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27 SUMMARY:
28  Here we describe a clinically relevant, high-efficiency, feeder-free method to reprogram human
29  primary fibroblasts into induced pluripotent stem cells using modified mRNAs encoding
30 reprogramming factors and mature microRNA-367/302 mimics. Also included are methods to
31 assess reprogramming efficiency, expand clonal iPSC colonies, and confirm expression of the
32  pluripotency marker TRA-1-60.
33
34  ABSTRACT:
35 Induced pluripotent stem cells (iPSCs) have proven to be a valuable tool to study human
36 development and disease. Further advancing iPSCs as a regenerative therapeutic requires a safe,
37 robust, and expedient reprogramming protocol. Here, we present a clinically relevant, step-by-
38 step protocol for the extremely high-efficiency reprogramming of human dermal fibroblasts into
39 iPSCs using a non-integrating approach. The core of the protocol consists of expressing
40  pluripotency factors (SOX2, KLF4, cMYC, LIN28A, NANOG, OCT4-MyoD fusion) from in vitro
41  transcribed messenger RNAs synthesized with modified nucleotides (modified mRNAs). The
42  reprogramming modified mRNAs are transfected into primary fibroblasts every 48 h together
43  with mature embryonic stem cell-specific microRNA-367/302 mimics for two weeks. The
44  resulting iPSC colonies can then be isolated and directly expanded in feeder-free conditions. To
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maximize efficiency and consistency of our reprogramming protocol across fibroblast samples,
we have optimized various parameters including the RNA transfection regimen, timing of
transfections, culture conditions, and seeding densities. Importantly, our method generates high-
quality iPSCs from most fibroblast sources, including difficult-to-reprogram diseased, aged,
and/or senescent samples.

INTRODUCTION:

Reprogramming somatic cells into induced pluripotent stem cells (iPSCs) requires extended
expression of a core set of transcription factors that are important in maintaining pluripotency-2.
When producing iPSCs for clinical applications, it is essential that the mutational burden in input
cells is minimized during processing and the efficiency of iPSC generation is maintained at a
relatively high level across patient samples. However, the majority of reprogramming methods,
including integration-free protocols, suffers from very low reprogramming efficiencies, which
limit clinical usefulness of these approaches®. The low reprogramming efficiency may also
promote selective reprogramming of cells carrying preexisting mutations, increasing mutational
burden in resulting iPSCs. In addition, all DNA-based reprogramming methods, such as lentivirus-
and episomal-based approaches, suffer from the safety concern that DNA may randomly
integrate into the genome and create the opportunity for harmful insertional mutagenesis and
unwanted (potentially oncogenic) expression of pluripotency genes in downstream tissue
derivatives®.

A promising approach to achieve efficient induction of pluripotency in somatic cells and reduce
mutational burden in resulting iPSCs is to use synthetic capped messenger RNAs containing
modified nucleobases (modified mRNAs) for reprogramming®. The efficiency of modified mRNA-
based reprogramming approaches can be further enhanced by adding embryonic stem cell (ESC)-
specific microRNAs (miRNAs)-367/302s3, which have been shown to reprogram somatic cells with
increased efficiency®’. However, even with the addition of miRNAs-367/302s, the modified
mRNA-based reprogramming approach often fails during application to freshly isolated patient
cells3. To address inconsistencies of this modified mRNA-based approach, we have recently
reported an optimized, integration-free strategy that induces pluripotency in human primary
fibroblasts with a high success rate and utilizes both modified mRNAs encoding reprogramming
factors and mature miRNA-367/302 mimics®. In our method, the reprogramming modified mRNA
cocktail includes a modified version of OCT4 fused with the MyoD transactivation domain (called
M30)° and five other reprogramming factors (SOX2, KLF4, cMYC, LIN28A, and NANOG).
Combining the modified mRNA encoding the pluripotency factors with the miRNA mimics
appeared to have a synergistic effect on reprogramming efficiencies in this protocol. Additional
optimizations of the RNA transfection regimen, cell seeding, and culturing conditions were also
necessary to increase reprogramming efficiency of the approach to an ultra-high level®.

Unlike many other protocols, our reprogramming approach typically requires only a few
thousand input fibroblasts. In addition, many common non-integrating strategies using episomal
plasmids, Sendai virus, or self-replicating RNA involve extensive passaging to dilute the
reprogramming vector in generated iPSCs. Conversely, modified mRNA and mature miRNA
mimics have a short half-life and are rapidly eliminated from cells. Taken together, the amount
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of cumulative cell culture time between collecting patient samples and the generation of usable
iPSCs is minimal in this approach, effectively limiting mutation accumulation in resulting iPSCs
and improving cost-effectiveness.

Here, we present the detailed step-by-step protocol to achieve high-efficiency reprogramming of
adult human fibroblasts into iPSCs using our combinatorial modified mRNA/miRNA-based
approach®. This RNA-based reprogramming protocol provides a straightforward, cost-effective,
and robust method for generating integration-free iPSCs for research and potential clinical
applications. Furthermore, it is applicable to the reprogramming of a variety of fibroblast lines
including difficult-to-reprogram, disease-associated, aged, and senescent fibroblasts. A
schematic of the protocol for reprogramming human fibroblasts is shown in Figure 1. The
protocol specifically describes a method for reprogramming three wells of human adult primary
fibroblasts in a 6-well format plate. Two wells typically yield a sufficient number of high-quality
iPSC colonies. In many cases, only one well is necessary, and the third well can be used for analysis
of reprogramming efficiency. If required, the number of wells can be scaled up.

PROTOCOL:

Work under RNase-free conditions and use aseptic techniques when possible. Perform all cell
culture-related manipulations in a biological safety cabinet using aseptic techniques. Follow
institutional biosafety standards for work with human cells.

1. Reagents and Equipment for Preparation of Reprogramming Initiation
1.1. Prepare the modified-mRNA cocktail encoding reprogramming factors.

1.1.1. Follow the previously published protocol® to perform in vitro transcription, capping, and
dephosphorylation procedures for each modified mRNA encoding individual reprogramming
factor. After the final purification step, elute the modified mRNA with nuclease-free water,
supplement the purified modified mRNA solution with 1 U/uL RNase inhibitor, quantitate the
modified mRNAs using a spectrophotometer, and store at -80 °C for up to 6 months. Prepare
multiple aliquots of each modified mRNA to minimize the number of freeze-thaw cycles.

Note: Similar protocols for modified mRNA production have been reported elsewhere>®%,
Templates for in vitro transcription can be generated by PCR amplification from corresponding
plasmid templates using primers listed in the Table of Materials according to the previously
published protocol'°. Plasmid templates for each reprogramming factor (Ms0°, SOX2, KLF4,
cMYC, NANOG, LIN28A) and mWasabi (control for transfection) are available from commercial
sources.

1.1.2. Mix together all the modified mRNAs at a molar ratio of 3:1:1:1:1:1 (M30 : SOX2 : KLF4 :
cMYC : NANOG : LIN28A) and include 10% mWasabi modified mRNA as a control for the
transfection efficiency. Adjust the concentration of the complete modified mRNA
reprogramming mix to a final concentration of 100 ng/pL by adding nuclease-free water
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supplemented with 1 U/uL RNase inhibitor. Prepare seven 33 plL aliquots of the complete
modified mRNA cocktail. Store the mixed reprogramming aliquots at -80 °C.

Note: For each transfection, 1,000 ng of the modified mRNA cocktail is added per well (i.e., a total
of 3,000 ng for 3 wells). Each 33 uL aliquot is sized to transfect 3 wells of a 6-well format plate
and includes 3 pL of excess volume to account for pipetting errors. Preparing seven 33 pL aliquots
is sufficient to complete a full fibroblast reprogramming of 3 wells in a 6-well format plate.

1.2. Prepare the cocktail of reprogramming miRNA mimics.

1.2.1. Dissolve lyophilized miRNA mimics (Syn-hsa-miR-302a-3p, Syn-hsa-miR-302b-3p, Syn-hsa-
miR-302c-3p, Syn-hsa-miR-302d-3p, Syn-hsa-miR-367-3p) to a 5 pmol/uL (5 puM) final
concentration in nuclease-free water supplemented with 1 U/uL of RNase inhibitor. Prepare
multiple aliquots of each miRNA mimic and store at -80 °C for long term storage.

1.2.2. Mix all miRNA mimics in a 1:1:1:1:1 molar ratio to a final concentration of 5 pmol/uL (5
KUM). Prepare seven 14 pl aliquots of the miRNA mimics mix. Store the mixed aliquots at -80 °C.

Note: For each transfection, 20 pmol of the miRNA mimics mix is added per well (i.e., a total of
60 pmol for 3 wells). Each 14 pL aliquot is sized to transfect 3 wells of a 6-well format plate and
includes 2 pL of excess volume to account for pipetting errors. Preparing seven 14 pul aliquots is
sufficient to complete a full fibroblast reprogramming of 3 wells in a 6-well format plate.

1.3. Prepare the transfection buffer.

1.3.1. Pre-warm one 500 mL bottle and one 100 mL bottle of fresh reduced-serum medium to
RT (RT) for approximately 2 h. Do not use a water bath.

1.3.2. Transfer a pH meter to a biosafety cabinet. Wash the meter’s glass electrode with
nuclease-free water. Calibrate the pH meter according to the manufacture’s instructions. Wash
the electrode again with nuclease-free water.

1.3.3. Transfer both bottles of reduced-serum medium into the biosafety cabinet. Use the 500
mL RT bottle to adjust the pH.

1.3.4. Measure the base pH of the reduced-serum medium by inserting the pH meter’s glass
electrode into the buffer. Wait up to 1 min before reading the pH on the meter.

1.3.5. Add 3-4 mL of 1 M NaOH into 500 mL of reduced-serum medium, close the bottle, and mix
well. Wait up to 5 min before opening the bottle for pH measurement. Insert the pH meter’s
electrode into the buffer and wait until the reading on the pH meter stabilizes.

1.3.6. Continue adding small volumes of 1 M NaOH until the pH of reduced-serum medium
reaches 8.15-8.17. Calibrate the pH meter several times during the process. If at any point the
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pH becomes higher than 8.18, reduce it by adding fresh reduced-serum medium from the pre-
warmed 100 mL bottle (step 1.3.1).

Note: The pH of the reduced-serum medium-based transfection buffer is critical. Reprogramming
will be successful if the pH of the transfection buffer is about 8.2 + 0.05 but may fail if the pH is
higher than 8.25. Therefore, it is advised to stop adding NaOH once the buffer’s pH reaches 8.15-
8.17. This will ensure that the final pH of the transfection buffer is approximately 8.2-8.22 after
sterilization. The exposure of the transfection buffer to atmospheric air during the preparation
of aliquots increases its pH, as well.

1.3.7. Filter sterilize the transfection buffer using a 0.22 um vacuum filtration system. Aliquot
the sterilized buffer into 5 or 15 mL tubes with minimal air space.

1.3.8. Store aliquots of the transfection buffer for up to 3 months at 4 °C. Measure the pH of the
aliquots periodically. Discard the aliquots if the pH is higher than 8.25. Limit aliquot usage to 2
transfections only.

1.4. Prepare the fibroblast expansion medium (FEM): minimum essential medium supplemented
with 10% fetal bovine serum (FBS), 1x non-essential amino acids, 1x glutamine supplement, 55
UM 2-mercaptoethanol, 1x pen/strep/fungizone. Store the FEM at 4 °C.

1.5. Prepare the reprogramming medium: DMEM/F12 (no HEPES) supplemented with 20%
knockout serum replacement (KOSR), 0.5x non-essential amino acids, 0.5x glutamine
supplement, 55 uM 2-mercaptoethanol, 50 pug/mL ascorbic acid, 1x pen/strep/fungizone, 100
ng/mL bFGF, and 200 ng/mL B18R. Prepare the medium at the initiation of reprogramming
without bFGF and B18R, and store it at 4 °C. Do not use it beyond 1 month following preparation.
Add bFGF and B18R immediately before each use to an aliquot sized for that day’s use.

1.6. Prepare the plating medium by adding 5% heat-inactivated (HI) FBS into the reprogramming
medium containing 20% KOSR without bFGF and B18R from step 1.5. Prepare the medium fresh
on the day of intended use. Add bFGF and B18R immediately before use on day 0 of
reprogramming.

1.7. Calibrate the tissue culture incubators before initiating reprogramming according to the
manufacturer’s instructions using a handheld digital COz analyzer. Use a low-O; incubator for the
reprogramming steps to ensure successful iPSC generation.

2. Culturing Fibroblasts for Reprogramming

2.1. Prepare fibroblasts prior to the initiation of reprogramming (day -2).

2.1.1. Coat a new 10 cm tissue culture plate with 5 mL of 0.1% gelatin. Tap or swirl the plate to

ensure that the entire surface is coated. Incubate for 15 min at 37 °C. Aspirate gelatin and add
10 mL of FEM. Set aside. Do not allow the coated surface of the plate to dry before adding FEM.
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2.1.2. Carefully aspirate the spent medium from the fibroblasts. Rinse the cells once with 5 mL of
DPBS to remove the residual serum. Add 3 mL of trypsin-EDTA. Gently rock the plate to ensure
complete coverage over the cells.

2.1.3. Aspirate excess fluid, leaving ~500 uL of trypsin. Do not over-aspirate, since this can dry
and kill the fibroblasts. Incubate the fibroblasts with trypsin-EDTA for 3 min at 37 °C.

2.1.4. Remove the plate from the incubator and firmly but gently tap the side of the plate to
dislodge the cells. Check the cells under the microscope. If the cells are detached and floating,
proceed. If the cells are still attached, incubate for another 3 min.

2.1.5. Quickly rinse/collect the detached cells using 5 mL of FEM to neutralize the trypsin-EDTA.
Move the fibroblast suspension into a 15 mL conical tube. Ensure that the cells are well-mixed.

2.1.6. Gently mix the cell suspension to break large clumps of cells, then count them on a
hemocytometer. Transfer 2.5 x 10° cells into the gelatin-coated 10-cm dish prepared in step 2.1.1.
Incubate the cells overnight in the 37 °C, 5% CO; humidified regular tissue culture incubator.

Note: The cell density is critical to achieve high reprogramming efficiency, as it is important that
the fibroblasts are healthy and rapidly dividing. Plating 2.5 x 10° cells yields a 40-60% confluency
2 days later for most fibroblast samples. Adjust the amount accordingly for diseased or senescent
cells to attain the desired 40-60% confluency 48 h later.

2.1.7. Replace the medium with 10 mL of fresh FEM the following day (day -1).

2.2. Plate the fibroblasts to initiate reprogramming (day 0).

2.2.1. Verify that the fibroblasts to be reprogrammed are at 40-60% confluency (Figure 2, day 0).
If the cells are over- or under-confluent, passage the fibroblasts as described in step 2.1 and

adjust the plating density accordingly. Culture for another 2 days.

2.2.2. Transfer 4 mL of DPBS into a 15 mL conical tube. Add 100 pL of recombinant human (rh)
laminin-521. Pipette up and down to mix thoroughly.

2.2.3. Pipette 1 mL of diluted rhLaminin-521 into 3 wells of a 6-well plate. Incubate the coated
plate at 37 °C for 2 h.

2.2.4. Warm 6 mL of FEM and 4 mL of plating medium to 37 °C. Supplement the plating medium
with bFGF at a final concentration of 100 ng/mL and B18R at a final concentration of 200 ng/mL.

2.2.5. Carefully aspirate the spent medium from fibroblasts (step 2.2.1). Rinse the cells with 5 mL
of DPBS and add 3 mL of trypsin-EDTA. Gently rock the plate to cover the cells with trypsin-EDTA.
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2.2.6. Aspirate excess fluid, leaving ~500 pL of trypsin, as done in step 2.1.4. Incubate the
fibroblasts with trypsin-EDTA for 3 min at 37 °C. Remove the plate from the incubator and firmly
but gently tap the side of the plate to dislodge cells. Check the cells under the microscope. If the
cells are detached and floating, proceed. If the cells are still attached, incubate for another 3 min.

2.2.7. Rinse/collect the detached cells using 5 mL of FEM to neutralize the trypsin-EDTA. Move
the fibroblast suspension into a 15 mL conical tube. Ensure that the cells are well-mixed and
count them on a hemocytometer. Pipette 12,000 cells into 4 mL of prewarmed plating medium
from step 2.2.4.

Note: Do not centrifuge the cells at any point. The number of plated cells can be adjusted up or
down as required for slow- or fast-growing lines, respectively.

2.2.8. Remove the coated plate from the incubator and aspirate diluted rhLaminin-521 from the
coated wells. Do not allow the surface of the wells to dry. Gently resuspend cells in the plating
medium. Pipette 1 mL of cell suspension into each coated well (i.e., 3,000 cells per well).

2.2.9. Place the plated cells into a tri-gas tissue culture incubator with O, set to 5% (low-03). Once
the plate is set down, gently but thoroughly disperse cells by alternating between an up/down
then left/right motion. Repeat the motions 2 more times. Incubate the cells overnight. Do not
swirl the plate to mix.

2.2.10. Pipette 4 mL of reprogramming medium to a 15 mL conical tube and place it in the low-
03 incubator with a loosened cap to equilibrate overnight. Do not add bFGF and B18R until the
following day.

3. Initiation of Reprogramming (day 1)

Note: Once the reprogramming is initiated, daily maintenance is required for approximately 1
month. Be sure to plan accordingly. All subsequent cell incubations must be performed under
low-0; conditions in the 37 °C, 5% CO;, 5% O, humidified tri-gas tissue culture incubator.

3.1. Replace the plating medium at least 1 h prior to transfection.

3.1.1. Remove the equilibrated reprogramming medium from the low-0O; incubator. Add bFGF to
a final concentration of 100 ng/mL and B18R to a final concentration of 200 ng/mL. Mix well.

3.1.2. Proceeding with 1 well at a time, use a 1 mL pipette to remove the spent medium and
replace it with 1 mL of reprogramming medium supplemented with bFGF and B18R. Repeat this
for each well. Do not use vacuum aspiration, which excessively dries the cells, causes stress, and
reduces reprogramming efficiency. Move the plate with cells back into the low-0; incubator.

3.2. Transfect fibroblasts with 5 pL of RNAiMax transfection reagent per 1 pg of modified mRNA,
and 1 pl of the transfection reagent per 6 pmol of miRNA mimics per transfection.
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Note: Optimal results are obtained when transfections proceed for 16-20 h. The transfection
reagent is diluted 10x; the 100 ng/uL modified mRNA cocktail is diluted 5x; and the 5 pmol/uL
miRNA mimics mix is diluted 8.33x with the transfection buffer prior to complexation. See Table
1 for a summary of the transfection setup.

[Place Table 1 here]

3.2.1. While preparing the transfection mixes, minimize potential exposure of reagents to RNase
by following standard laboratory practice.

3.2.2. Equilibrate an aliquot of the transfection buffer (step 1.3) for approximately 1 h at RT. Do
not use a 37 °C water bath or incubator to warm up the transfection buffer.

3.2.3. Remove a single aliquot of modified mRNAs (33 pL) and miRNA mimics (14 uL) from -80 °C
and warm them to RT. Do not thaw the aliquots at 37 °C. Spin them down briefly in a microfuge.

3.2.4. Warm the transfection reagent to RT. Do not use a 37 °C water bath or incubator. Invert
the closed tube 2-3 times to mix the reagent. Spin it down briefly in a microfuge.

3.2.5. Transfer 279 uL of the RT transfection buffer into an RNase-free microcentrifuge tube. Add
31 pl of the transfection reagent to achieve a final volume of 310 pL. Mix thoroughly by pipetting.
Do not vortex. Incubate the tube at RT for 1 min.

Note: This volume of the diluted transfection reagent is sufficient to complex both the modified
MRNA and miRNA mimics aliquots from step 3.2.3.

3.2.6. Add 132 uL of the RT transfection buffer to the 33 uL aliquot of modified mRNA. Gently
pipette to mix: final volume is 165 pL.

3.2.7. Add 102.6 pL of the RT transfection buffer to the 14 pL aliquot of miRNA mimics. Gently
pipette to mix: final volume is 116.6 L.

3.2.8. Add 165 pL of the diluted transfection reagent from step 3.2.5 to the diluted modified
MRNA from step 3.2.6. Pipette to mix: final volume is 330 pL.

3.2.9. Add 116.6 pL of the diluted transfection reagent from step 3.2.5 to the diluted miRNA
mimics mix from step 3.2.7. Mix well (final volume is 233.2 pL). Incubate for 15 min at RT to allow
the transfection buffer to complex with the modified mMRNAs and miRNA mimics.

3.2.10. Remove the plate with cells from the low-0; incubator. Add 100 pL (1 pg) of the
complexed modified mRNA transfection mix to each well, dropwise across the well. Disperse the
transfection complexes by gently but thoroughly agitating the plate with an up/down then
left/right motion. Do not swirl the plate to mix.
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3.2.11. Add 66.7 pL (20 pmol) of the complexed miRNA mimics transfection mix to each well,
dropwise across the well. Disperse transfection complexes by gently but thoroughly agitating the
plate with an up/down then left/right motion. Do not swirl the plate to mix.

3.2.12. Place the transfected cells into the tri-gas incubator with O set to 5% (low-03). Once the
plate is set down, disperse the transfection complexes again by gently but thoroughly agitating
the plate with an up/down then left/right motion.

3.2.13. Pipette 4 mL of reprogramming medium into a 15 mL conical tube and place it in the low-
03 incubator with loosened cap to equilibrate overnight. Do not add bFGF and B18R until the
following day.

4. Replacing Reprogramming Medium between Transfections (days 2, 4, 6, 8, 10, and 12)
4.1. Replace the medium 16-20 h post-transfection as described in 3.1.1-3.1.2. Add bFGF to a
final concentration of 100 ng/mL and B18R to a final concentration of 200 ng/mL into

reprogramming medium aliquots.

4.2. Monitor mWasabi expression daily to confirm transfection quality using a microscope
configured to visualize EGFP.

Note: mWasabi expression should be minimally apparent on day 2 and increase in brightness
with each additional transfection.

5. Every-Other-Day Transfections (days 3, 5, 7, 9, 11, and 13)

5.1. Perform the transfection as described in step 3.2. Do not change the medium on days of
transfection.

5.2. Prepare a 4 mL aliquot of reprogramming medium and place it in the low-O; incubator to
equilibrate for the medium change on the following day. Do not add bFGF and B18R until the
following day.

6. Procedures to be Performed after Final Transfection

6.1. Perform daily medium changes from day 14 through approximately day 17. Warm 7 mL of
reprogramming medium to 37 °C. Add bFGF to a final concentration of 100 ng/mL.

Note: B18R is no longer necessary after the final transfection. Beyond day 14, it is no longer
necessary to equilibrate the medium overnight in the low-O; incubator.

6.2. Remove the medium from all wells using a serological pipette. Continue to avoid using
aspiration. Add 2 mL of reprogramming medium supplemented with bFGF per well.
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6.3. On days 17 and 18, analyze the reprogrammed wells under an inverted or dissecting
microscope. If colonies are formed in close proximity to each other due to high efficiency of
reprogramming and cannot be manually isolated, separate the colonies by performing an
optional passaging of reprogrammed wells described in step 7 below. If colonies are sparse and
well-separated, manually pick the clones directly from the reprogrammed well as described in
step 8 and subculture iPSCs according to standard protocols.

7. Optional Procedure: Passaging Cells from Reprogrammed Wells using EDTA

7.1. Prepare 0.5 mM EDTA in DPBS (EDTA) by diluting the 0.5 M EDTA stock solution. Filter
sterilize EDTA using a 0.22 um vacuum filtration system.

7.2. Prepare feeder-free pluripotent stem cell (PSC) medium (e.g., mTeSR1) according to the
manufacturer’s instructions. Pre-warm 32 mL of PSC medium to 37 °C.

7.3. Coat all wells of two 6-well format plates with hESC-qualified extracellular matrix (ECM)
following the manufacturer’s instructions. Seal plates with paraffin film and incubate them for 1

h at RT.

7.4. Aspirate the ECM solution from the pre-warmed plates and replace it with 2 mL of PSC
medium per well. Do not allow the surface of the wells to dry. Set them aside.

7.5. Aspirate the reprogramming medium from 2 reprogrammed wells on a day when the
colonies are large and clearly formed (usually day 18). Rinse once with 1 mL of EDTA and aspirate.

7.6. Add 1 mL of EDTA per well. Incubate for 4 min at 37 °C.
7.7. Gently remove the plate from the incubator and place it in the biosafety cabinet.
Note: At this point, cells may be very loosely adhered and easily dislodged.

7.8.  Carefully aspirate EDTA from both wells. Add 3 mL of pre-warmed PSC medium to each
well treated with EDTA. Use a cell-scraper to gently but thoroughly dislodge cells from both wells.

7.9. Use a serological pipette to gently pipette the cell suspension and break up large clumps. Do
not pipette until all the cell clumps are gone. Preserve iPSC clusters.

Note: Plating large clumps will not affect iPSC colony outgrowth. If there are excessively large cell
clumps, simply avoid transferring them into the next dish.

7.10. Using a serological pipette, evenly distribute cells from each EDTA-treated well by pipetting
0.5 mL into each well of the ECM-coated 6-well plate.
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Note: Do not combine cells from the reprogrammed wells (i.e., reprogrammed well 1 should be
evenly distributed into the first 6-well plate, and reprogrammed well 2 should be evenly
distributed into the second 6-well plate).

7.11. Move the plated cells back into the low-0; incubator. To evenly distribute cells, shake each
plate back-and-forth and side-to-side. Do not swirl. Replace the PSC medium daily.

8. Picking iPSC Colonies

8.1. Pre-warm 15 mL of PSC medium to 37 °C. Coat all wells of a single 6-well plate with hESC-
qualified ECM following the manufacturer’s instructions. Seal the plates with paraffin film and
incubate them for 1 h at RT.

8.2.  Aspirate the culture medium from wells being used to collect iPSCs. Rinse once with 1 mL
of EDTA and aspirate. Add 1 mL of EDTA per well. Incubate for 4 min at 37°C. While the cells are
incubating, aspirate the ECM solution from the pre-warmed plates and replace with 2 mL of PSC
medium per well. Set the plates aside.

8.3. Gently remove the plate with iPSCs to be picked from the incubator and place it in the
biosafety cabinet.

Note: At this point, cells may be very loosely adhered and easily dislodged.

8.4.  Carefully aspirate EDTA. Very gently add 3 mL of pre-warmed PSC medium, taking care
not to dislodge iPSC colonies.

8.5. Move the plate to an inverted or dissecting scope to better visualize colonies. Prepare a
1 mL pipette with a sterile tip. Depress the plunger fully, then use the pipette tip to gently scrape
a colony while slowly drawing liquid into the tip to collect the colony. Draw as little medium as
possible while picking the iPSC colony.

8.6.  To transfer the colony, pipette up and down 3-4 times in a single well of the ECM-coated
plate from step 8.4. Repeat until 6 colonies have been picked and transferred into individual
wells. Pick no more than 2 colonies from any single well if an optional passaging described in step

7 has been performed.

8.7. Use a standard human stem cell protocol to freeze down all remaining wells. Thaw and
re-plate frozen stocks if more colonies must be picked later.

9. Characterization of iPSCs
9.1. Perform TRA-1-60 staining for analysis of reprogramming efficiency (day 18).

Note: 2 out of 3 reprogrammed wells are passaged for future colony picking. The remaining well

10
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can be used for TRA-1-60 staining. This procedure can be performed on the laboratory bench top.

9.1.1. Wash the reprogrammed well with 1 mL of PBS. Fix cells with ice-cold methanol at -20°C
for 5 min.

9.1.2. Aspirate methanol. Dry the well for approximately 2 min. Be careful not to over-dry. The
cells have dried enough when they become a translucent/matte color.

9.1.3. Wash the well 3 times with 1 mL of PBS for 5 min with gentle shaking. During the washes,
prepare 3 mL of 3% hydrogen peroxide in PBS.

9.1.4. Aspirate the PBS. Add 2 mL of diluted peroxide solution. Incubate for 15 min at RT with
gentle shaking. Prepare 4 mL of the blocking solution: 10% bovine-serum albumin (BSA) in PBS.

9.1.5. Aspirate the peroxide solution. Wash the well 2 times with 1 mL of PBS for 5 min.

9.1.6. Aspirate PBS and add 2 mL of blocking solution into the well. Incubate for 1 h at RT.
9.1.7. Wash the well 3 times with 1 mL of PBS for 5 min with gentle shaking.

9.1.8. Dilute primary anti-TRA-1-60 antibody at 1:100 in the blocking solution supplemented
with 0.05% sodium azide. Prepare 1 mL of antibody dilution for 1 well of a 6-well format dish.
Add the antibody dilution to the well and wrap the plate with parafilm to avoid evaporation.

Incubate overnight at 4 °C with gentle shaking.

Note: If needed, the incubation with the primary antibody can be done for 1 h at RT with gentle
shaking. The primary antibody dilution can be re-used up to 5 times.

9.1.9. After incubation with the primary antibody, wash the well 3 times with 1 mL of PBS for 5
min with gentle shaking.

9.1.10. Dilute the secondary anti-mouse HRP-conjugated antibody at 1:200 in the blocking
solution. Incubate the well with the secondary antibody dilution for 2 h at RT with gentle shaking.

9.1.11. Aspirate the secondary antibody dilution and wash the well 3 times with 1 mL of PBS for
5 min with gentle shaking.

9.1.12. During the third wash, prepare the substrate solution following the manufacturer’s
instruction. After the final wash, aspirate PBS. Add 1 mL of the substrate solution and incubate

until desired color develops (approximately 10 min).

9.1.13. Aspirate the substrate solution. Rinse the well with water for 5 min while gently shaking.

11
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9.1.14. Count the colonies, if desired. Reprogramming efficiency = (number of colonies) /
(number of plated fibroblasts) x 100%.

9.1.15. For long-term storage, aspirate water from the stained plate and air-dry overnight at RT.
Seal the dried plate with parafilm and store at 4°C for up to 2 years to assess reprogramming
efficiency later.

REPRESENTATIVE RESULTS:

It typically takes approximately 5-6 weeks from the initiation of fibroblast reprogramming to
freezing of the first vials of iPSCs (Figure 1). The reprogramming protocol can be generally
categorized into two phases. Phase 1 includes the fibroblast culture and seven transfections, with
the reprogramming RNA cocktail performed every 48 h. Phase 2 includes isolation, expansion,
and characterization of the iPSC colonies.

Before initiating the protocol, it should be ensured that the fibroblasts to be reprogrammed are
of good quality. Healthy fibroblasts should appear spindle-shaped, bipolar, and refractile with a
doubling time of approximately 24 h. By day 0, 250,000 cells plated into a 10-cm dish on day -2
should grow to 40-60% confluency (Figure 1, day 0) and yield approximately 6-10 x 10° cells. Cells
proliferating at a slower rate can be compensated for by plating at a higher density on day -2 and
on day O for reprogramming.

Fibroblasts should appear very sparse following plating into a well of a 6-well format dish for
reprogramming (Figure 2, day 1). Twenty-four hours following the first transfection, fibroblasts
will lose their spindle shape and adopt a more rounded morphology (Figure 2, day 2), which is
maintained through the remainder of reprogramming. Green fluorescence from mWasabi mRNA
should be minimally observable on day 2 and steadily increase in brightness to be clearly visible
by day 4. The ability to detect mWasabi fluorescence can depend on scope sensitivity and setup.
Cell density will gradually and consistently increase throughout the first three transfections (days
1-6), with an apparent burst in proliferation occurring between days 7 and 8. The cells should
appear largely confluent by day 10 (Figure 2, day 10). The first iPSC colonies can appear as early
as day 11 (Figure 2, day 11); however, colonies may not be observable until as late as day 18.
Generally, by days 15-18, there will be large and obvious iPSC colonies that are clearly distinct
from surrounding, incompletely reprogrammed fibroblasts (Figure 2, day 15 and Figure 3, day
17). Immunostaining for the pluripotency marker TRA-1-60 can be performed to assess
reprogramming efficiency (Figure 3, day 17, TRA-1-60). In our experience, most fibroblast lines
yield hundreds of colonies per reprogrammed well (Figure 3, inset B).

Suboptimal plating density is the most common reason for reduced efficiency of reprogramming
in our protocol and is frequently associated with fibroblasts that are diseased, senescent, and/or
high-passage. If plating density is too low, there will be large acellular barren patches at the end
of reprogramming (Figure 4C), and iPSC colonies may not form (Figure 4D). Reprogrammed cells
should be very confluent by day 14 (compare Figures 4A and 4B to Figure 2, day 14). Similarly, if
cells are plated too densely or proliferate too quickly, reprogramming efficiency is dramatically
reduced.

12
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To maintain homogeneity of patient-derived iPSCs, it is important to expand cell lines from a
single colony. Since reprogramming efficiency is very high in our protocol, neighboring iPSC
colonies may form in close proximity to and grow into each another (Figure 3, days 15-17). This
sometimes makes it difficult to mechanically separate a single colony for clonal expansion. We
have found that it is helpful to first passage a reprogrammed well and dilute it across a larger
culture area. A good passage ratio consists of evenly splitting a reprogrammed 6-well-format
plate well across an entire 6-well plate.

Following the dilution passage, iPSCs grow as colonies and are easily distinguishable from
fibroblasts (Figure 5, day 18). Initially, iPSC colonies may be loosely packed, and individual cells
have a relatively large cytoplasmic area. Over the course of 4-7 days, the iPSCs proliferate and
form a characteristic tightly-packed colony with defined edges. Individual cells within the colony
have a large nuclear fraction with prominent nucleoli (Figure 5, day 22). There should be many
colonies that form in each well, and only those with classic iPSC morphology should be picked for
expansion.

FIGURE LEGENDS

Figure 1: Reprogramming of human fibroblasts into induced pluripotent stem cells (iPSCs). A
schematic protocol for the reprogramming of human fibroblasts is presented. Fibroblasts are first
passaged at a low density into a well of a 6-well format dish, followed by seven transfections
performed at 48 h intervals. Medium is replaced 16-20 h after each transfection. Reprogrammed
iPSCs are first passaged at approximately day 18, and clonal colonies are picked by day 26.
Typically, fibroblast-derived iPSC lines can be frozen for long-term storage by day 38.

Figure 2: Representative daily images during each day of reprogramming. Fibroblasts should be
approximately 40-60% confluent at the time of passage to initiate reprogramming (day O, cells
are plated in a 10 cm dish). The first transfection (T1) occurs on day 1, and the cells should appear
very sparse at this point. The following day (day 2), a more rounded morphology should become
apparent. Cells will continue to increase in density throughout the protocol with iPSC clusters
beginning to appear as early as day 11 (circled in red). By day 15, iPSC colonies will be large with
discreet boundaries. Scale bar =200 um.

Figure 3: Colony formation following transfections with reprogramming modified mRNAs and
miRNA mimics. Low-magnification images were taken of a representative reprogramming on
days 15-17. Following the final transfection, reprogrammed iPSCs will form clear colonies with
defined boundaries that expand in size and condense to become clearly distinct from
incompletely reprogrammed surrounding fibroblasts. Immunostaining for the pluripotency
marker TRA-1-60 indicates the presence of iPSCs (inset A) and can be used for calculation of
reprogramming efficiency by counting all colonies within a single well (inset B, examples of
countable colonies circled in green). Scale bar =1 mm.

Figure 4: Representative images of sub-optimal plating density for reprogramming. (A, B)
Examples of fibroblasts that are too sparse by day 14 of reprogramming (compare to Figure 2,

13
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day 14). (C) Low magnification image on day 17 of reprogramming with a large, barren patch
circled in red. (D) The same well was fixed and stained for TRA-1-60 to confirm overall poor
reprogramming efficiency due to low cell density. Scale bars = 200 um and 1 mm for (A, B) and
(C, D), respectively.

Figure 5: Representative images of iPSCs after initial passage. After completing transfections
with reprogramming modified mRNAs and miRNA mimics, reprogrammed cells are passaged by
days 17-20. iPSCs have a growth advantage in PSC medium and rapidly overtake any fibroblasts
that were incompletely reprogrammed. Initially, iPSCs will form colonies that may appear loose
with poorly defined borders. Within several days, the cells rapidly proliferate and take on the
characteristic morphology of tightly packed cells with a high nucleus-to-cytoplasm ratio, tightly
clustering into colonies with distinct borders. Scale bar = 200 um.

Table 1: Preparation of transfection mix.

DISCUSSION:

This protocol describes a clinically-relevant, non-integrating, RNA-based method that allows for
the reprogramming of normal and disease-associated human fibroblast lines into iPSCs at an
ultra-high efficiency. To date, every human fibroblast line we have attempted to reprogram with
the described protocol has yielded a satisfactory number of high-quality iPSCs for downstream
applications. Resulting iPSCs can immediately be transferred and expanded in feeder-free culture
conditions.

Quality of fibroblasts for reprogramming:

Reprogramming success is heavily dependent on the quality of starting fibroblasts. Ideally,
reprogramming should be initiated with the lowest passage fibroblasts available to achieve the
highest efficiency. Reprogramming efficiency is best with fibroblasts of passage 2-4.
Reprogramming can still work with high-passage (passage 5-8), even senescent fibroblasts, albeit
with a reduced efficiency. Sometimes low-passage fibroblasts are unavailable or patient samples
have a genetic mutation that prevents healthy growth. In this case, optimization of initial plating
density may be required. The reprogramming of compromised fibroblast lines is usually
associated with increased cell death during RNA transfections. As a result, the cells in the
reprogramming well will appear to be sparse by days 10-14 of reprogramming. Large acellular
areas will also be visible in the well. If this is the case, the reprogramming protocol will need to
be re-initiated with a higher initial starting number of fibroblasts. Plating 3,000 input cells per
well of a 6-well format dish works consistently for most adult fibroblast lines. However, increasing
the plating number to 5,000-10,000 (50,000 for senescent lines) may help to improve
reprogramming of disease-associated samples, as has been reported in our previous publication?.
Conversely, cells reaching confluency too early can also be resistant to reprogramming. If cells
undergoing transfections with reprogramming RNAs proliferate too rapidly (as is sometimes the
case with primary neonatal fibroblasts), initiate reprogramming with 500 fibroblasts per well of
a 6-well format dish®.

Handling of the transfection buffer:

14
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The pH of the transfection buffer (reduced-serum medium adjusted to the pH of 8.2) is
paramount to achieving the optimal transfection efficiencies required for this reprogramming
protocol. For this reason, several precautions regarding the handling of the transfection buffer
are recommended. We have found that even short exposure of the transfection buffer to
atmospheric air affects the pH of the buffer. Therefore, the transfection buffer should be
aliquoted into a screw cap container with minimal air space (we use either 5 or 15 mL screw cap
conical tubes). To further minimize air exposure, use each transfection buffer aliquot for a
maximum of two transfections. Lastly, since temperature impacts pH, it is critical that the
transfection buffer is equilibrated to RT for assembly of the transfection complexes. It is advised
to not warm the transfection buffer to 37°C.

Passaging of iPSCs:

While many previously published protocols recommend picking individual iPSC colonies at the
end of reprogramming, this may be difficult to achieve when the efficiency of reprogramming is
very high or if the colonies cluster together, as is often the case in our protocol. Therefore, if iPSC
colonies are in close proximity to each other, we recommend first passaging the cells to spread
out reprogrammed iPSCs before manually picking colonies. There are several advantages to
performing this early passage step. Spreading out the colonies gives them more room to grow,
yielding much larger colonies for picking than could otherwise be achieved in the original well.
This greatly improves the success rate in establishing an iPSC line from a picked clone. We also
find that the additional culture time with fibroblasts, albeit at a diluted ratio, appears to improve
the average quality of picked iPSC colonies. The incompletely reprogrammed fibroblasts may
provide supporting paracrine factors, which continue to help establish the iPSCs and ease the
direct transition into feeder-free cell culture conditions. Fibroblasts fortuitously have a selective
growth disadvantage compared to iPSCs when cultured in mTeSR1. Therefore, the contaminating
fibroblast cell population is quickly diluted to negligible quantities within 3-4 passages.

ROCK inhibitors such as Y-27632 are frequently used for routine culture of human iPSCs. We have
found that frequent and/or extended culture of some iPSC lines with Y-27632 can have
deleterious effects on overall quality. When using a clump passaging method, such as with EDTA,
Y-27632 is not necessary to maintain iPSC viability after splitting. We have completely eliminated
supplementing media with Y-27632 for all iPSC isolation, expansion, or routine culture.

Protocol limitations:

One limitation to the described RNA-based reprogramming approach is the initial cost and
complexity associated with the preparation of the reprogramming reagents. Although
preparatory procedures to generate mRNA reagents are all routine and have been previously
described (PCR, in vitro transcription, DNase treatment, capping, dephosphorylation,
purification), cumulatively the production of mMRNA reagents is a relatively lengthy and non-trivial
process. The other major challenge to this protocol is the need to transfect cells every 48 h,
increasing the labor intensity of the reprogramming protocol. These considerations may be
prohibitive if reprogramming of only a few patient samples is desired. However, if the primary
consideration is the generation of clinically relevant iPSCs or achieving very high reprogramming
efficiency, the described RNA-based reprogramming approach is ideal.
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In summary, the described high-efficiency RNA-based reprogramming method hinges on
optimized transfection efficiency of the somatic cell type to be reprogrammed as described in
our previous publication®. The RNA transfection protocol presented in this study is highly tuned
for human primary fibroblasts but can potentially be tailored to other cell types to improve
reprogramming efficiency of various somatic cells.
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