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SUMMARY:

Human induced pluripotent stem cell (hiPSC)-derived intestinal organoids offer exciting
opportunities to model enteric diseases in vitro. We demonstrate the differentiation of hiPSCs
into intestinal organoids (iHOs), the stimulation of these iHOs with cytokines, and the
microinjection of Salmonella Typhimurium into the iHO lumen, enabling the study of an epithelial
invasion by this pathogen.

ABSTRACT:

The intestinal ‘organoid’ (iHO) system, wherein 3-D structures representative of the epithelial
lining of the human gut can be produced from human induced pluripotent stem cells (hiPSCs) and
maintained in culture, provides an exciting opportunity to facilitate the modeling of the epithelial
response to enteric infections. In vivo, intestinal epithelial cells (IECs) play a key role in regulating
intestinal homeostasis and may directly inhibit pathogens, although the mechanisms by which
this occurs are not fully elucidated. The cytokine interleukin-22 (IL-22) has been shown to play a
role in the maintenance and defense of the gut epithelial barrier, including inducing a release of
antimicrobial peptides and chemokines in response to infection.
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We describe the differentiation of healthy control hiPSCs into iHOs via the addition of specific
cytokine combinations to their culture medium before embedding them into a basement
membrane matrix-based prointestinal culture system. Once embedded, the iHOs are grown in
media supplemented with Noggin, R-spondin-1, epidermal growth factor (EGF), CHIR99021,
prostaglandin E2, and Y-27632 dihydrochloride monohydrate. Weekly passages by manual
disruption of the iHO ultrastructure lead to the formation of budded iHOs, with some exhibiting
a crypt/villus structure. All iHOs demonstrate a differentiated epithelium consisting of goblet
cells, enteroendocrine cells, Paneth cells, and polarized enterocytes, which can be confirmed via
immunostaining for specific markers of each cell subset, transmission electron microscopy (TEM),
and quantitative PCR (qPCR). To model infection, Salmonella enterica serovar Typhimurium
SL1344 are microinjected into the lumen of the iHOs and incubated for 90 min at 37 °C, and a
modified gentamicin protection assay is performed to identify the levels of intracellular bacterial
invasion. Some iHOs are also pretreated with recombinant human IL-22 (rhlL-22) prior to
infection to establish whether this cytokine is protective against Sa/lmonella infection.

INTRODUCTION:

In recent years, the study of host-pathogen interactions has been enhanced by the development
of ‘organoid’ models, wherein 3-D representations of the intestinal epithelium can be produced
from various progenitors. ‘Primary’ organoids can be generated directly from intestinal stem cells
harvested from intestinal biopsies. In addition, intestinal organoids can be generated from
hiPSCs. The same can be said of numerous tissues, with gastric?, liver?, pancreatic®*, brain>®,
lung’, and prostate® organoids used by many researchers to model disease. There are numerous
exciting applications of the organoid system, including modeling cancer® and drug screening'®,
but here we focus on the use of iHOs as an infection model, using S. enterica serovar
Typhimurium (S. Typhimurium) as an exemplary pathogen and pretreatment with IL-22 as a
therapy.

In this study, the hiPSCs used to generate iHO are ‘Kolf2’ iPSCs, generated from a healthy
individual and available from the Human Induced Pluripotent Stem Cells Initiative Consortium
(HipSci; www.hipsci.org), an open-access reference panel of characterized hiPSC lines!l. One
advantage of using hiPSCs as progenitors for organoids is that there are now extensive banks of
healthy donor iPSC lines available, meaning that results can be validated in a number of cell lines
with different genetic backgrounds. In addition, should researchers wish to look at specific
disease-associated single nucleotide polymorphisms (SNPs), it is possible to use CRISPR/Cas9 to
engineer mutations in a healthy cell line, thereby producing both a mutant line and retaining the
isogenic control line for comparison®2. In our experience, hiPSC-derived intestinal organoids are
larger in size than their primary counterparts and more consistent in culture, making for a less
technically challenging microinjection and potentially allowing a more diverse range of
pathogens to be studied. iHOs can be cryogenically preserved, and we have propagated iHO
cultures for up to a year to produce material for experimentation.

In vivo, IECs play a key role in regulating intestinal homeostasis and may directly inhibit
pathogens, although the mechanisms by which this occurs are not well understood. The cytokine
IL-22 is known to have a role in the maintenance of the gut epithelial barrier'® and is involved in
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the induction and secretion of antimicrobial peptides and chemokines in response to infection4.
It is produced by activated T cells (particularly, Th17 cells) as well as by natural killer (NK) cells
and binds to a heterodimeric receptor composed of IL-22R1 and IL-10R2 subunits'>. The receptor
for IL-22 is expressed basally on IECs, meaning that in the iHO model, it is possible to pretreat the
organoids with rhIL-22 simply by its addition to culture medium'®. One disadvantage of the
organoid system is that it lacks the associated immune response normally delivered by other
immune cell types; however, models are emerging that attempt to coculture organoids with
intestinal lymphocytes to better represent this!’8,

The use of the microinjection system is key to simulating infections in the iHO model, since this
allows the direct delivery of pathogens to the apical surface of the epithelium, as would occur in
the case of in vivo infection. The addition of phenol red to the bacterial solution injected into the
iHO marks the ones that have been infected, thus avoiding repeated injections of the same iHO.
Organoids as vessels for infection modeling are growing in use, with pathogens such as
Helicobacter pylori,*® the Norovirus,?® the Rotavirus,?! Shiga toxin-producing Escherichia coli??,
Cryptosporidium?3, and the Zika virus?* having been shown to survive and replicate within these
systems. This technology could be applied to a wider range of pathogens, particularly to
organisms that are difficult to culture, such as protozoa, or human restricted pathogens, in order
to obtain direct information about the human epithelial response to infection.

PROTOCOL:
1. Culturing and passaging of induced pluripotent stem cells

NOTE: All methods described here use commercially available human cell lines. All tissue culture
work detailed below should be done in a Class Il laminar flow hood. iPSCs are routinely
maintained in stem cell culture medium (see the Table of Materials), as per the manufacturer’s
instructions, which allows a weekend-free culture of iPSCs. iPSCs can be adapted from other iPSC
culture systems with relative ease.

1.1. Passage the cells once the colonies cover approximately 80%—90% of the plate surface.

1.2. Prepare plates for the passage 1 h prior to use by adding vitronectin 10 pug/mL diluted in
Dulbecco’s phosphate-buffered saline (DPBS; without calcium [Ca] or magnesium [Mg]) to tissue-
culture-treated plates. The volumes for coating are dependent on the plate size and can be found
in the manufacturer’s instructions. During this time, warm stem cell culture medium to room
temperature (RT).

1.3. Remove the media from the iPSCs ready for passage and wash the cells 2x with DPBS
(without Ca or Mg).

1.4. Add EDTA solution (see the Table of Materials) to the plates, making sure the entire surface
is coated and incubated at RT for 5-8 min. When holes start to appear in the center of the iPSC
colonies, aspirate and discard the EDTA solution.
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1.5. Add stem cell culture medium to the wells; dislodge the iPSCs by gently washing media over
the plate surface a few times. The iPSCs are passaged as clumps and not as single cells, so make
sure that the EDTA solution is not left on for too long. Move any dislodged iPSCs to a 15 mL conical
tube.

1.6. Aspirate the vitronectin from the precoated plates and replace it with stem cell culture
medium. Invert the iPSC suspension a number of times to make sure the iPSCs have not settled
at the bottom of the conical tube, and add the appropriate volume of suspension to give a 1:10
dilution of cells on a new plate. Split ratios may be adjusted depending on the iPSC growth rate,
which may vary between iPSC lines.

1.7. Rock the plate to disperse the iPSCs over the surface and place it in an incubator at 37 °C/5%
CO.,. Feed the iPSCs the day after passaging.

2. Differentiation from iPSCs to the hindgut

2.1. On Day 0, split the iPSCs on a 10 cm tissue-culture-treated dish, precoated with vitronectin
as described in step 1.2, into 10 mL of stem cell culture medium supplemented with activin A (10
ng/mL) + basic fibroblast growth factor (bFGF; 12 ng/mL). Add the growth factors to the media
directly before use; do this in all subsequent steps.

2.2. On Day 1, change the media (10 mL of stem cell culture medium with activin A [10 ng/mL] +
bFGF [12 ng/mL]).

2.3. On Day 2, begin the differentiation by changing the media to 10 mL of stem cell culture
medium supplemented with the following growth factors: activin A (100 ng/mL), bFGF (100
ng/mL), bone morphogenetic protein 4 (BMP-4; 10 ng/mL), phosphoinositol 3-kinase inhibitor
LY294002 (10 uM), and GSK3 inhibitor CHIR99021 (3 uM).

2.4. On Day 3, change the media to 10 mL of stem cell culture medium supplemented with activin
A (100 ng/mL), bFGF (100 ng/mL), BMP-4 (10 ng/mL), and LY294002 (10 uM). Endoderm
specification induced by this media should result in visible changes to the iPSC colony morphology
over the next 24 h.

2.5. On Day 4, change the media to 10 mL of RPMI/B27 media supplemented with activin A (100
ng/mL) and bFGF (100 ng/mL).

NOTE: RPMI/B27 media contains 500 mL of RPMI medium with L-glutamine supplement (see
Table 1), 10 mL of B27 supplement (50x, serum free), and 5 mL of nonessential amino acids.
Optional: add 5 mL of penicillin-streptomycin (10,000 U/mL). Filter-sterilize before use.

2.6. On Day 5, change the media to 10 mL of RPMI/B-27 media supplemented with activin A (50
ng/mL).
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2.7. On Day 6, to begin patterning the posterior endoderm to the hindgut, change the media to
10 mL of RPMI/B27 media supplemented with CHIR99021 (6 uM) + retinoic acid (3 uM).

2.8. On Days 7, 8, and 9, repeat step 2.7. During these steps, visible 3-D structures of the hindgut
should become apparent, covering the surface of the plate.

2.9. On Day 10, embed the resulting hindgut in basement membrane matrix (see the Table of
Materials).

3. Embedding of the hindgut in basement membrane matrix

3.1. Make up iHO base growth media (500 mL of advanced Dulbecco’s modified Eagle’s medium
[DMEM]/F12, 10 mL of B27 supplement [50x, serum free], 5 mL of N2 supplement [100x, serum
free], 5 mL of 1 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and 5 mL of
nonessential amino acids [100x]. Optional: add 5 mL of penicillin-streptomycin [10,000 U/mL];
filter-sterilize before use. See Table 1).

3.2. Remove the media from the hindgut plate, and wash the plate 1x with DPBS (without Ca or
Mg). Add 5 mL of collagenase solution to the plate and incubate at 37 °C for 5 min.

3.2.1. To produce collagenase solution by adding 500 mg of collagenase IV powder to 400 mL of
advanced DMEM/F12. Following this, add 100 mL of serum replacement (see the Table of
Materials), 5 mLof L-glutamine (200 mM), and 3.5 pL of 2-mercaptoethanol, and swirl the
solution to mix. Filter-sterilize the solution once the collagenase powder is fully dissolved.

NOTE: This can be stored at -20 °C for up to 6 months in smaller aliquots.

3.3. Inactivate the collagenase by adding 5 mL of iHO base growth media to the plate and scrape
off the hindgut cells using a cell scraper, collecting the hindgut suspension in a 15 mL conical
tube.

3.4. Centrifuge at 240 x g for 1 min and pipette off the supernatant.

3.5. Add 10 mL of media, break up the hindgut into smaller pieces by gently pipetting, and
centrifuge again at 95 x g for 1 min.

3.6. Wash the cells 2x in iHO base growth media by repeating step 3.5. Resuspend the cells in a
small volume of base growth medium (~300-500 pL) and add around 100 pL of this solution to
1.5 mL of basement membrane matrix. The matrix must remain on ice during this time as it will
begin to solidify rapidly at RT.

3.7. Set up a 24-well plate on a plate heater at 37 °C and spot out 60 pL into one well of the 24-
well plate. Allow it to set briefly and check the density under a microscope.
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3.7.1. If required, add more hindgut solution to the basement membrane matrix in increments
until the desired concentration is achieved, and spot out the solution into the remaining wells.

3.8. Incubate at 37 °C for 10 min; then, add 800 pL of iHO base growth media containing growth
factors to each well of the 24-well plate at the following concentrations (see Table 1): 500 ng/mL
R-spondin-1, 100 ng/mLNoggin, 100 ng/mL epidermal growth factor (EGF), 3 uM CHIR99021, 2.5
UM prostaglandin E2, and 10 uM Y-27632 dihydrochloride monohydrate (ROCK inhibitor).

3.9. Change the iHO base growth media every 2—3 days, or immediately if the media begins to
discolor. After the initial seeding into basement membrane matrix, allow the iHOs to develop for
7 days before splitting them. By day 3—4, distinct spheres should be visible in the culture.

3.9.1. For media change alone, omit Y-27632, as this is only required when splitting/seeding.
4. Maintenance and passage of iHOs

4.1. To allow gradual thawing, put out the required volume of basement membrane matrix in a
covered ice bucket at 4 °C overnight, 24 h prior to splitting.

4.2. Remove the media from the iHOs and replace it with 500 uL of cell-lifting solution (see the
Table of Materials) per well. Incubate at 4 °C for 40-50 min, at which point the iHOs should be
floating in the solution.

4.2.1. Optional: use an in-hood imaging system to select only iHOs with the desired morphology
(see the Table of Materials).

4.3. Gently pipette the iHO/cell lifting solution suspension into 15 mL conical tubes, trying not to
break up the iHOs. Allow the IHOs to settle for 3—5 min and remove the supernatant and single
cells.

4.4. Resuspend the iHOs in 5 mL of iHO base growth medium and pipette them gently to wash.
Centrifuge at 95 x g for 2 min.

4.5. Set up a 24-well plate on a plate heater at 37 °C within the hood.

4.6. Remove the supernatant and resuspend the iHOs in ~300-500 uL of base growth media,
Using a P1000 pipette to break up the iHOs into smaller chunks. Note that the force that needs
to be applied will vary dependent on the iHO line and maturation state, so start gently, increasing
the force if required.

4.7. Place ~100 pL of the iHOs (the volume is dependent on the density of the solution) into 1.5
mL of basement membrane matrix and pipette briefly to mix.
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4.8. Spot out 1 x 60 pL of basement membrane matrix into one well of the 24-well plate, leave it
to solidify for ~30 s, and then check the density under the microscope. If the density is too low,
add more iHOs to the matrix.

4.9. Repeat step 4.8 until the correct density is acquired, and then spot out the rest of the matrix
into a 24-well plate.

4.10. Place it in an incubator at 37 °C for 10 min and, then, overlay it with 800 puL of base growth
medium with growth factors, as described in step 3.7.

4.11. To prepare the iHOs for an invasion assay experiment (outlined below), passage the iHOs
4-5 days prior to the experiment as described in steps 4.1-4.10, but place 120 uL of droplets of
the matrix/iHO solution generated in step 4.7 into 5 mm glass-bottomed microinjection dishes.

4.11.1. Rather than leaving the iHO suspension in a droplet as with routine passaging, spread the
droplet over the bottom of the dish to create a thin layer of matrix. Cover it with 2.5 mL of base

growth medium plus growth factors.

NOTE: If antibiotics have been used in culture medium, these must be removed and replaced
with nonantibiotic supplemented media for microinjection experiments.

5. Prestimulation of iHOs with rhiL-22

5.1. Aspirate the media from the iHOs and replace it with fresh base growth media (which must
not contain antibiotics) 18 h prior to the invasion assay.

5.2. Add rhlL-22 to culture media to a final concentration of 100 ng/mL.
6. Microinjection of iHOs and intracellular invasion assays

6.1. On the day prior to the experiment, set up S. Typhimurium SL1344 culture in 10 mL of Luria-
Bertani broth and incubate at 37 °C overnight with shaking.

6.2. On the day of the experiment, if a microscope with an enclosed heat chamber is available,
turn it on and allow the temperature to reach 37 °C prior to starting the assay.

6.3. Dilute overnight bacterial cultures in DPBS (containing Ca and Mg) to an optical density of 2
at 600 nm (OD600) and, then, mix it 1:1 with phenol red.

6.4. Load the microinjection dish containing iHOs onto the microscope stage, remove the lid, and
bring the iHOs into focus, ready for the injection to begin.

6.5. Turn the injector and the arm control stations on. Ensure the injector is set to a pressure of
600 kPa and an injection time of 0.5 s. If it is not already backed away from the microscope stage,
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rotate the injection arm to make sure it is.

6.6. Set up a 6 um microinjection drill tip by removing the wrapping and the plastic cylinder from
the needle. Remove the grip head from the injecting arm.

6.7. Load the drill tip with 10 pL of the inoculum, gripping the drill tip gently at its blunt end. Place
the drill tip into the grip head and reattach it to the microinjection arm.

6.8. Gently move the arm into position so that the needle is situated 1-2 cm above the
microinjection dish. Use the arm control to position the needle tip in the center of the dish and
lower it until it is just over the surface of the media.

6.8.1. Program the arm control station to return the needle to this point after all injections.
6.9. Focus the microscope on the iHOs and select the target to inject. Position the needle just
above and to the right of the iHO to be injected and move the needle downward and laterally

into the iHO lumen.

6.10. Press the inject button on the microinjector; the phenol-stained bacterial mixture will
emerge from the needle. Inject each iHO 3x. Inject at least 30 iHOs per condition.

NOTE: Due to heterogeneity in iHO size and structure within a culture, it is necessary to inject a
large number of iHOs to control for variation.

6.11. When all required iHOs are injected, remove the microinjection plate from the stage,
replace the lid, and incubate the plate at 37 °C for 90 min.

6.12. After 90 min, aspirate the growth media and replace it with 3 mL of cell lifting solution;
incubate at 4 °C for 45 min.

6.13. Gently move the iHOs/cell lifting solution to a 15 mL conical tube containing 5 mL of DPBS.
Ensure that all injected iHOs have been removed from the plate (rinse the plate with 1 mL of the
DPBS if required). Centrifuge at 370 x g for 3 min.

6.14. Remove the supernatant and resuspend the iHOs in base growth media containing
gentamicin at 0.1 mg/mL (add 1 mL of media; then, use a P1000 pipette ~50x to break up the
iHOs, and add 4 mL of further media).

6.15. Incubate at 37 °C for 1 h to kill extracellular bacteria.

6.16. Centrifuge the iHOs at 370 x g for 3 min and aspirate the supernatant, leaving as little as
possible. Wash the iHOs 1x with DPBS and centrifuge again.

NOTE: This step removes gentamicin, which is important as any remaining gentamicin may kill
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intracellular bacteria once the cells are lysed.

6.17. Resuspend the iHOs in 500 pL of lysis buffer (see the Table of Materials) and manually
dissociate the organoids by pipetting ~50x. Leave this mixture for 5 min at RT.

6.18. Serially dilute the resulting solution 10-fold in DPBS to generate 10!, 102, and 103
concentrations. Pipette 3 x 20 uL droplets of the neat and diluted solutions onto prewarmed LB
agar plates.

6.19. Incubate overnight at 37 °C and perform colony counting and calculation of the colony-
forming units (CFU). Colony counts will reflect the numbers of intracellular bacteria which were
released during the cell lysing process.

7. Cell freezing and recovery

NOTE: As noted earlier, it is possible to cryogenically preserve iHOs and reconstitute them when
desired. The freezing and thawing processes are outlined below.

7.1. Select the wells of iHOs you wish to freeze. Add cell lifting solution to the wells and incubate
for 40-50 min at 4 °C. The iHOs should be floating in the solution.

7.2. Gently pipette the iHOs into a 15 mL conical tube and allow them to settle. Remove the
media and wash the iHOs 1x with base growth media (no growth factors).

7.3. Centrifuge at 95 x g for 2 min, remove the supernatant, and replace it with an appropriate
volume of cell freezing medium (see the Table of Materials; use the medium as per the
manufacturer’s instructions), decanting the iHOs into cryogenic vials.

7.3.1. Store the vials in a -80 °C freezer overnight to allow more gradual freezing; then, transfer
them to liquid nitrogen storage.

7.4. To reconstitute the iHOs, rapidly defrost a cryogenic vial at 37 °C using a water/bead bath;
then, gently pipette its contents into 10 mL of base growth media (no growth factors). Allow the
iHOs to settle and replace the media with ~300 L of fresh base growth media.

7.4.1. Do NOT manually dissociate iHOs. Add iHOs to basement membrane matrix and plate them
out as described in section 3.

REPRESENTATIVE RESULTS:

Following the commencement of the differentiation process, the cells should pass through the
stage of definitive endoderm formation followed by hindgut patterning prior to embedding into
basement membrane matrix. Spheroids will form and cultures with large amounts of
contaminating material will clear over a period of several weeks as the iHOs mature. Exemplar
images of the differentiation, embedding, and passaging process are shown in Figure 1.
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The setup of the microinjection system is as demonstrated in Figure 2. The iHOs are microinjected
with the phenol red/bacterial solution and retain their red color, allowing the identification of
infected iHOs to prevent duplicate injections. Counts of plated intracellular bacteria are
performed following the modified gentamicin protection assay; prestimulation with rhiL-22
restricts the S. Typhimurium infection, with fewer intracellular bacteria being observed following
rhiL-22 treatment (Figure 3). We also routinely process infected iHOs for immunostaining, or
TEM, in order to facilitate the visualization of host IEC-bacterial interactions (Figure 4).

FIGURE AND TABLE LEGENDS:

Figure 1: Directed differentiation of iPSCs to iHOs. Representative sequence of differentiation
from iPSCs to iHOs, demonstrating the morphological changes observed and the growth factors
required to drive these changes. Definitive endoderm is formed at day 4 of the differentiation,
following exposure to specific concentrations of combinations of activin A, FGF, BMP-4,
LY294002, and CHIR99021. After 8 days, the patterning of this definitive endoderm with specific
concentrations of CHIR99021 and retinoic acid results in hindgut formation. Postembedding,
spheroid formation is observed. After sustained passaging using a supporting basement
membrane matrix overlaid with medium supplemented with prointestinal proliferation factors
R-spondin 1, Noggin, EGF, CHIR99021, and prostaglandin E2, the spheroids progress into budded
iHOs. (Images were taken at 4x—10x magnification).

Figure 2: Microinjection of an iHO with S. Typhimurium. (A) The microinjection system (see the
Table of Materials) enclosed in the environmental chamber; this allows the injection of the iHOs
in a controlled environment (37 °C/5% COz). (B) The bacterial inoculum is delivered directly into
the iHO lumen using a microcapillary attached to the microinjection system. (C) By mixing
bacterial inoculums with phenol red, it is clear which iHOs have been infected, thus avoiding
duplicate injections of the same iHO. The images were taken at 10x magnification.

Figure 3: Pretreatment of iHOs derived from the Kolf2 cell line with rhiL-22 restricts the S.
Typhimurium SL1344 invasion into intestinal epithelial cells. For gentamicin protection assays,
iHOs were treated with 100 ng/mL rhiL-22 18 h prior to infection, or left untreated, and incubated
for 90 min postinfection. The data are means of three technical replicates for three biological
replicates £+ SEM. For significance testing, Mann-Whitney U tests were used; ****p < 0.0001.

Figure 4: Interaction of IECs with S. Typhimurium SL1344. These panels demonstrate iHOs
injected with S. Typhimurium SL1344 and incubated for 3 h, prior to fixation and processing for
(A) immunofluorescence or (B) transmission electron microscopy. In panel A, bacteria are seen
within the iHO lumen and interacting with the epithelium. Nuclei are stained with 4’,6-diamidino-
2-phenylindole (DAPI) dilactate (blue), cell membranes with phalloidin (red), and bacteria with
CSA-1 (green). The images are taken at 20x magnification. Panel B demonstrates three different
intracellular processing pathways of Salmonella following invasion; bacteria are seen (a) within a
Salmonella-containing vacuole, (b) free within the cytoplasm, and (c) undergoing autophagy.
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Table 1: Media recipes.

DISCUSSION:

This protocol outlines the differentiation of hiPSCs into iHOs and their utility as a model in which
to simulate enteric infections. Below, we outline the critical steps in the protocol and any
modifications or improvements we have made.

This protocol streamlines the differentiation process of hiPSCs compared to previously published
work?. Previously used methods required the transfer of hiPSCs from other hiPSC culture
systems (e.g., feeder-dependent hiPSC culture) to chemically-defined medium—polyvinyl alcohol
(CDM-PVA). This transfer to CDM-PVA typically takes 2—-3 weeks and requires daily feeding of the
hiPSCs. This protocol was also not consistently effective, with some differentiations failing;
therefore, we trialed differentiation using the same growth factors but starting with hiPSCs
grown in stem cell culture medium (rather than CDM-PVA) and replacement of CDM-PVA with
stem cell culture medium during differentiation days 0—3. This has been successful for the five
independent hiPSC lines trialed thus far, making the differentiation process much more rapid and
efficient. This also allows weekend-free culturing of hiPSCs prior to differentiation, allowing more
flexibility in the hiPSC culture. iHO lines produced by this method have been phenotyped for
markers of intestinal epithelium as we have previously described for the hiPSC lines Kolf2, Yemz1,
and Lise1'® and appear phenotypically indistinguishable from iHOs produced using the previous
protocol.

Following seeding, iHOs require at least 1 month of routine passaging, with splitting every 4—7
days to facilitate maturation. Note that there will be some variation in iHO development
depending on the iPSC line used and the density of the initial culture. During the first few
passages, there will be visibly contaminating cells which are not iHOs. These will eventually die,
leaving a clean culture of spherical and, after approximately 4 weeks, budded iHOs. In addition,
an in-hood imaging system can be used to select and passage only iHOs with the desired
morphology. As iHOs mature, they will require splitting every 6—7 days, dependent on the growth
rate and density. If any of the following occur, iHOs should be split prior to this point: the luminal
cavities of the iHOs start to fill up with dead cells, the basement membrane matrix starts to
disintegrate, the iHOs start to grow out of the basement membrane matrix, or the culture is too
dense and the media starts to go yellow very quickly.

Once the iHO culture is established, if at any time the appearance of the iHOs changes or is
different than expected (for example, the cultures remain spherical, rather than budding),
phenotyping via immunohistochemistry and gPCR for cell markers ought to be repeated to
ensure that the differentiation of the cell types within the iHOs (e.g., goblet cells, Paneth cells)
remains intact. If the iHOs are no longer differentiating, then they should be discarded and
redifferentiated or an earlier passage of the iHOs should be thawed and reconstituted. If the iHOs
cease to differentiate, the potential causes are the age of the culture (if it is over 6 months old),
the activity of the growth factors (ensure that these are reconstituted as per the manufacturers’
instructions and kept frozen in small aliquots to avoid multiple freeze-thaw cycles), too frequent
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or violent passages (in general, passaging should only occur once a week, and if the iHOs are
manually dissociated too vigorously on a regular basis, they will cease to fully differentiate).

We established via RNA sequencing that IL-22 stimulation 18 h prior to infection upregulates
antimicrobial genes and those involved in the barrier defense phenotype. Prior to the use of new
iHsO for assays involving prestimulation with rhIL-22 (or an alternative cytokine if the system is
being used for this), it is advisable to check the activity of genes known to be upregulated by the
cytokine (in the case of IL-22, we used DUOX2 and LCN2) via gPCR after stimulation of the iHOs,
to ensure receptor expression and intact signalling. Prior to the first use of IL-22, we also carried
out immunohistochemistry to locate the IL-22 receptor on iHOs to establish that the expression
of the IL-22 receptor was basal, meaning that prestimulation could be achieved simply by adding
rhlL-22 to the iHO culture medium. However, if a receptor is apically expressed, this protocol may
have to be adapted to deliver ligands apically.

Pitfalls regarding the microinjection system are generally related to the delicacy of the needles
required for the injection. Here, we use commercially available drill tips with a 6 um lumen. It is
possible to pull the injection needles from glass capillaries?® although this may be less uniform,
leading to leakages from the needle tip or inconsistent volumes being injected into the iHOs. It is
important to be sure that the injection has taken place into the iHO lumen, which is one reason
for the use of phenol red as a dye; the iHOs will visibly expand and hold the red inoculum, allowing
certainty about which iHOs have been injected. Occasionally needles will clog with debris from
the iHO wall; if this is the case, remove the needle tip from inside the iHO and press the clean
button on the microinjection system. This will produce a brief period of higher air pressure which
should clear the blockage. It will also induce some leakage of the bacterial inoculum onto the
plate; therefore, if this occurs, the clean action should be repeated on all plates to ensure equality
of bacterial inoculum per plate. One large advantage of the hiPSC-derived iHOs is their size.
Intestinal organoids from mice and primary human organoids are much smaller (measuring up to
~100 pm and 100-300 um, respectively?’, versus 250-1500 um for hiPSC-derived iHOs), meaning
that injections of large amounts of organoids will be slower. This allows larger-scale injection
experiments to be trialed in the hiPSC-derived iHOs. It is also possible to study the luminal
contents of the iHOs by harvesting them postinfection and manually dissociating the iHOs into
DPBS, releasing their luminal contents. For microinjection, we recommend using a high
concentration of bacteria. We found that lower concentrations were not sufficient to generate a
response from the IECs comprising the iHOs. Additionally, it was difficult to subsequently locate
internalized bacteria using microscopy. Inoculums may have to be optimized for different
bacterial strains.

In summary, hiPSC-derived iHOs provide a promising model for directly dissecting the epithelial
response to enteric infections, whether by studying intracellular invasion counts, imaging,
measuring cytokine levels in the iHO supernatants, or harvesting RNA to study transcriptional
changes after exposure to pathogens. Their utility will be even more apparent in the future for
establishing infection models for human-restricted pathogens and in exploiting the possibilities
of using this technology to personalize research by studying specific disease-related genetic
mutations and drug responses.
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RPMI/B27 medium

Component: Amount:
RPMI 1640 media with glutamine supplement 500 mL
B27 serum-free supplement 50x 10 mL

iHO base growth medium

Component: Amount:
Advanced DMEM/F12 500 mL
B27 serum-free supplement 50x 10 mL

N2 serum-free supplement 100x 5mL
HEPES 1 M 5mL
L-glutamine 200 mM 5mL
Growth factors for iHO base growth medium

Component: Amount:
Recombinant human R-spondinl 500 ng/mL
Recombinant human Noggin 100 ng/mL
Epidermal growth factor (EGF) 100 ng/mL
Prostaglandin E2 2.5 uM
CHIR99021 3 uM
Y-27632 dihydrochloride monohydrate 10 uM
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. . Catalo o
Name of Material/ Equipment Company 8 Comments/Description
Number
2-Mercaptoethanol Sigma-Aldrich M6250-10ML
5 mm glass bottom injection dishes MatTek corporation |P50G-0-14-F
Advanced DMEM/F12 Gibco 12634010
Alexa fluor 647 phalloidin Life Technologies  |A22287 Use at 1:1000 concentration
B27 serum-free supplement Life Technologies 17504044 Stock concentration 50x, final concentration 1x
tock tration 10 L, final tration 1
BMP-4 recombinant human protein R&D PHC9534 Stock concentration 10 pg/mL, final concentration 10
ng/mL
Cell recovery solution (cell lifting solution) BD 354253
CHIR99021 Abcam ab120890-5mg Stock concentration 3 mM, final concentration 3 uM
Collagenase, type IV powder Life Technologies 117104019 Reconstitute at 0.1%
Corning cryogenic vials Corning 430487
Costar TC treated 24 well culture plates Corning CLS3527
DAPI dilactate Sigma-Aldrich D9564-10MG Use at 10 nM concentration
Dulbecco’s PBS (No MgCI2 or CaCl2) Life Technologies  |14190-144

Dulbecco’s PBS (with MgCl, and CaCl,) Sigma-Aldrich D8662-100ML
Stock tration 100 L, final tration 100
Epidermal growth factor R&D 236-EG-200 ock concentration ug/mL, final concentration
ng/mL
Eppendorf TransferMan NK2 (microinjection system) |Eppendorf 920000011
Eppendorf Femtojet express (microinjection system) |Eppendorf 5248 000.017
E tial 8 Fl dium kit (st Il cult
Ssel.’l ia ex medium kit (stem cell culture Life Technologies |A2858501
medium)
EVOS XL imaging system (in-hood imaging system)
Stock tration 10 L, final tration 0.1
Gentamicin Sigma-Aldrich G1272-10ML ock concentration 10 mg/ml, final concentration
mg/mL
. Insight .
Goat anti-Salmonella, CSA-1 . 02-91-99 Use at 1:20 concentration
Biotechnology
HEPES 1 M Life Technologies 15630056
KnockOut Serum Replacement (setrum replacment) |Gibco 10828010

L]
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GlutaMAX supplement (glutamine supplement

ThermoFisher

L-glutamine Life Technologies  |A2916801 Stock concentration 200 mM, final concentration 2 mM
LY294002 Promega UK V1201 Stock concentration 50 mM, final concentration 10uM
Matrigel, GFR, phenol f b t b .

a rfge phenol free (basement membrane Corning 356231
matrix)
MEM non-essential amino acids solution (100x) Gibco 11140035
N2 serum-free supplement Life Technologies 17502048 Stock concentration 100x, final concentration 1x

Stock tration 10,000 U/mL, final tration 100

Penicillin-streptomycin Life Technologies 15140163 ockconcentration /mL, final concentration

U/mL

Phenol red Sigma-Aldrich P0290-100ML
Pi Drill Tip M ICSI, 25° ti le, 6 i
!ezo rill Tip Mouse ip angle, 6 um inner Eppendorf 5195000087
diameter
Prostaglandin E, Sigma P0409-1MG Stock concentration 2.5 mM, final concentration 2.5 uM
Stock tration 100 L, final tration 100
Recombinant human FGF basic R&D 233-FB-025 ngc;:m—concen ration ug/mL, final concentration
Stock tration 100 L, final tration 100
Recombinant human IL-22 R&D 6057-NG-100 ng‘;:nLconce” ration 100 ug/m, final concentration
Stock tration 100 L, final tration 100
Recombinant human Noggin R&D 6057-NG-100 ngc;(r:nLconcen ration ug/mL, final concentration
Stock tration 25 L, final tration 500
Recombinant human R-spondinl R&D 4645-RS-025 ock concentration 25 pg/mL, final concentration
ng/mL
Stock tration 100 L, final tration 100
Recombinant human/mouse/rat Activin A R&D 338-AC-050 ock concentration 100 pg/ml, final concentration
ng/mL
R Il culture freezi di Il freezi
eco.very cell culture freezing medium (cell freezing Gibco 12648010
medium)
Retinoic acid Sigma-Aldrich R2625-50MG Stock concentration 3uM, final concentration 3mM
RPMI 1640 media with Glut | t (RPMI
1640 media with Glutamax supplement ( Life Technologies  |61870010
Medium with L-glutamine supplement)
Triton X-100 (cell lysis buffer) Sigma-Aldrich RES9690T-A101X |Use at 1% concentration
Versene (EDTA solution) Life Technologies 15040066
. . Stemcell
Vitronectin XF 7180

Technologies




Y-27632 dihydrochloride monohydrate

Sigma-Aldrich

Y0503-1MG

Stock concentration 3 mM, final concentration 10 uM
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extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise al
of the rights set forth in {a} above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technicslly
necessary to exercise the rights in other media and formats.

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 Jtem 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.5.C. 403, then the rights granted hereunder
shall be limited to the maximum 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
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shall be deemed to be amended so as to provide to JoVE the
maximum rights permissibie within such statute.

8. 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 zll rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under zll applicable
privacy, likeness, personality or similar laws.

9, 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 loVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the ather such authors to execute this
Agreement on his or ‘her behalf and to bind him ar 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 wuse, reproduction, distribution, public or private
performance or display, andfor modification of all or any
portion of the Materials does not and will not violate, infringe
andfor 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,
labaoratory, hospital, ethical, hurman 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.

10. loVE 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 contractars is in accordance with the relevant
regulations of the Author's institution. |If mare than one author
is listed at the beginning of this Agreement, JoVE may, in its
sole 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 #ts absclute 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,
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without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, guality, content
and the like.

11. 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 apainst 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 trestment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of wark to JoVE, making of videas by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmiess from, damages caused by
fack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employeas, 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 inciude
JoVE’s attorney’s fees and costs related 1o said losses or
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damages. Such indemnification and holding harmless shail
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
miust recelve payment before production and publication 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 a2 US51,200 fee to
cover pre-preduction expenses incurred by JoVE.  payment is
nat received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received,

13, 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
Commonweaith of Massachusetts without giving effect to any
conflict of faw provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but ali of which together shalt be deemed to me one
and the same agreement. A signed copy of this Agreement
defivered 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.
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Dear Editor,

Thank you very much for considering and reviewing our article ‘Using hiPSC-derived intestinal organoids to
study and modify epithelial cell protection against Salmonella and other pathogens’ (manuscript reference:
JoVE59478). We have revised our manuscript based on the insightful and helpful comments provided by the
reviewers, and we hope that our revised version, which addresses these comments, will be considered suitable
for publication.

We will now address the reviewers’ points one by one:

Editorial comments:

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or
grammar issues. The JoVE editor will not copy-edit your manuscript and any errors in the submitted revision
may be present in the published version.

e This has been done and the revised manuscript appears correct

2. Please revise lines 182-185, 205-207, 211-212, 351-354, 361-365, 440-443 to avoid previously published
text.

e These lines have been rewritten as requested
3. Title: Please avoid the use of abbreviation if possible.
e hiPSC has been defined in the title

4. Affiliations: Please ensure that numbering follows the order of authors. First author gets 1, next author with
different affiliation gets 2, etc., following from first to last.

e [nstitutes 2 and 3 have been switched to correct this

5. Please use Sl abbreviations for all units: L, mL, uL, h, min, s, etc. Please use the micro symbol u instead of u.
Please abbreviate liters to L to avoid confusion.

e The units used throughout the paper have been reviewed and corrected
6. Please include a space between all numerical values and their corresponding units: 15 mL, 37 °C, 60 s; etc.
e Spaces have been introduced for all units where this was not previously done

7. JoVE cannot publish manuscripts containing commercial language. This includes trademark symbols (™),
registered symbols (®), and company names before an instrument or reagent. Please remove all commercial
language from your manuscript and use generic terms instead. All commercial products should be sufficiently
referenced in the Table of Materials and Reagents. You may use the generic term followed by “(see Table of
Materials)” to draw the readers’ attention to specific commercial names. Examples of commercial sounding
language in your manuscript are: Essential 8 Flex, Vitronectin XF, Versene, GlutaMAX, Matrigel, Eppendorf
TransferMan, etc.

e  Generic terms have been used to replace product names in the manuscript and the Table of Materials
has been updated to reflect this

8. 1.1 and 1.2: Please write the text in the imperative tense. Any text that cannot be written in the imperative
tense may be added as a “NOTE”.
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e These instructions have been changed to the imperative tense.

9. Please move the introductory paragraphs (i.e., lines 211-223, etc.) of the protocol to the Introduction,
Results, or Discussion (as appropriate) or break into steps.

e These notes on iHO culture were felt to be most appropriate to the discussion, and have been moved
there

10. Please revise the Protocol steps so that individual steps contain only 2-3 actions per step and a maximum
of 4 sentences per step. Use sub-steps as necessary.

e Each step now contains less than 4 sentences and 2-3 actions — any additional sentences / actions
have been moved to either sub-steps or new steps as appropriate

11. Please apply single line spacing throughout the manuscript, and include single-line spaces between all
paragraphs, headings, steps, etc.

e The manuscript was previously single line spaced, but spaces within paragraphs and beneath headings
have now been removed

12. After you have made all the recommended changes to your protocol (listed above), please highlight 2.75
pages or less of the Protocol (including headings and spacing) 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.

13. Please highlight complete sentences (not parts of sentences). Please ensure that the highlighted part of the
step includes at least one action that is written in imperative tense. Notes cannot usually be filmed and should
be excluded from the highlighting.

14. Please include all relevant details that are required to perform the step in the highlighting. For example: If
step 2.5 is highlighted for filming and the details of how to perform the step are given in steps 2.5.1 and 2.5.2,
then the sub-steps where the details are provided must be highlighted.

e (12,13 & 14 addressed together) The appropriate steps have been highlighted. These do not exceed
2.75 pages, and are in full sentences, excluding notes.

15. Figures 1 and 2: Please include a scale bar for all images taken with a microscope to provide context to the
magnification used. Define the scale in the appropriate figure Legend.

e  Scale bars have been added to figures 1 and 2 and magnification is defined in each figure legend.
16. Figure 1: Please remove commercial language (E8 Flex)

e  Figure 1 has been modified to remove commercial language
17. References: Please do not abbreviate journal titles.

e Journal titles have been changed to their full form

18. Table of Materials: Please sort the items in alphabetical order according to the name of
material/equipment.

e Table of materials is now alphabetical

Reviewers' comments:



Reviewer #1:

Minor Concerns:

1) The authors have claimed that hiPSC-derived intestinal organoids are larger in size than their primary
counterparts, which makes it less challenging to perform microinjection studies. | think that it would be better
to provide some quantitative data (average diameter or something like that) or images to show how different
those two types of organoids are in size.

e Thank you for your comments — the relative sizes of mouse and primary iHO added in and referenced
versus hiPSC-derived iHO

2) To perform experiments shown in Figures 3 and 4, it seems that the organoids containing luminal fluid
stained by phenol red had to be separately processed. The authors should provide the detail of how the
organoids stained red were isolated, collected and used for bacterial assay (Fig. 3) or imaging study (Fig. 4).

e The primary reason for staining injected iHO red for this particular assay is to identify those which
have been injected so that multiple injections of the same iHO don’t occur. For intracellular assays,
iHO are processed as a bulk plate, with the same number of iHO injected on each plate. Similarly for
imaging, fluorescent antibody staining is later used to highlight bacteria within the iHO, so processing
of discrete iHO would not be required. This has been clarified in the text to state that phenol red is for
avoidance of repeat infections in this scenario.

Reviewer #2:

Minor Concerns:
1) | believe the authors should appropriately cite the Drost et al. 2015 Nature and Heo | et al. 2017 Nature
Microbiology.

e Thank you for your comments, we have added a citation of the Drost et al paper where CRISPR/Cas9
modification of cell lines is mentioned and the Heo et al paper when discussing pathogens for which
iHO have been trialled as an infection model.

2) It could be useful to add a table to specify the different media composition

e We have added a table with compositions for the media, plus a list of iHO growth factors required
when splitting / seeding iHO. Hopefully this makes things clearer for the reader.

3) State more clearly why the stimulation with I1L22 is needed before proceeding with the infection. Probably it
would be also helpful to add comparative results showing which differences there could be in presence or
absence of IL22 stimulation.

e We have added a sentence outlining the relevant effects of pre-stimulation with IL-22 in the epithelial
defence against pathogens. Figure 3 demonstrates the comparative results for intracellular infection
level in the presence or absence of IL-22 stimulation.

We thank the reviewers and editor again for their consideration of our manuscript. In this revised manuscript
we have endeavoured to address all the concerns and suggestions provided by the reviewers, and believe that
the revised version of the paper is now markedly improved. We would be happy to make further corrections if
required, and we look forward to hearing from you soon.

Yours faithfully,

Emily Lees



