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SUMMARY:  27 
This protocol introduces a simple two-step method for differentiating corneal limbal epithelial 28 
stem cells from human pluripotent stem cells under xeno- and feeder cell-free culture conditions. 29 
The cell culture methods presented here enable cost-efficient, large-scale production of clinical 30 
quality cells applicable to corneal cell therapy use. 31 
 32 
ABSTRACT:  33 
Corneal limbal epithelial stem cells (LESCs) are responsible for continuously renewing the corneal 34 
epithelium, and thus maintaining corneal homeostasis and visual clarity. Human pluripotent stem 35 
cell (hPSC)-derived LESCs provide a promising cell source for corneal cell replacement therapy. 36 
Undefined, xenogeneic culture and differentiation conditions cause variation in research results 37 
and impede the clinical translation of hPSC-derived therapeutics. This protocol provides a 38 
reproducible and efficient method for hPSC-LESC differentiation under xeno- and feeder cell-free 39 
conditions. Firstly, monolayer culture of undifferentiated hPSC on recombinant laminin-521 (LN-40 
521) and defined hPSC medium serves as a foundation for robust production of high-quality 41 
starting material for differentiations. Secondly, a rapid and simple hPSC-LESC differentiation 42 
method yields LESC populations in only 24 days. This method includes a four-day surface 43 
ectodermal induction in suspension with small molecules, followed by adherent culture phase on 44 
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LN-521/collagen IV combination matrix in defined corneal epithelial differentiation medium. 45 
Cryostoring and extended differentiation further purifies the cell population and enables banking 46 
of the cells in large quantities for cell therapy products. The resulting high-quality hPSC-LESCs 47 
provide a potential novel treatment strategy for corneal surface reconstruction to treat limbal 48 
stem cell deficiency (LSCD). 49 
 50 
INTRODUCTION: 51 
The transparent cornea at the ocular surface allows light to enter the retina and provides the 52 
majority of the eye’s refractive power. The outermost layer, the stratified corneal epithelium, is 53 
continuously regenerated by limbal epithelial stem cells (LESCs). The LESCs reside in the basal 54 
layer of the limbal niches at the corneoscleral junction1,2. LESCs lack specific and unique markers, 55 
so their identification requires a more extensive analysis of a set of putative markers. Epithelial 56 
transcription factor p63, and especially N-terminally truncated transcript of the alpha isoform of 57 
p63 (ΔNp63α), has been proposed as a relevant positive LESC marker3,4. Asymmetric division of 58 
LESCs allows them to self-renew, but also produce progeny that migrate centripetally and 59 
anteriorly. As the cells progress toward the corneal surface they gradually lose their stemness 60 
and finally terminally differentiate to superficial squamous cells that are continuously lost from 61 
the corneal surface.  62 
 63 
Damage to any of the corneal layers can lead to severe visual impairment, and corneal defects 64 
are thus one of the leading causes of vision loss worldwide. In limbal stem cell deficiency (LSCD), 65 
the limbus is destroyed by disease or trauma which leads to conjunctivalization and opacification 66 
of the corneal surface and subsequent loss of vision5,6. Cell replacement therapy using autologous 67 
or allogeneic limbal grafts offers a treatment strategy for patients with LSCD4,7-9. However, 68 
harvesting autologous grafts bears a risk of complications to the healthy eye, and donor tissue is 69 
in short supply. Human pluripotent stem cells (hPSCs), specifically human embryonic stem cells 70 
(hESCs) and human induced pluripotent stem cells (hiPSCs), can serve as an unlimited source of 71 
clinically relevant cell types, including corneal epithelial cells. Therefore, hPSC-derived LESCs 72 
(hPSC-LESCs) represent an attractive new cell source for ocular cell replacement therapy. 73 
 74 
Traditionally, both the undifferentiated hPSC culture methods and their differentiation protocols 75 
to LESCs have relied on the use of undefined feeder cells, animal sera, conditioned media, or 76 
amniotic membranes10-15. Recently, efforts toward safer cell therapy products have prompted 77 
the search for more standardized and xeno-free culture and differentiation protocols. As a result, 78 
several defined and xeno-free methods for long-term culture of undifferentiated hPSCs are now 79 
commercially available16-18. As a continuum, directed differentiation protocols relying on 80 
molecular cues to guide hPSCs to corneal epithelial fate have been recently introduced19-23. Yet 81 
many of these protocols used either undefined, feeder based hPSCs as starting material, or 82 
complex, xenogeneic growth factor cocktails for differentiation.  83 
 84 
The purpose of this protocol is to provide a robust, optimized, xeno-and feeder-free hPSC culture 85 
method and subsequent differentiation to corneal LESCs. Monolayer culture of pluripotent hPSCs 86 
on laminin-521 (LN-521) matrix in defined, albumin-free hPSC medium (specifically Essential 8 87 
Flex) allows rapid production of homogeneous starting material for differentiations. Thereafter 88 



 
  
a simple, two-step differentiation strategy guides hPSCs toward surface ectodermal fate in 89 
suspension, followed by adherent differentiation to LESCs. A cell population where > 65% express 90 
ΔNp63α is obtained within 24 days. The xeno- and feeder-free protocol has been tested with 91 
several hPSC lines (both hESCs and hiPSCs), without any requirement for cell line specific 92 
optimization. The protocols for weekend-free maintenance, passaging, cryostoring and hPSC-93 
LESC phenotyping described here enable production of large batches of high-quality LESCs for 94 
clinical or research purposes.  95 
 96 
PROTOCOLS:  97 
 98 
University of Tampere has the approval of the National Authority for Medicolegal affairs Finland 99 
(Dnro 1426/32/300/05) to conduct research on human embryos. The institute also has 100 
supportive statements of the Ethical Committee of the Pirkanmaa Hospital District to derive, 101 
culture, and differentiate hESC lines (Skottman/R05116) and to use hiPSC lines in ophthalmic 102 
research (Skottman/R14023). No new cell lines were derived for this study. 103 
 104 
Note: The protocol described is based on specific, commercially available hPSC and corneal 105 
epithelium differentiation media. Please refer to the Table of Materials for 106 
manufacturer/supplier information and catalog numbers. 107 
 108 
1. Establishing Xeno- and Feeder-free hPSC Culture  109 
 110 
1.1. Preparations 111 
 112 
1.1.1. Coat 24-well plates with human recombinant laminin-521 (LN-521). For the first feeder-113 
free (FF) passage, use LN-521 at a concentration of 1.09 µg/cm2, and at 0.55 µg/cm2 for the 114 
following passages. The suggested LN-521 concentrations serve as a starting point for successful 115 
FF culture but can be lowered. 116 

 117 
1.1.1.1. Thaw LN-521 vial slowly at 4 °C as instructed by the manufacturer.  118 
 119 
Note: Appropriately handled LN-521 solution may be stored at 4 °C for up to 3 months after 120 
thawing. 121 

 122 
1.1.1.2. To prepare the coating solution, dilute appropriate amount of LN-521 stock solution with 123 
1x Dulbecco’s Phosphate-Buffered Saline (DPBS) containing Ca2+ and Mg2+ to a total volume of 124 
300 µL per well.  125 

 126 
1.1.1.3. Pipet the coating solution to the wells, seal the well plate with parafilm, and incubate 127 
overnight at 4 °C. Coated plates may be stored at 4 °C for up to 2 weeks. Alternatively, for a rapid 128 
coating protocol, incubate well plates with coating solution for 2 h at 37 °C, 5% CO2. 129 

 130 
1.1.2. Prepare hPSC culture medium (specifically Essential 8 Flex) by supplementing basal 131 
medium with provided supplement, as instructed by the manufacturer. Add 50 U/mL penicillin-132 



 
  
streptomycin. Note that the formulation is sensitive to light and high temperatures. Thaw the 133 
supplement and warm the media at room temperature (RT), protected from light. Use the 134 
supplemented hPSC medium within two weeks from the supplementation date. 135 

 136 
1.2. Transferring the hPSC to FF culture on LN-521 137 
 138 
1.2.1. Pre-warm all the needed materials and reagents to RT in the laminar flow hood. 139 

 140 
1.2.2. Passage hPSCs from standard culture system on feeder layers (e.g. inactivated human 141 
foreskin (hFF) or mouse embryonic fibroblasts), or other FF culture systems using standard 142 
methodology. For example, hPSC colonies cultured on hFF feeder cells can be dissected to small 143 
pieces with a scalpel and the pieces then detached with a needle tip. Human PSCs cultured using 144 
FF culture systems can be transferred using cluster passaging method with or without prior 145 
enzyme treatment. 146 

 147 
1.2.3. Remove the LN-521 coating solution from the 24-wells and add 1 mL pre-warmed hPSC 148 
medium per well.  149 

 150 
Note: Do not allow the wells to dry as LN-521 will inactivate upon drying. 151 

 152 
1.2.4. Transfer the colony pieces/cell clusters to LN-521 coated 24-wells in hPSC medium with a 153 
pipette. Transfer 20-30 colony pieces per well, avoiding overcrowding the wells.  154 

 155 
1.2.5. Replace the medium with 1 mL of hPSC medium the day after transfer and every other day 156 
thereafter. The cultures are ready for passaging 3-4 days later as hPSCs have grown out to 157 
colonies with smooth, undifferentiated morphology. For reference, see Figure 1B (first image). 158 
For the first FF passage, the colonies should not be allowed to grow to a fully confluent 159 
monolayer, but the cultures should be passaged when colonies reach an approximate size of 1 160 
mm. 161 
 162 
1.3. Passaging and maintenance of FF hPSC culture 163 
 164 
1.3.1. Pre-warm all the needed materials and reagents to RT in the laminar flow hood. 165 

 166 
1.3.2. From the second FF passage onwards, passage the FF hPSCs when the culture has reached 167 
80-100% confluency. Passage FF hPSCs to new LN-521 coated 24-well plates using single cell 168 
passaging twice a week (on Mondays and Thursdays) to maintain high quality cultures with 169 
undifferentiated morphology and to achieve weekend-free feeding regimen. For details, please 170 
refer to18,24,25. 171 

 172 
1.3.2.1. Rinse the FF hPSCs twice with 1 mL of 1x DPBS without Ca2+ and Mg2+. 173 

 174 
1.3.2.2. Detach FF hPSCs with xeno-free trypsin-EDTA (specifically TrypLE Select Enzyme) by 175 
incubating 500 µL per well at 37 °C, 5% CO2. For optimal incubation time, allow the cells to round 176 



 
  
up but not to detach. This usually takes 3 min at 37 °C, 5% CO2 (do not exceed 5 min).  177 

 178 
1.3.2.3. Remove xeno-free trypsin-EDTA and immediately add 500 µL per well of defined trypsin 179 
inhibitor. 180 

 181 
1.3.2.4. Detach FF hPSCs by careful, yet thorough pipetting to obtain a single cell suspension. 182 
Transfer the FF hPSC suspension through a 40 µm cell strainer into a 15 mL conical centrifuge 183 
tube containing pre-warmed hPSC medium. 184 

 185 
1.3.2.5. Wash the wells with 1 mL of hPSC medium and add washing medium to the 15 mL conical 186 
centrifuge tube.  187 

 188 
1.3.2.6. Centrifuge the single cell suspension for 5 min at 300 x g, aspirate the cell pellet, and 189 
resuspend in 1 mL pre-warmed hPSC medium.  190 

 191 
1.3.2.7. Count the cells with hemocytometer or automated cell counter.  192 

 193 
1.3.2.8. Remove the LN-521 coating solution (0.55 µg/cm2) from the 24-wells and add hPSC 194 
medium as in 1.2.3.  195 

 196 
1.3.2.9. Plate FF hPSCs onto 0.55 µg/cm2 LN-521 coated 24-wells at a cell density of 40,000 – 197 
50,000 cells/cm2.  198 

 199 
1.3.2.10.  Replace medium with fresh hPSC medium the day after passaging, and every other day 200 
thereafter excluding Sundays. 201 
 202 
1.3.3. The cells are ready to be used for differentiation 3-4 days after passaging, when the culture 203 
has reached >85% confluency. For ensuring the high quality of the hPSCs, refer to 204 
characterization methods described in detail in previous works18,24,25. It is recommended to only 205 
culture hPSCs up to passage level 15 in the FF system using single cell passaging to avoid 206 
karyotypic changes. Only use high-quality, undifferentiated hPSCs as starting material for 207 
differentiations.  208 
 209 
2. Directed Differentiation and Cryopreservation of hPSC-derived LESCs 210 
 211 
2.1. Preparations 212 
 213 
2.1.1. Prepare xeno-free basal induction medium (basal induction medium): Supplement 214 
Dulbecco’s modified Eagle’s medium (specifically KnockOut DMEM) with 15% xeno-free serum 215 
replacement (spesifically CTS KnockOut SR XenoFree), 2 mM L-glutamine, 0.1 mM 2-216 
mercaptoethanol, 1% non-essential amino acids, and 50 U/mL penicillin-streptomycin. Use the 217 
basal induction medium within two weeks. 218 
 219 
2.1.2. Prepare media for corneal induction in suspension culture. 220 



 
  
 221 
2.1.2.1. Day 1: Supplement basal induction medium with 5 μM blebbistatin. 222 

 223 
2.1.2.2. Day 2: Supplement basal induction medium with 10 µM SB-505124 and 50 ng/mL human 224 
basic fibroblast growth factor (bFGF). 225 

 226 
2.1.2.3. Day 3-4: Supplement basal induction medium with 25 ng/mL bone morphogenetic 227 
protein 4 (BMP-4). 228 
 229 
2.1.3. Prepare corneal epithelium differentiation medium (differentiation medium, specifically 230 
CnT-30) for adherent culture: Add supplements to basal medium according to the manufacturer’s 231 
instructions and add 50 U/mL penicillin-streptomycin.  232 
 233 
Note: Differentiation medium formulation is sensitive to light. Use the supplemented 234 
differentiation medium within 6 weeks of the supplementation date. 235 

 236 
2.1.4. Coat 100 mm tissue culture dishes for adherent differentiation (see step 2.3) with a 237 
mixture of 5 µg/cm2 human placental collagen type IV (col IV) and 0.5 µg/cm2 LN-521 diluted in 238 
1x DPBS containing Ca2+ and Mg2+, in a total coating volume of 5 mL per dish. Prepare and store 239 
the coatings with col IV and LN-521 as described in 1.1.1.3. 240 
 241 
2.2. Step I: Corneal induction in suspension culture 242 
 243 
2.2.1. Pre-warm all the needed materials and reagents to RT in the laminar flow hood. 244 
 245 
2.2.2. Detach FF hPSCs to single cell suspension with xeno-free trypsin-EDTA as instructed in 246 
steps 1.3.2.1-1.3.2.6. Count the cells, and distribute 2-3x106 cells per low attachment 6-well plate 247 
well, in total volume of 3 mL of basal induction medium supplemented with 5 μM blebbistatin to 248 
induce EB formation overnight at 37 °C, 5% CO2 (Day 1).  249 

 250 
2.2.3. On the following day (Day 2), remove the medium and replace with 3 mL of basal induction 251 
medium supplemented with 10 µM SB-505124 and 50 ng/mL bFGF. 252 

 253 
2.2.4. On the following two days (Days 3-4), remove the medium and replace with 3 mL of basal 254 
induction medium supplemented with 25 ng/mL BMP-4. 255 
 256 
2.3. Step II: Corneal differentiation in adherent culture 257 
 258 
2.3.1. Pre-warm all the needed materials and reagents to RT in the laminar flow hood. 259 
 260 
2.3.2. On day 5, plate the EBs down onto 100 mm tissue culture dishes coated with 5 µg/cm2 col 261 
IV and 0.5 µg/cm2 LN-521.  262 

 263 
2.3.2.1. Remove the coating solution from 100 mm tissue culture dishes and add 10 mL of pre-264 



 
  
warmed differentiation medium per dish.  265 
 266 
Note: Do not allow the dishes to dry as LN-521 will inactivate upon drying. 267 

 268 
2.3.2.2. Transfer the EBs from one 6-well plate well to two to three 100 mm tissue culture dishes 269 
(approximately 50 EBs per cm2) by pipetting. Distribute the EBs evenly by gentle shaking. 270 

 271 
2.3.3. Maintain the cells in adherent culture at 37 °C, 5% CO2, replacing the medium with 10 mL 272 
of fresh differentiation medium three times per week (on Monday, Wednesday and Friday) for 273 
the next 2.5 - 3 weeks. Check the cells regularly for the emergence of correct epithelial 274 
morphology using phase contrast microscope.  275 
 276 
2.4. Step III: Cryo-banking hPSC-derived LESCs 277 
 278 
2.4.1. Pre-warm all the needed materials and reagents to RT in the laminar flow hood, except for 279 
the cryopreservation medium that should be pre-chilled. 280 

 281 
2.4.2. Detach hPSC-derived LESCs with xeno-free trypsin-EDTA and count the cells, as instructed 282 
for FF hPSCs in steps 1.3.2.1-1.3.2.6, but using differentiation medium.  283 

 284 
Note: For hPSC-derived LESCs, optimal incubation time with xeno-free trypsin-EDTA is longer 285 
(about 5 min). Use 3 mL of xeno-free trypsin-EDTA and defined trypsin inhibitor per 100 mm dish. 286 
 287 
2.4.3. After counting the cells, repeat centrifugation for 5 min at 300 x g, aspirate medium and 288 
resuspend the cell pellet in pre-chilled, xeno-free hPSC cryopreservation medium. Pipet the single 289 
cell suspension into cryotubes so that each cryotube contains 0.5-1 x 106 cells in 1 mL 290 
cryopreservation medium. 291 
 292 
2.4.4. Place the tubes in a freezing container and transfer immediately (within 5 min) to -80 °C 293 
overnight. 294 
 295 
2.4.5. On the following day, transfer the tubes to liquid nitrogen for long-term storage. 296 
 297 
2.5. Step IV: Thawing the cryopreserved hPSC-LESCs 298 
 299 
2.5.1. Prior to thawing, coat the dishes/well plates with 5 µg/cm2 col IV and 0.5 µg/cm2 LN-521. 300 

 301 
2.5.2. Pre-warm all the needed materials and reagents to RT in the laminar flow hood. 302 
 303 
2.5.3. Remove the coating solution from dishes/wells and add appropriate volume of pre-304 
warmed differentiation medium.  305 

 306 
Note: Do not allow the dishes to dry as LN-521 will inactivate upon drying. 307 
 308 



 
  
2.5.4. Thaw the cells quickly at RT and immediately transfer the cell suspension to a 15 mL conical 309 
centrifuge tube containing 5 mL of pre-warmed differentiation medium. 310 
 311 
2.5.5. Centrifuge the cell suspension for 5 min at 300 x g, aspirate, and resuspend the pellet in 312 
differentiation medium to remove any cryopreservation medium. 313 
 314 
2.5.6. Plate the cells onto dishes/wells coated with 5 µg/cm2 col IV and 0.5 µg/cm2 LN-521, in 315 
differentiation medium at a density of 40,000 – 50,000 cells/cm2. Maintain the cells at 37 °C, 5% 316 
CO2, replacing the differentiation medium three times a week. 317 
 318 
3. Phenotyping of hPSC-derived LESCs  319 

 320 
3.1. Qualitative immunofluorescence analysis 321 
 322 
3.1.1. For immunofluorescence, coat 24- or 12- well plate wells with 5 µg/cm2 col IV and 0.5 323 
µg/cm2 LN-521 and plate/thaw hPSC-LESCs in differentiation medium at a density of 40 000 - 324 
50 000 cells/cm2.  325 
 326 
3.1.2. When the cultures have reached confluency, fix the cells with 4% paraformaldehyde (PFA): 327 
Wash the wells twice with 1x DPBS without Ca2+ and Mg2+and incubate 15-20 min with 4% PFA 328 
at RT. Thereafter, wash twice with 1x DPBS to remove any PFA residues. Use 0.5-1 mL of solutions 329 
per well.  330 
 331 
Note: Fixed cells may be stored in 1x DPBS at 4 °C for up to one week prior to staining.  332 
 333 
Caution: PFA is toxic and corrosive. Handle PFA in a fume hood and wear protective clothing, eye 334 
protection, and gloves.  335 
 336 
3.1.3. Aspirate 1x DPBS and permeabilize cell membranes by incubating for 10-15 min with 0.1% 337 
Triton X-100 in 1x DPBS. 338 
 339 
3.1.4. Aspirate 0.1% Triton X-100 and block nonspecific antibody binding sites by incubating for 340 
1 h with 3% bovine serum albumin (BSA) in 1x DPBS at RT. Prepare primary antibody dilutions in 341 
0.5% BSA in 1x DPBS.  342 

 343 
Note: See Table 1 for recommended primary antibodies. 344 

 345 
3.1.5. Aspirate 3% BSA and incubate with appropriately diluted primary antibody overnight at 4 346 
°C. 347 

 348 
3.1.6. Wash the wells 3x for 5 min with 1x DPBS. Prepare secondary antibody dilutions in 0.5% 349 
BSA in 1x DPBS. 350 

 351 
Note: See Table 1 for recommended secondary antibodies. 352 



 
  
 353 
3.1.7. Aspirate 1x DPBS and incubate with suitable, appropriately diluted secondary antibody for 354 
1 h at RT, protected from light.  355 
 356 
Note: From this step on, keep the samples protected from light in order to prevent fading of the 357 
fluorescent dyes. 358 

 359 
3.1.8. Wash the wells 3x for 5 min with 1x DPBS and finally counterstain nuclei with 4',6-360 
diamidino-2-phenylindole (DAPI) and mount with fluorescence mounting media. DAPI can be 361 
used separately according to manufacturer’s instructions or included in the mounting medium. 362 
Place round coverslips (diameter 19 mm and 13 mm for 12- and 24-well plates, respectively) in 363 
each well. Follow the manufacturer’s instructions regarding drying and storage of the mounted 364 
samples.  365 
 366 
3.1.9. Image the stained cells with a fluorescent microscope. 367 
 368 
3.2. Quantitative immunofluorescence analysis 369 
 370 
3.2.1. Prepare cytospin samples of hPSC-derived LESCs on object glasses. 371 

 372 
3.2.1.1. Detach hPSC-derived LESCs with xeno-free trypsin-EDTA and count the cells, as 373 
instructed in step 2.4.2.  374 

 375 
3.2.1.2. After counting, add pre-chilled 1x DPBS and centrifuge for 5 min at 300 x g. Adjust the 376 
sample volume and cell concentration according to the manufacturer’s instructions of the given 377 
cytocentrifuge, e.g. 50,000 – 100,000 cells in a sample volume of 150 µL. 378 

 379 
3.2.1.3. Spin cells down to object glasses with a cytocentrifuge e.g. 5 min at 28 x g and fix 380 
immediately for 15-20 min with 4% PFA in 1x DPBS at RT. For the recommended spinning time 381 
and speed, refer to the instruction manual of the given cytocentrifuge. 382 
 383 
3.2.2. Proceed to staining the cytospin samples as described in steps 3.1.3–3.1.8 Use liquid 384 
blocker pen to surround the samples with a hydrophobic circle and conduct the staining in a 385 
droplet for economical practice. Washes may be performed in containers with slide holders, in 386 
order to ensure efficient removal of excess antibodies and minimal background staining. 387 
Counterstain nuclei with DAPI and mount the stained samples with fluorescence mounting 388 
media, covering with coverslips. Follow manufacturer’s instructions regarding drying and storage 389 
of the mounted samples.  390 

 391 
3.2.3. Capture 5-10 images per sample from randomly selected locations using e.g. 10X 392 
magnification of a fluorescence microscope. 393 

 394 
3.2.4. Estimate the percentage of positively stained cells in relation to total (DAPI positive) cells, 395 
e.g. with ImageJ Image Processing and Analysis software (https://imagej.nih.gov/ij/) tools. 396 



 
  
Preferably analyze >500 cells per sample.  397 

 398 
3.2.4.1. Open the image to be analyzed in ImageJ software. Duplicate the image and filter with 399 
default Gaussian blur to remove noise. 400 

 401 
3.2.4.2. Create a threshold. Adjust the threshold values to optimal selection of positively stained 402 
cell nuclei, and apply. The duplicated image is now converted to a binary view. 403 

 404 
3.2.4.3. Process the binary image with binary processing tools “Fill holes” and “Watershed”, 405 
which will automatically separate merged areas representing single nuclei. 406 

 407 
3.2.4.4. Use the “Analyze particles” tool to automatically list regions of interests (ROIs) to the ROI 408 
manager window, which will open upon applying the command. Close the binary image. 409 

 410 
3.2.4.5. Visualize the ROIs in the original image by choosing “Show all” in the ROI Manager. 411 
Confirm correct selection of stained cell nuclei, and if needed, manually remove and add 412 
individual selections. 413 

 414 
3.3. Flow cytometry analysis  415 
 416 
3.3.1. To confirm the p63α expression levels, stain the cells for flow cytometry. 417 
 418 
3.3.1.1. Detach hPSC-derived LESCs with xeno-free trypsin-EDTA and count the cells, as 419 
instructed in step 2.4.2.  420 

 421 
3.3.1.2. Wash the cells twice with 1 mL pre-chilled 1x DPBS and centrifuge for 5 min at 300 x g. 422 
Fix and permeabilize with ready-to-use fixation/permeabilization solution for 20 min at 4 °C. 423 
Thereafter wash the cells twice with 1 mL pre-chilled 1x permeabilizing wash buffer.  424 

 425 
Note: From this step on, keep the cells at 4 °C or on ice, unless indicated otherwise.  426 
 427 
CAUTION! Fixation/permeabilization solution contains 4.2% formaldehyde. Handle the 428 
hazardous solution in a fume hood and wear protective clothing, eye protection, and gloves.  429 
 430 
3.3.1.3. Divide samples into 5 mL polypropylene tubes. Each sample should contain 100,000-431 
200,000 cells and the sample volume should be adjusted to approximately 100 µL of 1x wash 432 
buffer. 433 

 434 
3.3.1.4. Add 2 µL of fluorochrome conjugated p63-α FACS antibody (for recommended antibody, 435 
see Table of Equipment and Materials) into the sample tubes. Leave one sample unstained to 436 
serve as negative control. Vortex the samples and incubate for 1 h at RT, protected from light. 437 

 438 
3.3.1.5. Wash the cells twice with 1 mL of pre-chilled 1x wash buffer and lastly, resuspend the 439 
pellets with 300 µL of buffer. Store the tubes on ice, protected from light. 440 



 
  

 441 
3.3.2. Analyze the samples with a flow cytometer. Use the unstained negative control sample for 442 
gating of the correct cell population, and for excluding the fluorescent background signal. Analyze 443 
a minimum of 10,000 p63-α -stained cells. For detailed technical implementation, please refer to 444 
the user manual of the given flow cytometer.  445 
 446 
REPRESENTATIVE RESULTS:  447 
 448 
From hPSCs to hPSC-LESCs  449 
The entire process from inducing differentiation of FF hPSCs to cryostoring hPSC-LESCs takes 450 
around 3.5 weeks. Schematic overview of the differentiation method highlighting its key steps is 451 
presented in Figure 1A. Figure 1B shows typical morphologies of cell populations in different 452 
phases of the protocol. The data presented are obtained with Regea08/017 hESC line and 453 
UTA.04607.WT hiPSC line, both derived and characterized at the University of Tampere, Finland, 454 
as described previously26-28. 455 
 456 
On LN-521 in hPSC medium, the undifferentiated, high quality FF hPSCs first form distinct colonies 457 
with sharp edges, which merge to homogeneous monolayers upon confluence (Figure 1B, first 458 
image). Several individually derived and genetically distinct hESC and hiPSC lines were 459 
successfully adapted and cultured with this system. The FF hPSC populations multiply 460 
approximately 3-fold within each passage, providing robust means to generate xeno-and feeder-461 
free starting material for differentiations25. The 24 h induction in EB medium typically produces 462 
a suspension of tight, regular EBs of varying sizes (Figure 1B, second image). During the surface 463 
ectodermal induction in suspension (day 2-4), the EB morphology should not change 464 
dramatically. Colonial outgrowth appears soon after the EBs are plated onto col IV/LN-521 465 
combination matrix in differentiation medium (Figure 1B, third and fourth images), and within 466 
21-25 days of differentiation the cells form confluent homogeneous layers with polygonal 467 
morphology typical to epithelial cells (Figure 1B, fifth image). The cells may then be cryostored 468 
for later use. Viability and morphology are well preserved after thawing the hPSC-LESCs (Figure 469 
1B, last image).  470 
 471 
Typically, 3x106 FF hPSCs plated to a single 6-well plate yield enough EBs to be plated for adherent 472 
culture in 2-3 cell culture dishes (100 mm). From each 100 mm dish, 1 - 1.5x106 cells may be 473 
harvested for cryobanking by day 22-25 of differentiation. On average, each undifferentiated FF 474 
hPSC generates 0.7 cells by day 25 (Figure 2). 475 
 476 
Validation of hPSC-derived LESCs 477 
In the absence of specific LESC marker proteins, the correct cell phenotype is confirmed with a 478 
set of markers that demonstrate the decrease in expression of the pluripotency associated 479 
proteins and increased expression of acknowledged LESC markers. At day 24 of differentiation, 480 
the vast majority of the hPSC-derived LESCs express Paired box protein PAX6 (PAX6), the key 481 
regulator of eye development, as well as p63α, the widely recognized LESC marker. The truncated 482 
p63-isoform ΔNp63 is co-expressed in most of the p63α-positive cells, confirming the most 483 
cornea-specific ΔNp63α-positive cell phenotype. Basal epithelial markers and putative LESC 484 



 
  
markers cytokeratin (CK)-15 and CK-14 are expressed in part, whereas pluripotent stem cell 485 
marker OCT3/4 and mature corneal epithelial marker CK-12 are undetectable at this point. This 486 
indicates differentiation of FF hPSCs toward the unipotent limbal epithelial progenitors, but not 487 
yet terminal differentiation into mature corneal epithelial cells. (Figure 3A) The hPSC-LESCs 488 
successfully retain their phenotype after recovery from cryostorage (Data comparable to Figure 489 
3A). 490 
 491 
After 24 days of differentiation, ΔNp63 was expressed in 66.2% (n=33, SD 9.3%) of Regea08/017 492 
hESC-LESCs, and in 65.7% (n=10, SD 4.1%) UTA.04607.WT hiPSC-LESCs (quantified from cytospin 493 
samples, Figure 3B). After recovery from cryostorage, 82.2% (n=10, SD 5.7%) of hESC-LESCs and 494 
90.5% (n=10, SD=3.7%) of hiPSC-LESCs expressed ΔNp63 (quantified from well plates on day 26-495 
28, Figure 3B). 496 
 497 
The p63α expression was further confirmed with flow cytometry analysis for Regea08/017 hESC-498 
LESCs. At day 25 of differentiation, 62% of the freshly differentiated hPSC-LESCs were positive for 499 
p63α. Two days after recovery from cryostorage (day 28 in total), 81% of the cells were p63α-500 
positive (Figure 3C). 501 
 502 
FIGURE AND TABLE LEGENDS:  503 
 504 
Figure 1. Schematic illustration of the hPSC-LESC differentiation protocol (A) and typical cell 505 
morphologies observed in different phases of the process (B). EBs are formed from a single cell 506 
suspension of high-quality, undifferentiated hPSCs during the first 24 h. Three-day small molecule 507 
induction toward surface ectoderm in suspension is followed by adherent differentiation phase. 508 
By day 24 of differentiation, the majority of the cells show typical LESC-like morphology. 509 
Representative images shown for Regea08/017 hESC line before and during differentiation. Black 510 
scale bar=200 µm, valid for all images in the panel. Abbreviations: Blebb.=blebbistatin, SB=SB-511 
505124 small molecule inhibitor, bFGF=basic fibroblast growth factor, BMP-4=bone 512 
morphogenetic protein 4, LN-521=human recombinant laminin 521, col IV=human placental 513 
collagen type IV, hPSC=human pluripotent stem cell, EB=embryoid body, LESC=limbal epithelial 514 
stem cells. 515 
 516 
Figure 2. Expected cell yield. Boxplots showing the number of cells obtained for cryostoring on 517 
day 22-25 of differentiation, divided by number of undifferentiated hPSCs plated for EB formation 518 
step on day 0. On average 0.72 (SD 0.4) cells were produced from each pluripotent Regea08/017 519 
hESC, while 0.78 (SD 0.67) cells were produced from each UTA.04607.WT hiPSC. n=number of 520 
differentiation experiments.  521 
 522 
Figure 3. Expected phenotype of hPSC-derived LESCs. Immunofluorescence antibody labeling (A) 523 
showing uniform expression of eye development regulator PAX6 and acknowledged LESC 524 
markers p63α and its ΔNp63 isoform, as well as two other suggested LESC markers - CK15 and 525 
14. Pluripotency marker OCT3/4 and mature corneal epithelial marker CK-12 are negative. 526 
Representative IF images shown for Regea08/017 hESC-LESCs at day 24 of differentiation. Scale 527 
bars=100 µm. (B) ΔNp63 cell counting from freshly differentiated and cryostored hPSC-LESCs 528 



 
  
demonstrates that the cells do not only retain, but show increased ΔNp63 expression after 529 
cryostorage. Cell counting results show >65% of the freshly differentiated hPSC-LESCs stained 530 
positive for ΔNp63 before the cryobanking procedure, and >80% after successful recovery. n = 531 
number of separate differentiation experiments (minimum of 600 cells counted per sample and 532 
>1600 cells per time point) (C) Flow cytometry analysis showing 62% of the freshly differentiated 533 
hPSC-LESCs and 81% of the thawed cells positive for p63α, confirming the cell counting results 534 
for line Regea08/017. * in B-C indicate thawed cells. Red histogram for positive sample and black 535 
for negative (unstained) sample. 536 
 537 
Table 1. Recommended primary and secondary antibodies used for immunofluorescence (IF) 538 
labeling of hPSC-derived LESCs. See Table of Materials for manufacturers. 539 
 540 
DISCUSSION:  541 
The expected result of this protocol is the successful and robust generation of LESCs from a single 542 
cell suspension of FF hPSC within approximately 3.5 weeks. As corneal epithelium develops from 543 
surface ectoderm29, the first step of the protocol aims at steering hPSCs towards this lineage. A 544 
short 24 h induction with transforming growth factor beta (TGF-β) antagonist SB-505124, and 545 
bFGF are used to induce ectodermal differentiation, followed by 48 h mesodermal BMP-4 cue to 546 
push the cells towards surface ectoderm. The following adherent differentiation step on col 547 
IV/LN-521 combination matrix together with chemically defined differentiation medium is used 548 
to further guide differentiation towards LESCs. 549 
 550 
High quality of the starting material (the FF hPSCs) is critical for successful differentiation. Only 551 
FF hPSC cultures with near confluence and close to 100% of undifferentiated phenotype should 552 
be used. Regular hPSC karyotyping is recommended, as single cell passaging can predispose 553 
hPSCs to karyotypic abnormalities that lead to growth and differentiation advantages30. 554 
Prolonged exposure to trypsin can cause inadequate EB formation or hPSC death. The protocol 555 
was tested with five individually derived and genetically distinct hPSC lines, both hESC and hiPSC 556 
lines. There was no need for cell line specific modifications to the small molecule concentrations 557 
or induction times. However, during the initial optimization of the protocol, excessive cell death 558 
or appearance of cells with fibroblastic, neuronal or other morphology indicated differentiation 559 
to undesired lineages. In such case, the method might require fine-tuning. The culture vessel 560 
formats provide a starting point and can be upscaled from the recommended sizes. 561 
 562 
The entire protocol from hPSC culture to LESC differentiation and cryopreservation is defined, 563 
allowing easy transition to Good Manufacturing Practice (GMP) for production of cell therapy 564 
products. As the commercial media and reagents undergo robust development, manufacture and 565 
quality control procedures, they provide a consistent, uniform quality platform for hPSC culture 566 
and differentiations. The defined conditions minimize batch-to-batch variation, which offers an 567 
advantage over existing hPSC-LESC differentiation protocols10-14,20,22,23. The fast and relatively 568 
simple protocol also provides an advantage over three-dimensional corneal organoids which are 569 
difficult to standardize across cell lines and laboratories, and require robust methods to purify 570 
desired cell types31,32. Additionally, the highly efficient protocol provides robust means to 571 
produce LESCs for research purposes, e.g. disease modeling, genetic engineering, drug screening, 572 



 
  
and toxicological testing. Moreover, the platform can be easily fine-tuned for differentiation of 573 
other ocular epithelial cell types such as retinal pigment epithelial cells (RPE cells)25.  574 
 575 
Successful limbal cell replacement therapy requires only a few thousand p63-positive LESCs4, per 576 
eye, but quality assurance requires additional cell populations and therefore large scale 577 
production. Cryobanking allows preparation of readily available cell stocks for transplantation, as 578 
well as for quality and safety testing. Further, the hPSC-LESC purity improves after cryostoring, 579 
and further after passaging and prolonged culture25, as suggested by increased ΔNp63 580 
expression. 581 
 582 
In summary, this robust method generates ΔNp63α-positive cells from hPSCs within 3.5 weeks 583 
under xeno- and feeder cell-free culture conditions. The cell culture methods presented here 584 
enable production of high-quality LESCs applicable to ocular cell therapy use. 585 
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Antibody Host Dilution

PAX6 rabbit 1:200

p63α mouse 1:200

ΔNp63α rabbit 1:200

CK-15 mouse 1:200

CK-14 mouse 1:200

CK-12 goat 1:200

OCT3/4 goat 1:200

Alexa Fluor 568 anti-goat Ig donkey 1:800

Alexa Fluor 568 anti-mouse Ig donkey 1:800

Alexa Fluor 488 anti-rabbit Ig donkey 1:800

Alexa Fluor 488 anti-mouse Ig donkey 1:800

Primary antibodies for IF

Secondary antibodies for IF
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Name of Material/Reagent Company Catalog Number Comments/Description

1x DPBS containing Ca2+ and Mg2+ Gibco #14040-091

1x DPBS without Ca2+ and Mg2+ Lonza #17-512F/12

100 mm cell culture dish Corning CellBIND #3296 Culture vessel format for adherent hPSC-LESC differentiation

12-well plate Corning CellBIND #3336 Culture vessel format for IF samples

24-well plate Corning CellBIND #3337 Culture vessel format for IF samples

2-mercaptoethanol Gibco #31350-010

6-well plate, Ultra-Low attachment Corning Costar #3471 Culture vessel format for induction in suspension culture

Alexa Fluor 488 anti-mouse Ig ThermoFisher Scientific #A-21202 Secondary antibody for IF

Alexa Fluor 488 anti-rabbit Ig ThermoFisher Scientific #A-21206 Secondary antibody for IF

Alexa Fluor 568 anti-goat Ig ThermoFisher Scientific #A-11057 Secondary antibody for IF

Alexa Fluor 568 anti-mouse Ig ThermoFisher Scientific #A-10037 Secondary antibody for IF

Basic fibroblast growth factor (bFGF, human) PeproTech Inc. #AF-100-18B Animal-Free Recombinant Human FGF-basic (154 a.a.)

BD Cytofix/Cytoperm Fixation/Permeabilization Solution BD Biosciences #554722 Fixation and permeabilization solution for flow cytometry

BD Perm/Wash Buffer BD Biosciences #554723 Washing buffer for flow cytometry

Blebbistatin Sigma-Aldrich #B0560

Bone morphogenetic protein 4 (BMP-4) PeproTech Inc. #120-05A

Bovine serum albumin (BSA) Sigma-Aldrich #A8022-100G

Cytokeratin 12 antibody Santa Cruz Biotechnology #SC-17099 Primary antibody for IF

Cytokeratin 14 antibody R&D Systems #MAB3164 Primary antibody for IF

Cytokeratin 15 antibody ThermoFisher Scientific #MS-1068-P Primary antibody for IF

CnT-30 CELLnTEC Advanced Cell Systems AG #Cnt-30 Culture medium for adherent hPSC-LESC differentiation

Collagen type IV (human) Sigma-Aldrich #C5533 Human placental collagen type IV

CoolCell LX Freezing Container Sigma-Aldrich #BCS-405

CryoPure tubes Sarsted #72.380 1.6 ml cryotube for hPSC-LESC cryopreservation

Defined Trypsin Inhibitor Gibco #R-007-100

Essential 8 Flex Medium Kit Thermo Fisher Scientific #A2858501

GlutaMAX Gibco #35050061

Laminin 521 Biolamina #Ln521 Human recombinant laminin 521

ΔNp63α antibody BioCare Medical #4892 Primary antibody for IF

OCT3/4 antibody R&D Systems #AF1759 Primary antibody for IF

p63α antibody Cell Signaling Technology #ACI3066A Primary antibody for IF

p63-α (D2K8X) XP Rabbit mAb (PE Conjugate) Cell Signaling Technology #56687 p63-α PE-conjugated antibody for flow cytometry

PAX6 antibody Sigma-Aldrich #HPA030775 Primary antibody for IF

Penicillin/Streptomycin Lonza #17-602E

Paraformaldehyde (PFA) Sigma-Aldrich #158127 Cell fixative for IF

ProLong Gold Antifade Mountant with DAPI Thermo Fisher Scientific #P36931 DAPI mountant for hard mounting for IF

PSC Cryopreservation Kit Thermo Fisher Scientific #A2644601

TrypLE Select Enzyme Gibco #12563-011

KnockOut Dulbecco’s modified Eagle’s medium Gibco #10829018

KnockOut SR XenoFree CTS Gibco #10828028

MEM non-essential amino acids Gibco #11140050

SB-505124 Sigma-Aldrich #S4696

Triton X-100 Sigma-Aldrich #T8787 Permeabilization agent for IF

VectaShield Vector Laboratories #H-1200 DAPI mountant for liquid mounting for IF

Name of Equipment Company Catalog Number Comments/Description

Cytocentrifuge, e.g.  CellSpin II Tharmac

Flow cytometer, e.g.  BD Accuri C6 BD Biosciences

Fluorescence microscope, e.g. Olympus IX 51 Olympus
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Editorial comments: 

Note that some formatting changes have been made, including protocol numbering (e.g., A.1 is 

now 1.1). 

Editorial comment 1. Much of the media names (Essential 8/E8, Knockout/Ko, CnT-30, TrypLE, 

Defined Trypsin Inhibitor, possibly others) are commercial. Could you change these to generic 

terms/abbreviations (including in Figure 1A)? 

Author response:  

We have changed the following names and abbreviations:  

“Essential 8 Flex/E8 medium” changed to “hPSC medium” (also in Figure 1A)   

“TrypLE Select Enzyme/Tryple Select” changed to “xeno-free trypsin-EDTA” 

“Defined Trypsin Inhibitor” changed to “defined trypsin inhibitor” 

“XF-Ko-SR medium” changed to “basal induction medium” (“Induction medium” in Figure 1A)   

“KnockOut Dulbecco’s modified Eagle’s medium” changed to “Dulbecco’s modified Eagle’s 

medium” 

“KnockOut SR XenoFree CTS” changed to “xeno-free serum replacement” 

“GlutaMAX” changed to “L-glutamine” 

“MEM non-essential amino acids” changed to “non-essential amino acids” 

“CnT-30 medium” changed to “differentiation medium” (also in Figure 1A)   

As the protocol relies on the use of very specific, commercial hPSC and corneal epithelial 

differentiation media and reagents, we have mentioned the commercial product names at first 

use. Additionally we have added a note on this before the protocol section and added a 

sentence on the matter to the discussion section. If this is not applicable with journal 

formatting, the commercial names can be removed. 

 

Editorial comment 2. 2.2.3 (formerly A.2.3): How is media replaced? 

Author response:  

“2.2.3. On the following day (Day 2), replace the medium with Induction medium 1.” changed to 

“2.2.3 2.2.3. On the following day (Day 2), remove the medium and replace with 3 mL of basal 

induction medium supplemented with 10 µM SB-505124 and 50 ng/mL bFGF.” 

“2.2.4. On the following two days (Days 3-4), replace the medium with Induction medium 

2.”changed to “2.2.4. On the following two days (Days 3-4), remove the medium and replace with 

3 mL of basal induction medium supplemented with 25 ng/mL BMP-4. 

Editorial comment 3. 3.3.1.5 (formerly C.3.1.5): What volume of wash buffer? 
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Author response: Wash buffer volume of 1 mL added. 

 

Editorial comment 4. 3.3.2 (formerly C.3.2): Please provide more detail about this step or a 

reference. Analyze how, exactly? 

Author response: “3.3.2. Analyze the samples with a flow cytometer.” changed to “3.3.2. Analyze 
the samples with a flow cytometer. Use the unstained negative control sample for gating of the correct cell 
population, and for excluding the fluorescent background signal. Analyze a minimum of 10, 000 p63-α -
stained cells. For detailed technical implementation, please refer to the user manual of the given flow 
cytometer.” 
  

 

 

 

 


