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SHORT ABSTRACT:  26 
This protocol describes how to induce the differentiation of M cells in human stem cell-27 
derived ileal monolayers and methods to assess their development. 28 
 29 
LONG ABSTRACT:  30 
M (microfold) cells of the intestine function to transport antigen from the apical lumen to the 31 
underlying Peyer’s patches and lamina propria where immune cells reside and therefore 32 
contribute to mucosal immunity in the intestine. A complete understanding of how M cells 33 
differentiate in the intestine as well as the molecular mechanisms of antigen uptake by M 34 
cells is lacking. This is because M cells are a rare population of cells in the intestine and 35 
because in vitro models for M cells are not robust. The discovery of a self-renewing stem cell 36 
culture system of the intestine, termed enteroids, has provided new possibilities for culturing 37 
M cells. Enteroids are advantageous over standard cultured cell lines because they can be 38 
differentiated into several major cell types found in the intestine, including goblet cells, 39 
Paneth cells, enteroendocrine cells and enterocytes.  The cytokine RANKL is essential in M cell 40 

development, and addition of RANKL and TNF- to culture media promotes a subset of cells 41 
from ileal enteroids to differentiate into M cells. The following protocol describes a method 42 
for the differentiation of M cells in a transwell epithelial polarized monolayer system of the 43 
intestine using human ileal enteroids. This method can be applied to the study of M cell 44 
development and function. 45 
 46 
INTRODUCTION:  47 
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M (microfold) cells are specialized intestinal epithelial cells found primarily in the follicle 48 
associated epithelium (FAE) of the intestine overlying small lymphoid regions termed Peyer’s 49 
patches1. M cells have short irregular apical microvilli and are deeply invaginated on their 50 
basolateral side, which allows immune cells to reside closely to their cell body2. This unique 51 
morphology enables M cells to sample antigen from the apical lumen of the intestine and 52 
deliver it directly to the underlying immune cells2. In this way, M cells are important for 53 
immune surveillance in the intestine but can also be exploited by pathogens for entry into the 54 
lamina propria1-7.  55 
 56 
The study of M cells has been hindered by several factors. First, M cells are found at a low 57 
frequency in the mouse and human intestine8. In cultured cells systems, M cell-like cells have 58 
been induced to differentiate by co-culturing a polarized adenocarcinoma cell line, Caco-2, 59 
with either B lymphocytes from mouse Peyer’s patches or the B cell lymphoma cell line, Raji 60 
B9,10. This results in a subset of Caco-2 cells that express the M cell markers Sialyl Lewis A 61 
antigen and UEA-1 in the polarized epithelium9,10. (These markers are also expressed on 62 
goblet cells in intestinal tissues, so nowadays are less frequently used as definitive M cell 63 
markers11,12.) This Caco-2-M cell system has been used to study particle uptake and bacteria 64 
translocation13,14.  However, Caco-2 cells are an established cell line from a large intestinal 65 
adenocarcinoma with the confounding factor that different sources of Caco-2 cells display 66 
different phenotypes among labs15. Further, they may not fully recapitulate the transcription 67 
levels of true M cells, as they lack expression of currently known M cell markers GP2 and 68 
SpiB16. Therefore, additional and more physiologically relevant culture models are needed to 69 
be able to study M cell development and functions. 70 
 71 
Within the past ten years, the field of enteroid-derived model systems of the intestine has 72 
rapidly been progressing forward from the initial discovery that intestinal stem cells derived 73 
from human intestinal biopsy could self-propagate and self-renew in culture17,18. Importantly, 74 
removal of stem cell promoting factors from the growth media allows these stem cell cultures 75 
to differentiate into the many cell types found in the intestine18. Furthermore, recent work 76 
suggests the importance of RANKL-RANK signaling in M cell development in the intestine19,20. 77 
The RANK receptor is a member of the TNF family of receptors that is expressed on epithelial 78 
precursor cells in the intestine19 while RANKL (the RANK receptor ligand) is released by 79 
stromal cells of the Peyer’s patches20. Since the epithelial cell types present in ileal enteroids 80 
do not produce RANKL, M cell differentiation in ileal enteroid cultures can be induced by the 81 

addition of RANKL to the culture media21,22. Inclusion of TNF in the culture media helps 82 
support M cell development in ileal enteroids23. Here, we describe the methods for inducing 83 
differentiation of M cells in intestinal monolayers derived from human ileal enteroids. Our 84 
methods are based in part on modifications from the following protocols21-23. 85 
 86 
PROTOCOL:  87 
All methods described here have been approved by the Tufts University IBC and IRB. 88 
 89 

1. Inducing M cell differentiation in human ileal enteroid-derived monolayers 90 
 91 
NOTE: This protocol uses ileal enteroids derived from human tissue biopsy. Please refer to 92 
published protocols for methods on how to grow and passage these cells18,24. The following 93 
methods for developing monolayers were adapted from Zou et al24. Methods for inducing M 94 



  

cells in ileal enteroid-derived cultures were adapted from previous reports21-23. All work is 95 
carried out in a sterile tissue culture hood and incubations are in hood or tissue culture 96 
incubator as indicated. See Table of Materials needed to prepare ileal enteroid monolayers 97 
and various medias. 98 
 99 
1.1. Grow ileal enteroids for 4-10 days in extracellular matrix (ECM) (see Table of 100 
Materials) (Figure 1), depending on their intrinsic growth rates, before seeding onto 101 
transwells.  102 
 103 
1.2. Coating transwell membranes 104 
 105 
1.2.1. Place desired number of transwells in a 24-well plate creating a two-chamber system.  106 
 107 
1.2.2. Dilute ECM 25-fold in cold sterile phosphate-buffered saline (PBS) and add 100 µL of 108 
cold diluted solution into each upper chamber onto the membrane.  109 
 110 
NOTE: ECM and diluted ECM solution must be kept on ice until immediately before addition. 111 
 112 
1.2.3. Cover the 24-well plate with lid and place the plate into a tissue culture incubator at 113 
37 °C for 2 h to permit ECM solidification on the membrane.  114 
 115 
1.2.4. After 2 h, remove the plate from the incubator and place in a tissue culture hood. 116 
Using sterile tweezers, invert each transwell to gently remove remaining solution. Allow the 117 
membranes to airdry in hood with the lid open while cells are being collected (Steps 1.3.1- 118 
1.3.11).  119 
 120 
1.3. Dissociating the ileal enteroids into single cells 121 
 122 
1.3.1. Remove the plate of ileal enteroids from the incubator and gently remove the culture 123 
media from each well by vacuum aspiration or with a pipette.  124 
 125 
NOTE: One well of ileal enteroids containing approximately 100 healthy cysts is sufficient to 126 
seed 1.5-2 wells.  127 
 128 
1.3.2. Add 500 µL of ice cold 0.5 mM ethylenediaminetetraacetic acid (EDTA) to each well 129 
containing ileal enteroids suspended in ECM to break up the ECM. Pipette up and down 130 
vigorously with a P1000 pipettor set at 500 µL to break up ECM thereby releasing ileal 131 
enteroids into the solution. To improve dissolution of ECM, after pipetting, shake the plate 132 
vigorously at 4 °C for 30 min. 133 
 134 
1.3.3. Collect the solution from each well into 15 mL conical tubes.  135 
 136 
NOTE: Collect up to 10 wells per 15 mL conical tube for optimal single cell collection. 137 
 138 
1.3.4. Pellet the cells in a centrifuge at 140 x g and 4 °C for 5 min. Pellet should be visible but 139 
can easily be dislodged, so slowly remove the supernatant by vacuum aspiration or with a 140 
pipette.  141 



  

 142 
NOTE: If concerned about loss of pellet and cells, use a pipette and save the supernatant in a 143 
separate tube. 144 
 145 
1.3.5. To digest tight junction linkages and break up the ileal enteroids into single cells, 146 
resuspend the pellet in 500 µL of room temperature trypsin per every 5 wells collected in step 147 
1.3.3. Using a P1000, pipette up and down to disaggregate the clumps and incubate the tubes 148 
in a 37 °C water bath for 5 min or less.  149 
 150 
NOTE: Optimization is needed to determine the appropriate amount of time required to 151 
incubate the tubes so that the cells are broken up but not over-trypsinized to the point that 152 
they die. Use Trypan blue in step 1.3.9 to ensure that the cells are viable after trypsin 153 
treatment.  154 
 155 
1.3.6. Add 1 mL of Advanced DMEM/F12 with 10% Fetal Bovine Serum (FBS) per 500 µL of 156 
trypsin to inactivate the trypsin. 157 
 158 

1.3.7. Pipette up and down with a P1000 set at 500 L at least 50 times against the side of 159 
the conical tube to further disaggregate remaining clumps into single cells.  160 
 161 
1.3.8. Place a 40 µm cell strainer over a 50 mL conical and add 1 mL of Advanced DMEM/F12 162 
with 10% FBS to wet the cell strainer. Pipette the single cell suspension from the 15 mL conical 163 
onto the strainer. Wash the strainer with 1 mL of Advanced DMEM/F12 with 10% FBS. 164 
 165 
1.3.9. Transfer the cells that went through the cell strainer from the 50 mL conical into a new 166 
15 mL conical tube. During the centrifugation step 1.3.10, the cellular pellet will be more 167 
easily seen in a 15 mL conical tube. Count the cells using a hemocytometer. Use Trypan blue 168 
to verify that cells are still alive. Typically, >95% viability is observed. 169 
 170 
1.3.10. While counting the cells, centrifuge the cells in the new 15 mL tube at 400 x g and 171 
room temperature for 5 min. Cell pellet should be visible. Carefully remove the supernatant 172 
with a pipette, again saving the supernatant in case the pellet becomes dislodged. 173 
 174 
1.3.11. Prepare modified complete growth media25 (MCMGF+ media) supplemented with 10 175 

µM Y-27632. Resuspend pelleted cells at 2.5 x 105 cells/200 L in MCMGF+. See remarks in 176 
discussion about optimizing cell seeding number. 177 
 178 
NOTE: MCMGF+ media is Advanced DMEM/F12 with 75% L-Wnt3a conditioned media, 10% 179 
R-spondin conditioned media, 5% Noggin conditioned media, 1x B27 Supplement, 1x N2 180 
Supplement, 1 mM N-acetylcysteine, 50 ng/mL mouse recombinant EGF, 500 nM A-8301, 10 181 
nM [Leu15]-Gastrin I, 10 mM HEPES, 2 mM GlutaMAX, and 1x Penicillin/Streptomycin 182 
(optional). 183 
 184 
1.3.12. Ensure that the ECM-coated membranes prepared in step 1.2 have fully dried, as 185 

assessed by eye. Wash the upper chamber with 200 L of MCMGF+. Add 200 L of cell 186 
solution into each upper chamber.  187 
 188 



  

1.3.13. Add 700 L of MCMGF+ with 10 M Y-27632 to each lower chamber. Place the plate 189 
in a 37 °C tissue culture incubator with 5% CO2. 190 
 191 
1.3.14. After 1 day of growth, remove the media from the upper chamber and replace with 192 

200 L of fresh MCMGF+, to prevent growth of multiple cell layers. 193 
 194 
1.4. Replacing medium 195 
 196 
1.4.1. Once monolayers are ~80% confluent, usually between days 1-3 post-seeding, replace 197 
basolateral media with differentiation media (DM) for control wells (see step 1.4.2 for more 198 
detail) or with M cell media for M cell induction wells (see step 1.4.3 for more detail). Replace 199 
the media in upper chamber with DM for both conditions.  200 
 201 
NOTE: DM is Advanced DMEM/F12 with 5% Noggin conditioned media, 1x B27 Supplement, 202 
1x N2 Supplement, 1 mM N-acetylcysteine, 50 ng/mL mouse recombinant EGF, 500 nM A-203 
8301, 10 nM [Leu15]-Gastrin I, 10 mM HEPES Buffer, 2 mM GlutaMAX, and 1x 204 
Penicillin/Streptomycin (optional). M cell media is DM supplemented with 200 ng/mL RANKL 205 
and 50 ng/mL TNFα. 206 
 207 

1.4.2. For control wells that should not contain M cells, add 200 L of DM to the upper 208 

chamber and 700 L DM to the bottom chamber.  209 
 210 
1.4.3. To induce M cells, add 200 µL of DM to the upper chamber and 700 µL of M cell media 211 
to the bottom chamber.  212 
 213 
1.4.4. Replace the media every 2 days. For control wells, replace DM in the upper and lower 214 
chambers. For M cell wells, replace DM in the upper chamber and M cell media in the lower 215 
chamber. 216 
 217 
NOTE: By day 7 post cell-seeding, M cells are fully induced in the monolayers.  218 
 219 
2. Verifying M cell differentiation by qRT-PCR  220 
 221 
NOTE: Perform the following work at a sterile RNAse-free bench space. See Table of Materials 222 
for a list of preferred materials for qRT-PCR. 223 
 224 
2.1. Remove the media from upper and bottom chambers and wash the upper chamber 225 
2x gently with 300 µL of room temperature PBS. 226 
 227 
2.2. Add 300 µL of Trizol to each upper chamber. Incubate at room temperature for 5 min.  228 
 229 
CAUTION: Wear gloves and eye protection when using Trizol to avoid contact with skin as 230 
indicated in manufacturer’s instructions. 231 
 232 
2.3. Meanwhile, label microcentrifuge tubes for each well and add 700 µL of Trizol to each 233 
tube. 234 
 235 



  

2.4. Collect cell homogenate by pipetting up and down 3x gently with a P1000 and transfer 236 
the contents into corresponding microcentrifuge tube. Vortex for 5 s to mix.  237 
 238 
2.5. Keep the samples at room temperature for an additional 3 min. Then store at -80 °C 239 
for up to one month. 240 
 241 
2.6. Follow standard qRT-PCR methodology for RNA isolation, DNase treatment, Reverse 242 
Transcription and qRT-PCR reactions. Refer to primer list in Table of Materials.  243 
 244 
3. Verifying M cell differentiation by immunofluorescence 245 
 246 
NOTE: Always keep the lower chamber of the plate filled with PBS so that the membranes 247 
remain wet. This procedure is performed on the bench. See Table of Materials for a list of 248 
preferred materials for immunofluorescence. 249 
 250 
3.1. Remove the media from the upper chamber and wash 2x gently with 300 µL of room 251 
temperature PBS. Add 100 µL of room temperature 4% PFA in PBS to the upper chamber. 252 
Cover the plate with foil and let stand for 25 min at room temperature. Remove 4% PFA.  253 
 254 
CAUTION: 4% PFA should be properly disposed of as hazardous chemical waste. 255 
 256 
3.2. Wash the upper chamber 3x with 300 µL of room temperature PBS. At this point, 257 
samples can remain at 4 °C for up to a month prior to staining. Once stained, samples should 258 
be visualized within a week for best quality images. 259 
 260 
3.3. Incubate the monolayers with 100 µL of 5% Bovine Serum Albumin (BSA) dissolved in 261 
PBS for 30 min in dark at room temperature to block the monolayers.  262 
 263 
3.4. Prepare GP2 primary antibody solution in 1% BSA in PBS at a dilution of 1:100. Add 264 
100 µL per well. Stain for 1 h at room temperature in the dark. Remove the solution.  265 
 266 
NOTE: Do not permeabilize the monolayers before primary stain for GP2 occurs because 267 
optimal primary GP2 surface staining of M cells is achieved without permeabilization. 268 
 269 
3.5. Wash the upper chamber 3x times with 300 µL of room temperature PBS. 270 
 271 
3.6. Prepare secondary stain solution of fluorescently tagged goat anti-mouse IgG at 1:200, 272 
phalloidin at 1:100 and DAPI in 1% BSA+ 0.1% triton in PBS. Add 100 µL per well. Stain for 30 273 
min at room temperature in the dark.  274 
 275 
NOTE: Triton is added to the secondary stain solution to permeabilize the cells during this 276 
step for proper phalloidin stain. 277 
 278 
3.7. Wash 3x with 300 µL PBS.  279 
 280 
3.8. Place a 5 µL drop of mounting solution (Table of Materials) on a glass slide. Remove 281 
the well from the 24 well plate and invert. Carefully cut the membrane from the well using a 282 



  

scalpel. Place the membrane with the cells facing up onto the droplet of mounting solution 283 
on the glass slide. Add 10 µL of mounting solution onto the top and center of the membrane 284 
and place a coverslip on top to seal the membrane between the glass slide and coverslip. 285 
 286 
3.9. Dry the slides at room temperature in the dark for 24 h. Stained slides should be 287 
visualized on confocal microscope within 1-week post-staining. 288 
 289 
REPRESENTATIVE RESULTS:  290 
Ileal enteroids grown in ECM are analyzed visually and by qRT-PCR for their relative health 291 
status and differentiation states as a means of quality control for ileal enteroid cultures and 292 
for use in monolayers. Undifferentiated ileal enteroids grown in ECM appear clear and cystic 293 
in morphology, indicating the presence of many stem cells (Figure 1A). Over time, 294 
undifferentiated ileal enteroids grown in growth media may take on an intermediate 295 
phenotype where some will appear cystic and some appear opaque (Figure 1B). Frequently, 296 
our undifferentiated samples resemble those shown in Figure 1B rather than Figure 1A. These 297 
intermediate cultures contain more terminally differentiated enterocytes as measured by 298 
expression of the enterocyte marker, sucrase isomaltase (SI), and presumably extruded dead 299 
enterocytes in the lumen contribute to their dense appearance. Ileal enteroids can be used in 300 
this intermediate state for monolayer development, but it must be kept in mind that the 301 
quantity of intestinal stem cells present in the cultures may be low, and some differentiated 302 
cell types may be present (for example, see qRT-PCR levels in undifferentiated samples grown 303 
in ECM resembling Figure 1B in Figure 2). For comparison, ileal enteroids cultured with 304 
differentiation media in ECM for 5+ days will appear uniformly darkened and lobular and 305 
cultures with this morphology are not good candidates for seeding monolayers (Figure 1C).  306 
 307 
Expression of stem cell genes and genes of intestinal cell differentiation can be analyzed by 308 
qRT-PCR as another means to assess the health status of ileal enteroids grown in ECM and 309 
their differentiation capabilities once seeded as monolayers on transwells. The expression of 310 
a stem cell gene, LGR5, an enterocyte gene, SI, a goblet cell gene, MUC2, and a Paneth cell 311 
gene, LYZ, is compared between undifferentiated ileal enteroid cultures grown in ECM and 312 
differentiated ileal enteroid monolayers in the presence or absence of RANKL/TNFα (Figure 313 
2). While the values may differ between experiments, expression of LGR5 should decrease 314 
after differentiation of monolayers18,26. LGR5 expression is usually not detected in the 315 

differentiated ileal monolayers without RANKL and TNF by day 7. Conversely, expression of 316 
markers of differentiation of specific cell types, such SI and MUC2, increase after 317 
differentiation18. Expression of LYZ generally decreases after differentiation in our cultures.  If 318 
the ileal enteroid cultures used for making monolayers look more like Figure 1B than Figure 319 
1A, increases in intestinal differentiation markers may be modest after differentiation 320 
because these initial cultures are heterogeneous in intestinal cell types and have a higher 321 
basal level of SI and MUC2. However, differentiation in monolayers still occurs as assessed by 322 
loss of LGR5 expression and microscopy (see below). Furthermore, addition of RANKL and 323 

TNF to the differentiation media reduces the loss of LGR5 expression (Figure 2). In parallel, 324 
the expression of SI and MUC2 are slightly lower than in the differentiated condition lacking 325 

RANKL and TNF although their levels increase above the undifferentiated condition.  326 
 327 
M cell differentiation in monolayers is determined both by qRT-PCR and immunofluorescence 328 
using two M cell specific markers including cell surface glycoprotein 2 (GP2) and transcription 329 



  

factor SpiB21. Expression of GP2 and SPIB is upregulated in the ileal enteroid-derived 330 

monolayers in the presence of RANKL and TNF and is not detected in non-RANKL and TNF 331 
treated samples (Figure 3). Expression of these markers can also be normalized to a piece of 332 
small bowel tissue22, if available. This permits the fold change of these M cell markers to be 333 
compared to tissue that has M cells rather than to control monolayers that have no expression 334 
of these markers and allows standardization between experiments in one lab. M cells are also 335 
detected by surface expression of GP2 by immunofluorescence (Figure 4). Typically, in a 336 
confluent monolayer, 1 to 5 M cells are observed in a given microscope field at 40X 337 

magnification by days 6 through 8 post-seeding in samples treated with RANKL and TNF 338 
(Figure 4A-D). No GP2 expression is seen in the untreated samples (Figure 4E). The orthogonal 339 
view of the XZ plane overlaid with a phalloidin probe shows actin structures surrounding each 340 
cell and GP2 expression on the apical surface of M cells (Figure 4F-G). This model recapitulates 341 
the low frequency of M cells found in the human intestine1,2,8. To purify and isolate M cells 342 
for further study, M cells can be stained using GP2 surface expression and sorted using FACS 343 
for GP2+ cells. 344 
 345 
M cells bind to and transport antigen from the intestinal lumen to the immune cells residing 346 
beneath the epithelium2. Secretory IgA produced in the intestine binds to bacteria and can 347 
bind to the apical surface of M cells to facilitate transport of the microbes27,28. To determine 348 
if the M cells developed in this model are able to bind to IgA, human serum IgA is added to 349 
the upper chamber, allowed to bind for 1 h, and then the monolayers are prepared for 350 
immunofluorescence analysis. The presence of IgA on M cells is visualized using a fluor-351 
conjugated secondary antibody that recognizes the heavy chain of human serum IgA. M cells 352 
treated with IgA for 1 h have IgA bound to the apical surface (Figure 5A), whereas M cells in 353 
control wells that were only treated with the secondary antibody to IgA have no detectable 354 
signal (Figure 5B). Further, IgA specifically binds to the apical surface of M cells and is not 355 
found bound to any cells lacking GP2 surface stain. In addition, M cells have characteristically 356 
shorter dense actin on their apical surface2. To analyze M cell morphology in this model, ileal 357 
enteroid-derived monolayers are grown for 7 days and harvested for immunofluorescence 358 
analysis of F-actin using phalloidin. Measurements of actin pixel intensity are calculated for 359 
M cells and for non-M cells that are directly adjacent to each M cell using ImageJ software 360 
(Figure 6A). Actin intensity is reduced on GP2+ M cells in this model and a representative 361 
image is shown in Figure 6B. Overall, the M cells developed in this ileal enteroid-derived 362 
monolayer model have characteristic gene expression, morphology and some M cell functions 363 
of human intestinal M cells, such as binding to IgA. 364 
 365 
FIGURE AND TABLE LEGENDS:  366 
Figure 1. Representative morphology of human ileal enteroids in ECM one-week post-367 
splitting. (A) Clear and cystic undifferentiated ileal enteroids. (B) Intermediate phenotype 368 
with some cystic ileal enteroids and some opaque lobular ileal enteroids. (C) Darkened and 369 
lobular differentiated ileal enteroids. Images taken through the lens of an optical light 370 
microscope at 4X magnification using an iPhone7 camera. 371 
 372 
Figure 2. Relative expression of stem cell and differentiation markers of human ileal 373 
enteroids grown in ECM or differentiated as monolayers. Ileal enteroids were grown for 7 374 
days in ECM (Undifferentiated) or grown and differentiated as monolayers without 375 

(Differentiated) or with RANKL and TNF (Differentiated +R/T). Ileal enteroid cultures or 376 



  

monolayers were harvested in Trizol for RNA extraction. Gene expression was determined by 377 
qRT-PCR and is expressed relative to GAPDH. Data is average of 3 independent wells of ileal 378 
enteroids or monolayers per condition. Error bars indicate SEM. ND is not detected. Statistical 379 
significance was determined on log-transformed values using one-way ANOVA with Dunnett's 380 
multiple comparisons test comparing to the Undifferentiated. ** p<0.01, *** p<0.001 381 
 382 
Figure 3. Relative expression of M cell specific markers GP2 and SPIB from human ileal 383 

enteroid-derived monolayers. RANKL/TNF treated and non-treated human ileal enteroid-384 
derived monolayers were harvested in Trizol for RNA extraction after 7 days post-seeding. 385 
Gene expression was determined by qRT-PCR and is expressed relative to GAPDH. Data is 386 
average of 6 independent monolayers per condition. Error bars indicate SEM. ND is not 387 
detected. 388 
 389 
Figure 4. Immunofluorescence of surface GP2 expression on M cells in human ileal enteroid-390 

derived monolayers over time. RANKL/TNF treated and non-treated human ileal enteroid-391 
derived monolayers were fixed in 4% PFA and stained for immunofluorescence on various 392 
indicated days post-seeding. Images were analyzed using ImageJ software. DAPI = Blue; 393 

Glycoprotein 2 (GP2) = Red. (A-D) RANKL/TNF treated monolayers at various days post-394 
seeding. (E) Non-treated monolayer harvested at day 7 post-seeding. (F-G) Orthogonal XZ 395 
plane of monolayers at day 7 post-seeding overlaid with phalloidin probe for F-actin. 396 
Phalloidin = Cyan.  397 
 398 
Figure 5. IgA binds specifically to the apical surface of M cells. RANKL/TNFα-treated human 399 

ileal enteroid-derived monolayers were grown for 7 days and then (A) treated with 10 g of 400 
human serum IgA for 1 h or (B) mock-treated with PBS only (No IgA control). After 1 h, 401 
monolayers were washed 2x in PBS, were fixed in 4% PFA, permeabilized with 0.1% TritonX-402 
100, and stained for immunofluorescence. Images were analyzed using ImageJ software and 403 
are representative of 3 independent experiments. DAPI = Blue; Glycoprotein 2 (GP2) = Red; 404 
Antibody to human serum IgA = Green; Phalloidin = Cyan. Black arrows denote IgA bound to 405 
apical surface of M cell.  406 
 407 
Figure 6. M cells have reduced actin intensity compared to adjacent non-M cells. 408 
RANKL/TNFα-treated human ileal enteroid-derived monolayers were grown for 7 days and 409 
then fixed in 4% PFA and were stained for immunofluorescence. (A) Using ImageJ, GP2+ M 410 
cells were outlined using the Freehand Selection Tool and measurements of Area and 411 
Integrated Density were taken in the Phalloidin channel. The same analysis was then 412 
completed for each adjacent non-M cell that neighbors the M cell. The Raw Integrated Density 413 
was divided by the Area of each individual cell for normalization. The average Integrated 414 
Density/Area was calculated for each adjacent non-M cells for each M cell. Images were 415 
analyzed from 3 independent experiments; each dot is an M cell or average of neighboring 416 
cells. Error bars indicate SD. Statistical significance was determined on log-transformed values 417 
using a Paired t test. *** p=0.0001 (B) Representative image of XZ Plane from plot in A. Images 418 
were analyzed using ImageJ software. DAPI = Blue; Glycoprotein 2 (GP2) = Red; Phalloidin = 419 
Cyan. 420 
 421 
DISCUSSION: 422 
To develop monolayers that differentiate properly into the major intestinal cell types and M 423 



  

cells, it is critical to be aware of several factors. Ileal enteroids must be harvested from ECM 424 
cultures that are undifferentiated and have a high proportion of Lgr5+ stem cells. Visually, the 425 
majority of the ileal enteroids in the ECM cultures should not be darkened and multilobular, 426 
and LGR5 expression should be detected in these cultures by qRT-PCR analysis. Quality control 427 
of conditioned media is essential for the propagation of undifferentiated cultures over time 428 
and must be completed for each batch of conditioned media that is produced. Quality control 429 
can be completed by testing a new batch of media on some ECM cultures and comparing the 430 
morphology of the ileal enteroids to a previous batch of media over the course of a week.  431 
LGR5 expression should remain relatively similar in the ileal enteroid cultures grown in the 432 
new batch of media compared to the previous batch.  433 
 434 
During preparation of the ileal enteroids for seeding as monolayers, it is important to 435 
vigorously pipette the cell solution after incubation with trypsin to break up the ileal enteroids 436 
into single cells. Cell clumps can lead to multi-layer formation when seeded for monolayers. 437 
In addition, it is essential to empirically determine the number of cells required to form a 438 
monolayer for each individual ileal enteroid line that is obtained. Typically, this value can 439 
range from 2.5 x 105 – 5.0 x 105 cells/well but depends on the degree of cystic to non-cystic 440 
ileal enteroids in cultures and varies for each individual ileal enteroid line. From experience, 441 
ileal enteroids grown in ECM that appear less cystic require higher cell seeding density to 442 
achieve monolayers.  It is advisable to wash the upper chamber after 1 day of growth by gently 443 
pipetting the media up and down 2-3 times and replacing with fresh growth media. This 444 
process dislodges cells that have landed on top of other cells reducing the likelihood of multi-445 
layer formation. Switching the media in the upper chamber from growth media to M cell 446 
media when the monolayers are ~80% confluent, which usually occurs at day 2 post-seeding, 447 
helps achieve good M cell differentiation. Addition of RANKL/TNFα to the upper chamber 448 
during M cell induction does not lead to the development of a greater number of M cells per 449 
monolayer and therefore can be left out of the upper chamber media. Transwells of varying 450 
pore sizes can be used in this protocol without affecting M cell development; however, cell 451 
seeding density must be optimized for those with larger pore sizes. Collagen IV can be 452 
substituted for ECM as a basement membrane protein coating for transwells or well plates 453 
which may be better suited for certain applications. 454 
 455 
Ileal enteroid-derived monolayers on transwells provide a two-chamber system that allows 456 
for the creation of defined apical and basolateral surfaces such that the 4-5 different types of 457 
epithelial intestinal cells can polarize to express surface markers on each side relative to that 458 
found in the intestine. Additional factors can be added to either side such as particles, 459 
infectious agents, or other cell types. However, to date some limitations remain. As described, 460 
this system is a static system that lacks physiological flow, intestinal contractions, and 461 
intestinal contents. In addition, the villus-crypt architecture is lost by the formation of a flat 462 
monolayer. These systems lack Peyer’s patch regions, immune cells, and stromal cells. 463 
Whether the lack of immune and stromal cells residing closely underneath M cells affects the 464 
invaginations which are not observed in this system and other physiological functioning is an 465 
important future area of investigation. This protocol can be adapted to a 96-well plate or a 466 
multi-well plate format. The procedure for coating the 96-well plate with ECM and seeding 467 
with single cells from ileal enteroids remains the same as for transwells. Titration of the cell 468 
seeding density required to obtain monolayers must be done, but typically ranges from 1.0 x 469 
105 – 3.0 x105 cells/well in a 96-well plate format. M cells are induced by replacing the growth 470 



  

media with M cell media when the monolayers are 80% confluent typically by days 1-3 471 
depending on initial cell seeding density.  472 
 473 
This method of differentiating M cells from ileal enteroids in vitro provides significant 474 
improvements over the Caco-2 method. The ileal enteroids are primary cells and at least 4-5 475 
epithelial cells types are present in the system.  In addition, ileal enteroid lines derived from 476 
different people can be studied to investigate how genetics or disease state influence M cell 477 
development and behavior. Additional manipulation of the ileal enteroids during M cell 478 
differentiation will allow a better understanding of M cell development including 479 
characterizing M cell precursor cells.  Finally, since the molecular mechanisms of M cell 480 
phagocytosis and transcytosis are still not completely understood3,29, this model provides the 481 
opportunity to study and visualize antigen and particle uptake by M cells.  482 
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Name of Material/ Equipment Company

[Leu15]-Gastrin I Sigma-Aldrich

0.5M EDTA Invitrogen

40 µm cell strainer Corning

A-8301 Sigma-Aldrich

Advanced DMEM/F12 Invitrogen

Alexa Fluor 594 goat anti-mouse IgG Thermo Fisher

Alexa Fluor 647 Phalloidin Invitrogen

B27 Supplement Invitrogen

Bovine Serum Albumin Chem-Impex

Chloroform Fisher Scientific

Circle coverslips Thomas Scientific

DAPI (4′,6-diamidino-2-phenylindole) Thermo Fisher

DEPC Treated RNAse free H2O Fisher Scientific

DNA Removal Kit Invitrogen

Ethyl Alcohol, 200 proof Sigma Aldrich

Feather Scalpels VWR

Fetal Bovine Serum (FBS) Gibco

Glass slides Mercedes Scientific

GlutaMAX Invitrogen

GP2 Antibody MBL International

HEPES Invitrogen

Human Serum IgA Lee BioSolutions

L-Wnt3a conditioned media Cell line from ATCC

Matrigel, GFR, phenol free Corning

Mouse recombinant EGF Invitrogen

N2 Supplement Invitrogen

N-acetylcysteine Sigma-Aldrich

Noggin conditioned media

Cell line gift from Dr. Gijs van den 

Brink (University of Amsterdam)

Paraformaldehyde (PFA) MP Biomedicals

PBS, -Mg, -Ca Corning

Penicillin/Streptomycin Invitrogen

Prolong Gold Invitrogen

Qiagen RNeasy Kit Qiagen

Recombinant human RANKL Peprotech

Recombinant murine TNFa Peprotech

R-spondin conditioned media Cell line from Trevigen

Secondary anti-human IgA antibody Jackson Immuno Research
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Super Script IV Reverse Transcriptase Thermo Fisher

Transwell inserts, 24 well-sized Greiner Bio-One

TritonX-100 Sigma-Aldrich

TRIzol Invitrogen

TrypLE Express Invitrogen

Y-27632 Sigma-Aldrich

GAPDH forward primer

GAPDH reverse primer

GP2 forward primer

GP2 reverse primer

LYZ forward primer

LYZ reverse primer

MUC2 forward primer

MUC2 reverse primer

SI forward primer

SI reverse primer

SPIB forward primer

SPIB reverse primer



Catalog Number Solvent Stock Concentration Final Concentration

G9145 PBS 10 µM 10 nM

15575020 PBS 0.5 M 0.5 mM

352340

SML0788-5MG DMSO 500 µM 500 nM

12634-028

A-11005 1:200

A22287 1:100

17504-044 50x 1x

00535 PBS 1%

C298-500

1157B50

62247 PBS 100x 1x

BP561-1

AM1906

EX0276-4

100499-580

26140079

Advanced 

DMEM/F12 100% 10%

MER 7200/90/WH

35050-061 200 mM 2 mM

D277-3 1:100

15630-080 1 M 10 mM

340-12-1 PBS 1 mg/mL 10 µg

CRL-2647

75% in MCMGF+

0% in DM

356231

PMG8043 PBS 50 µg/mL 50 ng/mL

17502-048 100x 1x

A9165-5G H2O 500 mM 1 mM
5% in MCMGF+

5% in DM

2199983 PBS 16% 4%

MT21040CV

15140-122 100x 1x

P36930

74106

310-01 H2O 0.1 mg/mL 200 ng/mL

315-01A H2O 5 mg/mL 50 ng/mL

3710-001-01

10% in MCMGF+

0% in DM

109-545-011 1:200



18091200

662641

T8787 1% BSA 0.1%

15596018

12605010

Y-0503 H2O 5 mM 10 µM



Comments/Description

MCMGF+ and DM ingredient

For breaking up ECM

For excluding clumps from single cells

MCMGF+ and DM ingredient

MCMGF+ and DM Basal medium

For secondary stain

Optional  secondary stain for F-actin

MCMGF+ and DM ingredient

5% for blocking solution

For RNA isolation

For mounting membrane on glass slide

For secondary stain

For RNA isolation

For RNA isolation

For RNA isolation

For cutting membrane from transwells

For inactivating trypsin

For mounting membrane on glass slide

MCMGF+ and DM ingredient

Surface stain for M cells

MCMGF+ and DM ingredient

For functional analysis of M cells
Refer to ATCC Product Sheet for L Wnt­3A (ATCC 

CRL2647) for conditioned media protocol; MCMGF+ 

ingredient

Extracellular Matrix (ECM)

MCMGF+ and DM ingredient

MCMGF+ and DM ingredient

MCMGF+ and DM ingredient
Ref 30 for conditioned media protocol; MCMGF+ and 

DM Ingredient

For fixing monolayers

Solvent for 0.5 mM EDTA

Optional ingredient of MCMGF+ and DM

Antifade mounting solution

For RNA isolation

Used to induce M cells

Used to induce M cells
Refer to Trevigen Cultrex Rspo1 Cells product manual 

(HA-R-Spondin1 293T cell line) for conditioned media 

protocol;  MCMGF+ Ingredient

For secondary stain



For conversion of RNA to DNA

0.4 µm pore size

Not required during GP2 primary stain

For RNA isolation

Trypsin for breaking up enteroids into single cells

MCMGF+ ingredient on day 0

CATGAGAAGTATGACAACAGCCT

CGTTTCCCGCAAGACGTAAC

CAATGTGCCTACCCACTGGA

ATGGCACCCACATACAGCAC

CGCTACTGGTGTAATGATGG

TTTGCACAAGCTACAGCATC

ATGCCCTTGCGTCCATAACA

AGGAGCAGTGTCCGTCAAAG

TCCAGCTACTACTCGTGTGAC

CCCTCTGTTGGGAATTGTTCTG

CAGCAGCCGCTTTTAGCCAC

GCATATGCCGGGGGAACC
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Response to Editorial Comments: 
 
Below please find our responses to the editorial comments. 
 
Thank you, 
 
Joan Mecsas and Alyssa Fasciano 
 
Editorial comments: 
 
The manuscript has been modified and the updated manuscript, 59894_R1.docx, is attached and 
located in your Editorial Manager account. Please use the updated version to make your revisions. 
 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 
spelling or grammar issues. 

- We have carefully reread the manuscript to ensure there are no spelling or grammar issues to 
the best of our abilities. 
 

2. There is a 2.75 page limit for filmable content. Please highlight 2.75 pages or less of the Protocol steps 
(including headings and spacing) in yellow that identifies the essential steps of the protocol for the 
video, i.e., the steps that should be visualized to tell the most cohesive story of the Protocol. 

- We have removed highlighting from steps such that only 2.75 pages of the protocol are now 
highlighted for the video. 

 
3. JoVE policy states that the video narrative is objective and not biased towards a particular product 
featured in the video. The goal of this policy is to focus on the science rather than to present a 
technique as an advertisement for a specific item. To this end, we ask that you please reduce the 
number of instances of "Transwell" within your text. The term may be introduced but please use it 
infrequently and when directly relevant. Otherwise, please refer to the term using generic language. 

- We have reduced the number of instances of the word transwell from about 51 to about 13 
times, and rather refer to them as monolayers or wells.   

 
4. Please use greek characters for SI unit prefixed in Table of Materials, e.g. use ‘μg’ instead of ‘ug’. 

- The Table of Materials was fixed to include Greek characters where required.  
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