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30 LONG ABSTRACT:
31 M (microfold) cells of the intestine function to transport antigen from the apical lumen to the
32  underlying Peyer’s patches and lamina propria where immune cells reside and therefore
33  contribute to mucosal immunity in the intestine. A complete understanding of how M cells
34  differentiate in the intestine as well as the molecular mechanisms of antigen uptake by M
35 cells is lacking. This is because M cells are a rare population of cells in the intestine and
36 because in vitro models for M cells are not robust. The discovery of a self-renewing stem cell
37  culture system of the intestine, termed enteroids, has provided new possibilities for culturing
38 M cells. Enteroids are advantageous over standard cultured cell lines because they can be
39 differentiated into several major cell types found in the intestine, including goblet cells,
40  Paneth cells, enteroendocrine cells and enterocytes. The cytokine RANKL is essential in M cell
41  development, and addition of RANKL and TNF-o. to culture media promotes a subset of cells
42  from ileal enteroids to differentiate into M cells. The following protocol describes a method
43  for the differentiation of M cells in a transwell epithelial polarized monolayer system of the
44  intestine using human ileal enteroids. This method can be applied to the study of M cell
45  development and function.
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M (microfold) cells are specialized intestinal epithelial cells found primarily in the follicle
associated epithelium (FAE) of the intestine overlying small lymphoid regions termed Peyer’s
patches!. M cells have short irregular apical microvilli and are deeply invaginated on their
basolateral side, which allows immune cells to reside closely to their cell body?. This unique
morphology enables M cells to sample antigen from the apical lumen of the intestine and
deliver it directly to the underlying immune cells?. In this way, M cells are important for
immune surveillance in the intestine but can also be exploited by pathogens for entry into the
lamina proprial”.

The study of M cells has been hindered by several factors. First, M cells are found at a low
frequency in the mouse and human intestine®. In cultured cells systems, M cell-like cells have
been induced to differentiate by co-culturing a polarized adenocarcinoma cell line, Caco-2,
with either B lymphocytes from mouse Peyer’s patches or the B cell ymphoma cell line, Raji
B0, This results in a subset of Caco-2 cells that express the M cell markers Sialyl Lewis A
antigen and UEA-1 in the polarized epithelium®, (These markers are also expressed on
goblet cells in intestinal tissues, so nowadays are less frequently used as definitive M cell
markerst12,) This Caco-2-M cell system has been used to study particle uptake and bacteria
translocation!®!4. However, Caco-2 cells are an established cell line from a large intestinal
adenocarcinoma with the confounding factor that different sources of Caco-2 cells display
different phenotypes among labs®. Further, they may not fully recapitulate the transcription
levels of true M cells, as they lack expression of currently known M cell markers GP2 and
SpiB®. Therefore, additional and more physiologically relevant culture models are needed to
be able to study M cell development and functions.

Within the past ten years, the field of enteroid-derived model systems of the intestine has
rapidly been progressing forward from the initial discovery that intestinal stem cells derived
from human intestinal biopsy could self-propagate and self-renew in culture!”8, Importantly,
removal of stem cell promoting factors from the growth media allows these stem cell cultures
to differentiate into the many cell types found in the intestine®. Furthermore, recent work
suggests the importance of RANKL-RANK signaling in M cell development in the intestine!%29,
The RANK receptor is a member of the TNF family of receptors that is expressed on epithelial
precursor cells in the intestine!® while RANKL (the RANK receptor ligand) is released by
stromal cells of the Peyer’s patches?. Since the epithelial cell types present in ileal enteroids
do not produce RANKL, M cell differentiation in ileal enteroid cultures can be induced by the
addition of RANKL to the culture media?V?2. Inclusion of TNFa in the culture media helps
support M cell development in ileal enteroids?3. Here, we describe the methods for inducing
differentiation of M cells in intestinal monolayers derived from human ileal enteroids. Our
methods are based in part on modifications from the following protocols?-23,

PROTOCOL:
All methods described here have been approved by the Tufts University IBC and IRB.

1. Inducing M cell differentiation in human ileal enteroid-derived monolayers
NOTE: This protocol uses ileal enteroids derived from human tissue biopsy. Please refer to

published protocols for methods on how to grow and passage these cells'®24, The following
methods for developing monolayers were adapted from Zou et al?*. Methods for inducing M
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cells in ileal enteroid-derived cultures were adapted from previous reports?-23, All work is
carried out in a sterile tissue culture hood and incubations are in hood or tissue culture
incubator as indicated. See Table of Materials needed to prepare ileal enteroid monolayers
and various medias.

1.1. Grow ileal enteroids for 4-10 days in extracellular matrix (ECM) (see Table of
Materials) (Figure 1), depending on their intrinsic growth rates, before seeding onto
transwells.

1.2. Coating transwell membranes
1.2.1. Place desired number of transwells in a 24-well plate creating a two-chamber system.

1.2.2. Dilute ECM 25-fold in cold sterile phosphate-buffered saline (PBS) and add 100 L of
cold diluted solution into each upper chamber onto the membrane.

NOTE: ECM and diluted ECM solution must be kept on ice until immediately before addition.

1.2.3. Cover the 24-well plate with lid and place the plate into a tissue culture incubator at
37 °C for 2 h to permit ECM solidification on the membrane.

1.2.4. After 2 h, remove the plate from the incubator and place in a tissue culture hood.
Using sterile tweezers, invert each transwell to gently remove remaining solution. Allow the
membranes to airdry in hood with the lid open while cells are being collected (Steps 1.3.1-
1.3.11).

1.3. Dissociating the ileal enteroids into single cells

1.3.1. Remove the plate of ileal enteroids from the incubator and gently remove the culture
media from each well by vacuum aspiration or with a pipette.

NOTE: One well of ileal enteroids containing approximately 100 healthy cysts is sufficient to
seed 1.5-2 wells.

1.3.2. Add 500 pL of ice cold 0.5 mM ethylenediaminetetraacetic acid (EDTA) to each well
containing ileal enteroids suspended in ECM to break up the ECM. Pipette up and down
vigorously with a P1000 pipettor set at 500 uL to break up ECM thereby releasing ileal
enteroids into the solution. To improve dissolution of ECM, after pipetting, shake the plate
vigorously at 4 °C for 30 min.

1.3.3. Collect the solution from each well into 15 mL conical tubes.
NOTE: Collect up to 10 wells per 15 mL conical tube for optimal single cell collection.
1.3.4. Pellet the cells in a centrifuge at 140 x g and 4 °C for 5 min. Pellet should be visible but

can easily be dislodged, so slowly remove the supernatant by vacuum aspiration or with a
pipette.
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NOTE: If concerned about loss of pellet and cells, use a pipette and save the supernatantin a
separate tube.

1.3.5. To digest tight junction linkages and break up the ileal enteroids into single cells,
resuspend the pellet in 500 pL of room temperature trypsin per every 5 wells collected in step
1.3.3. Using a P1000, pipette up and down to disaggregate the clumps and incubate the tubes
in a 37 °C water bath for 5 min or less.

NOTE: Optimization is needed to determine the appropriate amount of time required to
incubate the tubes so that the cells are broken up but not over-trypsinized to the point that
they die. Use Trypan blue in step 1.3.9 to ensure that the cells are viable after trypsin
treatment.

1.3.6. Add 1 mL of Advanced DMEM/F12 with 10% Fetal Bovine Serum (FBS) per 500 pL of
trypsin to inactivate the trypsin.

1.3.7. Pipette up and down with a P1000 set at 500 pL at least 50 times against the side of
the conical tube to further disaggregate remaining clumps into single cells.

1.3.8. Place a 40 um cell strainer over a 50 mL conical and add 1 mL of Advanced DMEM/F12
with 10% FBS to wet the cell strainer. Pipette the single cell suspension from the 15 mL conical
onto the strainer. Wash the strainer with 1 mL of Advanced DMEM/F12 with 10% FBS.

1.3.9. Transfer the cells that went through the cell strainer from the 50 mL conical into a new
15 mL conical tube. During the centrifugation step 1.3.10, the cellular pellet will be more
easily seen in a 15 mL conical tube. Count the cells using a hemocytometer. Use Trypan blue
to verify that cells are still alive. Typically, >95% viability is observed.

1.3.10. While counting the cells, centrifuge the cells in the new 15 mL tube at 400 x g and
room temperature for 5 min. Cell pellet should be visible. Carefully remove the supernatant
with a pipette, again saving the supernatant in case the pellet becomes dislodged.

1.3.11. Prepare modified complete growth media?> (MCMGF+ media) supplemented with 10
UM Y-27632. Resuspend pelleted cells at 2.5 x 10° cells/200 pL in MCMGF+. See remarks in
discussion about optimizing cell seeding number.

NOTE: MCMGF+ media is Advanced DMEM/F12 with 75% L-Wnt3a conditioned media, 10%
R-spondin conditioned media, 5% Noggin conditioned media, 1x B27 Supplement, 1x N2
Supplement, 1 mM N-acetylcysteine, 50 ng/mL mouse recombinant EGF, 500 nM A-8301, 10
nM [Leul5]-Gastrin I, 10 mM HEPES, 2 mM GlutaMAX, and 1x Penicillin/Streptomycin
(optional).

1.3.12. Ensure that the ECM-coated membranes prepared in step 1.2 have fully dried, as
assessed by eye. Wash the upper chamber with 200 uL of MCMGF+. Add 200 uL of cell
solution into each upper chamber.
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1.3.13. Add 700 pL of MCMGF+ with 10 uM Y-27632 to each lower chamber. Place the plate
in a 37 °C tissue culture incubator with 5% CO,.

1.3.14. After 1 day of growth, remove the media from the upper chamber and replace with
200 pL of fresh MCMGF+, to prevent growth of multiple cell layers.

1.4. Replacing medium

1.4.1. Once monolayers are ~80% confluent, usually between days 1-3 post-seeding, replace
basolateral media with differentiation media (DM) for control wells (see step 1.4.2 for more
detail) or with M cell media for M cell induction wells (see step 1.4.3 for more detail). Replace
the media in upper chamber with DM for both conditions.

NOTE: DM is Advanced DMEM/F12 with 5% Noggin conditioned media, 1x B27 Supplement,
1x N2 Supplement, 1 mM N-acetylcysteine, 50 ng/mL mouse recombinant EGF, 500 nM A-
8301, 10 nM [Leul5]-Gastrin |, 10 mM HEPES Buffer, 2 mM GlutaMAX, and 1x
Penicillin/Streptomycin (optional). M cell media is DM supplemented with 200 ng/mL RANKL
and 50 ng/mL TNFa.

1.4.2. For control wells that should not contain M cells, add 200 pL of DM to the upper
chamber and 700 uL DM to the bottom chamber.

1.4.3. Toinduce M cells, add 200 pL of DM to the upper chamber and 700 pL of M cell media
to the bottom chamber.

1.4.4. Replace the media every 2 days. For control wells, replace DM in the upper and lower
chambers. For M cell wells, replace DM in the upper chamber and M cell media in the lower
chamber.

NOTE: By day 7 post cell-seeding, M cells are fully induced in the monolayers.

2. Verifying M cell differentiation by qRT-PCR

NOTE: Perform the following work at a sterile RNAse-free bench space. See Table of Materials
for a list of preferred materials for qRT-PCR.

2.1. Remove the media from upper and bottom chambers and wash the upper chamber
2x gently with 300 pL of room temperature PBS.

2.2.  Add 300 pL of Trizol to each upper chamber. Incubate at room temperature for 5 min.

CAUTION: Wear gloves and eye protection when using Trizol to avoid contact with skin as
indicated in manufacturer’s instructions.

2.3.  Meanwhile, label microcentrifuge tubes for each well and add 700 pL of Trizol to each
tube.
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2.4. Collect cell homogenate by pipetting up and down 3x gently with a P1000 and transfer
the contents into corresponding microcentrifuge tube. Vortex for 5 s to mix.

2.5. Keep the samples at room temperature for an additional 3 min. Then store at -80 °C
for up to one month.

2.6.  Follow standard qRT-PCR methodology for RNA isolation, DNase treatment, Reverse
Transcription and qRT-PCR reactions. Refer to primer list in Table of Materials.

3. Verifying M cell differentiation by immunofluorescence

NOTE: Always keep the lower chamber of the plate filled with PBS so that the membranes
remain wet. This procedure is performed on the bench. See Table of Materials for a list of
preferred materials for immunofluorescence.

3.1. Remove the media from the upper chamber and wash 2x gently with 300 uL of room
temperature PBS. Add 100 plL of room temperature 4% PFA in PBS to the upper chamber.
Cover the plate with foil and let stand for 25 min at room temperature. Remove 4% PFA.

CAUTION: 4% PFA should be properly disposed of as hazardous chemical waste.
3.2.  Wash the upper chamber 3x with 300 uL of room temperature PBS. At this point,
samples can remain at 4 °C for up to a month prior to staining. Once stained, samples should

be visualized within a week for best quality images.

3.3.  Incubate the monolayers with 100 pL of 5% Bovine Serum Albumin (BSA) dissolved in
PBS for 30 min in dark at room temperature to block the monolayers.

3.4. Prepare GP2 primary antibody solution in 1% BSA in PBS at a dilution of 1:100. Add
100 pL per well. Stain for 1 h at room temperature in the dark. Remove the solution.

NOTE: Do not permeabilize the monolayers before primary stain for GP2 occurs because
optimal primary GP2 surface staining of M cells is achieved without permeabilization.

3.5. Wash the upper chamber 3x times with 300 uL of room temperature PBS.
3.6. Prepare secondary stain solution of fluorescently tagged goat anti-mouse IgG at 1:200,
phalloidin at 1:100 and DAPI in 1% BSA+ 0.1% triton in PBS. Add 100 pL per well. Stain for 30

min at room temperature in the dark.

NOTE: Triton is added to the secondary stain solution to permeabilize the cells during this
step for proper phalloidin stain.

3.7. Wash 3x with 300 uL PBS.

3.8. Place a 5 puL drop of mounting solution (Table of Materials) on a glass slide. Remove
the well from the 24 well plate and invert. Carefully cut the membrane from the well using a
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scalpel. Place the membrane with the cells facing up onto the droplet of mounting solution
on the glass slide. Add 10 pL of mounting solution onto the top and center of the membrane
and place a coverslip on top to seal the membrane between the glass slide and coverslip.

3.9. Dry the slides at room temperature in the dark for 24 h. Stained slides should be
visualized on confocal microscope within 1-week post-staining.

REPRESENTATIVE RESULTS:

Ileal enteroids grown in ECM are analyzed visually and by gRT-PCR for their relative health
status and differentiation states as a means of quality control for ileal enteroid cultures and
for use in monolayers. Undifferentiated ileal enteroids grown in ECM appear clear and cystic
in morphology, indicating the presence of many stem cells (Figure 1A). Over time,
undifferentiated ileal enteroids grown in growth media may take on an intermediate
phenotype where some will appear cystic and some appear opaque (Figure 1B). Frequently,
our undifferentiated samples resemble those shown in Figure 1B rather than Figure 1A. These
intermediate cultures contain more terminally differentiated enterocytes as measured by
expression of the enterocyte marker, sucrase isomaltase (Sl), and presumably extruded dead
enterocytes in the lumen contribute to their dense appearance. lleal enteroids can be used in
this intermediate state for monolayer development, but it must be kept in mind that the
guantity of intestinal stem cells present in the cultures may be low, and some differentiated
cell types may be present (for example, see gRT-PCR levels in undifferentiated samples grown
in ECM resembling Figure 1B in Figure 2). For comparison, ileal enteroids cultured with
differentiation media in ECM for 5+ days will appear uniformly darkened and lobular and
cultures with this morphology are not good candidates for seeding monolayers (Figure 1C).

Expression of stem cell genes and genes of intestinal cell differentiation can be analyzed by
gRT-PCR as another means to assess the health status of ileal enteroids grown in ECM and
their differentiation capabilities once seeded as monolayers on transwells. The expression of
a stem cell gene, LGR5, an enterocyte gene, S/, a goblet cell gene, MUC2, and a Paneth cell
gene, LYZ, is compared between undifferentiated ileal enteroid cultures grown in ECM and
differentiated ileal enteroid monolayers in the presence or absence of RANKL/TNFa (Figure
2). While the values may differ between experiments, expression of LGR5 should decrease
after differentiation of monolayers'®2¢, LGR5 expression is usually not detected in the
differentiated ileal monolayers without RANKL and TNFa by day 7. Conversely, expression of
markers of differentiation of specific cell types, such SI and MUC2, increase after
differentiation®®. Expression of LYZ generally decreases after differentiation in our cultures. If
the ileal enteroid cultures used for making monolayers look more like Figure 1B than Figure
1A, increases in intestinal differentiation markers may be modest after differentiation
because these initial cultures are heterogeneous in intestinal cell types and have a higher
basal level of Sl and MUC2. However, differentiation in monolayers still occurs as assessed by
loss of LGR5 expression and microscopy (see below). Furthermore, addition of RANKL and
TNFa to the differentiation media reduces the loss of LGR5 expression (Figure 2). In parallel,
the expression of S/ and MUC2 are slightly lower than in the differentiated condition lacking
RANKL and TNFa although their levels increase above the undifferentiated condition.

M cell differentiation in monolayers is determined both by gRT-PCR and immunofluorescence
using two M cell specific markers including cell surface glycoprotein 2 (GP2) and transcription
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factor SpiB?!. Expression of GP2 and SPIB is upregulated in the ileal enteroid-derived
monolayers in the presence of RANKL and TNFo and is not detected in non-RANKL and TNFa.
treated samples (Figure 3). Expression of these markers can also be normalized to a piece of
small bowel tissue??, if available. This permits the fold change of these M cell markers to be
compared to tissue that has M cells rather than to control monolayers that have no expression
of these markers and allows standardization between experiments in one lab. M cells are also
detected by surface expression of GP2 by immunofluorescence (Figure 4). Typically, in a
confluent monolayer, 1 to 5 M cells are observed in a given microscope field at 40X
magnification by days 6 through 8 post-seeding in samples treated with RANKL and TNFa.
(Figure 4A-D). No GP2 expression is seen in the untreated samples (Figure 4E). The orthogonal
view of the XZ plane overlaid with a phalloidin probe shows actin structures surrounding each
cell and GP2 expression on the apical surface of M cells (Figure 4F-G). This model recapitulates
the low frequency of M cells found in the human intestine?8. To purify and isolate M cells
for further study, M cells can be stained using GP2 surface expression and sorted using FACS
for GP2+ cells.

M cells bind to and transport antigen from the intestinal lumen to the immune cells residing
beneath the epithelium?. Secretory IgA produced in the intestine binds to bacteria and can
bind to the apical surface of M cells to facilitate transport of the microbes?”?2. To determine
if the M cells developed in this model are able to bind to IgA, human serum IgA is added to
the upper chamber, allowed to bind for 1 h, and then the monolayers are prepared for
immunofluorescence analysis. The presence of IgA on M cells is visualized using a fluor-
conjugated secondary antibody that recognizes the heavy chain of human serum IgA. M cells
treated with IgA for 1 h have IgA bound to the apical surface (Figure 5A), whereas M cells in
control wells that were only treated with the secondary antibody to IgA have no detectable
signal (Figure 5B). Further, IgA specifically binds to the apical surface of M cells and is not
found bound to any cells lacking GP2 surface stain. In addition, M cells have characteristically
shorter dense actin on their apical surface?. To analyze M cell morphology in this model, ileal
enteroid-derived monolayers are grown for 7 days and harvested for immunofluorescence
analysis of F-actin using phalloidin. Measurements of actin pixel intensity are calculated for
M cells and for non-M cells that are directly adjacent to each M cell using ImagelJ software
(Figure 6A). Actin intensity is reduced on GP2+ M cells in this model and a representative
image is shown in Figure 6B. Overall, the M cells developed in this ileal enteroid-derived
monolayer model have characteristic gene expression, morphology and some M cell functions
of human intestinal M cells, such as binding to IgA.

FIGURE AND TABLE LEGENDS:

Figure 1. Representative morphology of human ileal enteroids in ECM one-week post-
splitting. (A) Clear and cystic undifferentiated ileal enteroids. (B) Intermediate phenotype
with some cystic ileal enteroids and some opaque lobular ileal enteroids. (C) Darkened and
lobular differentiated ileal enteroids. Images taken through the lens of an optical light
microscope at 4X magnification using an iPhone7 camera.

Figure 2. Relative expression of stem cell and differentiation markers of human ileal
enteroids grown in ECM or differentiated as monolayers. lleal enteroids were grown for 7
days in ECM (Undifferentiated) or grown and differentiated as monolayers without
(Differentiated) or with RANKL and TNFa (Differentiated +R/T). lleal enteroid cultures or
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monolayers were harvested in Trizol for RNA extraction. Gene expression was determined by
gRT-PCR and is expressed relative to GAPDH. Data is average of 3 independent wells of ileal
enteroids or monolayers per condition. Error bars indicate SEM. ND is not detected. Statistical
significance was determined on log-transformed values using one-way ANOVA with Dunnett's
multiple comparisons test comparing to the Undifferentiated. ** p<0.01, *** p<0.001

Figure 3. Relative expression of M cell specific markers GP2 and SPIB from human ileal
enteroid-derived monolayers. RANKL/TNFo treated and non-treated human ileal enteroid-
derived monolayers were harvested in Trizol for RNA extraction after 7 days post-seeding.
Gene expression was determined by qRT-PCR and is expressed relative to GAPDH. Data is
average of 6 independent monolayers per condition. Error bars indicate SEM. ND is not
detected.

Figure 4. Immunofluorescence of surface GP2 expression on M cells in human ileal enteroid-
derived monolayers over time. RANKL/TNFa treated and non-treated human ileal enteroid-
derived monolayers were fixed in 4% PFA and stained for immunofluorescence on various
indicated days post-seeding. Images were analyzed using Imagel) software. DAPI = Blue;
Glycoprotein 2 (GP2) = Red. (A-D) RANKL/TNFa treated monolayers at various days post-
seeding. (E) Non-treated monolayer harvested at day 7 post-seeding. (F-G) Orthogonal XZ
plane of monolayers at day 7 post-seeding overlaid with phalloidin probe for F-actin.
Phalloidin = Cyan.

Figure 5. IgA binds specifically to the apical surface of M cells. RANKL/TNFa-treated human
ileal enteroid-derived monolayers were grown for 7 days and then (A) treated with 10 pg of
human serum IgA for 1 h or (B) mock-treated with PBS only (No IgA control). After 1 h,
monolayers were washed 2x in PBS, were fixed in 4% PFA, permeabilized with 0.1% TritonX-
100, and stained for immunofluorescence. Images were analyzed using Imagel software and
are representative of 3 independent experiments. DAPI = Blue; Glycoprotein 2 (GP2) = Red,;
Antibody to human serum IgA = Green; Phalloidin = Cyan. Black arrows denote IgA bound to
apical surface of M cell.

Figure 6. M cells have reduced actin intensity compared to adjacent non-M cells.
RANKL/TNFa-treated human ileal enteroid-derived monolayers were grown for 7 days and
then fixed in 4% PFA and were stained for immunofluorescence. (A) Using Imagel, GP2+ M
cells were outlined using the Freehand Selection Tool and measurements of Area and
Integrated Density were taken in the Phalloidin channel. The same analysis was then
completed for each adjacent non-M cell that neighbors the M cell. The Raw Integrated Density
was divided by the Area of each individual cell for normalization. The average Integrated
Density/Area was calculated for each adjacent non-M cells for each M cell. Images were
analyzed from 3 independent experiments; each dot is an M cell or average of neighboring
cells. Error bars indicate SD. Statistical significance was determined on log-transformed values
using a Paired t test. *** p=0.0001 (B) Representative image of XZ Plane from plot in A. Images
were analyzed using Imagel software. DAPI = Blue; Glycoprotein 2 (GP2) = Red; Phalloidin =
Cyan.

DISCUSSION:
To develop monolayers that differentiate properly into the major intestinal cell types and M
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cells, it is critical to be aware of several factors. lleal enteroids must be harvested from ECM
cultures that are undifferentiated and have a high proportion of Lgr5+ stem cells. Visually, the
majority of the ileal enteroids in the ECM cultures should not be darkened and multilobular,
and LGR5 expression should be detected in these cultures by gRT-PCR analysis. Quality control
of conditioned media is essential for the propagation of undifferentiated cultures over time
and must be completed for each batch of conditioned media that is produced. Quality control
can be completed by testing a new batch of media on some ECM cultures and comparing the
morphology of the ileal enteroids to a previous batch of media over the course of a week.
LGR5 expression should remain relatively similar in the ileal enteroid cultures grown in the
new batch of media compared to the previous batch.

During preparation of the ileal enteroids for seeding as monolayers, it is important to
vigorously pipette the cell solution after incubation with trypsin to break up the ileal enteroids
into single cells. Cell clumps can lead to multi-layer formation when seeded for monolayers.
In addition, it is essential to empirically determine the number of cells required to form a
monolayer for each individual ileal enteroid line that is obtained. Typically, this value can
range from 2.5 x 10° — 5.0 x 10° cells/well but depends on the degree of cystic to non-cystic
ileal enteroids in cultures and varies for each individual ileal enteroid line. From experience,
ileal enteroids grown in ECM that appear less cystic require higher cell seeding density to
achieve monolayers. Itis advisable to wash the upper chamber after 1 day of growth by gently
pipetting the media up and down 2-3 times and replacing with fresh growth media. This
process dislodges cells that have landed on top of other cells reducing the likelihood of multi-
layer formation. Switching the media in the upper chamber from growth media to M cell
media when the monolayers are ~“80% confluent, which usually occurs at day 2 post-seeding,
helps achieve good M cell differentiation. Addition of RANKL/TNFa to the upper chamber
during M cell induction does not lead to the development of a greater number of M cells per
monolayer and therefore can be left out of the upper chamber media. Transwells of varying
pore sizes can be used in this protocol without affecting M cell development; however, cell
seeding density must be optimized for those with larger pore sizes. Collagen IV can be
substituted for ECM as a basement membrane protein coating for transwells or well plates
which may be better suited for certain applications.

lleal enteroid-derived monolayers on transwells provide a two-chamber system that allows
for the creation of defined apical and basolateral surfaces such that the 4-5 different types of
epithelial intestinal cells can polarize to express surface markers on each side relative to that
found in the intestine. Additional factors can be added to either side such as particles,
infectious agents, or other cell types. However, to date some limitations remain. As described,
this system is a static system that lacks physiological flow, intestinal contractions, and
intestinal contents. In addition, the villus-crypt architecture is lost by the formation of a flat
monolayer. These systems lack Peyer’s patch regions, immune cells, and stromal cells.
Whether the lack of immune and stromal cells residing closely underneath M cells affects the
invaginations which are not observed in this system and other physiological functioning is an
important future area of investigation. This protocol can be adapted to a 96-well plate or a
multi-well plate format. The procedure for coating the 96-well plate with ECM and seeding
with single cells from ileal enteroids remains the same as for transwells. Titration of the cell
seeding density required to obtain monolayers must be done, but typically ranges from 1.0 x
10° - 3.0 x10° cells/well in a 96-well plate format. M cells are induced by replacing the growth
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media with M cell media when the monolayers are 80% confluent typically by days 1-3
depending on initial cell seeding density.

This method of differentiating M cells from ileal enteroids in vitro provides significant
improvements over the Caco-2 method. The ileal enteroids are primary cells and at least 4-5
epithelial cells types are present in the system. In addition, ileal enteroid lines derived from
different people can be studied to investigate how genetics or disease state influence M cell
development and behavior. Additional manipulation of the ileal enteroids during M cell
differentiation will allow a better understanding of M cell development including
characterizing M cell precursor cells. Finally, since the molecular mechanisms of M cell
phagocytosis and transcytosis are still not completely understood®?°, this model provides the
opportunity to study and visualize antigen and particle uptake by M cells.
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Name of Material/ Equipment Company
[Leul5]-Gastrin | Sigma-Aldrich
0.5M EDTA Invitrogen
40 um 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 H20 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

Cell line gift from Dr. Gijs van den

Noggin conditioned media 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
Transwell inserts, 24 well-sized
TritonX-100

TRIzol

TrypLE Express

Y-27632

GAPDH forward primer
GAPDH reverse primer
GP2 forward primer
GP2 reverse primer
LYZ forward primer
LYZ reverse primer
MUC2 forward primer
MUC2 reverse primer
Sl forward primer

Sl reverse primer

SPIB forward primer
SPIB reverse primer

Thermo Fisher
Greiner Bio-One
Sigma-Aldrich
Invitrogen
Invitrogen
Sigma-Aldrich



Catalog Number
G9145
15575020
352340
SML0O788-5MG
12634-028
A-11005
A22287
17504-044
00535
C298-500
1157B50
62247
BP561-1
AM1906
EX0276-4
100499-580

26140079

MER 7200/90/WH
35050-061
D277-3
15630-080
340-12-1

CRL-2647
356231
PMG8043
17502-048
A9165-5G

2199983
MT21040CV
15140-122
P36930
74106
310-01
315-01A

3710-001-01
109-545-011

Solvent
PBS
PBS

DMSO

PBS

PBS

Advanced
DMEM/F12

PBS

PBS

H20

PBS

H20
H20

Stock Concentration
10 pM
0.5 M

500 uMm

50x

100x

100%
200 mM

1M
1 mg/mL

50 pg/mL
100x
500 mM
16%

100x

0.1 mg/mL
5 mg/mL

Final Concentration
10 nM
0.5 mM

500 nM

1:200
1:100
1x

1%

1x

10%

2 mM
1:100
10 mM

10 pg

75% in MCMGF+
0% in DM

50 ng/mL

1x

1mM

5% in MCMGF+
5% in DM

4%

1x

200 ng/mL

50 ng/mL

10% in MCMGF+

0% in DM
1:200



18091200
662641
18787
15596018
12605010
Y-0503

1% BSA

H20

5mM

0.1%

10 pM



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 Wnt-3A (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 Rspol 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 um pore size

Not required during GP2 primary stain

For RNA isolation

Trypsin for breaking up enteroids into single cells
MCMGF+ ingredient on day O

CATGAGAAGTATGACAACAGCCT
CGTTTCCCGCAAGACGTAAC
CAATGTGCCTACCCACTGGA
ATGGCACCCACATACAGCAC
CGCTACTGGTGTAATGATGG
TTTGCACAAGCTACAGCATC
ATGCCCTTGCGTCCATAACA
AGGAGCAGTGTCCGTCAAAG
TCCAGCTACTACTCGTGTGAC
CCCTCTGTTGGGAATTGTTCTG
CAGCAGCCGCTTTTAGCCAC
GCATATGCCGGGGGAACC
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requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum
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rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JOVE to take steps in the Author(s) name and on their behalf
if JoVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality, The Author hereby
grants JoVE the right to use the Author's name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JOVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to
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the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE’s attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14, Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.
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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 Sl unit prefixed in Table of Materials, e.g. use ‘ug’ instead of ‘ug’.
- The Table of Materials was fixed to include Greek characters where required.
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