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29 SUMMARY:
30  This protocol demonstrates the induction of a hemogenic program in human dermal fibroblast
31 by enforced expression of the transcription factors GATA2, GFI1B and FOS to generate
32 hematopoietic stem and progenitor cells.
33
34  ABSTRACT:
35 The cellular and molecular mechanisms underlying specification of human hematopoietic stem
36  cells (HSCs) remain elusive. Strategies to recapitulate human HSC emergence in vitro are required
37  to overcome limitations in studying this complex developmental process. Here, we describe a
38 protocol to generate hematopoietic stem and progenitor-like cells from human dermal
39 fibroblasts through a direct cell reprogramming approach. These cells transit through a
40 hemogenic intermediate cell-type, resembling the endothelial-to-hematopoietic transition (EHT)
41  characteristic of HSC specification. Fibroblasts were reprogrammed to hemogenic cells via
42  transduction with GATA2, GFI1B and FOS transcription factors. This combination of three factors
43  induced morphological changes, expression of hemogenic and hematopoietic markers and
44  dynamic EHT transcriptional programs. Reprogrammed cells generate hematopoietic progeny
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and repopulate immunodeficient mice for three months. This protocol can be adapted towards
mechanistic dissection of the human EHT process as exemplified here by defining GATA2 targets
during the early phases of reprogramming. Human hemogenic reprogramming provides a simple
and tractable approach to address the underlying mechanisms of hematopoietic reprogramming
and to identify novel markers and regulators of human HSC emergence. In the future, faithful
induction of hemogenic fate in fibroblasts may contribute for the production of patient-specific
HSCs for autologous transplantation.

INTRODUCTION:

Definitive hematopoietic stem cells (HSCs) emerge in the aorta-gonad-mesonephros (AGM)
region and placenta of embryos from endothelial precursors with hemogenic capacity, through
an endothelial-to-hematopoietic transition (EHT)%2. Hemogenic precursors (HPs) express both
endothelial and hematopoietic markers, but their identification remains elusive, particularly in
the human system. Despite being a relatively conserved process in mammals, HSC development
still differs significantly between humans and mouse models®“. Therefore, in vitro approaches to
recapitulate human HSC development are needed.

Differentiation of pluripotent stem cells (PSCs) to HSCs, although promising, has met limited
success over the past 20 years, mostly due to imperfect differentiation protocols, which result in
primitive hematopoietic progenitors with poor engraftment ability>”. Alternatively, direct cell
reprogramming methodologies have been applied to generate hematopoietic stem and
progenitor (HSPC)-like cells from multiple cell types, using transcription factors (TFs)®°. In
particular, the overexpression of three TFs, Gata2, Gfilb and cFos, converted mouse embryonic
fibroblasts into HSPCs through an HP intermediate with a defined phenotype (Prom1+Sca-
1+CD34+CD45-)%0. This process resembled the EHT that occurs in the embryo and placenta,
during specification of definitive hematopoiesis. This phenotype enabled the identification and
isolation of a population of HPs in the mouse placenta that after short-term culture and Notch
activation generate serially transplantable HSCs?*.

So far, no phenotype has been established that distinguishes human HSCs from their precursors,
but some molecules are known to be expressed in emerging HSCs. Integrin alpha 6 (ITGA6 or
CD49f) is highly expressed in long-term repopulating HSCs, the most immature cells in the HSC
compartment?!?, and angiotensin-converting enzyme (ACE or CD143) is present in CD34 negative
hematopoietic precursors in all embryonic blood-forming tissues®3.

Recently, we have demonstrated that human versions of the three TFs, GATA2, FOS and GFI1B
reprogram human dermal fibroblasts (HDFs) into HPs with short-term engraftment capacity**. In
the initial phase of reprogramming, GATA2 engages open chromatin and recruits GFI1B and FOS
to repress fibroblast genes and activate endothelial and/or hematopoietic genes. Induced cells
highly expressed CD49f and ACE, and contained a small percentage of cells expressing the HSPC
marker CD34. The CD9 gene, which is expressed in HSCs*® and important for HSC homing?®, was
shown to be a direct target of GATA2 and among the most upregulated genes in reprogrammed
cells'*. CD9 may therefore constitute an additional marker for HPs of human definitive
hematopoiesis.
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In this protocol, we describe the generation of HSPC-like cells from human fibroblast through
enforced expression of GATA2, GFI1B and FOS, as well as an adapted method for chromatin
immunoprecipitation (ChlP)-sequencing (seq) analysis at the onset of reprogramming. TFs were
encoded in a doxycycline (DOX)-inducible lentiviral vector (pFUW-tetO) that contains a
tetracycline response element (TRE) and a minimal CMV promoter, and were transduced
together with a constitutive vector containing the reverse tetracycline transactivator protein
(PFUW-M2rtTA). When DOX (analog of tetracycline) is added after transduction, it binds to the
rtTA protein which interacts with the TRE allowing TF transcription (Tet-On system). The
procedure requires 25 days to complete. For ChIP-seq experiments, HDFs were transduced with
flagged versions of GATA2 (pFUW-tetO-3xFLAG-GATA2) and GFI1B (pLV-tetO-HA-GFI1B), plus
pFUW-tetO-FOS and TF binding sites were analyzed two days after DOX supplementation.

Ultimately, hemogenic reprogramming of human fibroblasts provides an in vitro tractable system
to study the mechanisms underlying human developmental hematopoiesis and a potential
source of patient-specific HSPCs for future clinical application.

PROTOCOL:

This protocol was preformed according to Lund University’s human research ethics committee
guidelines and should be done in accordance with each institutional guideline.

1. Reagent preparation

1.1. For Dulbecco’s modified Eagle medium (DMEM)/20% fetal bovine serum (FBS), mix high
glucose DMEM containing sodium pyruvate with 20% FBS, 1% penicillin-streptomycin
(pen/strep), 1% L-glutamine, 1% non-essential amino acids and 10* M 2-mercaptoethanol.

1.2. For DMEM, mix high glucose DMEM containing sodium pyruvate with 10% FBS, 1% Pen/strep
and 1% L-glutamine.

1.3. For hematopoietic medium, mix hematopoietic medium (Table of Materials) with 10°® M
hydrocortisone and 1% pen/strep.

1.4. Use phosphate-buffered saline (PBS) without calcium or magnesium.
2. Human dermal fibroblast isolation

NOTE: HDFs can be purchased from certified suppliers (Table of Materials). In this case, expand
fibroblasts and use them directly in reprogramming experiments (section 4). Alternatively, HDFs
can be isolated from donors. If fibroblasts are isolated from different donors, keep the samples
separated from each other at all steps of the protocol. Label plates/wells and collection tubes
with the identification number of the donors.
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2.1. Obtain HDFs from 3 mm round skin punch biopsies performed by qualified physicians.

2.2. Coat three wells of a tissue-culture treated 6-well plate with 500 pL of 0.1% gelatin and
incubate for 20 min at 37 °C.

2.3. Aspirate the remaining gelatin solution and add 750 pL of DMEM/20% FBS to each well. The
entire surface of the well should be covered with medium.

2.4. Add 1.5 mL of DMEM/20% FBS to the inside surface of a sterile 100 mm petri dish lid and
spread the drop with the aid of a 5 mL serological pipette.

2.5. Place the skin biopsy in the medium on the lid with sterilized forceps.

2.6. Dissect the skin biopsy into nine identical sections, using one sterilized scalpel to hold the
biopsy in place and a second scalpel to cut.

2.7. Place three biopsy pieces per well using pointed forceps. Make sure the pieces attach to the
bottom of the well.

2.8. Lay a 22 mm coverslip on top of the pieces and apply some pressure.

2.9. Incubate the plate at 37 °C, 5% CO,, for a week. Check cells daily and add 200 uL of
DMEM/20% FBS every 2 days to replace evaporated medium.

2.10. After one week, add up to 2 mL of DMEM/20% FBS and replace medium every 2-3 days.
2.11. Passage cells in a 1:4 ratio when wells are confluent (about 4-8 weeks).

2.11.1. Prepare 0.1% gelatin coated tissue-culture treated 6-well plates.

2.11.2. Aspirate medium from wells at 80% confluency and wash once with 1 mL of PBS.

2.11.3. Remove coverslip with sterile forceps and place the coverslip into a new well of a 6-well
plate, with the tissue side up.

NOTE: Cells that remained attached to the coverslip will also be harvested.

2.11.4. Add 500 pL of dissociation solution (Table of Materials) per well (including the wells with
the coverslips) and incubate at 37 °C, 5% CO; for 5-10 min. Check when cells start to rise from
the bottom of the well and inactivate the dissociation solution by adding 500 uL of DMEM/20%
FBS to each well.

2.11.5. Collect fibroblasts from all the wells into a conical 15 mL conical. Add extra medium to
the wells to collect the remaining cells. Centrifuge the tube at 350 x g for 5 min.
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2.11.6. In the meantime, add 500 uL DMEM/20% FBS to each well of previously gelatin coated
plates.

2.11.7. Aspirate medium and resuspend fibroblasts in 6 mL of DMEM/20% FBS.

2.11.8. Add 500 pL of fibroblast suspension to each well (two 6-well plates per sample/donor in
total). Incubate cells overnight at 37 °C, 5% CO,.

2.12. On the next day, add 1 mL of DMEM/20% FBS to each well. Replace medium with 2 mL of
fresh DMEM/20% FBS every 2-3 days until wells are 80% confluent.

2.13. Repeat section 2.11 for three 80% confluent wells until third passage is reached.
2.14. Freeze fibroblasts from confluent wells (passages 1 and 3).

2.14.1. Aspirate medium from the wells and wash once with 1 mL of PBS.

2.14.2. Dissociate and collect fibroblasts as described in steps 2.11.4 and 2.11.5.
2.14.3. Count cells with a hemocytometer and centrifuge the tube at 350 x g for 5 min.

2.14.4. After centrifugation, aspirate medium and resuspend fibroblasts in FBS with 10% DMSO
at a density of 5 x 10° cells/mL.

2.14.5. Add 1 mL of the cell suspension per cryovial and freeze cells overnight at -80 °C using a
freezing container. Move vials to -150 °C (liquid nitrogen) for long-term storage.

3. Lentiviral production

3.1. Grow HEK293T cells in a 100 mm tissue-culture treated dish with 10 mL of DMEM, at 37 °C,
5% CO2, until confluency is reached.

3.2. On the day prior to transfection, aspirate medium and wash the plate carefully with 5 mL of
PBS.

3.3. After removing PBS, add 1.5 mL of dissociation solution and incubate at 37 °C, 5% CO; for
5-10 min to dissociate cells from the plate.

NOTE: It is recommended to warm both PBS and dissociation solution before using, so that cells
do not suffer a thermal shock.

3.4. Inactivate dissociation solution with 3 mL of DMEM and transfer the cell suspension to a 15
mL conical tube. Wash plate with 5 mL of DMEM to remove remaining attached cells and transfer
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this volume to the 15 mL conical tube.
3.5. Centrifuge cell suspension at 350 x g for 5 min.

3.6. Aspirate supernatant and split the cell pellet evenly between six 100 mm tissue-culture
treated dishes in a final volume of 10 mL DMEM per plate. Cells should be at a confluency around
60% by the time of transfection.

3.7. On the next day, transfect cells with different plasmid mixes as follows:

NOTE: This part of the protocol describes the production of lentiviruses in one 100 mm tissue-
culture treated plate per plasmid mix. To obtain higher volumes of lentiviral supernatant for
concentration, use at least four 100 mm HEK293T cell plates per mix.

3.7.1. In a 15 mL conical tube, add 10 pg of the three transfer plasmids together: 3.33 ug of
pFUW-tetO-GATA2 (Addgene plasmid #125028)%, 3.33 pg of pFUW-tetO-GFI1B (Addgene
#125597)™ and 3.33 ug of pFUW-tetO-FOS (Addgene #125598)%, plus 10 pg of the 2" generation
psPAX2 packaging vector encoding the Gag, Pol, Tat and Rev genes (Addgene #12260) and 5 pg
of pMD2.G envelope vector encoding the VSV-G gene (Addgene #12259). Add water up to 500

ML.

3.7.2. In two new 15 mL conical tubes add 10 pg of FUW-M2rtTA plasmid (Addgene #20342)'/,
10 ug of psPAX2 packaging vector and 5 ug of pMD2.G envelope vector to each tube. Add water
up to 500 pL. One tube is going to be used as a control.

3.7.3. To each tube add 62.5 pL of 2 M CaCl,. Next, release bubbles into each mixture using a
Pasteur pipet inserted into a pipet controller. While bubbles are forming, pipette 500 uL of N, N-
bis(2-hydroxyethyl)-2-aminoethanesulfonic acid (BES) buffered saline (pH 7.1, 25 °C), with a
P1000 pipette, drop-wise against the Pasteur pipet and onto the mixture.

3.7.4. Incubate tubes at room temperature for at least 15 min. The mixtures will appear slightly
cloudy after some time.

3.8. Meanwhile, aspirate medium from HEK293T cell plates (passaged the day before) and add
10 mL of DMEM + 10% FBS + 1% L-glutamine (without pen/strep). Be careful and add media
slowly to the plates as HEK293T cells are semi-adherent.

3.9. Distribute each individual mixture (approximately 1 mL) evenly and drop-wise into separate
plates and incubate overnight at 37 °C, 5% CO..

3.10. Replace medium with 4 mL of DMEM, 24 h after incubation. Incubate overnight at 37 °C,
5% CO. If available, incubate at 32 °C, 5% CO,, as the reduced temperature will increase the half-
life of the lentiviral particles.
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3.11. Collect supernatant with lentiviral particles three times to a 50 mL conical tube. Do not mix
different lentiviral particles at this point. Each plate will result in 12 mL of lentiviral supernatant.
Four plates of the same viral preparation fit into one 50 mL conical tube.

CAUTION: Perform lentiviral collection in a biosafety level-2 laboratory in a laminar flow hood
dedicated for the effect and place viral contaminated waste (tubes, tips, plates) in an appropriate
residue container for biohazardous materials.

3.11.1. Do the first collection 16 h after the last incubation and add 4 mL of DMEM. Incubate at
37 °C, 5% CO..

3.11.2. Do the second collection 8 h after the first to the same tube, add 4 mL of DMEM and
incubate at 37 °C, 5% CO,.

3.11.3. Do the third collection 16 h after the second to the same tube and discard the plates.

3.12. Filter each lentiviral supernatant using a 0.45 um low-protein binding filter with a cellulose
acetate membrane (Table of Materials) to a clean tube.

3.13. Add a maximum of 15 mL of filtered supernatant to a centrifugal filter unit with a
regenerated cellulose membrane (Table of Materials) and spin at 4000 x g for 25 min. Discard
flow-through. A viscous liquid containing lentiviruses will remain in the filter unit.

3.14. Repeat step 3.13 by adding 15 mL of supernatant on the top of the filter unit, until there is
no more lentiviral supernatant left.

NOTE: When there are only a few milliliters of supernatant to concentrate, decrease the spinning
time to 10 min. If there is still extra liquid (non-viscous) on the filter, centrifuge for an additional
10 min.

3.15. Make aliquots (50-200 pL depending on the initial supernatant volume) of each type of
concentrated lentiviruses and store at -80 °C for long-term storage (1-2 years) or at 4 °C for short-

term storage (1-2 weeks).

NOTE: Concentrated or non-concentrated lentiviruses can also be used fresh. Do not re-freeze
and thaw as this results in reduced titer.

4. Hemogenic reprogramming

NOTE: Use HDFs with a passage number of three (P3) or higher (until P10) to perform
experiments.

4.1. Coat a 100 mm plate with 5 mL of 0.1% gelatin and incubate at 37 °C for 20 min. Aspirate the
remaining gelatin solution.



309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352

4.2. Thaw a fibroblast vial and plate cells in the 0.1% gelatin coted dish. Incubate overnight at 37
°C, 5% COs. If necessary, expand fibroblasts for a longer period of time until the desired passage
and confluency are reached.

4.3. Coat 6-well tissue-culture treated plates with 500 pL of 0.1% gelatin solution and incubate
at 37 °C for 20 min. Remove extra gelatin.

4.4. Plate HDFs at a density of 150,000 cells per plate (25,000 cells per well) in a final volume of
2 mL DMEM per well. Incubate overnight at 37 °C, 5% CO,, to let cells attach.

4.5, Replace medium with 2 mL of DMEM plus 8 pug/mL polybrene. Prepare a 1:1 ratio mix of
pool-produced TFs lentiviruses and M2rtTA in a new microcentrifuge tube.

NOTE: In this protocol, pool-production of lentiviruses for the three TFs is performed, which, in
authors’ hands, results in higher reprogramming efficiency. Alternatively, it is suggested to
perform a titration of the individual lentiviral particles by gPCR8, on a standard cell line. This will
be used to define the volume of individual viruses necessary to meet a multiplicity of infection
(MOI) optimal for co-transduction and hemogenic reprogramming.

4.6. Distribute 10 to 100 pL of lentiviral mixture per well, to transduce HDFs. This is day -2 of
reprogramming.

NOTE: Defining the optimal volume of lentiviral mix for efficient reprogramming, without
compromising cell viability, requires optimization (see Supplementary Figure 1 for more details).
HDFs with more than 7 passages may require higher volumes of viruses than cells with lower

passages.

4.7. After 16 hours of incubation, remove viruses and add DMEM. Allow cells to recover for 6-8
h.

4.8. After recovery, aspirate medium and add 2 mL of DMEM with 8 ug/mL polybrene.
4.9. Do a second transduction as described in step 4.6 and incubate at 37 °C, 5% CO; for 16 h.
This is day -1 of reprogramming. The lentiviral mix can be performed on day -2 for both

transductions and kept at 4 °C.

4.10. On the next day, remove the viruses and add DMEM supplemented with 1 ug/mL DOX. This
is day O of reprogramming. Incubate at 37 °C, 5% CO; for 48 h.

4.11. At day 2 of reprogramming, split each well in a 1:2 ratio.

4.11.1. Aspirate medium and wash cells with 1 mL of PBS.



353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396

4.11.2. Aspirate PBS and dissociate cells with 500 pL of dissociation solution. Incubate 5-10 min
at 37 °C, 5% CO,.

4.11.3. Inactivate the dissociation solution with 1 mL of DMEM and collect cells into a conical
tube. Centrifuge at 350 x g for 5 min.

4.11.4. Resuspend the pellet in hematopoietic medium (see step 1.3), supplemented with 1
ug/mL DOX, and plate cells into new tissue-culture treated 6-well plates coated with 0.1% gelatin
at a final volume of 2 mL per well.

4.12. Change medium (hematopoietic medium plus DOX) twice a week for the duration of the
reprogramming cultures (25 days).

4.13. Analyze resulting reprogrammed cells at different time points by brightfield or fluorescence
microscopy (see Supplementary Figure 2), flow cytometry, bulk and single-cell mRNA
sequencing, and transplantation assays for the acquisition of hematopoietic morphology,
presence of endothelial and hematopoietic markers, acquisition of endothelial/hematopoietic
gene expression profile and regeneration capacity®.

5. Protocol optimization for assessing transcription factor binding sites at the onset of
hemogenic reprogramming

5.1. Plate 300,000 HDFs (<P8) in 0.1% gelatin coated tissue-culture treated 6-well plates with
DMEM to a final volume of 2 mL per well. Incubate overnight at 37 °C, 5% CO..

5.2. On the following day, replace medium with DMEM supplemented with 8 pg/mL polybrene.
5.3. Transduce cells with individual factors: pFUW-tetO-FOS*, pLV-tetO-HA-GFI1B (Addgene
#125599)1* and pFUW-tetO-3xFLAG-GATA2 (Addgene #125600)* or with a pool of the three
factors, plus FUW-M2rtTA in a 1:1 ratio. Use 10-20 pL total virus (individual TF + M2rtTA or three
TFs + M2rtTA). Incubate cells overnight at 37 °C, 5% CO..

NOTE: It is recommended to use twelve 6-well plates per condition (for each individual TF and
the three TFs combined).

5.4. Remove lentiviruses and add DMEM 16 h after the first transduction. Let cells recover for
6-8 h.

5.5. Transduce cells a second time with the same amount of virus per condition and incubate at
37 °C, 5% CO,.

5.6. On the next day remove viruses and add fresh DMEM. Incubate at 37 °C, 5% CO; for 24 h.

5.7. Re-plate each well into a 0.1% gelatin coated tissue-culture treated 100 mm dish with DMEM
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to a final volume of 10 mL per dish. This represents approximately a 1:6 passage.
5.8. Allow cells to grow for 6 days at 37 °C, 5% CO,.

5.9. On day 6 after re-plating, aspirate medium and add DMEM with 1 pg/mL DOX. Incubate cells
at 37 °C, 5% CO; for 2 days.

5.10. Collect fibroblasts and analyze genomic binding sites of the three TFs transduced
individually or in combination, by ChIP-seq 2 days after DOX supplementation®?.

NOTE: The final seventy-two 100 mm dishes will contain between 20-50 x 108 cells, sufficient to
perform ChlIP-seq experiments and replicates.

REPRESENTATIVE RESULTS:

A schematic representation of the reprogramming approach using HDFs is illustrated in Figure
1A. Fibroblasts are acquired from commercial sources or collected from human donors and
expanded in vitro previous to reprogramming. After plating, cells are transduced twice with
GATA2, GFI1B and FOS (and M2rtTA) lentiviruses, and doxycycline is added at day 0 of
reprogramming. On day 2, cells are split and plated in hematopoietic medium until day 25 of
culture. Reprogrammed cells may be generated at different time points for multiple applications
including transplantation in immunocompromised mice, single-cell mRNA-sequencing (SCRNA-
seq) of FACS purified cell populations (day 2 unsorted, day 15 CD49+ and day 25 CD49f+CD34+
cells), as well as microscopy and flow cytometry analysis for the cell surface markers CD49f, CD34,
CD9 and CD143. Representative cytometry plots show ~17% of reprogrammed cells expressing
both CD49f and CD9 (Figure 1B, left panel), after 25 days of reprogramming. The majority of
double positive cells express CD143 (~86%), and a small population express CD34 (0.9%),
suggesting a dynamic hemogenic fate induction. These markers are not activated in M2rtTA
transduced HDFs cultured for 25 days (Figure 1B, right panel). Immunofluorescence images
confirm expression of CD9 and CD143 in adherent and round cells, morphologically distinct from
fibroblasts that are negative for these markers (Figure 1C). Human hemogenic colonies also
express CD49f and CD34!. Single cell analysis of HDFs, day 2 (unsorted), and purified
reprogrammed cells day 15 (CD49f+CD34-) and day 25 (CD49f+CD34+) show a stepwise increase
in CD49f, CD9 and CD143 expression from day 2 to day 25. CD49f and CD9 positive cells appear
first during the reprogramming process, between day 2 and 15, indicating that these molecules
may represent markers of early human hemogenesis. CD143 expression starts to be detected at
day 15 and CD34 expressing cells are detected only at later time points (day 25). CD34+ umbilical
cord blood (UCB) cells were used as reference (Figure 1D).

Figure 2A describes a modified protocol to generate sufficient number of cells for ChIP-seq
analysis at the initial stages of hemogenic reprogramming (day 2). First, HDFs are plated at a
density two times higher than in the standard protocol (300,000 cells versus 150,000 cells per
plate). After transduction, each well is re-plated into a 100 mm dish allowing cells to expand for
6 days before supplementing media with DOX. Cells are analyzed 2 days after adding DOX and
consequent TF expression. Figure 2B shows genome browser profiles of GATA2 binding to
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genomic regulatory regions of ITGA6 and ACE when cells are co-transduced with the three factors
(3TFs) or GATA2 individually. GATA2 also binds to open chromatin regions of CD9 and CD34
genes!4,

FIGURE LEGENDS:

Figure 1: Induction of hemogenic fate in human dermal fibroblasts. (A) Experimental strategy
for hemogenic reprogramming of human dermal fibroblasts (HDFs). Fibroblast from skin punch
biopsies are collected from donors, expanded and transduced with GATA2, GFI1B, FOS and
M2rtTA lentiviruses. Doxycycline (DOX) is added to the culture at day 0 of reprogramming and
cells are analyzed at several time points until day 25. scRNA-seq, single cell mRNA-sequencing.
FACS, Fluorescence-Activated Cell Sorting. (B) Gating strategy used to evaluate the expression of
hemogenic/hematopoietic markers by flow cytometry at day 25 after transduction with the three
transcription factors (3TFs). Cytometry plots show percentage of double positive cells for CD49f
and CD9, gated in the live-cell population (DAPI-negative). Within the double positive population,
the expression of CD143 and CD34 is shown. HDFs transduced only with M2rtTA virus under the
same culture conditions are used as control. (C) Immunofluorescence images of day 25
reprogrammed colonies confirming the expression of CD9 (upper panel) and CD143 (lower panel)
Independent wells were stained with individual antibodies (Table of Materials) diluted 1:100 in
PBS with 2% FBS with mouse serum (1:100), incubated 20 min at 37 °C, 5% CO;, washed three
times and imaged in PBS with 2% FBS. Phase, phase-gradient contrast. Scale bars, 50 um. (D)
scRNA-Seq analysis of 253 cells at different time points. Expression of ITGA6, CD9, ACE and CD34
is activated during reprogramming. Cells are collected at day 2 (unsorted), day 15 (CD49f+CD34-)
and day 25 (CD49f+CD34+). HDFs and CD34+ umbilical cord blood (34+UCB) cells are used as
references.

Figure 2: Expansion of human dermal fibroblasts for ChIP-seq analysis. (A) Experimental
strategy depicting a modified protocol to generate high numbers of transduced human dermal
fibroblasts (HDFs) for ChIP-seq at day 2 of reprogramming. 300,000 cells are plated in 6-well
plates and transduced twice with individual factors (pFUW-tetO-FOS, pLV-tetO-HA-GFI1B pFUW-
tetO-3xFLAG-GATA2) or a combination of the three factors (plus M2rtTA). After removing viruses,
fibroblasts are expanded for six days in 100 mm dishes. Doxycycline (DOX) is added at day 0 and
cells are collected two days after DOX addition. (B) Genome browser profiles highlighting GATA2-
binding sites (grey boxes) at ITGA6 and ACE loci two days after transduction with the three
transcription factors (3TFs) or with GATA2 alone. The total number of mapped reads is
represented on the y-axis.

Supplementary Figure 1: Defining an optimized lentiviral volume for efficient hemogenic
reprogramming. Increasing volumes of concentrated (10 to 100 uL) pool-produced lentiviral
particles (3TFs: GATA2, GFI1B and FOS) are used to transduced HDFs, together with M2rtTA in a
ratio of 1:1, following steps 4.5-4.12 of the protocol. Reprogrammed cells are analyzed at day 25
to define an optimal volume of transduction for hemogenic reprogramming, given by the
percentage of CD49f+CD9+ cells gated in live-cells (DAPI-negative). Cell viability can be assessed
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by quantifying the absolute number of live cells at day 25. HDFs transduced with M2rtTA (100 pL)
are used as control.

Supplementary Figure 2: Morphological characteristics during hemogenic reprogramming of
human dermal fibroblasts. Human Dermal Fibroblast (HDF) cultures are imaged at the day of the
first transduction (day -2), when DOX is added to the cultures (day 0), two days after DOX
supplementation (day 2) and at the end-point of the experiment (day 25). Hemogenic colonies at
day 25 are highlighted. Scale bars, 100 um.

DISCUSSION:
In this article, a method is described to generate hematopoietic progenitor cells directly from
human fibroblasts, which go through and HP cell intermediate, similarly to definitive HSCs4.

Pool-production of lentiviral particles encoding GATA2, GFI1B and FOS was preferred over
individual production, since in our hands it results in higher reprogramming efficiencies
(unpublished data). Lentiviruses, as members of the Retroviridae family, normally contain two
copies of positive single-stranded RNA'. The increased reprogramming efficiency may be due to
packaging of two different transgenes in the same lentiviral particle, resulting in increased
number of cells co-transduced with the three transcription factors. To ensure the success of this
protocol, it is necessary to transduce HDFs with adequate amount of virus depending on the cell
passage to obtain an optimal balance between reprogramming efficiency and cell viability, as
recommended in step 4.6. Moreover, fresh non-concentrated viruses can be used. It is
recommended to transduce cells with 0.5-3 mL of 3TFs pool and M2rtTA. Also, cell density should
be adjusted according to the application. 150 000 HDFs per 6-well plate (step 4.4) provided the
optimal density to perform FACS, transplantation and flow cytometry analysis of reprogrammed
cells. For ChlIP-seq experiments, more cells were required from the beginning (step 5.1). It is
important to check cells regularly for morphological changes and replace hematopoietic medium
twice a week to support the emergence of induced hematopoietic cells. Addition of
hematopoietic cytokines or co-culture in feeder layers may increase reprogramming efficiency.

With this method, it was possible to demonstrate the expression of new hematopoietic markers
that are dynamically expressed during hemogenic reprogramming. CD9, which was shown to be
up regulated in reprogrammed cells at the transcriptional level4, is rapidly activated at the initial
phases of reprogramming and is expressed at the cell surface of CD49f+CD143+ cells, serving as
a novel marker of human HSC precursors. We also show that ITGA6 and ACE are direct targets of
GATA2 during the initial stages of hemogenic reprogramming, in addition to CD9 and CD34'4,
providing a direct mechanistic link between human hemogenic precursor phenotype and GATA2.
One advantage of this system resides in the use of relatively homogeneous fibroblast cultures.
While PSCs are easily expanded and maintained in vitro, differentiation protocols generate
heterogeneous populations that include hematopoietic progenitors, which engraft poorly>”’.
Moreover, there is a risk of tumorigenesis when transplanting PSC-derived HSPCs, since
undifferentiated PSCs may still remain in culture after the differentiation protocol. Alternatively
to fibroblasts, direct reprogramming to HSCs has been applied to blood-committed progenitors?®
and endothelial cells?’. However, starting with blood-restricted progenitor cells hinders
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therapeutic application of the resulting HSCs if the patient carries mutations that affect the
stem/progenitor hematopoietic population??. In the case of endothelial cells, these are more
difficult to obtain compared to fibroblasts, and constitute a very heterogeneous cell population
in terms of phenotype, function and structure, which are organ-dependent?3. Other studies have
succeeded in reprogramming mouse fibroblasts into engraftable hematopoietic progenitors?42°
yet, so far, no other protocol describes the generation of HSPC-like cells from human fibroblasts.

This approach, coupled with pharmacological inhibition, gene knock-out, or knock-down permits
to define individual or combination of factors that are required to directly induce human HSCs.
Employing high efficiency screening methodologies based on recent CRISPR-Cas9 technologies in
HDFs prior to reprogramming, represents an exciting endeavor for defining novel regulators of
human definitive hematopoiesis. In the future, reprogramming non-blood related human cell
types such as fibroblasts will serve as a platform to generate healthy patient-tailored
hematopoietic progenitor cells for clinical applications.
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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

ARTICLE AND VIDEO LICENSE AGREEMENT

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 JoOVE 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

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

ARTICLE AND VIDEO LICENSE AGREEMENT

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.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR
Name: N i
Carlos-Filipe Pereira
Department: R
Molecular Medicine and Gene Therapy
Institution: . .
nstitution Lund University
Title: Assistant Professor
Signature: b} b s P Date: 13/06/2019

Please submit a signed and dated copy of this license by one of the following three methods:
1. Upload an electronic version on the JoVE submission site

2. Fax the document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140
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Rebuttal Letter Click here to access/download;Rebuttal Letter;Alves et al
Rebuttal Letter.pdf

Hemogenic Reprogramming of Human Fibroblasts by Enforced Expression of
Transcription Factors

Response to Reviewers and Editors:

We would like to thank the reviewers and editors for their comments and

recommendations. In this letter we will address each individual concern and provide detailed
answers. Figures representing new data are included.

Editorial comments:

Changes to be made by the author(s):

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there
are no spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and
any errors in the submitted revision may be present in the published version.

Agreed. We have proofread the manuscript and spelling and grammar issues are corrected
and tracked in the manuscript.

2. Please define all abbreviations (DMEM, PBS, etc.) before use.
All abbreviations in the manuscript are now defined before they are used for the first time.
The following abbreviations were defined in step 1 (1. Reagent Preparation, lines 97-106):
- Dulbecco's Modified Eagle Medium (DMEM)
- Fetal Bovine Serum (FBS)
- Penicillin-Streptomycin (Pen/Strep)
- Phosphate Buffered Saline (PBS)

3. Please use the period symbol (.) for the decimal separator.
The decimal separator (,) was replaced with (.) throughout the text.

4. Please include an ethics statement before the numbered protocol steps, indicating that
the protocol follows the guidelines of your institution’s human research ethics committee.
The following ethics statement was added before the numbered protocol: “Ethics
statement: This protocol was preformed according to Lund University’s human research
ethics committee guidelines and should be done in accordance with each institutional
guideline.”

5. JoVE cannot publish manuscripts containing commercial language. This includes
trademark symbols (™), registered symbols (®), and company names before an instrument or
reagent. Please remove all commercial language from your manuscript and use generic
terms instead. All commercial products should be sufficiently referenced in the Table of
Materials. You may use the generic term followed by “(Table of Materials)” to draw the
readers’ attention to specific commercial names. Examples of commercial sounding
language in your manuscript are: MyeloCult, ScienCell, ATCC, TrypLE, Amicon, etc.

To fit journal guidelines MyeloCult was replaced with “hematopoietic medium”. TrypLE
Express is now “dissociation solution”. ScienCell and ATCC are now “certified suppliers”.
Amicon was removed from the text and now it is only referred as “centrifugal filter unit”.
Eppendorf tube was removed and is now referred as “microcentrifuge tube”.

“Table of Materials” was modified to contain the commercial name next to the generic term
of the reagents.


https://www.editorialmanager.com/jove/download.aspx?id=1064019&guid=d324b778-9462-4563-bc45-094a1b068d66&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1064019&guid=d324b778-9462-4563-bc45-094a1b068d66&scheme=1

6.3.11.1 and 3.11.2: Please specify incubation conditions.
The incubation conditions (37 °C, 5% C0O2) were added to steps 3.11.1 (line 212) and 3.11.2
(line 214).

7. Please combine some of the shorter Protocol steps so that individual steps contain 2-3
actions and maximum of 4 sentences per step.
Eight shorter steps were merged with related steps throughout the manuscript.

8. Please apply single line spacing throughout the manuscript, and include single-line spaces
between all paragraphs, headings, steps, etc.
Manuscript is now formatted with single-line spacing.

9. After you have made all the recommended changes to your protocol (listed above), please
highlight 2.75 pages or less of the Protocol (including headings and spacing) that identifies
the essential steps of the protocol for the video, i.e., the steps that should be visualized to
tell the most cohesive story of the Protocol.

The relevant steps in the protocol that should be included in the video are highlighted in
yellow and make up less than 2.75 pages for the Protocol.

10. Please highlight complete sentences (not parts of sentences). Please ensure that the
highlighted part of the step includes at least one action that is written in imperative tense.
Notes cannot usually be filmed and should be excluded from the highlighting.

Highlighted sections comprise completed sentences with at least one action in the
imperative tense. No notes were highlighted.

11. Please include all relevant details that are required to perform the step in the
highlighting. For example: If step 2.5 is highlighted for filming and the details of how to
perform the step are given in steps 2.5.1 and 2.5.2, then the sub-steps where the details are
provided must be highlighted.

All relevant details including steps and sub-steps were highlighted.

12. References: Please do not abbreviate journal titles.
The journal titles were corrected and written in full.

Reviewers' comments:

Reviewer #1:

Manuscript Summary:

In this work, the authors describe a protocol for programming human skin fibroblasts to
hemogenic progenitors by lentiviral vector-based, doxycyline-inducible expression of the
transcription factors GATA2, GFI1B and FOS.

The title and abstract are appropriate for this article, the individual steps are clearly
explained in the text and will likely lead to the described hemogenic conversion of
fibroblasts in the hands of an experienced researcher, provided that the following points are
carefully addressed:



We would like to thank this reviewer for the positive outlook and for finding the title and
abstract appropriate, as well as, for all the suggestions provided. The comments and
concerns addressed helped us improving our paper greatly.

Major Concerns:

1) The materials necessary for lentiviral vector production are incomplete: the Addgene
numbers for pFUW-tetO-3xFLAG-GATA2 (#125600), pFUW-tetO-FOS (#125598), pFUW-tetO-
GATA2 (#125028), pFUW-tetO-GFI1B (#125597) and pFUW-tetO-HA-GFI1B (#125599) are
wrong; at least the given numbers don’t exist in the Addgene-database. Those should be
checked and corrected.

All plasmids were submitted to Addgene in parallel to manuscript submission. We have
double checked and the IDs are correct. The distribution is still pending (see print screen
below with Gata2 plasmid example). We have contacted Addgene and they are now waiting
for the sequencing results to make these plasmids available to the community in the near
future. For now, it is only possible to see the information regarding each plasmid through
the corresponding author’s account.

pFUW-tet0-GATA2
(Plasmid #125028)

= Print

PURPOSE
doxycycline-inducible expression of human GATAZ2 in
mammalian cells

DEPOSITING LAB
‘ PFUW-8I0-GATAZ ‘| Filipe Pereira

\ . PUBLICATION
Gomes et al Cell Rep. 2018 Dec 4;25(10):2821-2835.e7. doi:

— 10.1016/j.celrep.2018.11.032. ( How to cite ¥)

Enlarge SEQUENCE INFORMATION
Please contact us if you would like Addgene to sequence a
portion of this plasmid before you request it.

Full plasmid sequence is not available for this item.

ORDERING

Item Catalog # Description

Plasmid 125028 Standard format: Plasmid sent in bacteria as agar stab Pending®

2) A critical part of this protocol is the efficient transduction of primary fibroblasts with the
lentiviral vectors, as the authors state themselves (page 9, lines 374/375; "To ensure the
viability of this protocol, it is necessary to transduce cells with a proper amount of virus
depending on the cell passage to obtain the best results, as recommended in step 4.6.1.").
The necessary amount of a virus is usually defined as "multiplicity of infection" (MOI), i.e. the
amounts of infectious units per target cell. To be able to define the volume of virus-
containing supernatant necessary to achieve a desired MOI, titration needs to be done
beforehand. In addition, a titration step will also provide information whether virus
production has worked at all, which is especially important to avoid possible wasting the
valuable primary fibroblasts in the next step. Unfortunately, neither a titration protocol nor
a minimal MOI necessary to achieve successful co-transduction with all four vectors is



provided. Instead, only volumes of collected and concentrated vector-containing medium
are given (page 6, 4.6.1., from line 250 on).

It would be very helpful to at least recommend titrating the virus on cells of a standard cell
line before proceeding to fibroblast transduction. Calculation can be done either by flow-
cytometry (if a fluorescence marker is co-expressed) or by qRT-PCR using vector-specific
primers. In case of the pooled virus-production described in step 3.7.1, titration may be
somewhat difficult, indeed. However, to increase the likelihood of a successful
implementation of this protocol by colleagues, one could recommend to produce and titrate
the viral vectors separately, instead.

We understand the reviewer’s concern about the efficiency of transduction of fibroblast
cultures and thank this reviewer for the suggestions.

In line with the above comment, we have restructured steps 4.5 to 4.12 to include the
reviewer’s suggestions regarding an alternative approach that includes the titration of
individual vectors by gPCR necessary to achieve a desired MOI, and a supplementary figure
(Supplementary Figure 1) to illustrate the reprogramming efficiency using different volumes
of pool-produced lentiviruses, representing a “functional titration”. The rephrased steps can
be found here:

4.5 Replace medium with 2 mL DMEM plus 8 pg/mL polybrene and prepare a 1:1
ratio mix of pool-produced TFs lentiviruses and M2rtTA in a new microfuge tube.
NOTE: In this protocol, we perform pool-production of lentiviruses for the three
TFs that, in our hands, results in higher reprogramming efficiency. Alternatively,
it is suggested to perform a titration of the individual lentiviral particles by
gPCR?, on a standard cell line. This will be used to define the volume of individual
viruses necessary to meet a multiplicity of infection (MOI) optimal for co-
transduction and hemogenic reprogramming.

4.6 Distribute 10 to 100 pL of lentiviral mixture per well, to transduce HDFs. This is
day -2 of reprogramming.

NOTE: Defining the optimal volume of lentiviral mix for efficient reprogramming,
without compromising cell viability, requires optimization (see Supplementary
Figure 1 for more details). HDFs with more than 7 passages may require higher
volumes of viruses than cells with lower passages.

4.7 After 16 hours of incubation, remove viruses and add DMEM. Allow cells to
recover for 6-8 h.

4.8 After recovery, aspirate medium and add 2 mL DMEM with 8 pug/mL polybrene.

4.9 Do a second transduction as described in step 4.6 and incubate at 37 °C, 5% CO
for 16 h. This is day -1 of reprogramming. The lentiviral mix can be performed on
day -2 for both transductions and kept at 4 °C.

4.10 On the next day, remove the viruses and add DMEM supplemented with 1
ug/mL DOX. This is day 0 of reprogramming. Incubate at 37 °C, 5% CO; for 48
hours.

411 Atday 2 of reprogramming, split each well in a 1:2 ratio.

4.11.1 Aspirate medium and wash cells with 1 mL PBS.

4.11.2 Aspirate PBS and dissociate cells with 500 uL dissociation solution.
Incubate 5-10 min at 37 °C, 5% CO2.

4.11.3 Inactivate the dissociation solution with 1 mL DMEM and collect the cells



into a conical tube. Centrifuge at 350 x g for 5 min.
4.11.4 Resuspend the pellet in hematopoietic medium (see step 1.3),
supplemented with 1 ug/mL DOX, and plate cells into new tissue-culture
treated 6-well plates coated with 0.1% gelatin at a final volume of 2 mL
per well.
4.12 Change medium (hematopoietic medium plus DOX) twice a week for the
duration of the reprogramming cultures (25 days).

Supplementary Figure 1
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Supplementary Figure 1. Defining an optimized lentiviral volume for efficient hemogenic
reprogramming. Increasing volumes of concentrated (10 to 100 uL) pool-produced lentiviral
particles (3TFs: GATA2, GFI1B and FOS) are used to transduced HDFs, together with M2rtTA
in a ratio of 1:1, following steps 4.5 to 4.12 of the protocol. Reprogrammed cells are
analyzed at day 25 to define an optimal volume of transduction for hemogenic
reprogramming, given by the percentage of CD49f+CD9+ cells gated in live-cells (Dapi-
negative). Cell viability can be assessed by quantifying the absolute number of live cells at
day 25. HDFs transduced with M2rtTA (100 uL) are used as control.

In this protocol, we opted to describe pool-production of lentiviral particles, as we have
shown in a previous experiment that this results in higher reprogramming efficiencies. We
include below this data: the mouse versions of Gata2, cFos and Gfilb were expressed using a
constitutive vector (pHAGE2) in double transgenic (huCD34-tTA/TRE-H2BGFP) mouse
embryonic fibroblasts (MEFs). Reprogramming efficiency, measured in this case by the
percentage of GFP positive cells 2, was lower when lentiviruses were produced separately
and then combined (pHAGE2-3TFs Mix), compared to when the three factors were co-
transfected in HEK293T cells (pHAGE2-3TFs Pool).

pHAGE2 empty pHAGE2-3TFs Mix pHAGE2-3TFs Pool

Off On

Gfitlb  Gata2
[hucos 1A ] Q} TCOH ' 0,07% w0’ 1,00% 174 2,56%
[TREHmCMVH2BGFP] R 0 12B8GFP 10® 10° 10®
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s . S 100 3 10 o 10?
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GFP

Percentage of reprogrammed cells when mouse Gata2, Gfilb and cFos lentiviruses are produced individually in
HEK293T cells and mixed for co-transduction or are pool-produced (co-transfected). GFP expression is driven
by the activation of the human (hu)CD34 promoter in mouse fibroblasts. Empty vector was used as control.



Lentiviruses, as members of the Retroviridae family, normally contain two copies of positive
single-stranded RNA3.The increased reprogramming efficiency may result from packaging of
two different transgenes in the same lentiviral particle, resulting in an increased number of
cells co-transduced with the 3 transcription factors.

We have included a sentence in the discussion section regarding the explanation above
(lines 388-397): “Pool-production of lentiviral particles encoding GATA2, GFI1B and FOS was
preferred over individual production, since in our hands it results in higher reprogramming
efficiencies (unpublished data). Lentiviruses, as members of the Retroviridae family,
normally contain two copies of positive single-stranded RNA'®. The increased
reprogramming efficiency may be due to packaging of two different transgenes in the same
lentiviral particle, resulting in increased number of cells co-transduced with the three
transcription factors. To ensure the success of this protocol, it is necessary to transduce
HDFs with adequate amount of virus depending on the cell passage to obtain an optimal
balance between reprogramming efficiency and cell viability, as recommended in step 4.6.
Moreover, fresh non-concentrated viruses can be used. It is recommended to transduce cells
with 0.5-3 mL of 3TFs pool and M2rtTA.”

Minor Concerns:

3) Page 5, 3.7.1, linel87: It would be helpful to mention that a second generation gag-pol
expression plasmid is used (psPAX2) and that the pMD2.G encodes for VSV-G envelope
protein, as this information is relevant for the necessary biosafety level in which all work
needs to be done.

This information is indeed important and was added to step 3.7.1, as follows:

“In a 15 mL conical tube, add 10 pg of the three transfer plasmids together: 3.33 ug of
pFUW-tetO-GATA2 (Addgene plasmid #125028)3, 3.33 pg of pFUW-tetO-GFI1B (Addgene
#125597)3 and 3.33 pg of pFUW-tetO-FOS (Addgene #125598)3, plus 10 pg of the 2™
generation psPAX2 packaging vector encoding the Gag, Pol, Tat and Rev genes (Addgene
#12260) and 5 pg of pMD2.G envelope vector encoding the VSV-G gene (Addgene #12259).
Add water up to 500 pL.”

4) Page 5, 3.7.3, line 194: even if a 2xBES-solution suitable for Ca3(P04)2 transfections can
be purchased, it would be favorable to define the concentration and pH of the solution, for
those who wish to make their own buffer.

The pH of the BES solution is 7.1 at 25 2C. This information was added to step 3.7.3 (line
192).

43) Page 5, 3.12,, line 291: it would be helpful to provide information on the type of
membrane filter used in the low-protein centrifugal filter unit. Is it Polyethersulfone (PES),
Cellulose Acetate (CA), PVDF, ... ?

The low-protein binding filter used to filter each lentiviral supernatant is made of cellulose
acetate (added to line 218). Moreover, the centrifugal filter unit used to concentrate
lentiviral particles is made of regenerated cellulose (added to line 220). Both materials were
added to the Table of Materials where the respective catalogue numbers are included.

4b) There is a mistake in the abbreviation of the pore size of the filter. It should probably



read 0.45 um instead of uM (micromolar).
The typo has been corrected (line 217).

5) Results section, page 8, line 325: the information which type of single cell analysis is
performed, namely scRNAseq, is only given in the legend of Fig 1D. Please also add it to the
main text.

The type of single cell analysis was scRNAseq and is included in the main text sentence
“Reprogrammed cells may be generated at different time points for multiple applications
including transplantation in immunocompromised mice, single-cell mMRNA-sequencing
(scRNA-seq) of FACS purified cell populations (day 2 unsorted, day 15 CD49+ and day 25
CD49f+CD34+ cells), as well as microscopy and flow cytometry analysis for the cell surface
markers CD49f, CD34, CD9 and CD143.”, in the “Representative Results” section, lines 315-
319 of the revised manuscript.

In the figure legend, please add information on the total number of single cells analyzed.
A total of 253 cells were analyzed. This information was added to the legend of Figure 1D
and can now be found in line 358.

Please correct the y-axis: if this is log to the base of 10, please add the base. If so, logip 0 is 1,
which also would have to be corrected in the graph.

The expression values are represented in log to the base of 2. This information was added to
eh y-axis of the graph in Figure 1D.

5) Figure legend 1C, page 9, line 353ff: information on the anti CD9 antibody used here is
missing. And a brief staining protocol should be included. Was the antibody simply added to
the medium? In which concentration?

We thank the reviewer for this suggestion that will improve our paper. A short staining
protocol was added to the legend of Figure 1C. In lines 355 and 357 the following sentence
addresses this concern: “Independent wells were stained with individual antibodies (Table of
Materials) diluted 1:100 in PBS 2%FBS with mouse serum (1:100), incubated 20 min at 37 2C,
5% CO2, washed three times and imaged immediately in PBS 2%FBS.”

6) In figure legend 2, details on the y-axis of the ChIPseq data are missing. What do the
numbers represent? Are these counts from the sequencing data? Please complete.

The y axis represents the total number of reads that were mapped by ChIP-sequencing. This
information was now added to lines 370 and 371 in the revised text as follows: “The total
number of mapped reads is represented on the y-axis.”.

7) Discussion section, page 10, line 394. When cultivating primary cells from skin biopsies,
the outgrowing cells only appear homogeneous because of their overall morphology.
Although the composition of the culture is certainly by far not as heterogeneous as that of
differentiating PSC-cultures, they can contain different cell types, such as mesenchymal
stroma cells, endothelial cells, melanocytes, keratinocytes and, of course, fibroblasts. All of
those may show different programming efficiencies after transduction. As such cultures are
commonly called "fibroblasts" and to avoid (unnecessary) confusion, one could perhaps
simply write "One advantage of this system resides in the use of relatively homogeneous
skin fibroblast cultures..." (or similar).



We appreciate the reviewer’s insight in this comment. We agree with the reviewer that a
skin biopsy has indeed several skin-related cell types other than fibroblasts, in particular
keratinocytes. Nevertheless, high glucose DMEM 20% FBS supports fibroblast grow
compared to keratinocytes*. We modified lines 412 to 413 according to reviewer’s
suggestion: “One advantage of this system resides in the use of relatively homogeneous
fibroblast cultures.”

8) line 397-398. It is stated that transplantation of PSC-derived HSPCs is associated with an
increased risk of tumorigenesis due to PSC-plasticity. To my knowledge, PSC-plasticity as
such is not the real problem, but, instead, undifferentiated PSCs which may have remained
in the cultures during the differentiation process.

As the reviewer stated, our concern truly lies in the PSCs that keep their undifferentiated
state and might reside in the cultures during the differentiation process. Lines 415-416 of
the revised manuscript was altered to make this concept clearer, as follows: “Moreover,
there is a risk of tumorigenesis when transplanting PSC-derived HSPCs, since
undifferentiated PSCs may still remain in culture after the differentiation protocol.”

Reviewer #2:

Manuscript Summary:

Recent work has shown, in a number of models, that direct reprogramming methods exist
allowing cells to transit from one cell type to another upon expression of reprogramming
factors. The current manuscript describes such a protocol to generate hematopoietic stem
and progenitor-like cells from human fibroblasts through the transgenic expression GATA2,
GFI1B and FOS transcription factors.

This work is important as it constitutes a model to modelize the very first steps of embryonic
hemogenic endothelium differentiation in a human setting. The authors have previously
shown this in a mouse model (1) and a human model (2), and in this manuscript describe in
detail the necessary steps.

The authors cite an example of further work which can be performed based on this protocol
consisting in detecting GATA2 targets during the early phases of reprogramming through
chromatin immunoprecipitation-sequencing assays. The authors describe 4 essential steps of
the protocol, two of which (Lentiviral Production and Hemogenic Reprogramming) are
proposed for a video protocol.

*Human Dermal Fibroblast Isolation

*Lentiviral Production

*Hemogenic Reprogramming

*Protocol Optimization for Assessing Transcription Factor Binding Sites at the Onset of
Hemogenic Reprogramming

We are grateful to this reviewer for considering our work important and for trusting on the
future impact of our system as a model to study human hematopoietic development. We
thank the reviewer for the comments which were used to improve the quality of our
manuscript.



Major Concerns:
None

Minor Concerns:
A few typographical mistakes should be corrected:

*Abstract
L44 : reprograming > reprogramming
This typo has been corrected in line 42 (revised manuscript).

*Introduction

L74 :The sentence is difficult to understand :

"Recently, we have demonstrated that human versions of the three TFs, GATA2, FOS and
GFI1B reprogram human dermal fibroblasts (HDFs) into HPs that originated hematopoietic
progenitors with short-term engraftment capacity."

It may be better to replace with :

"Recently, we have demonstrated that human versions of the three TFs, GATA2, FOS and
GFI1B reprogram human dermal fibroblasts (HDFs) into HPs with short-term engraftment
capacity."

We thank the reviewer for the suggestion and we have modified the text accordingly.

L79 : contain > contained
Typo was corrected in line 75.

L87 : promotor > promoter
Typo was corrected in line 84.

* Protocol

L109 : Human dermal fibroblast can be purchased from Sciencel or ATCC: could a
reference/catalog number be cited in order to ascertain the replication of the experiments?
As requested in the editorial comments, commercial language was removed from main text
and it is now referred as “certified suppliers (see Table of Materials)” in line 108.
Nevertheless, in the Table of Materials we have included the supplier of HDFs as well as
catalogue number (ScienCell, #2320).

L126 and 134: cover slip > coverslip
Typo is now corrected in both lines 125 and 133.

L219 : please precise a reference for the 0.45um filter, as some materials may less
compatible with viral particles.

That information was now added to “Table of Materials”. A reference to table of materials
was added to line 218.

* Discussion
L371: Prefer "In this article, a method is described to generate..."
Thank you for the suggestion. We have modified the text accordingly (line 386-387).



*Additional Comments to Authors:

One important aspect of this protocol to the researchers reproducing the experiment is the
morphological changes demonstrated by the cells during the reprogramming. It would be
important and relevant in the results of the"Hemogenic Reprogramming " (Figl) to show the
morphological characteristics and confluency of the cells at days -2, 0, 2, 15, 25. A table with
a representative photographs at these different stages would be useful, and the morphology
of the cells should also be visible in the video.

We appreciate the reviewer’s comment and agree that it is important to show the
morphological changes that occur during the hemogenic reprogramming process.

We have generated a supplementary figure including the morphological characteristics and
confluency of the cells at days -2, 0, 2 and 25. This new figure was added as Supplementary
Figure 2 in the manuscript and referenced in step 4.13 of the protocol.

Supplementary Figure 2

Day -2

HDF Reprogramming

Supplementary Figure 2. Morphological characteristics during hemogenic reprogramming
of human dermal fibroblasts. Human Dermal Fibroblast (HDF) cultures are imaged at the
day of the first transduction (day -2), when DOX is added to the cultures (day 0), two days
after DOX supplementation (day 2) and at the end-point of the experiment (day 25).
Hemogenic colonies at day 25 are highlighted. Scale bars, 100um.

Due to short deadline for paper re-submission we were unable to include day 15 time-point.
This time-point will be added to the video protocol.
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