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Introduction

Intestinal organoids are increasingly being used to study the gut epithelium for
digestive disease modeling, or to investigate interactions with drugs, nutrients,
metabolites, pathogens, and the microbiota. Methods to culture intestinal organoids
are now available for multiple species, including pigs, which is a species of major
interest both as a farm animal and as a translational model for humans, for example, to
study zoonotic diseases. Here, we give an in-depth description of a procedure used to
culture pig intestinal 3D organoids from frozen epithelial crypts. The protocol describes
how to cryopreserve epithelial crypts from the pig intestine and the subsequent
procedures to culture 3D intestinal organoids. The main advantages of this method are
(i) the temporal dissociation of the isolation of crypts from the culture of 3D organoids,
(ii) the preparation of large stocks of cryopreserved crypts derived from multiple
intestinal segments and from several animals at once, and thus (iii) the reduction in
the need to sample fresh tissues from living animals. We also detail a protocol to
establish cell monolayers derived from 3D organoids to allow access to the apical side
of epithelial cells, which is the site of interactions with nutrients, microbes, or drugs.
Overall, the protocols described here is a useful resource for studying the pig intestinal

epithelium in veterinary and biomedical research.

The intestinal epithelium is formed by a monolayer of
cells covering the digestive mucosa at the interface with
the luminal environment. This position is associated with

diverse functions, such as nutrient absorption and barrier

function, that are supported by the presence of stem cells
and multiple differentiated epithelial cell types (absorptive,
enteroendocrine, Paneth, and goblet cells)1. Immortalized

cell lines traditionally used to study epithelial cells have major
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limitations, since they do not reflect the cellular complexity of
the intestinal epithelium and present genomic abnormalities?.
The development of three-dimensional (3D) organoids by
Sato et al.3 provided a new model to study the intestinal
epithelium with an improved physiological relevance. Indeed,
intestinal organoids are derived from non-transformed stem
cells, are composed of multiple cell types, and recapitulate the
functionality of the intestinal epithelium. Intestinal organoids
are increasingly being used to understand the development
and functions of the intestinal epithelium and its interactions
with pathogens, nutrients, toxins, drugs, the microbiota, and

its metabolites?.

Initially developed for humans and mice, the methods used
to culture intestinal organoids have recently been adapted
to other species, including pigs4. Gonzales et al.® were
the first to culture pig organoids from the jejunum ; since
then, porcine organoids have been described for other gut

6,7,8
);;

segments (duodenum, ileum, and colon ,and have been

9,10,11

shown to retain a location-specific phenotype . Pig

intestinal 3D organoids are now commonly used to study the

12,13 6,8,14

effect of nutrients or enteric infections

Most of the studies have described the culture of intestinal
organoids starting from freshly isolated epithelial crypts.
However, this is not always feasible for logistical reasons,
notably when working with large animals such as pigs.
Indeed, animal facilities for pigs can be located far from the
lab where organoids are cultured, which complicates the work
organization. Moreover, organoid culture is time-consuming;
thus, it is not practical to simultaneously grow multiple
organoid lines, for instance, from different gut segments or
several animals. To circumvent these issues, a few studies
in humans, horses, and pigs have described methods to

culture organoids from frozen intestinal tissues (or biopsies)

or from isolated epithelial crypts4'15’16'17. These methods
allow the cryopreservation of intestinal epithelial stem cells
from multiple gut segments of a single animal, which can
then be used to grow organoids when needed. Moreover, this
allows a strong reduction in the number of live animals used
as donors of stem cells, since large stocks of cryopreserved
crypts can be created (principles of 3R). Another advantage
of this method is the growth of intestinal organoids only from
animals of interest after obtaining phenotypic or genotypic

results, which is highly cost-effective.

In vivo, intestinal epithelial cells are polarized, with the
apical side directed toward the lumen. In vitro, in 3D
organoids, the apical side of epithelial cells is also facing
the lumen (i.e., inside the organoids)4. This organization
prevents access to the apical side, which is an issue
when studying the effects of luminal components (e.g.,
nutrients, microbes, metabolites) on epithelial cells. To
circumvent this disadvantage, several methods have been
developed, such as the culture of organoid cells as 2D
monolayers, microinjection, and polarity reversal ("apical-out
organoids")18’19. The culture of organoid cell monolayers
is emerging as the most efficient and tractable system. The
principle is to dissociate 3D organoids into single cells and
seed them on a cell culture vessel previously coated with a
thin layer of extracellular matrix (ECM)ZO. In these culture
conditions, the apical side of the epithelial cells is facing
upward, and is thus accessible to experimental treatments20.
The culture of organoid cell monolayers was recently adapted
for the pig intestine2':22; cell monolayers derived from pig 3D
organoids have been used for multiple applications, including

the study of enteric infections®:23:24.25 ' the transport of

nutrients?, and digestive disease modelingzs.
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Here, this study first presents a detailed protocol for the
culture and maintenance of pig intestinal 3D organoids
derived from cryopreserved epithelial crypts (Figure 1). Then,
a protocol is described to establish cell monolayers from pig
intestinal 3D organoids. The methods described here provide
experimental tools that can be used to study the pig intestinal
epithelium for nutrient transport, barrier function, and host-

microorganism interactions.

Protocol

This protocol was approved by the local ethics committee
(N°TOXCOM/0136/PP) in accordance with the European
directive on the protection of animals used for scientific
purposes (2010/63/EU). This protocol is described for the
jejunum as an example, but it can be used for each segment
of the small and large intestine (duodenum, jejunum, ileum,

colon).

1. Isolation of epithelial crypts from the piglet
intestine

NOTE: Prepare a stock of complete Dulbecco's modified
eagle medium (DMEMc) with DMEM supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin-streptomycin (P/

S). Prepare 50 mL aliquots and store them at 4 °C for 1 month.

1. Preparation of solutions (to be done on the day of the

crypt isolation)

1. Prepare the dissociation solution containing
phosphate buffered saline (PBS), 3 mM dithiothreitol
(DTT), 9 mM ethylenediaminetetraacetic acid
(EDTA), 10 uyM Y27632 ROCK inhibitor, and 1%

penicillin-streptomycin (P/S) and store on ice.

2. Prepare the freezing solution containing DMEMc,

10% FBS, 10% dimethyl sulfoxide (DMSO), and 10

3.

MM Y27632 ROCK inhibitor and store on ice (the final

FBS concentration is 18%).

Prepare the transport solution containing cold PBS

supplemented with 1% P/S and store it on ice.

Isolation of epithelial crypts

1.

Slaughter a piglet by electronarcosis followed by

exsanguination.

Immediately after slaughtering, open the abdomen
of the piglet with a scalpel and remove the whole

intestine.

Collect approximately 2 cm of an intestinal segment
and store it in cold transport solution. Keep the

segment on ice until crypt isolation (up to 2 h).

Place the tissue in a Petri dish. Open the intestinal
segment longitudinally and carefully wash the tissue
in cold PBS supplemented with 1% P/S to remove

the intestinal content.

Transfer the tissue to a new Petri dish filled with 10

mL of cold PBS supplemented with 1% P/S.

Hold the tissue with tweezers and remove the
villi and the remaining mucus by scraping with a
microscope slide.

NOTE: The removal of the villi (the tongue-
shaped structure) can be checked by microscopic

observation of the supernatant.

Transfer the tissue to a 15 mL conical tube
containing 5 mL of ice-cold dissociation solution and
incubate for 30 min at room temperature (RT) on a

rotating shaker (15 rpm).

Transfer the tissue to a new Petri dish and add 10

mL of cold PBS supplemented with 1% P/S.
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10.

11.

12.

13.

Isolate the crypts mechanically by firmly scraping the
mucosa with a microscope slide.
NOTE: Under a microscope, verify the presence of

epithelial crypts in PBS (Figure 2A) .

Aspirate the crypt solution with a serological pipet
and filter through a 100 um cell strainer in a 50 mL

conical tube.

Pipet 10 uL of the solution and verify the presence
of crypts under a microscope. Centrifuge at 300 x g

for 5 min at 4 °C.

Under a sterile biosafety cabinet, discard the
supernatant and resuspend the pellet of crypts in
10 mL of cold DMEMc supplemented with 10 yM
Y27632 ROCK inhibitor.

Pipet 10 pyL of the crypt solution into a 48-well
plate. Manually count the number of crypts under a
microscope with a 10x magnification, and calculate
the concentration of crypts per mL of solution.

NOTE: The isolated crypts can be used directly
to culture intestinal organoids. However, it is often
more convenient to cryopreserve a large batch of
crypts from each piglet and use them later for

organoid culture.

3. Freezing of epithelial crypts

1.

Transfer a volume corresponding to 900 crypts in a
15 mL conical tube. Centrifuge at 300 x g for 5 min

at4 °C.

Discard the supernatant and resuspend the pellet
of crypts in 1 mL of the freezing solution. Transfer
to a cryotube and place the vial in a cell-freezing

container.

3.

Store the cell freezing container at -80 °C for 24 h
and then transfer the vials to liquid nitrogen for long-

term storage.

2. Establishment of piglet intestinal 3D organoids
from frozen epithelial crypts

NOTE: Piglet intestinal 3D organoids are cultured in a

commercial culture medium formulated for the growth of

human organoids, supplemented with 1% P/S and 100 pg/mL

of an antimicrobial agent for primary cells, and stored at 4 °C

for up to 1 week. A tumor-derived extracellular matrix (ECM)

is used for the culture of 3D organoids. All references of

commercial products are presented in the Table of Materials.

1. Preparation of materials

1.

2.

Place the pipet tips at -20 °C (at least overnight).

Place the frozen aliquots of the ECM (500 pL) at 4

°C at least 1 h in advance.

Pre-warm a 48-well plate in a 37 °C, 5% COj

incubator.
Place the culture medium at RT.
Pre-warm a water bath at 37 °C.

Place a small ice bucket under the hood under

aseptic conditions.

2. Thawing of frozen epithelial crypts

—_

Quickly thaw a vial containing 900 frozen crypts in

water bath at 37 °C (less than 5 min).
Transfer the crypt solution into a 15 mL conical tube.

Centrifuge at 300 x g for 5 min at RT. Remove the

supernatant

Add 150 pL of the ECM with cooled tips to obtain a
final concentration of 150 crypts per 25 yL of ECM.
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Pipet up and down 10 times to obtain a homogenous
suspension of crypts in the ECM.

NOTE: Always keep the ECM on ice to avoid
polymerization. Always use pre-chilled pipet tips at
-20 °C to manipulate the ECM. Pipet slowly to avoid
making air bubbles in the ECM. An undiluted ECM
is used at this step to prevent the small drops from

collapsing.

5. Seed six wells with a 25 uL drop per well with cooled
tips in a pre-warmed 48-well plate.
NOTE: Keep the tip vertical, in the center of the
well, and pipet slowly without introducing air to obtain
a dome. Here, 48-well plates are used, since the
organoid number is usually low when starting from

frozen crypts.

6. Incubate for 30 minina 37 °C, 5% CO» incubator for

polymerization of the ECM.

7. Add 250 pL per well of culture medium at RT.
Incubate in a 37 °C, 5% CO5 incubator and change
the culture medium every 2-3 days
NOTE: The crypts are usually not visible after
the thawing procedure, and most of the cells are

dissociated in the ECM (Figure 2B).

3. Passage of piglet intestinal 3D organoids
derived from frozen crypts

NOTE: The time to obtain organoids from frozen crypts
is usually longer than when starting from fresh crypts.
Organoids are usually ready for splitting 10 days after thawing

(Figure 2B).

1. Preparation of materials

1. Place the frozen aliquots of the ECM (500 pL) at 4
°C for at least 1 h.

Pre-warm the 24-well plates at 37 °C.

Pre-warm the PBS and the enzyme dissociation
reagent supplemented with 10 yM Y27632 ROCK
inhibitor in a water bath at 37 °C.

Place the culture medium at RT.

Place a small ice bucket under the hood under

aseptic conditions.

Passage of 3D organoids derived from frozen crypts

1.

Remove the culture media and wash with 250 uL of

pre-warmed PBS at 37 °C.

Add 250 pL of pre-warmed enzyme dissociation
reagent supplemented with 10 yM Y27632 ROCK
inhibitor at 37 °C in each well.

NOTE: Due to the low number of organoids, the
dissociation of organoids is performed directly in

each well.

Detach the organoids in the ECM by scraping with a
P1000 pipet, and homogenize carefully by pipetting

five times.

Incubate for 5 min in a 37 °C, 5% CO; incubator.
Dissociate the cells by pipetting up and down 10
times using a P1000 pipet.

NOTE: The objective is to obtain isolated cells or
small cell clusters (<10 cells). Verify the dissociation
under a microscope. If large fragments of organoids

are still observed, repeat step 3.2.4.

Add 500 pL of DMEMCc in each well containing
dissociated cells, and pool up to 12 wells ina 15 mL

conical tube containing 3 mL of cold DMEMc.

Centrifuge at 500 x g for 5 min at 4 °C. Discard the
supernatant and resuspend the pelletin 1 mL of cold

DMEMec.

Copyright © 2023 JoVE Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported jove.com

License

February 2023 -192 - e64917 - Page 5 of 20


https://www.jove.com
https://www.jove.com/fr/

jove

10.

11.

12.

13.

Count the cells with a dilution of 1:2 in Trypan blue
with a cell counter.
NOTE: The automated cell counter can count the

cells within small clusters, if present.

Centrifuge the necessary volume of the cell solution
to have 3,000 live cells per dome (one dome per well

of the 24-well plate) at 500 x g for 5 min at 4 °C.

Resuspend the cells with 17 uL of cold DMEMc per
3,000 live cells on ice. Adjust the volume to the

required number of wells.

Slowly add 33 pL of cold ECM with cooled tips
per 3,000 live cells and homogenize on ice without
making bubbles. Adjust the volume to the required
number of wells.

NOTE: The cells are resuspended in a solution
containing 1/3 DMEMc and 2/3 ECM. For each
dome, 50 uL of this solution is needed. Diluted ECM

is cheaper and easier to pipet.

Seed the wells with 50 pL of the ECM-cell
suspension per well with cooled tips in a pre-warmed

24 well-plate.

Incubate for 30 minin a 37 °C, 5% CO; incubator for

polymerization of the ECM.

Add 500 pL of the culture medium per well. Incubate
ina 37 °C, 5% CO, incubator and change the culture
medium every 2-3 days

NOTE: The organoids can either be used directly for
i) experiments, ii) maintenance of the 3D organoid
culture, iii) freezing, or iv) seeding of the organoid
cell monolayers (Figure 1). Check the growth of the
organoids with a microscope every day to choose
the optimal timing for splitting the organoids. The

organoids must have a clear and empty lumen and

well-defined edges. Mature organoids with black
debris in the lumen should not be used for splitting

(Figure 3).

4. Maintenance of organoid culture in 3D

NOTE: For passaging, organoids should appear clear with

an empty lumen. Black debris appears in the lumen

approximately 5 days after splitting and indicates the

presence of dead cells. Limiting the number of dead cells at

the time of passaging is preferable for optimal maintenance

of the culture. The schedule should thus be adapted to avoid

reaching this stage of maturity.

1. Preparation of material

1.

Place the aliquots of the ECM (500 pL) at 4 °C for

thawing for at least 1 h.
Pre-warm a 24-well plate at 37 °C.

Pre-warm the enzyme dissociation reagent
supplemented with 10 uM Y27632 ROCK inhibitor in

a water bath at 37 °C.
Place the culture medium at RT.

Place a small ice bucket under the hood under

aseptic conditions.

2. Passage of intestinal 3D organoids

1.

Detach the organoids with the ECM by scraping with
a P1000 pipet. Homogenize carefully by pipetting in
the culture medium, and transfer to a 15 mL conical
tube containing 5 mL of cold DMEMc on ice.

NOTE: One 15 mL conical tube is required for a pool
with 12 wells of organoids cultured in 50 uL domes

in 24-well plates.

Centrifuge the collected organoids at 500 x g for 5
min at 4 °C.
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NOTE: The organoids form a white pellet at the
bottom of the tube. If the organoids are still in the
suspension in the ECM after centrifugation, carefully
aspirate the upper supernatant (without touching the
ECM layer), homogenize by pipetting 10 times with a
P 1000 pipet, and repeat the centrifugation step. The

ECM layer should not be visible after this procedure.

3. Carefully aspirate the supernatant and resuspend
the cell pellet in 1 mL of pre-warmed enzyme
dissociation reagent supplemented with 10 puM
Y27632 ROCK inhibitor. Pipet up and down 10 times

to initiate dissociation of the organoids.

4. Incubate for 5 min in a 37 °C water bath for

enzymatic digestion.

5. Mechanically disrupt the organoids by pipetting 10
times with a P1000 pipet. Check the cell suspension
under the microscope.

NOTE: The objective is to obtain isolated cells or
small cell clusters. If large organoid fragments are
still observed, repeat the incubation (step 4.2.4) and

the mechanical disruption (step 4.2.5).

6. Add 4 mL of ice-cold DMEMc. Centrifuge at 500 x g
for5minat4 °C

7. Discard the supernatant and resuspend the

organoid cell pellet in 1 mL of DMEMc.

8. Proceed as described above (steps 3.2.7 to 3.2.13)
to count the cells and seed the organoid cells in 50
pL of ECM domes containing 3000 live cells in pre-

warmed 24-well plates.

5. Freezing of 3D organoids

Prepare the necessary volume (1 mL for a pool of

two domes) of freezing solution containing DMEMc

supplemented with 10% FBS, 10% DMSO, and 10 uyM
Y27632 ROCK inhibitor and store on ice (the final FBS

concentration is 18%).
Remove the culture medium from the wells to be frozen.

Add 1 mL of the freezing solution to the first well to be
frozen, detach the ECM by scraping, and homogenize
with the pipet tip.

Transfer the organoid suspension from the first well to

the second well to be frozen.

Transfer the pool of the two wells to a cryotube and place

the vial in a cell-freezing container.

Store the cell freezing container at -80 °C for 24 h, and
then transfer the vials to liquid nitrogen for long-term

storage.

6. Culture of cell monolayers derived from 3D
organoids

NOTE: Monolayers of pig organoid cells are cultured in a

2D medium composed of the culture medium used for 3D

organoids supplemented with 20% FBS.

2.

Preparation of materials
1. Prepare the 2D medium and keep it at RT.

2. Pre-warm the enzyme dissociation reagent
supplemented with 10 yM Y27632 ROCK inhibitor in

a water bath at 37 °C.
Coating of the culture insert

1. Sterilize a pair of tweezers and transfer them to the

biosafety cabinet.

2. Place the cell culture inserts (0.33 cmz) into a 24-

well plate with the tweezers.
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Prepare the coating solution containing collagen IV
diluted at 50 pg/mL in cold PBS. Pipet up and down

to mix
Add 150 pL of the diluted collagen IV solution to
each cell culture insert, which corresponds to 22.7

pg/cmz.
NOTE: Carefully orient the pipet vertically into the
center of the permeable membrane and check that

the collagen solution covers all the membrane.

Place the plate in a 37 °C, 5% CO; incubator and

leave overnight (or for a minimum of 3 h).

3. Seeding of 3D organoid cells into cell culture inserts

1.

Prepare a cell suspension from the 3D organoids, as

described in steps 4.2.1 t0 4.2.7.

Count the cells with a dilution of 1:2 in Trypan blue

with a cell counter, and calculate the necessary
volume to seed 2.5 x 10° cells per culture insert,

corresponding to 7.6 x 10° cells/cm?.

Centrifuge the necessary volume of the cell

suspension at 500 x g for 5 min at 4 °C.

During centrifugation, carefully aspirate the coating
solution from the culture inserts, and allow to dry at

RT under the hood without the lid for 5 min.

After centrifugation, discard the supernatant and
resuspend the cell pellet in the necessary volume
of 2D medium supplemented with 10 uM Y27632
ROCK inhibitor. A volume of 200 uL of 2D medium

containing the cells is needed for each insert.

Seed 200 L of the cell suspension (2.5 x 10 cells)
onto the coated permeable membrane (apical side)

(Figure 4A).

NOTE: Pipet slowly in the center of the membrane

and keep the tip vertical.

Add 500 uL of the 2D medium supplemented
with 10 uyM Y27632 ROCK inhibitor to the lower
compartment (basal side). Incubate in a 37 °C, 5%

COy incubator.

One day after seeding, replace the apical and basal
media with fresh 2D medium without the Y27632
ROCK inhibitor.

Change the 2D medium each day. The monolayer
becomes confluent 1 day after seeding, and can then
be used for experiments.

NOTE: A transepithelial electrical resistance (TEER)
value above the blank (insert without cells) confirms

that confluency is reached (Figure 4B).

7. Immunostaining of organoid cell monolayers

Preparation of solutions

NOTE: Adjust the volume of solutions according to the

number of wells to be stained; 200 pL of the solution

is required at each step for one well. References to

all commercial products are provided in the Table of

materials.

1.

Prepare a 4% paraformaldehyde (PFA) solution
under a chemical hood by adding 5 mL of 32% PFA
to 35 mL of PBS. Prepare 10 mL aliquots and store
at-20 °C.

CAUTION: Always manipulate the PFA under the

chemical hood, while wearing nitrile gloves.

Prepare a solution of 0.2% Triton X100-PBS, by
adding 2 pL of Triton X100 to 1 mL of PBS

immediately before use. Keep at RT.
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Prepare a 10% bovine serum albumin (BSA)-PBS
solution by adding 100 mg of BSA to 1 mL of PBS.
Keep at RT.

Prepare a 1% BSA-PBS solution by adding 10 mg of
BSA to 1 mL of PBS. Keep at RT.

Prepare a solution of the occludin primary antibody
diluted at 1:200 by adding 5 yL of primary antibody
to 995 pL of 1% PBS BSA. Keep the solution on ice.

Prepare a solution of the secondary antibody diluted
at 1:1,000 by adding 1 uL of secondary antibody to
999 L of 1% BSA-PBS. Keep the solution on ice,

protected from light.

Prepare a solution of phalloidin TRITC at 10 ug/mL
by adding 10 pL of TRITC at 1 mg/mL to 990 pL of
PBS. Keep on ice, protected from light.

2.  Immunostaining

NOTE: Unless indicated otherwise, all the incubations

are performed at RT, under slow agitation on a rocking

platform (30 rpm). The immunostaining is performed

directly in the cell culture insert.

1.

Remove the basal and apical medium. Place the

plate under the chemical hood.

Wash the monolayers twice with 200 pL of PBS at

RT and incubate for 5 min.

Fix the cell monolayers with 200 pL of 4% PFA at RT

and incubate for 20 min at RT.

Wash the monolayers twice with 200 uL of PBS at
RT and incubate for 5 min.
NOTE: After the fixation and wash steps, the

monolayer can be kept at 4 °C in PBS for 1 week.

Remove the PBS, permeabilize with 200 pL of 0.2%
Triton X100-PBS, and incubate for 20 min.

10.

11.

12.

13.

14.

15.

16.

Wash the monolayers twice with 200 pyL of PBS at

RT and incubate for 5 min.

Add 200 pL of primary antibody solution in 1% BSA-
PBS and incubate overnight at 4 °C, under slow
agitation on a rocking platform. Include a negative
control well by adding only 1% BSA-PBS without the
primary antibody.

Wash the monolayers three times with 200 pL of

PBS at RT and incubate for 5 min.

Add 200 pL of secondary antibody in 1% BSA-PBS
and incubate at RT for 2 h, protected from the light.

Wash the monolayers three times with 200 yL of

PBS at RT and incubate for 5 min.

Add 200 pL of phalloidin TRITC at 10 yg/mL and

incubate for 10 min.

Wash the monolayers twice with 200 pL of PBS at

RT and incubate for 5 min.

Remove the PBS and cut the membrane with a

scalpel.

Recover the membrane with a pair of tweezers and
place it on a microscope slide, with the apical side

facing upward.

Add 15 uL of the mounting medium supplemented
with DAPI at 1:1,000 directly on the membrane.

Place a coverslip and seal.

Store at 4 °C, protected from light, until imaging.

Representative Results

Following the protocol described above, epithelial crypts are

obtained from the pig intestine and cryopreserved for long-

term storage in liquid nitrogen (Figure 1 and Figure 2A).

After thawing, the crypt stem cells are seeded in the ECM
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(Figure 2B). The crypt structure is usually lost after this step,
due to the disintegration of the crypt structure in the ECM.
The organoids can be observed within 3-4 days, and then
rapidly grow and develop budding structures (Figure 2B). We
successfully obtained organoids after thawing frozen crypts
in >80% of attempts. Approximately 10 days after thawing
(according to the growth rate of organoids), a passage of
organoids is performed to expand the culture (Figure 3).
The organoids grow faster after splitting, and they present
diverse morphologies, with some cystic and a majority of
budding organoids. For optimal maintenance of the culture,
the organoids used for passaging must present a clear and
empty lumen and well-defined edges (examples indicated by
green arrows) with no black debris in the lumen (indicated by
red arrows), as observed in mature organoids (Figure 3). We
found that black cell debris starts accumulating around day
6 post-passaging. Thus, splitting or freezing the organoids at

day 4-5 post-passaging is recommended.

The maturity stage of the organoids is also an important

point in obtaining cell monolayers. Organoids with advanced

maturity (indicated by the presence of black cell debris in
the lumen) are not optimal to seed monolayers. We usually
dissociate 3D organoids 4 days after passage to collect
cells for 2D culture. Approximately one to three wells of 3D
organoids cultured at 3,000 cells per 50 yL dome of the ECM
are needed for seeding one culture insert with 2.5 x 10° cells.
Cells attach and form a fully confluent monolayer within 1 day
(Figure 4A), which is confirmed by the high TEER of around
700 Q-cm? (Figure 4B). However, the cell edges are difficult
to visualize by brightfield microscopy at this early time point,
probably due to a low differentiation level. The TEER remains

high for 3 days (Figure 4B).

Actin staining indicates that the apical side of the epithelial
cells is oriented toward the lumen in 3D organoids (Figure
5A). Organoid cells seeded in culture insert form a confluent
single layer of epithelial cells, with the apical side oriented
toward the upper compartment (Figure 4B,C). Occludin
staining reveals the presence of tight junctions at the apical
side of the epithelial cells in 3D organoids and in cell

monolayers (Figure 5A-C).
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Isolation of epithelial crypts
from the pig intestine

Cryopreservation of |
epithelial crypts |_J

Cell monolayers
e

Culture of pig intestinal Establishment of cell monolayers
3D organoids __ derived from 3D organoids

Cryopreservation of |
3D organoids |J

Maintenance of the 3D
organoid culture

om0y

Figure 1: Schematic representation of the methods used to culture 3D organoids and cell monolayers derived from

organoids. Epithelial crypts are isolated from the piglet intestine. These crypts can i) be used immediately to culture 3D

organoids or ii) be frozen and stored in a biobank in liquid nitrogen. Cryopreserved crypts can be thawed and used to culture

3D organoids. The 3D organoid culture can be maintained with successive splitting, or frozen and stored in the biobank.

Cell monolayers can be obtained from the 3D organoid culture to allow access to the apical side of the cells and study the

epithelial barrier function. Please click here to view a larger version of this figure.
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Figure 2: Culture of pig intestinal 3D organoids from cryopreserved epithelial crypts. (A) Representative microscopic

image of freshly isolated jejunal crypts. (B) Representative microscopic images of 3D organoids obtained after thawing of

the jejunal crypts. The organoids were cultured in a 25 yL dome of ECM in a 48-well plate. The figure shows images of the

3D organoids at 4, 7, 8, 9, and 10 days post-seeding. The scale bar represents 500 um. Please click here to view a larger

version of this figure.
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Day 4

Figure 3: Morphology of pig intestinal 3D organoids derived from cryopreserved epithelial crypts after the first
passage. Representative microscopic images showing the development of organoids derived from cryopreserved jejunum
crypts after the first passage from day 4 to day 7. Green arrows indicate clear organoids appropriate for the passage or
seeding of monolayers. Red arrows indicate mature organoids not suitable for splitting or seeding monolayers; thus, wells
should be used before the apparition of this morphology. The scale bar represents 500 um. Please click here to view a larger

version of this figure.
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Figure 4: Characteristics of cell monolayers derived from pig intestinal 3D organoids. (A) Representative microscopic
images of the monolayer morphology over 3 days. Jejunum organoid cells were seeded at 2.5 x 10° cells into 0.33 cm?

cell culture inserts coated with collagen IV at 50 ng/mL. The scale bar represents 500 um. (B) Transepithelial electrical
resistance (TEER) of organoid cell monolayers over 3 days. Dots connected by a line correspond to the same well at

different times. Please click here to view a larger version of this figure.
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Figure 5: Imaging of pig jejunum organoids cultured in 3D or 2D. Confocal microscopy imaging of (A) 3D organoids 5

days after splitting and (B,C) organoid cell monolayers 3 days after seeding (B: XZ section; C: XY section). DNA (blue) was

stained with DAPI. Actin (red) was stained with phalloidin. Occludin (green) was stained with a polyclonal antibody. White

arrows indicate occludin localized at the tight junction. The scale bar represents 20 um. Please click here to view a larger

version of this figure.

Discussion

This protocol describes a method used to cryopreserve
epithelial crypts from the piglet intestine for the long-term
storage and subsequent culture of 3D organoids. This
protocol uses a freezing solution containing DMSO, FBS,
the Y27632 ROCK inhibitor, DMEM, and antibiotics. Another
study in pigs obtained organoids from crypts cryopreserved in
a similar freezing solution but without the ROCK inhibitor®.
The Y27632 ROCK inhibitor was included to prevent
apoptosis and maintain the stem cell pool since, after thawing,

epithelial crypt cells are dissociated, which may lead to cell

death ('anoikis')27'28

. Interestingly, equine enteroids have
been obtained from epithelial crypts frozen in a culture
medium containing only DMEM and DMSO'®: this simple
method has not been tested for pig epithelial crypts yet.
Other methods have been published to grow human and
pig organoids from frozen tissues or biopsies instead of
epithelial crypts4'17. The advantage of this method is the
ability to directly cryopreserve the intestinal tissues without
performing the crypt isolation procedure, which requires time

and laboratory equipment. This might be convenient when

the tissues have to be collected far from the lab. However,
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when isolating the crypts immediately after slaughter, large
segments of the intestine can be processed to obtain a
very high number of crypts, which is not the case when
starting from small frozen tissue fragments. After the thawing
of epithelial crypts, organoids were observed from 3-4 days
post-seeding and split after 10 days. This is a slower growth
rate than when starting the culture from fresh epithelial crypts,
for which the organoids were obtained from day 1 post-
seeding, and can usually be split at around day 5. Khalil
et al. also reported a delayed growth of pig enteroids when
starting from frozen crypts15, suggesting that stem cells might
require time to recover their proliferative capacity. We also
obtained a lower number of organoids when starting from
frozen crypts compared to fresh crypts, which might be due
to the death of stem cells during the freezing process. In
some attempts of crypts thawing (<20%), we did not obtain
organoids from frozen crypts, probably due to a suboptimal
cryopreservation procedure (e.g., delayed freezing after crypt
isolation of probably more than 1 h). Thus, we recommend
keeping the crypts on ice until counting, and freezing them as

quickly as possible.

For 3D organoids, we chose to use a commercial organoid
culture medium formulated for humans. Indeed, previous
reports have showed that pig intestinal organoids grow

8,11,14,19,25,26,29,30 |t is of

efficiently with this medium
interest for this culture medium to be ready-to-use and
have a standardized concentration of growth factors within a
batch. However, this culture medium is costly, its composition
is undisclosed, and it is thus not possible to modulate
its composition. In contrast, other studies have cultured
pig intestinal organoids in customized media containing
pharmacological inhibitors, recombinant growth factor, and/

or conditioned media®:%:7:21 Although highly flexible and

cheaper, this method is time-consuming for the production

of conditioned media and might lack reproducibility due to
potential variability in the concentration of growth factors
in conditioned media. Thus, the quality of each batch
of conditioned media should be validated by measuring

organoid growth or marker gene expression31 .

A study has showed that pig jejunal organoids cultured in
the same commercial organoid culture medium used here
grew faster and seemed less differentiated, compared to
enteroids cultured with media containing recombinant growth
factor and/or conditioned media23. A high proliferative state
facilitates the culture of 3D organoids, but might require
inducing differentiation to be more representative of intestinal
physiological characteristics. In this protocol, for the passage
of 3D organoids, the cells are fully dissociated for counting,
allowing to control the number of cells seeded in ECM. This
increases the reproducibility of the phenotype of organoids,
which is highly influenced by their density. Moreover, counting
the cells avoids obtaining too low or an overcrowded culture,
that requires adapting the culture schedule. Most other
studies prepared organoid fragments not fully dissociated to
single cells, and used a dilution ratio for passaging. This
method is more straightforward, but might induce variability

according to the organoid density of the culture.

For the culture in monolayers, organoid cells are seeded
in culture inserts precoated with a thin layer of ECM, that
allows the attachment of cells but avoids the growth of
organoids in 3D. This protocol used collagen type IV as an
ECM protein, as described previously in pigszS. Other studies
with pig organoid monolayers used the same tumor-derived
ECM used here to culture 3D organoids®:8:9:21.25.30 Tpe
advantage of using collagen is the ability to standardize the

protein concentration with a fully defined composition, which

is not the case in the tumor-derived ECM. A critical step for the
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success of the culture of cell monolayers is to pay attention to
the visual appearance of the precursor 3D organoids, which
should have well-defined edges and an empty lumen without
black debris. Indeed, organoids with a high maturation level
and a low proliferative rate are not an appropriate source of
cells for 2D culture. Thus, the timing of the dissociation of 3D
organoids into single cells is crucial for the success of this

step.

The culture of 2D monolayers from single cells allows
standardizing the number of cells seeded, which is more
difficult when starting from organoid fragments, as performed

in some other methods. We seeded 7.6 x 10° cells per cm?,

which is high compared to most other studies?-22,23

in pigs
that used a lower cell density, ranging from 0.25 x 10° cells
per cm? to 1.78 x 10° cells per cm?. The requirement of
a high number of organoid cells constitutes a limitation of
this protocol, but it allowed us to quickly obtain a confluent
monolayer, fully covering the culture insert after 1 day. In
contrast, Vermeire et al.23 obtained confluency after 4-7 days
with a lower density of cells seeded (from 0.25 x 10° cells/
cm? t0 0.4 x 10° cells/cm? ). Some studies have also used pig
organoid cell monolayers that did not fully cover the culture

surface for infections with viruses8:30

. In these conditions,
the apical side of epithelial cells is accessible for treatments,
but fully confluent monolayers are required if the objective is

to study nutrient absorption or epithelial permeability.

For organoid cell monolayers, a commercial organoid culture
medium supplemented with 20% FBS was used, based on
a recent study on bovine enteroid-derived monolayers32.
In our tests, the supplementation with 20% FBS was
necessary to obtain fully confluent monolayers, probably

due to a high growth factor requirement. On the contrary,

other studies using the same commercial medium have

established monolayers without additional FBS®:25.30 pyt
without reaching full confluency. Other studies have also
used supplementation with 20% FBS in a customized medium
for the culture of pig organoid cell monolayers2':22. In our
experiments, TEER is high 1 day after seeding (around
700 Q-cmz), and remains high until day 3 (around 1,500
Q-cm?; this is consistent with the formation of tight junctions,
as indicated by the expression of occludin. Van der Hee
et al. obtained similar TEER values over 72 h for jejunum
organoid cell monolayer321. They also demonstrated that
monolayers can be maintained until day 12-15 with daily
media changes. In contrast, other studies have reported much
lower TEER values (around 200 Q-cmz) for pig organoid cell
monolayer36’22. These differences between studies might be
related to the gut segment studied or to the media used that

influence epithelial differentiation.

In conclusion, the above protocol to grow pig intestinal
3D organoids from frozen epithelial crypts facilitates the
organization of the culture work. It reduces the need for fresh
tissues to be obtained from living animals. We also explain
how to establish fully confluent cell monolayers derived from
pig organoids in less than 3 days. Thus, our protocols could
be useful resources for scientists studying the pig intestinal

epithelium for veterinary or biomedical research.
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