figure 3, ~10% of CD34+ cells are expected to be phenotypic 183 
HSCs. Record the sorted cell number to calculate the volume of media to resuspend the cells in 184 
step 5.3.  185 
 186 
NOTE: The gating strategy is performed as described previously16 while omitting the lineage 187 
marker staining given the low expression of lineage markers in the CD34+CD38- fraction from 188 
healthy individuals17 . 189 
 190 
4.5. Centrifuge the sorted cells at 340 × g for 5 min at 4 °C and discard the supernatant. 191 
Carefully aspirate the supernatant to ensure that the pellet remains intact. 192 
 193 
4.6. Store the sorted cells on ice until culture. 194 
 195 
NOTE: Fluorescence compensation of spectral overlap should be performed during the first 196 
experiment. 197 
 198 
5. Cell culture 199 
 200 
5.1. Transfer 200 μL of the culture media containing cytokines prepared in step 2 into flat-201 
bottom 96-well plates. 202 
 203 
5.2. To avoid evaporation of the medium, fill all unused wells with 100–200 μL of PBS. 204 
 205 
5.3. Resuspend the sorted HSCs in culture media without cytokines at 60 cells/μL. 206 
 207 
5.4. Aliquot 600 HSCs/well (10 μL of cell suspension) into each well. The cell number can be 208 
altered. Fewer than 300 cells will lead to larger technical variation, and thus more wells per 209 
condition are needed to detect biological differences. Culturing more than 1000 cells in a single 210 
well should be avoided because of cytokine/nutrient deprivation or accumulation of unfavorable 211 
cytokines/chemokines. 212 
 213 
5.5. Culture the cells in a humidified multi-gas incubator at 37 °C in a 5% CO2 and 1% O2 214 
atmosphere. 215 
 216 
5.6. For cultures over 7 days, replacing half the media volume every 3–4 days is 217 
recommended. Carefully aspirate 100 μL of media by pipetting and add 100 μL of newly prepared 218 
culture media containing cytokines to each well. The culture media should be pre-warmed at 219 
37 °C. 220 



   

 221 
6. Analysis of marker phenotypes using flow cytometry 222 
 223 
NOTE: Although the cells should be analyzed after 7 days of culture, the culture duration can be 224 
changed. 225 
 226 
6.1. Discard 170 µL of the medium by using an 8-channel pipette. 227 
 228 
6.2. Label the cells with the antibody mixture. Mix 0.5 µL of anti-CD34-FITC, 0.1 µL of anti-229 
CD38-PerCP-Cy5.5, 0.25 µL of anti-CD90-PE-Cy7, 0.5 µL of anti-CD45RA-PE, and 9 µL of staining 230 
buffer per well. Add 10 μL of the mixture to the 96-well plate and incubate the cells for 30 min at 231 
4 °C in the dark. 232 
 233 
6.3. To wash the antibodies, add 100 µL of staining buffer to the wells and centrifuge the 234 
plates at 400 × g for 5 min at 4 °C using low acceleration and medium deceleration. 235 
 236 
6.4. Carefully aspirate 100 μL of the supernatant to maintain the cells on the bottom of the 237 
wells, then resuspend the cells in 200 µL of staining buffer + 0.1% v/v of PI + 1% v/v of fluorescent 238 
microspheres (e.g., Flow-Check Fluorospheres). 239 
 240 
6.5. Set up the flow cytometry instrument. Acquire data for the samples in fast mode with 241 
mixed sample mode on and uptake volumes of 100 µL. 242 
 243 
6.6. Export the data in FCS format and analyze it using software such as FlowJo. Cell numbers 244 
can be determined using the fluorescent microsphere bead count. For instance, if the researcher 245 
adds 2000 beads per well and the bead count is 700, multiply the cell number of each fraction by 246 
2000/700 to estimate the total cell number of the fraction in the well. 247 
 248 
NOTE: Fluorescent microspheres are toxic to cultured cells because of the presence of 249 
formaldehyde. This may induce cell death during analysis. Minimize the number of wells (<50 250 
wells) analyzed continuously to avoid bias. 251 
 252 
7. Transplantation of human HSCs 253 
 254 
NOTE: Repopulation activity of cultured cells are validated by transplantation to immunodeficient 255 
mice. All procedures must be approved by animal experiment committees or their equivalents. 256 
 257 
7.1. As donors, prepare a sufficient number of 8–12-week immunodeficient NOD-SCID-Il2rg-258 
null (NOG) mice. As NOG mice are highly susceptible to infection, keep the breeding cages as 259 
clean as possible and feed the mice with a sterilized diet and water. 260 
 261 
7.2. Culture an adequate number of HSCs for transplantation as described in step 5. For 262 
instance, when 5000 HSCs (day 0 equivalent) are transplanted to 6 recipient mice, culture 263 
35,000–40,000 HSCs in 40 wells of a 96-well plate (200 μL of culture media per well) or in 8 wells 264 



   

of a 24-well plate (1 mL of culture media per well). Culture the cells for 2 weeks with half-media 265 
changes every 3–4 days in a humidified multi-gas incubator at 37 °C with 5% CO2 and 1% O2. The 266 
culture duration can be altered. 267 
 268 
7.3. Irradiate NOG mice at 2.5 Gy at 6–24 h prior to transplantation. 269 
 270 
7.4. Collect the cultured HSCs in 1.5-mL tubes. Centrifuge the tubes at 340 ×g for 5 min at 4°C. 271 
 272 
7.5. Carefully aspirate the supernatants and resuspend the cells in sterile ice-cold staining 273 
buffer at a cell density of 5000 HSCs (day 0 equivalent) per 200 μL. Transfer this suspension to 3-274 
mL polypropylene tubes. To sterilize the staining buffer, filter it using a 0.22 μm filter. 275 
 276 
7.6. Before transplantation, anesthetize the mice by sevoflurane or isoflurane inhalation. 277 
 278 
7.7. To transplant 5000 of cultured HSCs (day 0 equivalent), inject 200 μL of the cell suspension 279 
into the tail vein or retro orbital sinus of NOG mice irradiated in step 7.1 using a 1-mL syringe and 280 
27-gauge needle. Freshly isolated or thawed bone marrow HSCs can be transplanted as a control. 281 
Gloves should be sterilized with 70% v/v ethanol between each procedure. 282 
 283 
8. Analysis of the frequency of human-derived cells in the peripheral blood 284 
 285 
8.1. To examine the repopulation of human cells, collect the peripheral blood at 1, 2, and 3 286 
months after transplantation. 287 
 288 
8.2. Before collecting the peripheral blood, anesthetize the mice by sevoflurane inhalation. 289 
 290 
8.3. Collect 40–80 μL of peripheral blood from the retro-orbital sinus using heparinized glass 291 
capillary tubes and suspend this sample in 1 mL of PBS + heparin (1 U/mL) in 1.5-mL tubes. 292 
 293 
8.4. Centrifuge the blood suspension at 340 × g for 3 min at 4 °C. Discard the supernatant and 294 
resuspend the pellet in 1 mL of PBS + 1.2% w/v dextran (200 kDa) for 45 min at room 295 
temperature. 296 
 297 
8.5. Transfer the supernatant to another 1.5 mL tube and centrifuge at 340 × g for 3 min. 298 
 299 
8.6. For red blood cell lysis, resuspend the cells in 0.17 M NH4Cl for 5 min. 300 
 301 
8.7. Centrifuge the cell suspension 340 × g for 3 min at 4 °C. Resuspend the cells in 50 μL of 302 
staining buffer containing 0.3 μL of anti-mouse Fc-block. Incubate this sample at 4 °C for 5 min. 303 
 304 
8.8. Add the following antibodies for surface marker staining: 0.3 μL of mouse CD45-PE-Cy7, 305 
0.3 μL mouse Ter-119-PE-Cy7, 0.3 μL of human CD45-BV421, 0.3 μL of human CD13-PE, 1.2 μL of 306 
human CD33-PE, 0.3 μL of human CD19-APC, 0.3 μL of human CD3-APC-Cy7. Incubate the cells at 307 
4 °C for 15 min. 308 



   

 309 
8.9. Wash once with 1 mL of staining buffer and centrifuge at 340 × g for 5 min at 4 °C. 310 
 311 
8.10. Discard the supernatant and resuspend the cells in 200 µL of staining buffer + 0.1% v/v of 312 
PI. 313 
 314 
8.11. Transfer the cell suspension to a 96-well flat-bottom plate and acquire data using the flow 315 
cytometer in fast mode with the mix sample mode on and an uptake volume of 100 µL. 316 
 317 
8.12. Export the data in FCS format for analysis using software such as FlowJo. 318 
 319 
8.13. Set up the flow cytometer. Acquire data for the samples in fast mode with the mix sample 320 
mode on and an uptake volume of 100 µL. 321 
 322 
8.14. Export the data in FCS format for analysis using software such as FlowJo. 323 
 324 
REPRESENTATIVE RESULTS:  325 
After 7 days of culturing the purified HSCs, up to 80% of cells displayed marker phenotypes of 326 

CD34+CD38- (Figure 4A). The total cell number depended on the cytokine concentration (Figure 327 

4B). Higher concentrations of SCF and TPO induced entry into the cell cycle, proliferation, and 328 

differentiation (Figure 4B). The number of phenotypic HSCs characterized by the marker 329 

phenotypes of CD34+CD38-CD90+CD45RA- increased in proportion to the SCF or TPO 330 

concentrations (Figure 4B), whereas the frequency among the total cells decreased (Figure 4C). 331 

Total cell numbers were equal in the 1.5 ng/mL SCF and 4 ng/mL TPO and the 3 ng/mL SCF 3 and 332 

2 ng/mL TPO combinations, suggesting that HSCs are quiescent during minimal cell cycle 333 

activation. Given the individual differences, cytokine titration is recommended for each bone 334 

marrow donor. 335 

 336 
Following 3 months of transplantation of cultured adult bone marrow HSCs, reconstitution can 337 
be evaluated as their frequency in the peripheral blood of human CD45+ murine CD45- Ter119- 338 
cells. Three lineages including CD19+ B cells, CD13/CD33+ myeloid cells, and CD3+ T cells were 339 
reconstituted in NOG mice transplanted with either freshly thawed HSCs or cultured HSCs (Figure 340 
5). 341 
 342 
FIGURE AND TABLE LEGENDS: 343 
Figure 1. Overview of the procedure. Graphical summary of the procedure involved sorting, 344 
culturing, and analyzing human hematopoietic stem cells (HSCs). 345 
 346 
Figure 2. Procedure to evaporate methanol from the lipid solution. A) Nitrogen gas cylinder with 347 
a gas regulator. B) Procedure for passing nitrogen gas through the lipid solution dissolved in 348 
methanol. C) Lipids adhering to the bottom of the glass tube. 349 
 350 
Figure 3. Gating strategy for sorting HSCs. The plots show gated CD34+CD38-CD90+CD45RA- cells. 351 
Approximately 10% of CD34+ cells were phenotypic HSCs. 352 



   

 353 
Figure 4. Representative cell numbers after 7 days of culturing. A) Representative fluorescence-354 
activated cell sorting plot after culturing the HSCs in SCF (3 ng/mL) and TPO (2 ng/mL). Fraction 355 
1 was enriched for live cells, fraction 2 was enriched for dead cells, and fraction 3 was enriched 356 
for debris. Numbers colored in pink indicate the frequency (%) of the gated fraction. B) Number 357 
of all HSCs, CD34+CD38- cells, and CD34+CD38-CD90+CD45RA- cells after culturing 600 HSCs under 358 
the indicated cytokine conditions. Red dashed lines indicate the initial number of input cells. S: 359 
SCF, T: TPO. Mean ± standard deviation, n = 4. Numbers following S and T indicate the 360 
concentration (ng/mL) of each cytokine. C) Frequency of CD34+CD38- and CD34+CD38-361 
CD90+CD45RA- cells under the indicated cytokine conditions. S: SCF, T: TPO. Mean ± standard 362 
deviation, n = 4. The error bars for cells cultured in SCF (1 ng/mL) and TPO (0 ng/mL) were omitted 363 
because of their high values (37.7 and 47.9, respectively). 364 
 365 
Figure 5. Representative FACS plots of donor mice following 3 months of transplantation. A 366 
total of 5000 freshly thawed (upper panels) and 2-week cultured HSCs (3 ng/mL SCF and 3 ng/mL 367 
TPO; lower panels) were transplanted into NOG mice. hCD19 marks human B cells, hCD13 and 368 
hCD33 mark human myeloid cells, and hCD3 marks human T cells.  369 
 370 
DISCUSSION:  371 
Recently, several methods for expanding HSCs with minimal differentiation have been reported18-372 
21. Although these methods are excellent, HSCs are forced to activate their cell cycles in the 373 
presence of high levels of cytokines, which differs from the in vivo situation in which HSCs show 374 
minimal cycling. This protocol is useful for maintaining HSCs as quiescent, as observed in vivo, by 375 
recapitulating the bone marrow microenvironment. 376 
 377 
By culturing human HSCs under low cytokine, lipid-rich, and hypoxic conditions, HSCs showed 378 
minimal cycling while maintaining their marker phenotypes. The critical step in this protocol is 379 
the preparation of medium containing a high concentration of fatty acids and cholesterol and 380 
low cytokine concentrations and culture under hypoxia (Step 1, Step 2, and Step 4). Without 381 
cholesterol and/or fatty acids, the maintenance rate of HSCs under low cytokine concentrations 382 
decreases22. Culturing of cells under hypoxic conditions is also important, as reported 383 
previously23.  384 
 385 
 The culture conditions were similar to those used for murine HSCs, except for the cytokine 386 
concentrations. Murine HSCs survive without TPO, whereas human HSCs require at least 2 ng/mL 387 
of TPO with 3 ng/mL of SCF22. As the concentration of TPO is much higher than that in human 388 
serum (~100 pg/mL), the conditions used in this protocol may be missing specific factors to 389 
support the survival of human HSCs. FLT3 is expressed on human HSCs24. Addition of its ligand 390 
FLT3LG slightly decreases the requirement for TPO to maintain HSCs22.  391 
 392 
Human HSCs require higher concentrations of cholesterol as compared to murine HSCs, 393 
presumably because of the inability to induce the expression of cholesterol-synthesizing enzymes 394 
and susceptibility to lipotoxicity under high concentrations (>400 μg/mL) of fatty acids22. 395 
Although only the combination of palmitic, oleic, linoleic, and stearic acids was tested, which are 396 



   

abundantly found in the human serum, other combinations of lipids should be evaluated to 397 
reduce lipotoxicity and improve the rate of maintaining functional HSCs. 398 
 399 
Although the repopulation activity of cultured human HSCs in immunodeficient mice after two 400 
weeks of culture has been confirmed22, this culture system does not fully recapitulate the niche 401 
functions of HSCs in vivo. The expression of CD45RA has been reported to increase and the 402 
repopulation capacity is inferior to that of freshly sorted HSCs22. However, the concentrations of 403 
nutrients, such as glucose, amino acid, pyruvate, and insulin, which are added to the medium at 404 
supraphysiological levels, can be optimized. Contaminants in BSA may also compromise the 405 
maintenance of HSCs18,25. In addition, some cultured cells undergo cell death, whereas others 406 
undergo cell division; thus, the maintenance of the total cell number may not indicate the 407 
quiescent status of each cell. 408 
 409 
Despite these limitations, the culture conditions described in the protocol developed in this study 410 
will help advance the research and engineering of HSCs, particularly under near-physiological 411 
conditions. Culture conditions that maintain HSCs with minimal differentiation and cycling 412 
activity would be suitable for testing biological and chemical compounds specifically acting on 413 
HSCs, manipulating HSCs via lentivirus transduction or genome editing without the loss of 414 
stemness, and elucidating the initial step of transformation induced by leukemia-associated 415 
genes. 416 
 417 
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Name of Material/Equipment Company Catalog Number Comments/Description
Human bone marrow CD34+ progenitor cellsLonza 2M-101C

NOD/Shi-scid,IL-2RγKO Jic In-Vivo Science Inc.
https://www.invivoscience.c

om/en/nog_mouse.html

Anti-human CD34-FITC (clone: 581) BD biosciences
Cat# 560942; RRID: 

AB_10562559

Anti-human CD38-PerCP-Cy5.5 BD biosciences
Cat# 551400; RRID: 

AB_394184

Anti-human CD45RA-PE BD biosciences
Cat# 555489; RRID: 

AB_395880

Anti-human CD90-PE-Cy7 (clone: 

5E10)
BD biosciences

Cat# 561558; RRID: 

AB_10714644

Anti-human CD13-PE (clone: WM15) BioLegend
Cat# 301703; RRID: 

AB_314179

Anti-human CD33-PE (clone: WM53) BD biosciences
Cat# 561816; RRID: 

AB_10896480

Anti-human CD19-APC (clone: SJ259) BioLegend
Cat# 363005; RRID: 

AB_2564127

Anti-human CD3-APC-Cy7 (clone: 

SK7)
BD biosciences

Cat# 561800; RRID: 

AB_10895381

Anti-human CD45-BV421 (clone: 

HI30)
BD biosciences

Cat# 563880; 

RRID:AB_2744402

Anti-mouse CD45-PE-Cy7 (clone: 30-

F11)
BioLegend

Cat# 103114; RRID: 

AB_312979

Anti-mouse Ter-119-PE-Cy7 (clone: 

TER-119)
BD biosciences

Cat# 557853; RRID: 

AB_396898

Fc-block (anti-mouse CD16/32) 

(clone: 2.4-G2)
BD Biosciences

Cat# 553142; RRID: 

AB_394657

Phosphate buffered saline Nacalai Tesque Cat# 14249-24

Fetal bovine serum
Thermo Fisher 

Scientific
Cat# 26140079

DMEM/F-12 medium
Thermo Fisher 

Scientific
Cat# 11320-033

ITS-X
Thermo Fisher 

Scientific
Cat# 51500056

Penicillin Meiji Seika PGLD755

Streptomycin sulfate Meiji Seika SSDN1013

Bovine serum albumin Sigma Aldrich Cat# A4503

Table of Materials Click here to access/download;Table of Materials;JoVE_Table_of_Materials.xlsx

https://www.editorialmanager.com/jove/download.aspx?id=1261626&guid=18e04e03-be3f-49c1-9db6-b3a414702696&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1261626&guid=18e04e03-be3f-49c1-9db6-b3a414702696&scheme=1


Sodium palmitate
Tokyo Chemical 

Industry Co., Ltd.
Cat# P0007

Sodium oleate
Tokyo Chemical 

Industry Co., Ltd.
Cat# O0057

Cholesterol
Tokyo Chemical 

Industry Co., Ltd.
Cat# C0318

Ammonium Chloride Fujifilm Cat# 017-2995

Sodium Hydrogen Carbonate Fujifilm Cat# 191-01305

EDTA･2Na Fujifilm Cat# 345-01865

Heparine Na

MOCHIDA 

PHARMACEUTICAL 

CO., LTD.

Cat# 224122557

Sevoflurane Fujifilm Cat# 193-17791

Dextran Nacalai Tesque Cat#  10927-54

Recombinant Human SCF PeproTech Cat# 300-07

Recombinant Human TPO PeproTech Cat# 300-18

Recombinant human Flt3 ligand PeproTech Cat# 300-19

Propidium iodide Life Technologies Cat# P3566

Flow-Check Fluorospheres Beckman Coulter Cat# 7547053

FlowJo version 10 BD Biosciences
https://www.flowjo.com/solut

ions/flowjo

AutoMACS Pro Miltenyi Biotec N/A

FACS Aria3u BD Biosciences N/A

VELVO-CLEAR VS-25 (sonicator) VELVO-CLEAR N/A

Nitrogen gas cylinder KOIKE SANSHO CO., LTDN/A

Gas regulator Astec Cat# IM-055

Multigas incubator Astec Cat# SMA-30DR

Glass tube, 16 mL
Maruemu 

corporation
N-16

Glass tube, 50 mL
Maruemu 

corporation
NX-50

Millex-GP Syringe Filter Unit, 0.22 µm, 

polyethersulfone, 33 mm, gamma 

sterilized

Merck Millipore SLGPR33RS

https://www.flowjo.com/solutions/flowjo
https://www.flowjo.com/solutions/flowjo


       

 

Dr. Ronald Myers 

Director of Editorial 
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November 2, 2020 

 

Dear Dr. Myers, 

 

Thank you for the invitation to resubmit our method for publication in Journal of Visualized 

Experiments, entitled “Culture method for maintaining quiescent human hematopoietic stem 

cells.” (JoVE61938). The paper was coauthored by Dr. Keiyo Takubo. 

 

We have edited 3 points raised by the editor. 

1. We have highlighted the protocol text including medium set up section, culturing HSC 

section, and representative result section for inclusion in the video.  

2. We have stated that the study was approved by the animal experiment committee of our 

institution. 

3. Journal titles in the reference were spelled out. 

 

We would appreciate if you could re-review our manuscript and hope that it is now suitable 

for publication in Journal of Visualized Experiments. 

 

Thank you for your consideration. I look forward to hearing from you. 

 

Yours sincerely,  

 

Hiroshi Kobayashi, M.D., Ph.D. 

Senior Research Fellow  

Department of Stem Cell Biology, Research Institute,  

National Center for Global Health and Medicine 

1-21-1 Toyama, Shinjuku-ku, Tokyo 162-8655, Japan 

hikobayashi-tky@umin.ac.jp 
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ARTICLE AND VIDEO LICENSE AGREEMENT 

612542.6 For questions, please contact us at submissions@jove.com or +1.617.945.9051. 

Title of Article: 

Author(s):  

Item 1: The Author elects to have the Materials be made available (as described at 
http://www.jove.com/publish) via: 

 Standard Access  Open Access

Item 2: Please select one of the following items: 

 The Author is NOT a United States government employee.

 The Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee. 

ARTICLE AND VIDEO LICENSE AGREEMENT 

1. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole; 
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may 
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation 
of the Materials; “JoVE” means MyJove Corporation, a
Massachusetts corporation and the publisher of The Journal 
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion 

of the Article, and in which the Author may or may not 
appear. 
2. Background. The Author, who is the author of the 
Article, in order to ensure the dissemination and protection 
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize 
in this Agreement the respective rights of each Party in and 
to the Article and the Video.
3. Grant of Rights in Article. In consideration of JoVE 
agreeing to publish the Article, the Author hereby grants to 
JoVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article 
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any 
or all of the above. The foregoing rights may be exercised in 
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.
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Culture method for the maintenance of quiescent human hematopoietic stem cells
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4. Retention of Rights in Article. Notwithstanding 
the exclusive license granted to JoVE in Section 3 above, the 
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.
5. Grant of Rights in Video – Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE. 
6. Grant of Rights in Video – Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below, 
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The 
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats. 
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.
7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum

rights permitted under such statute. In such case, all 
provisions contained herein that are not in conflict with 
such statute shall remain in full force and effect, and all 
provisions contained herein that do so conflict shall be 
deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 
8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JoVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.
9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.
11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole
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discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author’s institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 
decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author’s expense. All indemnifications provided herein 
shall include JoVE’s attorney’s fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors. 
13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.
14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy 
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.


