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SUMMARY:  27 

Human induced pluripotent stem cell (hiPSC)-derived intestinal organoids offer exciting 28 

opportunities to model enteric diseases in vitro. We demonstrate the differentiation of hiPSCs 29 

into intestinal organoids (iHOs), the stimulation of these iHOs with cytokines, and the 30 

microinjection of Salmonella Typhimurium into the iHO lumen, enabling the study of an epithelial 31 

invasion by this pathogen.  32 

 33 

ABSTRACT:  34 

The intestinal ‘organoid’ (iHO) system, wherein 3-D structures representative of the epithelial 35 

lining of the human gut can be produced from human induced pluripotent stem cells (hiPSCs) and 36 

maintained in culture, provides an exciting opportunity to facilitate the modeling of the epithelial 37 

response to enteric infections. In vivo, intestinal epithelial cells (IECs) play a key role in regulating 38 

intestinal homeostasis and may directly inhibit pathogens, although the mechanisms by which 39 

this occurs are not fully elucidated. The cytokine interleukin-22 (IL-22) has been shown to play a 40 

role in the maintenance and defense of the gut epithelial barrier, including inducing a release of 41 

antimicrobial peptides and chemokines in response to infection.  42 

 43 
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We describe the differentiation of healthy control hiPSCs into iHOs via the addition of specific 44 

cytokine combinations to their culture medium before embedding them into a basement 45 

membrane matrix-based prointestinal culture system. Once embedded, the iHOs are grown in 46 

media supplemented with Noggin, R-spondin-1, epidermal growth factor (EGF), CHIR99021, 47 

prostaglandin E2, and Y-27632 dihydrochloride monohydrate. Weekly passages by manual 48 

disruption of the iHO ultrastructure lead to the formation of budded iHOs, with some exhibiting 49 

a crypt/villus structure. All iHOs demonstrate a differentiated epithelium consisting of goblet 50 

cells, enteroendocrine cells, Paneth cells, and polarized enterocytes, which can be confirmed via 51 

immunostaining for specific markers of each cell subset, transmission electron microscopy (TEM), 52 

and quantitative PCR (qPCR). To model infection, Salmonella enterica serovar Typhimurium 53 

SL1344 are microinjected into the lumen of the iHOs and incubated for 90 min at 37 °C, and a 54 

modified gentamicin protection assay is performed to identify the levels of intracellular bacterial 55 

invasion. Some iHOs are also pretreated with recombinant human IL-22 (rhIL-22) prior to 56 

infection to establish whether this cytokine is protective against Salmonella infection.  57 

 58 

INTRODUCTION:  59 

In recent years, the study of host-pathogen interactions has been enhanced by the development 60 

of ‘organoid’ models, wherein 3-D representations of the intestinal epithelium can be produced 61 

from various progenitors. ‘Primary’ organoids can be generated directly from intestinal stem cells 62 

harvested from intestinal biopsies. In addition, intestinal organoids can be generated from 63 

hiPSCs. The same can be said of numerous tissues, with gastric1, liver2, pancreatic3,4, brain5,6, 64 

lung7, and prostate8 organoids used by many researchers to model disease. There are numerous 65 

exciting applications of the organoid system, including modeling cancer9 and drug screening10, 66 

but here we focus on the use of iHOs as an infection model, using S. enterica serovar 67 

Typhimurium (S. Typhimurium) as an exemplary pathogen and pretreatment with IL-22 as a 68 

therapy.  69 

 70 

In this study, the hiPSCs used to generate iHO are ‘Kolf2’ iPSCs, generated from a healthy 71 

individual and available from the Human Induced Pluripotent Stem Cells Initiative Consortium 72 

(HipSci; www.hipsci.org), an open-access reference panel of characterized hiPSC lines11. One 73 

advantage of using hiPSCs as progenitors for organoids is that there are now extensive banks of 74 

healthy donor iPSC lines available, meaning that results can be validated in a number of cell lines 75 

with different genetic backgrounds. In addition, should researchers wish to look at specific 76 

disease-associated single nucleotide polymorphisms (SNPs), it is possible to use CRISPR/Cas9 to 77 

engineer mutations in a healthy cell line, thereby producing both a mutant line and retaining the 78 

isogenic control line for comparison12. In our experience, hiPSC-derived intestinal organoids are 79 

larger in size than their primary counterparts and more consistent in culture, making for a less 80 

technically challenging microinjection and potentially allowing a more diverse range of 81 

pathogens to be studied. iHOs can be cryogenically preserved, and we have propagated iHO 82 

cultures for up to a year to produce material for experimentation.  83 

 84 

In vivo, IECs play a key role in regulating intestinal homeostasis and may directly inhibit 85 

pathogens, although the mechanisms by which this occurs are not well understood. The cytokine 86 

IL-22 is known to have a role in the maintenance of the gut epithelial barrier13 and is involved in 87 



   

 

 

the induction and secretion of antimicrobial peptides and chemokines in response to infection14. 88 

It is produced by activated T cells (particularly, Th17 cells) as well as by natural  killer (NK) cells 89 

and binds to a heterodimeric receptor composed of IL-22R1 and IL-10R2 subunits15. The receptor 90 

for IL-22 is expressed basally on IECs, meaning that in the iHO model, it is possible to pretreat the 91 

organoids with rhIL-22 simply by its addition to culture medium16. One disadvantage of the 92 

organoid system is that it lacks the associated immune response normally delivered by other 93 

immune cell types; however, models are emerging that attempt to coculture organoids with 94 

intestinal lymphocytes to better represent this17,18. 95 

 96 

The use of the microinjection system is key to simulating infections in the iHO model, since this 97 

allows the direct delivery of pathogens to the apical surface of the epithelium, as would occur in 98 

the case of in vivo infection. The addition of phenol red to the bacterial solution injected into the 99 

iHO marks the ones that have been infected, thus avoiding repeated injections of the same iHO. 100 

Organoids as vessels for infection modeling are growing in use, with pathogens such as 101 

Helicobacter pylori,19 the Norovirus,20 the Rotavirus,21 Shiga toxin-producing Escherichia coli22, 102 

Cryptosporidium23, and the Zika virus24 having been shown to survive and replicate within these 103 

systems. This technology could be applied to a wider range of pathogens, particularly to 104 

organisms that are difficult to culture, such as protozoa, or human restricted pathogens, in order 105 

to obtain direct information about the human epithelial response to infection.  106 

 107 

PROTOCOL:  108 

 109 

1. Culturing and passaging of induced pluripotent stem cells 110 

 111 

NOTE: All methods described here use commercially available human cell lines. All tissue culture 112 

work detailed below should be done in a Class II laminar flow hood. iPSCs are routinely 113 

maintained in stem cell culture medium (see the Table of Materials), as per the manufacturer’s 114 

instructions, which allows a weekend-free culture of iPSCs. iPSCs can be adapted from other iPSC 115 

culture systems with relative ease.  116 

 117 

1.1. Passage the cells once the colonies cover approximately 80%–90% of the plate surface.  118 

 119 

1.2. Prepare plates for the passage 1 h prior to use by adding vitronectin 10 μg/mL diluted in 120 

Dulbecco’s phosphate-buffered saline (DPBS; without calcium [Ca] or magnesium [Mg]) to tissue-121 

culture-treated plates. The volumes for coating are dependent on the plate size and can be found 122 

in the manufacturer’s instructions. During this time, warm stem cell culture medium to room 123 

temperature (RT).  124 

 125 

1.3. Remove the media from the iPSCs ready for passage and wash the cells 2x with DPBS 126 

(without Ca or Mg).  127 

 128 

1.4. Add EDTA solution (see the Table of Materials) to the plates, making sure the entire surface 129 

is coated and incubated at RT for 5–8 min. When holes start to appear in the center of the iPSC 130 

colonies, aspirate and discard the EDTA solution. 131 



   

 

 

 132 

1.5. Add stem cell culture medium to the wells; dislodge the iPSCs by gently washing media over 133 

the plate surface a few times. The iPSCs are passaged as clumps and not as single cells, so make 134 

sure that the EDTA solution is not left on for too long. Move any dislodged iPSCs to a 15 mL conical 135 

tube. 136 

 137 

1.6. Aspirate the vitronectin from the precoated plates and replace it with stem cell culture 138 

medium. Invert the iPSC suspension a number of times to make sure the iPSCs have not settled 139 

at the bottom of the conical tube, and add the appropriate volume of suspension to give a 1:10 140 

dilution of cells on a new plate. Split ratios may be adjusted depending on the iPSC growth rate, 141 

which may vary between iPSC lines.  142 

 143 

1.7. Rock the plate to disperse the iPSCs over the surface and place it in an incubator at 37 °C/5% 144 

CO2. Feed the iPSCs the day after passaging. 145 

 146 

2. Differentiation from iPSCs to the hindgut 147 

 148 

2.1. On Day 0, split the iPSCs on a 10 cm tissue-culture-treated dish, precoated with vitronectin 149 

as described in step 1.2, into 10 mL of stem cell culture medium supplemented with activin A (10 150 

ng/mL) + basic fibroblast growth factor (bFGF; 12 ng/mL). Add the growth factors to the media 151 

directly before use; do this in all subsequent steps. 152 

 153 

2.2. On Day 1, change the media (10 mL of stem cell culture medium with activin A [10 ng/mL] + 154 

bFGF [12 ng/mL]). 155 

 156 

2.3. On Day 2, begin the differentiation by changing the media to 10 mL of stem cell culture 157 

medium supplemented with the following growth factors: activin A (100 ng/mL), bFGF (100 158 

ng/mL), bone morphogenetic protein 4 (BMP-4; 10 ng/mL), phosphoinositol 3-kinase inhibitor 159 

LY294002 (10 μM), and GSK3 inhibitor CHIR99021 (3 μM). 160 

 161 

2.4. On Day 3, change the media to 10 mL of stem cell culture medium supplemented with activin 162 

A (100 ng/mL), bFGF (100 ng/mL), BMP-4 (10 ng/mL), and LY294002 (10 μM). Endoderm 163 

specification induced by this media should result in visible changes to the iPSC colony morphology 164 

over the next 24 h. 165 

 166 

2.5. On Day 4, change the media to 10 mL of RPMI/B27 media supplemented with activin A (100 167 

ng/mL) and bFGF (100 ng/mL).  168 

 169 

NOTE: RPMI/B27 media contains 500 mL of RPMI medium with L-glutamine supplement (see 170 

Table 1), 10 mL of B27 supplement (50x, serum free), and 5 mL of nonessential amino acids. 171 

Optional: add 5 mL of penicillin-streptomycin (10,000 U/mL). Filter-sterilize before use.  172 

 173 

2.6. On Day 5, change the media to 10 mL of RPMI/B-27 media supplemented with activin A (50 174 

ng/mL). 175 



   

 

 

 176 

2.7. On Day 6, to begin patterning the posterior endoderm to the hindgut, change the media to 177 

10 mL of RPMI/B27 media supplemented with CHIR99021 (6 μM) + retinoic acid (3 μM). 178 

 179 

2.8. On Days 7, 8, and 9, repeat step 2.7. During these steps, visible 3-D structures of the hindgut 180 

should become apparent, covering the surface of the plate. 181 

 182 

2.9. On Day 10, embed the resulting hindgut in basement membrane matrix (see the Table of 183 

Materials). 184 

 185 

3. Embedding of the hindgut in basement membrane matrix 186 

 187 

3.1. Make up iHO base growth media (500 mL of advanced Dulbecco’s modified Eagle’s medium 188 

[DMEM]/F12, 10 mL of B27 supplement [50x, serum free], 5 mL of N2 supplement [100x, serum 189 

free], 5 mL of 1 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and 5 mL of 190 

nonessential amino acids [100x]. Optional: add 5 mL of penicillin-streptomycin [10,000 U/mL]; 191 

filter-sterilize before use. See Table 1).  192 

 193 

3.2. Remove the media from the hindgut plate, and wash the plate 1x with DPBS (without Ca or 194 

Mg). Add 5 mL of collagenase solution to the plate and incubate at 37 °C for 5 min.  195 

 196 

3.2.1. To produce collagenase solution by adding 500 mg of collagenase IV powder to 400 mL of 197 

advanced DMEM/F12. Following this, add 100 mL of serum replacement (see the Table of 198 

Materials), 5 mL of L-glutamine (200 mM), and 3.5 μL of 2-mercaptoethanol, and swirl the 199 

solution to mix. Filter-sterilize the solution once the collagenase powder is fully dissolved.  200 

 201 

NOTE: This can be stored at -20 °C for up to 6 months in smaller aliquots.  202 

 203 

3.3. Inactivate the collagenase by adding 5 mL of iHO base growth media to the plate and scrape 204 

off the hindgut cells using a cell scraper, collecting the hindgut suspension in a 15 mL conical 205 

tube. 206 

 207 

3.4. Centrifuge at 240 x g for 1 min and pipette off the supernatant.  208 

 209 

3.5. Add 10 mL of media, break up the hindgut into smaller pieces by gently pipetting, and 210 

centrifuge again at 95 x g for 1 min. 211 

 212 

3.6. Wash the cells 2x in iHO base growth media by repeating step 3.5. Resuspend the cells in a 213 

small volume of base growth medium (~300–500 μL) and add around 100 μL of this solution to 214 

1.5 mL of basement membrane matrix. The matrix must remain on ice during this time as it will 215 

begin to solidify rapidly at RT. 216 

 217 

3.7. Set up a 24-well plate on a plate heater at 37 °C and spot out 60 μL into one well of the 24-218 

well plate. Allow it to set briefly and check the density under a microscope.  219 



   

 

 

 220 

3.7.1. If required, add more hindgut solution to the basement membrane matrix in increments 221 

until the desired concentration is achieved, and spot out the solution into the remaining wells. 222 

 223 

3.8. Incubate at 37 °C for 10 min; then, add 800 μL of iHO base growth media containing growth 224 

factors to each well of the 24-well plate at the following concentrations (see Table 1): 500 ng/mL 225 

R-spondin-1, 100 ng/mL Noggin, 100 ng/mL epidermal growth factor (EGF), 3 μM CHIR99021, 2.5 226 

μM prostaglandin E2, and 10 μM Y-27632 dihydrochloride monohydrate (ROCK inhibitor). 227 

 228 

3.9. Change the iHO base growth media every 2–3 days, or immediately if the media begins to 229 

discolor. After the initial seeding into basement membrane matrix, allow the iHOs to develop for 230 

7 days before splitting them. By day 3–4, distinct spheres should be visible in the culture. 231 

 232 

3.9.1. For media change alone, omit Y-27632, as this is only required when splitting/seeding. 233 

 234 

4. Maintenance and passage of iHOs 235 

 236 

4.1. To allow gradual thawing, put out the required volume of basement membrane matrix in a 237 

covered ice bucket at 4 °C overnight, 24 h prior to splitting. 238 

 239 

4.2. Remove the media from the iHOs and replace it with 500 μL of cell-lifting solution (see the 240 

Table of Materials) per well. Incubate at 4 °C for 40–50 min, at which point the iHOs should be 241 

floating in the solution. 242 

 243 

4.2.1. Optional: use an in-hood imaging system to select only iHOs with the desired morphology 244 

(see the Table of Materials). 245 

 246 

4.3. Gently pipette the iHO/cell lifting solution suspension into 15 mL conical tubes, trying not to 247 

break up the iHOs. Allow the IHOs to settle for 3–5 min and remove the supernatant and single 248 

cells. 249 

 250 

4.4. Resuspend the iHOs in 5 mL of iHO base growth medium and pipette them gently to wash. 251 

Centrifuge at 95 x g for 2 min. 252 

 253 

4.5. Set up a 24-well plate on a plate heater at 37 °C within the hood. 254 

 255 

4.6. Remove the supernatant and resuspend the iHOs in ~300–500 μL of base growth media, 256 

Using a P1000 pipette to break up the iHOs into smaller chunks. Note that the force that needs 257 

to be applied will vary dependent on the iHO line and maturation state, so start gently, increasing 258 

the force if required. 259 

 260 

4.7. Place ~100 μL of the iHOs (the volume is dependent on the density of the solution) into 1.5 261 

mL of basement membrane matrix and pipette briefly to mix. 262 

 263 



   

 

 

4.8. Spot out 1 x 60 μL of basement membrane matrix into one well of the 24-well plate, leave it 264 

to solidify for ~30 s, and then check the density under the microscope. If the density is too low, 265 

add more iHOs to the matrix. 266 

 267 

4.9. Repeat step 4.8 until the correct density is acquired, and then spot out the rest of the matrix 268 

into a 24-well plate. 269 

 270 

4.10. Place it in an incubator at 37 °C for 10 min and, then, overlay it with 800 μL of base growth 271 

medium with growth factors, as described in step 3.7. 272 

 273 

4.11. To prepare the iHOs for an invasion assay experiment (outlined below), passage the iHOs 274 

4–5 days prior to the experiment as described in steps 4.1–4.10, but place 120 μL of droplets of 275 

the matrix/iHO solution generated in step 4.7 into 5 mm glass-bottomed microinjection dishes.  276 

 277 

4.11.1. Rather than leaving the iHO suspension in a droplet as with routine passaging, spread the 278 

droplet over the bottom of the dish to create a thin layer of matrix. Cover it with 2.5 mL of base 279 

growth medium plus growth factors.  280 

 281 

NOTE: If antibiotics have been used in culture medium, these must be removed and replaced 282 

with nonantibiotic supplemented media for microinjection experiments. 283 

 284 

5. Prestimulation of iHOs with rhIL-22 285 

 286 

5.1. Aspirate the media from the iHOs and replace it with fresh base growth media (which must 287 

not contain antibiotics) 18 h prior to the invasion assay. 288 

 289 

5.2. Add rhIL-22 to culture media to a final concentration of 100 ng/mL. 290 

 291 

6. Microinjection of iHOs and intracellular invasion assays 292 

 293 

6.1. On the day prior to the experiment, set up S. Typhimurium SL1344 culture in 10 mL of Luria-294 

Bertani broth and incubate at 37 °C overnight with shaking. 295 

 296 

6.2. On the day of the experiment, if a microscope with an enclosed heat chamber is available, 297 

turn it on and allow the temperature to reach 37 °C prior to starting the assay.  298 

 299 

6.3. Dilute overnight bacterial cultures in DPBS (containing Ca and Mg) to an optical density of 2 300 

at 600 nm (OD600) and, then, mix it 1:1 with phenol red.  301 

 302 

6.4. Load the microinjection dish containing iHOs onto the microscope stage, remove the lid, and 303 

bring the iHOs into focus, ready for the injection to begin.  304 

 305 

6.5. Turn the injector and the arm control stations on. Ensure the injector is set to a pressure of 306 

600 kPa and an injection time of 0.5 s. If it is not already backed away from the microscope stage, 307 



   

 

 

rotate the injection arm to make sure it is.  308 

 309 

6.6. Set up a 6 μm microinjection drill tip by removing the wrapping and the plastic cylinder from 310 

the needle. Remove the grip head from the injecting arm.  311 

 312 

6.7. Load the drill tip with 10 μL of the inoculum, gripping the drill tip gently at its blunt end. Place 313 

the drill tip into the grip head and reattach it to the microinjection arm. 314 

 315 

6.8. Gently move the arm into position so that the needle is situated 1–2 cm above the 316 

microinjection dish. Use the arm control to position the needle tip in the center of the dish and 317 

lower it until it is just over the surface of the media.  318 

 319 

6.8.1. Program the arm control station to return the needle to this point after all injections. 320 

 321 

6.9. Focus the microscope on the iHOs and select the target to inject. Position the needle just 322 

above and to the right of the iHO to be injected and move the needle downward and laterally 323 

into the iHO lumen.  324 

 325 

6.10. Press the inject button on the microinjector; the phenol-stained bacterial mixture will 326 

emerge from the needle. Inject each iHO 3x. Inject at least 30 iHOs per condition.  327 

 328 

NOTE: Due to heterogeneity in iHO size and structure within a culture, it is necessary to inject a 329 

large number of iHOs to control for variation.  330 

 331 

6.11. When all required iHOs are injected, remove the microinjection plate from the stage, 332 

replace the lid, and incubate the plate at 37 °C for 90 min.  333 

 334 

6.12. After 90 min, aspirate the growth media and replace it with 3 mL of cell lifting solution; 335 

incubate at 4 °C for 45 min. 336 

 337 

6.13. Gently move the iHOs/cell lifting solution to a 15 mL conical tube containing 5 mL of DPBS. 338 

Ensure that all injected iHOs have been removed from the plate (rinse the plate with 1 mL of the 339 

DPBS if required). Centrifuge at 370 x g for 3 min.  340 

 341 

6.14. Remove the supernatant and resuspend the iHOs in base growth media containing 342 

gentamicin at 0.1 mg/mL (add 1 mL of media; then, use a P1000 pipette ~50x to break up the 343 

iHOs, and add 4 mL of further media).  344 

 345 

6.15. Incubate at 37 °C for 1 h to kill extracellular bacteria.  346 

 347 

6.16. Centrifuge the iHOs at 370 x g for 3 min and aspirate the supernatant, leaving as little as 348 

possible. Wash the iHOs 1x with DPBS and centrifuge again.  349 

 350 

NOTE: This step removes gentamicin, which is important as any remaining gentamicin may kill 351 



   

 

 

intracellular bacteria once the cells are lysed.  352 

 353 

6.17. Resuspend the iHOs in 500 μL of lysis buffer (see the Table of Materials) and manually 354 

dissociate the organoids by pipetting ~50x. Leave this mixture for 5 min at RT. 355 

 356 

6.18. Serially dilute the resulting solution 10-fold in DPBS to generate 10-1, 10-2, and 10-3 357 

concentrations. Pipette 3 x 20 μL droplets of the neat and diluted solutions onto prewarmed LB 358 

agar plates.  359 

 360 

6.19. Incubate overnight at 37 °C and perform colony counting and calculation of the colony-361 

forming units (CFU). Colony counts will reflect the numbers of intracellular bacteria which were 362 

released during the cell lysing process. 363 

 364 

7. Cell freezing and recovery 365 

 366 

NOTE: As noted earlier, it is possible to cryogenically preserve iHOs and reconstitute them when 367 

desired. The freezing and thawing processes are outlined below. 368 

 369 

7.1. Select the wells of iHOs you wish to freeze. Add cell lifting solution to the wells and incubate 370 

for 40–50 min at 4 °C. The iHOs should be floating in the solution.  371 

 372 

7.2. Gently pipette the iHOs into a 15 mL conical tube and allow them to settle. Remove the 373 

media and wash the iHOs 1x with base growth media (no growth factors). 374 

 375 

7.3. Centrifuge at 95 x g for 2 min, remove the supernatant, and replace it with an appropriate 376 

volume of cell freezing medium (see the Table of Materials; use the medium as per the 377 

manufacturer’s instructions), decanting the iHOs into cryogenic vials. 378 

 379 

7.3.1. Store the vials in a -80 °C freezer overnight to allow more gradual freezing; then, transfer 380 

them to liquid nitrogen storage.  381 

 382 

7.4. To reconstitute the iHOs, rapidly defrost a cryogenic vial at 37 °C using a water/bead bath; 383 

then, gently pipette its contents into 10 mL of base growth media (no growth factors). Allow the 384 

iHOs to settle and replace the media with ~300 μL of fresh base growth media.  385 

 386 

7.4.1. Do NOT manually dissociate iHOs. Add iHOs to basement membrane matrix and plate them 387 

out as described in section 3.  388 

 389 

REPRESENTATIVE RESULTS:  390 

Following the commencement of the differentiation process, the cells should pass through the 391 

stage of definitive endoderm formation followed by hindgut patterning prior to embedding into 392 

basement membrane matrix. Spheroids will form and cultures with large amounts of 393 

contaminating material will clear over a period of several weeks as the iHOs mature. Exemplar 394 

images of the differentiation, embedding, and passaging process are shown in Figure 1.  395 



   

 

 

 396 

The setup of the microinjection system is as demonstrated in Figure 2. The iHOs are microinjected 397 

with the phenol red/bacterial solution and retain their red color, allowing the identification of 398 

infected iHOs to prevent duplicate injections. Counts of plated intracellular bacteria are 399 

performed following the modified gentamicin protection assay; prestimulation with rhIL-22 400 

restricts the S. Typhimurium infection, with fewer intracellular bacteria being observed following 401 

rhIL-22 treatment (Figure 3). We also routinely process infected iHOs for immunostaining, or 402 

TEM, in order to facilitate the visualization of host IEC-bacterial interactions (Figure 4).  403 

 404 

FIGURE AND TABLE LEGENDS:  405 

 406 

Figure 1: Directed differentiation of iPSCs to iHOs. Representative sequence of differentiation 407 

from iPSCs to iHOs, demonstrating the morphological changes observed and the growth factors 408 

required to drive these changes. Definitive endoderm is formed at day 4 of the differentiation, 409 

following exposure to specific concentrations of combinations of activin A, FGF, BMP-4, 410 

LY294002, and CHIR99021. After 8 days, the patterning of this definitive endoderm with specific 411 

concentrations of CHIR99021 and retinoic acid results in hindgut formation. Postembedding, 412 

spheroid formation is observed. After sustained passaging using a supporting basement 413 

membrane matrix overlaid with medium supplemented with prointestinal proliferation factors 414 

R-spondin 1, Noggin, EGF, CHIR99021, and prostaglandin E2, the spheroids progress into budded 415 

iHOs. (Images were taken at 4x–10x magnification).  416 

 417 

Figure 2: Microinjection of an iHO with S. Typhimurium. (A) The microinjection system (see the 418 

Table of Materials) enclosed in the environmental chamber; this allows the injection of the iHOs 419 

in a controlled environment (37 °C/5% CO2). (B) The bacterial inoculum is delivered directly into 420 

the iHO lumen using a microcapillary attached to the microinjection system. (C) By mixing 421 

bacterial inoculums with phenol red, it is clear which iHOs have been infected, thus avoiding 422 

duplicate injections of the same iHO. The images were taken at 10x magnification.  423 

 424 

Figure 3: Pretreatment of iHOs derived from the Kolf2 cell line with rhIL-22 restricts the S. 425 

Typhimurium SL1344 invasion into intestinal epithelial cells. For gentamicin protection assays, 426 

iHOs were treated with 100 ng/mL rhIL-22 18 h prior to infection, or left untreated, and incubated 427 

for 90 min postinfection. The data are means of three technical replicates for three biological 428 

replicates ± SEM. For significance testing, Mann-Whitney U tests were used; ****p < 0.0001. 429 

 430 

Figure 4: Interaction of IECs with S. Typhimurium SL1344. These panels demonstrate iHOs 431 

injected with S. Typhimurium SL1344 and incubated for 3 h, prior to fixation and processing for 432 

(A) immunofluorescence or (B) transmission electron microscopy. In panel A, bacteria are seen 433 

within the iHO lumen and interacting with the epithelium. Nuclei are stained with 4′,6-diamidino-434 

2-phenylindole (DAPI) dilactate (blue), cell membranes with phalloidin (red), and bacteria with 435 

CSA-1 (green). The images are taken at 20x magnification. Panel B demonstrates three different 436 

intracellular processing pathways of Salmonella following invasion; bacteria are seen (a) within a 437 

Salmonella-containing vacuole, (b) free within the cytoplasm, and (c) undergoing autophagy.  438 

 439 



   

 

 

Table 1: Media recipes. 440 

 441 

DISCUSSION:  442 

This protocol outlines the differentiation of hiPSCs into iHOs and their utility as a model in which 443 

to simulate enteric infections. Below, we outline the critical steps in the protocol and any 444 

modifications or improvements we have made.  445 

 446 

This protocol streamlines the differentiation process of hiPSCs compared to previously published 447 

work25. Previously used methods required the transfer of hiPSCs from other hiPSC culture 448 

systems (e.g., feeder-dependent hiPSC culture) to chemically-defined medium–polyvinyl alcohol 449 

(CDM-PVA). This transfer to CDM-PVA typically takes 2–3 weeks and requires daily feeding of the 450 

hiPSCs. This protocol was also not consistently effective, with some differentiations failing; 451 

therefore, we trialed differentiation using the same growth factors but starting with hiPSCs 452 

grown in stem cell culture medium (rather than CDM-PVA) and replacement of CDM-PVA with 453 

stem cell culture medium during differentiation days 0–3. This has been successful for the five 454 

independent hiPSC lines trialed thus far, making the differentiation process much more rapid and 455 

efficient. This also allows weekend-free culturing of hiPSCs prior to differentiation, allowing more 456 

flexibility in the hiPSC culture. iHO lines produced by this method have been phenotyped for 457 

markers of intestinal epithelium as we have previously described for the hiPSC lines Kolf2, Yemz1, 458 

and Lise116 and appear phenotypically indistinguishable from iHOs produced using the previous 459 

protocol. 460 

 461 

Following seeding, iHOs require at least 1 month of routine passaging, with splitting every 4–7 462 

days to facilitate maturation. Note that there will be some variation in iHO development 463 

depending on the iPSC line used and the density of the initial culture. During the first few 464 

passages, there will be visibly contaminating cells which are not iHOs. These will eventually die, 465 

leaving a clean culture of spherical and, after approximately 4 weeks, budded iHOs. In addition, 466 

an in-hood imaging system can be used to select and passage only iHOs with the desired 467 

morphology. As iHOs mature, they will require splitting every 6–7 days, dependent on the growth 468 

rate and density. If any of the following occur, iHOs should be split prior to this point: the luminal 469 

cavities of the iHOs start to fill up with dead cells, the basement membrane matrix starts to 470 

disintegrate, the iHOs start to grow out of the basement membrane matrix, or the culture is too 471 

dense and the media starts to go yellow very quickly. 472 

 473 

Once the iHO culture is established, if at any time the appearance of the iHOs changes or is 474 

different than expected (for example, the cultures remain spherical, rather than budding), 475 

phenotyping via immunohistochemistry and qPCR for cell markers ought to be repeated to 476 

ensure that the differentiation of the cell types within the iHOs (e.g., goblet cells, Paneth cells) 477 

remains intact. If the iHOs are no longer differentiating, then they should be discarded and 478 

redifferentiated or an earlier passage of the iHOs should be thawed and reconstituted. If the iHOs 479 

cease to differentiate, the potential causes are the age of the culture (if it is over 6 months old), 480 

the activity of the growth factors (ensure that these are reconstituted as per the manufacturers’ 481 

instructions and kept frozen in small aliquots to avoid multiple freeze-thaw cycles), too frequent 482 



   

 

 

or violent passages (in general, passaging should only occur once a week, and if the iHOs are 483 

manually dissociated too vigorously on a regular basis, they will cease to fully differentiate).  484 

 485 

We established via RNA sequencing that IL-22 stimulation 18 h prior to infection upregulates 486 

antimicrobial genes and those involved in the barrier defense phenotype. Prior to the use of new 487 

iHsO for assays involving prestimulation with rhIL-22 (or an alternative cytokine if the system is 488 

being used for this), it is advisable to check the activity of genes known to be upregulated by the 489 

cytokine (in the case of IL-22, we used DUOX2 and LCN2) via qPCR after stimulation of the iHOs, 490 

to ensure receptor expression and intact signalling. Prior to the first use of IL-22, we also carried 491 

out immunohistochemistry to locate the IL-22 receptor on iHOs to establish that the expression 492 

of the IL-22 receptor was basal, meaning that prestimulation could be achieved simply by adding 493 

rhIL-22 to the iHO culture medium. However, if a receptor is apically expressed, this protocol may 494 

have to be adapted to deliver ligands apically.  495 

 496 

Pitfalls regarding the microinjection system are generally related to the delicacy of the needles 497 

required for the injection. Here, we use commercially available drill tips with a 6 μm lumen. It is 498 

possible to pull the injection needles from glass capillaries26 although this may be less uniform, 499 

leading to leakages from the needle tip or inconsistent volumes being injected into the iHOs. It is 500 

important to be sure that the injection has taken place into the iHO lumen, which is one reason 501 

for the use of phenol red as a dye; the iHOs will visibly expand and hold the red inoculum, allowing 502 

certainty about which iHOs have been injected. Occasionally needles will clog with debris from 503 

the iHO wall; if this is the case, remove the needle tip from inside the iHO and press the clean 504 

button on the microinjection system. This will produce a brief period of higher air pressure which 505 

should clear the blockage. It will also induce some leakage of the bacterial inoculum onto the 506 

plate; therefore, if this occurs, the clean action should be repeated on all plates to ensure equality 507 

of bacterial inoculum per plate. One large advantage of the hiPSC-derived iHOs is their size. 508 

Intestinal organoids from mice and primary human organoids are much smaller (measuring up to 509 

~100 μm and 100–300 μm, respectively27, versus 250–1500 μm for hiPSC-derived iHOs), meaning 510 

that injections of large amounts of organoids will be slower. This allows larger-scale injection 511 

experiments to be trialed in the hiPSC-derived iHOs. It is also possible to study the luminal 512 

contents of the iHOs by harvesting them postinfection and manually dissociating the iHOs into 513 

DPBS, releasing their luminal contents. For microinjection, we recommend using a high 514 

concentration of bacteria. We found that lower concentrations were not sufficient to generate a 515 

response from the IECs comprising the iHOs. Additionally, it was difficult to subsequently locate 516 

internalized bacteria using microscopy. Inoculums may have to be optimized for different 517 

bacterial strains. 518 

 519 

In summary, hiPSC-derived iHOs provide a promising model for directly dissecting the epithelial 520 

response to enteric infections, whether by studying intracellular invasion counts, imaging, 521 

measuring cytokine levels in the iHO supernatants, or harvesting RNA to study transcriptional 522 

changes after exposure to pathogens. Their utility will be even more apparent in the future for 523 

establishing infection models for human-restricted pathogens and in exploiting the possibilities 524 

of using this technology to personalize research by studying specific disease-related genetic 525 

mutations and drug responses. 526 
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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 5 mL

HEPES 1 M 5 mL

L-glutamine 200 mM 5 mL

Growth factors for iHO base growth medium

Component: Amount:

Recombinant human R-spondin1 500 ng/mL

Recombinant human Noggin 100 ng/mL

Epidermal growth factor (EGF) 100 ng/mL

Prostaglandin E2 2.5 µM

CHIR99021 3 µM

Y-27632 dihydrochloride monohydrate 10 µM
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Name of Material/ Equipment Company
Catalog 

Number
Comments/Description

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

Cell recovery solution (cell lifting solution) BD 354253

CHIR99021 Abcam ab120890-5mg Stock concentration 3 mM, final concentration 3 µM

Collagenase, type IV powder Life Technologies 17104019 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 (with MgCl2 and CaCl2) Sigma-Aldrich D8662-100ML

Epidermal growth factor R&D 236-EG-200
Stock concentration 100 μg/mL, final concentration 100 

ng/mL

Eppendorf TransferMan NK2 (microinjection system) Eppendorf 920000011

Eppendorf Femtojet express  (microinjection system) Eppendorf 5248 000.017

Essential 8 Flex medium kit (stem cell culture 

medium)
Life Technologies A2858501

EVOS XL imaging system (in-hood imaging system)

Gentamicin Sigma-Aldrich G1272-10ML
Stock concentration 10 mg/mL, final concentration 0.1 

mg/mL

HEPES 1 M Life Technologies 15630056

KnockOut Serum Replacement (setrum replacment) Gibco 10828010

BMP-4 recombinant human protein R&D PHC9534
Stock concentration 10 μg/mL, final concentration 10 

ng/mL

Dulbecco’s PBS (No MgCl2 or CaCl2) Life Technologies 14190-144

Goat anti-Salmonella, CSA-1
Insight 

Biotechnology
02-91-99 Use at 1:20 concentration
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GlutaMAX supplement (glutamine supplement ThermoFisher

L-glutamine Life Technologies A2916801 Stock concentration 200 mM, final concentration 2 mM

Matrigel, GFR, phenol free (basement membrane 

matrix)
Corning 356231

MEM non-essential amino acids  solution (100x) Gibco 11140035

N2 serum-free supplement Life Technologies 17502048 Stock concentration 100x, final concentration 1x

Penicillin-streptomycin Life Technologies 15140163
Stock concentration 10,000 U/mL, final concentration 100 

U/mL

Phenol red Sigma-Aldrich P0290-100ML

Piezo Drill Tip Mouse ICSI, 25° tip angle, 6 µm inner 

diameter
Eppendorf 5195000087

Prostaglandin E2 Sigma P0409-1MG Stock concentration 2.5 mM, final concentration 2.5 mM

Recombinant human FGF basic R&D 233-FB-025
Stock concentration 100 μg/mL, final concentration 100 

ng/mL

Recombinant human IL-22 R&D 6057-NG-100
Stock concentration 100 μg/mL, final concentration 100 

ng/mL

Recombinant human Noggin R&D 6057-NG-100
Stock concentration 100 μg/mL, final concentration 100 

ng/mL 

Recombinant human R-spondin1 R&D 4645-RS-025
Stock concentration 25 mg/mL, final concentration 500 

ng/mL

RPMI 1640 media with Glutamax supplement (RPMI 

Medium with L-glutamine supplement)
Life Technologies 61870010

Triton X-100 (cell lysis buffer) Sigma-Aldrich RES9690T-A101X Use at 1% concentration

Versene (EDTA solution) Life Technologies 15040066

Vitronectin XF
Stemcell 

Technologies 
7180

Retinoic acid Sigma-Aldrich R2625-50MG Stock concentration 3μM, final concentration 3mM

Recovery cell culture freezing medium (cell freezing 

medium)
Gibco 12648010

Recombinant human/mouse/rat Activin A R&D 338-AC-050
Stock concentration 100 μg/mL, final concentration 100 

ng/mL

LY294002 Promega UK V1201 Stock concentration 50 mM, final concentration 10μM



Y-27632 dihydrochloride monohydrate Sigma-Aldrich Y0503-1MG Stock concentration 3 mM, final concentration 10 mM
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          15th January 2019 
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. 
 

 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. 
 

 These lines have been rewritten as requested 
 
3. Title: Please avoid the use of abbreviation if possible. 
 

 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. 
 

 Institutes 2 and 3 have been switched to correct this 
 

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

 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. 
  

 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. 
 

 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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 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. 
 

 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. 
 

 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. 
 

 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. 
 

 (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. 
 

 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) 
 

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

 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. 
 

 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. I 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. 
 

 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). 
 

 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) I believe the authors should appropriately cite the Drost et al. 2015 Nature and Heo I et al. 2017 Nature 
Microbiology. 
 

 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 
 

 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 IL22 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. 
 

 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 
 


