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Abstract
-

Introduction
Human pluripotent stem cells \(hPSCs) can be maintained in culture under conditions that preserve their
potential to generate any cell type in the body. This unique property makes them a valuable resource for
studying human differentiation, modeling diseases in vitro using disease-relevant cell types, drug
screening, and as a source for human cell replacement therapies to restore cell types that are lost or
damaged1. Both human embryonic stem cells \(hESCs) derived from the inner cell mass of pre-
implantation embryos2 and human induced pluripotent stem cells \(hiPSCs) derived from somatic cells3,4

show similar growth characteristics and differentiation potentials. There are diverse methods for
maintaining hPSCs in culture, which are discussed in detail elsewhere5-7. Two of the most common
methods include the use of mouse embryonic �broblast \(MEF) feeder cells and medium containing
knockout serum replacement \(KOSR) and basic �broblast growth factor \(bFGF)2, or under feeder-free
conditions on substrates such as Matrigel/Geltrex8. Feeder-free conditions can be paired with chemically-
de�ned media9, including the commercially available media mTeSR11,10, E82,11, or StemFit3,4,12. We have
previously found that the pluripotency and survival of hPSCs under stressful conditions such as those
encountered during gene editing is improved under culture conditions that combine aspects of both of
these culture systems5-7,13,14. In particular, cultured cells are maintained in a 1:1 mixture of mTeSR1 and
standard hPSC medium containing 20% knockout serum replacement \(KOSR) and 100 ng/mL bFGF on
a substrate of Matrigel or Geltrex, and are passaged with EDTA2,15. We therefore used this medium to
culture over 100 hESC lines that had previously been cultured in a wide array of different conditions,
including with feeders in KOSR-based medium, or under feeder-free conditions16.

Reagents
mTeSR1 \(STEMCELL Technologies, cat. no. 05850) KO-DMEM \(Thermo Fisher, cat. no. 10829018)
Knockout serum replacement \(KOSR) \(Thermo Fisher, cat. no. 10828028), MEM non-essential amino
acids \(NEAA) \(Thermo Fisher, cat. no. 11140035), GlutaMAX \(Thermo Fisher, cat. no. 35050061) 55
mM beta-mercaptoethanol in dPBS \(BME) \(Thermo Fisher, cat. no. 21985023) Basic �broblast growth
factor-basic \(bFGF) \(Sigma cat. no. F0291) dissolved in 1.0 ml of 5mM Tris \(pH 7.6) and sterilized
with a 0.22µm pore size �lter. Y-27632, henceforth “ROCK inhibitor \(RI)” \(DNSK International, custom
order) Mouse Embryonic Fibroblasts \(MEFs) \(GlobalStem, cat. no. GSC-6301G) Matrigel hESC quali�ed
matrix \(Matrigel) \(Corning, cat. no. 354277), diluted to manufacturer’s recommended concentration in
ice-cold KO-DMEM DMEM \(Thermo Fisher, cat. no. 10566016) Dimethylsulfoxide \(DMSO) \(Sigma, cat.
no. D2650) Fetal Bovine Serum \(FBS) \(GE Healthcare, cat. no. SH30406.02) Phosphate Buffered Saline
without calcium and magnesium \(PBS) \(Corning, cat. no. 21-040-CV) Ethanol \(Sigma cat. no. 652261),
diluted to 70% with distilled water Ethylenediaminetetraacetic acid \(EDTA) \(Sigma, cat. no. 03690),
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diluted to 0.5 mM in PBS and sterile �ltered **Prepared Medias** _KOSR-based hESC medium \(KSR)_
389.5 ml KO-DMEM, 100 ml KOSR, 5 ml NEAA, 5 ml glutaMAX, 0.5 ml 55 mM BME. Sterile �lter and
supplement before use with bFGF to a �nal concentration of 100 ng/ml. Good for up to 2 weeks at 4°C.
_MEF medium_ 450 ml DMEM, 50 ml FBS. Sterile �lter and store for up to 2 weeks at 4°C. _KSR:mTeSR1_
Add equal volumes of sterile-�ltered KSR and mTeSR1. Good for up to 2 weeks at 4°C. _Freezing medium
\(250 ml)_ Add 50 ml DMSO to 200 ml cold FBS, mix well, and sterile �lter. Do not add DMSO directly to
the �lter. Store at 4°C for up to 1 year.

Equipment
Incubator at 37°C with 95% air and 5% CO2 Biological safety cabinet Dissecting microscope or EVOS
Pipetmen, plastic pipette, and pipette tips Table top centrifuge 15 ml polystyrene conical tubes \(Falcon
cat. no. 352095) 50 ml polypropylene conical tubes \(Falcon cat. no. 352070) 6-well tissue-culture treated
plate \(Corning, cat. no. 0720080) 10 cm tissue-culture treated plate \(Corning, cat. no. 430167) 1.8 ml
cryovials \(Nunc, cat. no. 377267) Water bath set at 37°C 0.22 micron pore size sterile �lters \(Corning
cat. no. 431097) Freezing container capable of cooling cells at a rate of -1°C per minute such as Mr.
Frosty \(Thermo Fisher cat. no. 51000001)

Procedure
_General culture conditions_ Test all cultures for the presence of mycoplasma upon receipt. Antibiotics
are not included in the media so that contamination can be spotted immediately if it arises. Proper sterile
technique is essential. Wear appropriate PPE and only open plates inside of a class 2 biosafety cabinet
that is thoroughly cleaned with 70% ethanol before and after each use. Cells are grown in a humidi�ed
37°C tissue culture incubator in the presence of 5% CO2 and 20% O2. Culture medium is changed daily. It
is advisable to select low passage cell lines that have been whole genome or whole exome sequenced to
reduce the risk of selecting cells with unwanted mutations that could affect downstream experiments16.
We also suggest routinely monitoring the genomic integrity of cell lines by targeted sequencing or
microarray. _Coating plates for thawing hESCs from diverse sources_ If the culture conditions \(feeder or
feeder-free) of hESCs to be thawed are known, prepare plates to match these conditions, as described
below. If cell lines from diverse sources are to be thawed concurrently, coat one well of a 6-well plate with
ice-cold Matrigel or Geltrex according to manufacturer instructions. Rinse off excess brie�y with PBS
before plating cells in 2 ml warm KSR:mTeSR1 with 10 μM RI. Coat a second well of a 6-well plate with
0.1% gelatin for 30 minutes at 37°C, rinse brie�y with PBS, and plate MEFs in MEF medium at a density of
approximately 50,000 cells per square centimeter, or to evenly coat the well to 100% con�uence. Allow
MEFs to attach for at least 24 hours before plating hESCs. Immediately before plating, rinse wells brie�y
with PBS and add 2 ml warm KSR medium with 10 μM RI. _Thawing hESC lines from diverse sources_
Upon receipt, store cryovials of hESC lines in liquid nitrogen \(gas phase) until use. To minimize stress to
hESCs previously cultured and frozen under diverse conditions, cells are adapted to a rich medium that
supports pluripotency, consisting of a 1:1 mix of KSR and mTeSR1 \(KSR:mTeSR1). To thaw vials,
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prepare and label plates ahead of time as described above and pre-warm 21 ml KSR:mTeSR1 + 10 μM RI
to 37°C. Transfer the cryovial from storage into the tissue culture room on dry ice, and transfer it directly
into a �oating rack in a a 37°C water bath for approximately 1 minute or until the cell suspension has
started to thaw but is still partially frozen. Quickly transfer the cells to a 15 ml conical tube containing 10
ml pre-warmed KSR:mTeSR1 + 10 μM RI. Centrifuge the cells at 1000 RPM for 5 minutes, re-suspend the
pellet again in 10 ml pre-warmed KSR:mTeSR1 + 10 μM RI and centrifuge, and then resuspend the
resulting pellet in 1 ml warm KSR:mTeSR1 + 10 mM RI and plate 0.5 ml per well. Change medium after 24
hours to remove RI and feed cells daily thereafter. Cells on MEFs are fed with KSR medium, whereas cells
on Matrigel are fed with KSR:mTeSR1. _hESC passaging and expansion_ Under phase contrast
microscopy, hESCs should have prominent nucleoli and a high nuclear to cytoplasmic ratio. Cells with
different morphology, especially if elongated or �attened, likely indicate differentiation to non-pluripotent
cell types. Some hESC lines will rapidly and uniformly expand under feeder-free conditions with no
morphologically distinguishable signs of differentiation. These lines can be passaged once plates reach
approximately 90% con�uence with EDTA. EDTA is preferable for routine passaging since it is non-
enzymatic and hPSCs are dispersed into small clumps of cells rather than single cells8,17. This allows
colonies to be e�ciently dispersed with high rates of survival while eliminating enzymatic treatment and
reducing mechanical handling of cells. Brie�y rinse plates with PBS and incubate with warm EDTA for
approximately 5 minutes at 37°C, or until cells take on a rounded, bright morphology under phase
contrast microscopy. Cells should not spontaneously detach from the plate but can be easily dislodged
when approximately 100 microliters of EDTA is pipetted onto the plate with a P1000. If they have not
reached this point, continue incubation and monitor every minute. Once cells easily wash off the plate,
gently aspirate the EDTA while leaving the cells attached, and wash the hESCs off of the plate with 1 ml
warm KSR:mTeSR1 + 10 μM RI with RI using a P1000. For expansion, re-plate the entire cell suspension
onto a Matrigel-coated 10 cm plate containing 10 ml KSR:mTeSR1 + 10 μM RI. Other hESC lines may
grow as well-de�ned colonies upon thawing since they were frozen as colonies of cell chunks, or because
of small cell numbers or poor survival of frozen cells. If all colonies contain cells with hESC morphology,
disperse them with EDTA as described above once they reach a diameter of approximately 400 microns.
Re-plate them onto a matrigel-coated well of a 6 well plate as described above in 2 ml of medium. At this
higher density, they will grow as more of a monolayer than as distinct colonies9,18 and can soon be
expanded onto a 10 cm plate. If cultures contain differentiated cells, they should be eliminated before
expansion as described below. _Removing differentiated cells from hESC cultures_ It is important to
eliminate differentiated cells from hESC cultures since these will interfere with downstream applications
such as directed differentiation. If a de�ned regions of the plate contain differentiated cells, mark these
under the microscope and rapidly aspirate them during cell feeding, taking care not to let cell cultures dry
out during aspiration. Since hESCs typically adhere to the plate less tightly than differentiated cells,
gentle EDTA passaging can enrich for pluripotent cells. If hESC cultures contain widespread
differentiation, or if the cell line had best established on MEFs, identify and manually pick colonies with
undifferentiated morphology using a P200 pipette under sterile conditions. Transfer colonies onto a fresh
matrigel-coated plate 10 ml KSR:mTeSR1 + 10 μM RI. Take special care use good sterile practice during
this procedure in which cultures are uncovered and particularly vulnerable to contamination. Once these
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picked colonies have established themselves, control any residual differentiation and expand pluripotent
cells as described above. _Freezing hESCs in cryovials_ To bank hESCs for later use and and prepare
samples for sequencing, pre-label 10 sterile cryovials per cell line with the cell line name, date, passage
number, and any other relevant information. Avoid processing more than 2 cell lines at a time. Once cells
have reached approximately 90% con�uence, dissociate them with EDTA as described above, aspirate
EDTA, and gently detach and re-suspend cells in 5 ml KSR:mTeSR1 + 10 μM RI. To mimimize osmotic
shock to the cells while limiting the time they spend in the presence of concentrated DMSO, gently add an
equal volume of ice-cold Freezing Medium, pipetting up and down as it is added over the course of 1
minute. Immediately distribute 1 ml of cell suspension to each cryovial, �rmly cap, transfer to a freezing
container and place at -80°C overnight before being transferred to liquid nitrogen \(gas phase) for long-
term storage.

Timing
Depending on the number of cells in the received vial and the condition of the cell line, expansion can
take anywhere from approximately 1 week to 6 weeks. In addition to the approximately 30 minutes it will
take to prepare the biosafety cabinet and components for daily cell feeding, additional time should be
budgeted on days where cell lines are passaged, thawed, or frozen. **Critical Steps** - The time that
hPSCs spend in freezing medium should be minimized during cell freezing and thawing. DMSO is a
cryoprotectant, but is also toxic. Having all reagents prepared and labeled ahead of time is essential.
Ensure that thawed cells are immediately diluted in warm medium and washed twice to remove all traces
of DMSO before plating. It is preferable to obtain two vials of each line from the provider in case of
mishaps during thawing or expansion. - Eliminate differentiated cells as early as possible using the
methods described above, as some differentiated cells proliferate rapidly. - Do not use medium that is
older than 2 weeks. bFGF is labile, and is best added fresh at each feeding. - The differentiation potential
of hPSCs is adversely affected by stressful culture conditions. Feed cells daily, do not allow medium to
become too acidic and/or depleted of nutrients, and passage cultures as soon as they start to reach
con�uence. - During passaging, ensure that cell attachments are su�ciently loosened so that they
detatch from the plate with minimal mechanical force, but are not so long that they spontateously detach
or dissociate to a single-cell suspension. - Do not store cells at -80°C for long periods of time. Cells should
be stored in liquid nitrogen, preferably in the gas phase. When shipping cells, we have observed better
survival when cells were shipped in liquid nitrogen shippers than if they were shipped on dry ice.

Troubleshooting
- If only a small percentage of cells survive thawing, contact the providing institution for guidance.
Although in our experience only three out of 117 cultured hESC cell lines did not successfully thaw and
expand16 using media or substrates that thawed cells have been adapted to grow in might lead to higher
survival rates. - Many cultures will show some cell death and detached cells upon thawing, and under
routine culture. These can be observed as �oating, approximately cell-sized phase-bright objects.
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Remaining cells in the culture should show relatively uniform morphology and at 1:10 split ratios, cultures
should reach con�uence within approximately 4-7 days. If cultures show abnormally slow growth or high
rates of cell death, discard and re-make all media, and re-test cultures for the presence of mycoplasma.

Anticipated Results
Cell lines that have been adapted to feeder-free culture and passaging with EDTA or enzymes such as
Accutase or TrypLE typically thaw well and have few to no cells with differentiated morphology. Such cell
lines can be expanded and banked in two weeks or less. However, cells that have been cultured only on
MEFs and/or dissociated manually or with enzymes such as dispase often do not form as many colonies
upon thawing and sometimes have cells with differentiated morphology when �rst switched to feeder-
free conditions. It is advisable to eliminate these differentiated cells as soon as practical and to plan for
additional time for these cell lines to be adapted to the new culture conditions described in this protocol.
Cell lines grown on Matrigel in KSR:mTeSR1 can be readily switched to either feeder- or feeder-free
conditions.
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Figures

Figure 1

Schematic work�ow for the adaptation and expansion of hESC lines in feeder-free conditions. A)
Cryovials containing hESC are rapidly thawed and plated in parallel onto two wells of a 6 well tissue
culture plate. One well is coated with Matrigel and contains 2 ml KSR:mTeSR1, and the second well is
seeded with a monolayer of MEFs in 2 ml KSR-based hESC medium. B) If the cell line established well
under feeder-free conditions, it can be directly passaged onto a Matrigel-coated 10 cm plate. C) Sparse
colonies may need to be dispersed and re-plated onto a fresh well. If necessary, differentiated cells can be
removed by aspiration, or pluripotent cells can be manually picked onto a fresh well. D) If cell lines do not
establish well on Matrigel, colonies with pluripotent morphology can be manually picked from the well
with MEF feeders and re-plated under feeder-free conditions. E) If differentiated cells persist, one or more
additional rounds of passaging may be required to establish a line of undifferentiated pluripotent cells
adapted to feeder-free culture. F) Once the 10 cm plate is nearly con�uent, cells can be harvested and
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frozen into 10 identical cryovials for sequencing of later use. These cells can be either thawed in feeder-
free conditions or can be grown on MEF feeders.


