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Abstract 27 

Intestinal organoids are fundamental in vitro tools that have enabled new research 28 

opportunities in intestinal stem cell research. Organoids can also be transplanted in vivo, 29 

which enables them to probe stem cell potential and be used for disease modelling and as 30 

a preclinical tool in regenerative medicine.  31 

Here we describe in detail how to orthotopically  transplant epithelial organoids into the colon 32 

of recipient mice. In this assay, epithelial injury is initiated at the distal part of colon by the 33 

administration of Dextran Sulfate Sodium (DSS), and organoids are infused into the luminal 34 

space via the anus. The infused organoids subsequently attach to the injured region and 35 

rebuild a donor-derived epithelium. The steps for cell infusion can be completed in 10 36 

minutes.  37 

The assay has successfully been applied to organoids derived from both wildtype and 38 

genetically altered epithelial cells from adult colonic and small intestinal (SI) epithelium, as 39 

well as fetal SI. This is a versatile protocol, providing the technical basis for transplantation 40 

following alternative colonic injury models.  It has been previously used for functional assays 41 

to probe cellular potential, and formed the basis for the first-in-human clinical trial using 42 

colonic organoid transplantation therapy for intractable cases of ulcerative colitis.   43 
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Introduction  44 

 45 

The intestinal epithelium plays pivotal roles in nutrient uptake and protecting us from the 46 

hostile environment inside the lumen of our small intestine and colon 1. Intestinal stem cells 47 

are responsible for the life-long tissue maintenance and replenishment of the epithelium. In 48 

colon these reside at the bottom of deep crypts protected from the harsh environment in the 49 

lumen 2. In 2009, Clevers and Sato reported a method for culturing intestinal epithelium long 50 

term from purified stem cells 3. The culture system is based on the growth of epithelial cells 51 

in gels consisting of either natural or engineered extracellular matrix scaffolds in combination 52 

with intestine-specific pleiotropic factors 4. Under these conditions, intestinal epithelial cells 53 

self-organize into 3-dimensional organoid structures, which can vary in their appearance 54 

depending on culture conditions 5. Organoids from the small intestinal epithelium typically 55 

forms budding organoids, consisting of proliferative protruding crypt-like domains (buds) 56 

connected by with spherical elements enriched with differentiated cells 6. The organoid 57 

technology is utilized broadly as a basic tool in intestinal epithelial biology 7, as a preclinical 58 

platform for regenerative medicine 8,9, and for addressing pivotal questions in cancer 59 

research and to develop strategies for precision medicine 10,11.  60 

 61 

Organoid technology has hugely influenced our understanding of intestinal epithelial cells 62 

and has been implemented in the vast majority of research groups focusing on the 63 

gastrointestinal tract. Yet, it is important to keep in mind that the organoid technology 64 

represents an in vitro culture system. It is important to be able to transfer findings from in 65 

vitro studies to an in vivo setting in a fast an efficient manner. In 2012, we published the first 66 

system for orthotopic transplantation of colonic epithelial cells cultured as organoids 67 

providing proof-of-principle evidence that epithelial cells cultured as organoids retain the 68 

ability to rebuild their tissue of origin 12. The method has also been adapted for the 69 

assessment of therapeutic benefits of organoids transplantation in experimental colitis 70 

models 12,13, evaluating the role of the mechanosensors YAP/TAZ in tissue regeneration 14, 71 

and identification of the origin of the adult intestinal epithelial stem cell compartment 15.  Here 72 

we provide a detailed protocol to facilitate implementation of this transplant model. 73 

 74 

 75 
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Development of the protocol 76 

 77 

Stem cell transplantation assays generally require elimination of host stem cells from 78 

existing stem cell niches to accommodate the integration of donor cells into the host tissue. 79 

Hematopoietic stem cells are transplanted to the bone marrow following high doses of 80 

radiation 16, mammary epithelial cells can form a functional mammary gland in the cleared 81 

fat pad 17,18, and epidermal stem cells can make functional epidermis, when transplanted to 82 

full thickness wound with fibroblasts 19,20. In order to develop a system for transplantation of 83 

intestinal organoids to the colon, we used the DSS injury model (Fig. 1a), where the host 84 

epithelium is eliminated in large areas of the colon 12 (Fig. 1b-1). We infuse around 1000 85 

organoids via a flexible catheter into the luminal space of colon where most epithelial 86 

damage occurred (Fig.1b-2). To avoid natural emptying of the luminal content and to thereby 87 

retain organoids in the lumen, we seal the anal verge with glue immediately after infusion 88 

(Fig.1b-3). This enables the cultured epithelial cells to attach to the injured surfaces and fill 89 

up stem cell niches as they form during the tissue remodelling process (Fig. 1b-4), and 90 

thereby integrate into the host epithelium (Fig.1b-5). The outcome is an intact epithelium 91 

where part of the recipients’ epithelial lining has been replaced by donor cells (Fig.1b-6).  92 

 93 

Using this method, several different types of organoids derived from normal epithelial cells 94 

of mouse colon or small intestine have been successfully transplanted12-15. We find that the 95 

method is reproducible across culture conditions including when duration (early or late 96 

passage organoids), extracellular matrix used for culturing cells (Matrigel or Type I Collagen) 97 

and growth factor combinations (with or without Wnt3a) are varied (Fig. 1c). This protocol 98 

enables assessment of how cultured epithelial cells integrate into the host epithelium and 99 

how they contribute to the formation of epithelial barrier lining.  100 

 101 

Applications of the protocol 102 

 103 

Over the last decade since its inception, we have adapted this DSS-grafting assay, and it is 104 

now a versatile tool that can be used to address key questions relating to stem cell biology 105 

and intestinal physiology 12-15. It provided the very first evidence that intestinal epithelial cells 106 

cultured as organoids for months in vitro retain their cellular identity and functionality, as they 107 
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fully integrate into the recipient epithelium 12. These seminal experiments demonstrated that 108 

organoid derivatives have potential in regenerative medicine. Basic studies are currently on-109 

going to adapt stem cell therapies for patients with inflammatory bowel disease, focusing on 110 

how donor cells can be labelled safely and efficiently without genetic engineering 21 and 111 

cultured in clinically compliant matrices 22. Given that organoids are transplanted into a 112 

wound environment and the donor cells assist in tissue regeneration, the method can also 113 

be used to address the function of genes pivotal for this process. Using competition assays, 114 

it is evident that on conditional deletion of the mechano-sensors YAP/TAZ following 115 

engraftment, cells have a reduced fitness and are lost over time when in competition with 116 

both the recipient epithelium and wildtype donor cells 14. The transplantation methodology 117 

has also been used to investigate the cellular potential of fetal intestinal epithelial progenitors, 118 

where these experiments provided conclusive evidence that fetal intestinal cells have 119 

functional equipotency to become adult stem cells15. Importantly the method has also been 120 

adopted by other teams and used to evaluate the fate of engineered intestinal organoids 23 121 

and colonic epithelial cells derived by direct reprograming of both murine and human 122 

fibroblasts 24 and to model cancer development and progression 25,26. 123 

 124 

Comparison with other transplantation models 125 

 126 

A number of alternative and complementing transplantation protocols now exist that enable 127 

the behavior of epithelial cells in organoids to be evaluated when introduced into specific 128 

segments of intestinal tube (Table 1) 12,27-37. These protocols describe how intestinal 129 

organoids including tissue derived normal organoids, organoids derived from colorectal 130 

cancers, organoids that have had cancer associated mutations introduced and organoids 131 

derived from pluripotent stem cells can be transplanted into an orthotopic site. The main 132 

differences between the methods lie in how organoids are delivered and the routes for 133 

integration into the recipient tissue. This however means that specific skill sets are required 134 

to implement the different transplantation technologies including mouse surgery and 135 

colonoscopy. It is consequently important to carefully consider which method is most 136 

appropriate to address a specific biological or clinical question. 137 

 138 

Each of these protocols have their advantages as well as disadvantages, when compared 139 

to the DSS-grafting protocol, however, the utility and applicability can be difficult to assess 140 
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due to the limited number of studies, where they have been used and also that some have 141 

so far only been used for transplantation of cancer organoids or cells with cancer associated 142 

mutations. The protocols can be separated into two types. One where the endogenous 143 

epithelium is removed and organoids are incorporated into the host epithelium, and the 144 

second where cells are injected into the submucosal wall or the muscularis externa of the 145 

intestine. Epithelial cells derived both in vivo and in vitro have been engrafted with the former 146 

method, whereas cancerous cells or intestinal cells derived from pluripotent stem cells have 147 

primarily been used for the latter injection methods. To date only the DSS-grafting assay 148 

has provided a preclinical model for organoids as a regenerative therapy, and  formed the 149 

basis for initiating the first in human clinical trial.  The clinical trial is ongoing for intractable 150 

cases of ulcerative colitis (https://rctportal.niph.go.jp/en/detail?trial_id=jRCTb032190207).  151 

 152 

When implementing a new methodology, it is important to also consider how easy it is to 153 

implement. The skill levels required for surgical procedures and mouse colonoscopy, plus 154 

the time constraints/requirement and access to specialized equipment must be considered 155 

before implementing this protocol. As outlined in table 1, there are major differences 156 

between the different methods and in particular the questions that can be addressed. 157 

Whereas the methods based on injection have primarily been used to probe how cells 158 

carrying cancer associated mutations fuel tumor/cancer development, progression and 159 

metastasis, the studies based on infusion of organoids into the lumen of the intestine have 160 

been aimed at addressing the potential of cells derived from a normal epithelium. 161 

 162 

Specific comparison with the other enema model 163 

 164 

Two injury models have been used to de-epithelialise the intestine prior to  transplantation 165 

of organoids via infusion into the lumen of the intestine and subsequent integration via 166 

adhesion. In the DSS model, DSS is administered in the drinking water for 5 days to induce 167 

damage to the epithelium in the distal part of the colon. As damage peaks, 8 days following 168 

the initiation of DSS administration, organoids are transplanted into the colon via infusion. 169 

Successful engraftment requires a particular degree of damage to the epithelium, and is 170 

normally associated with significant weight loss in the animals. Based on our past 171 

experience the appropriate amount of damage is associated with a weight loss of more than 172 
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10% when compared to the starting weight for successful engraftments. As an alternative to 173 

DSS induced injury, it is also possible to injure the colonic epithelium mechanically by firstly 174 

infusing of the chelating reagent, EDTA, and subsequently removing the epithelium with an 175 

electric brush 35,37,38. In this model, animals under general anesthesia have a hand-made 176 

balloon inserted via their anus into the distal colon. Upon inflation of the balloon it is possible 177 

to contain heated EDTA at a high concentration (250-500mM) in the lumen of the distal 178 

colon. Following a two-minute incubation, the interactions of epithelial cells with the 179 

basement membrane have weakened and it is possible to mechanical remove the 180 

epithelium with a fine electronic brush. As in the DSS-grafting assay, organoids are 181 

subsequently infused into the colon.  182 

 183 

There are  a number of advantages to using the DSS-grafting assay compared to the EDTA-184 

abrasion model. Firstly, the pathophysiological significance of the DSS colitis model is well 185 

defined and it is commonly used to model inflammatory bowel disease 39,40.  In contrast the 186 

EDTA injury model was developed specifically for transplantation purposes. Secondly, the 187 

DSS-grafting assay is not as technical challenging as the EDTA abrasion model, which 188 

requires both the insertion of a small balloon to avoid the lethality induced by systemic 189 

exposure to high concentrations of EDTA and maneuvering an electronic brush to 190 

mechanically abrase the colonic epithelium. Thirdly, the DSS-grafting assay can be 191 

implemented using standard instruments.  192 

 193 

There are also some advantages to the EDTA-abrasion method when compared to the DSS-194 

grafting assay.  Firstly, mice do not need 8 days of pre-conditioning before transplantation; 195 

secondly, mice generally tend to respond in the same manner to the treatment irrespective 196 

of the level of immunocompetency; and thirdly, it is possible to administer common analgesia 197 

without interfering with the conditioning of the epithelium. As with any animal procedure, 198 

training is a requirement and will ensure successful implementation of the DSS grafting 199 

assay.  200 

 201 

Experimental design 202 

 203 
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In this section, we provide details of the requirements for preparation of donor organoids, 204 

conditioning of animals, the organoid infusion process, handling of DSS colitis and both 205 

detection and analysis of engraftments. It is important that local and/or national ethical 206 

authorities approve the animal procedures prior to implementing the protocol. The protocol 207 

described here was  reviewed and approved by the institutional animal care and user 208 

committee of TMDU (A2019-287C2) and The Animal Experimentation Council in Denmark 209 

(https://www.foedevarestyrelsen.dk/english/Animal/AnimalWelfare/The-Animal-210 

Experiments-Inspectorate/Pages/default.aspx). 211 

 212 

The protocol has not changed much since the first publication 12, but modifications have 213 

been introduced to optimize the methodology, reduce animal suffering and enhance the 214 

outcome. Briefly, this included eliminating overnight fasting before cell infusion, using one 215 

rather than two infusions of 1-3x106 cells, using surgical histoacryl glue for sealing the anus 216 

after cell infusion, and application of fluid therapy following the DSS administration to avoid 217 

dehydration of animals due to diarrhea. With these improvements, experimental colitis can 218 

be readily controlled, without loss of animals due to excessive weight loss or slow recovery. 219 

The assay was originally established in RAG2-/- recipient mice, however,  C57BL/6J animals 220 

can also be used successfully as recipients. Here it worth noticing that despite C57BL/6J 221 

being immunocompetent rejection of donor cells has not been observed in prior studies 25,35. 222 

In summary, the transplantation method has been shown to be broadly useful and 223 

constitutes a basic assay for assessing the ability of cultured cells to engage in tissue 224 

regeneration in vivo and reconstitute a functional epithelial barrier. 225 

 226 

In order to generate firm conclusions on the questions addressed with specific 227 

transplantation experiments, it is essential to include appropriate control cohorts. For 228 

assessing the clinical benefits of cellular therapies inclusion of mock transplanted animals, 229 

or alternatively non-modified and modified epithelial cell cultures represent important 230 

controls. If the purpose of the transplantation experiments is to assess how a specific gene 231 

mutation affects the integration into an epithelial during regeneration or following restoration 232 

of homeostasis the steady state behavior of epithelial cells it is essential to include wildtype 233 

controls. Thus, experimental controls need to be consider on a case-by-case basis. 234 

 235 
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Culture conditions and preparation of donor organoids 236 

 237 

Organoids from the epithelium of the adult colon 12,14(Fig. 2a), adult small intestine 3 (Fig. 238 

2b), or fetal small intestine 13 are cultured in vitro in either Matrigel (MG) (Fig.2a, left panel; 239 

Fig.2b, left and middle panel) or Type I Collagen (COL) (Fig. 2a, right panel; Fig. 2b, right 240 

panel). Careful characterization of intestinal organoids has demonstrated that intestinal 241 

epithelial stem cells expressing Lgr5 are concentrated at the proliferative crypt domains 3,41. 242 

Exogenous stimulation of the canonical WNT pathway supports the growth of spherical 243 

organoids (Fig2b, middle panel) 42, which can be further enhanced, when epithelial cells are 244 

cultured in COL (Fig. 2b, right panel) 14. Interestingly, organoids cultured in COL display a 245 

pronounced absence of cells expressing traditional stem cell markers, and instead show a 246 

uniform upregulation of markers associated with regeneration14. Importantly, transplantation 247 

experiments have demonstrated that crypt-like domains and stem cell marker expression 248 

are not requirements for successful transplantation 12-14.  249 

 250 

For isolation of adult mouse colonic or small intestinal crypts, we use standard protocols for 251 

isolation of epithelial cells, which comprise incubation of small tissue fragments with 10mM 252 

EDTA (colon) or 2mM EDTA (small intestine). Advanced DMEM/F12 supplemented with 253 

GlutaMAXTM supplement and Penicillin/Streptomycin is used as basal medium for all cell 254 

derivatives with the addition of specific factors depending on both the type of extracellular 255 

matrix and segments of intestine (Table 2). Using these conditions, we have been able to 256 

transplant cells from all tested mouse strains, including cells that have been cultured for as 257 

little as a week as well as for longer than 3 months (Fig.2c). Organoids initially established 258 

and expanded off-site have been shipped cryopreserved to different sites and been 259 

successfully engrafted following reseeding 12-14. We have also previously reported 260 

successful transplantation of epithelial cells that were isolated directly from reporter mice 261 

without initial propagation in vitro 12. For each colon infusion, we normally dissociate 262 

organoids from approximately 1,000 organoids (equivalent to 1.0-3.0*106 cells) (Fig.2c) into 263 

cell fragments using fire polished Pasteur pipettes as well as repeated pipetting (Fig. 2d-e). 264 

 265 

Animal cohorts 266 
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We try our utmost to use cells derived from recipients and donors on a C57BL6 background 267 

for all experiments in order to reduce variation and the risk of host versus graft rejection. 268 

Adult mice at any age and gender have been used as recipients, however, we generally use 269 

cohorts of 12- to 24-week old C57Bl6/RAG2-/- or C57BL/6J as recipients in order to minimize 270 

the variation. Generally, younger mice tend to be less sensitive to DSS administration 271 

whereas older animals can display adverse phenotypes following DSS induced colitis 43. 272 

With respect to gender, the success ratio between female and male animals is the same, 273 

however, we tend to observe more variation in the individual responses in male cohorts with 274 

respect to weight loss following DSS administration. All our animals are housed in SPF 275 

(specific pathogen free) animal facilities, in either open or individually ventilated cages and 276 

always with companion mice. Cages are placed under a 12hr light-dark cycle with food and 277 

water provided ad libitum. 278 

 279 

DSS treatment in mice to induce colitis 280 

 281 

Before commencing the animal procedure, users need to ensure that they have  permissions 282 

from the appropriate national animal ethics committees to perform the experiment. Epithelial 283 

damage is necessary for successful transplantation using the DSS-grafting assay. Here, 284 

DSS (3.6 kDa to 5.0 kDa) is administered in drinking water for 5 days continuously (from 285 

Day 0 to Day 5) using 2.8% w/v for C57BL/6J animals and 3.3% w/v for RAG2-/- animals. It 286 

is essential to optimize this dose for individual animal facilities as the response to DSS 287 

depends on the microbial status of the unit 44. Moreover, there can also be differences 288 

between batches of DSS, and pilot experiments are important to ascertain that the same 289 

level of damage is obtained with different batches. Following the administration of DSS 290 

animals should be monitored daily for signs of colitis including loose stool/diarrhea and 291 

bloody feces and weight loss until animals are fully recovered. These signs can be expected 292 

from approximately day 5 until weight is normalised around day 14. To favor rehydration 293 

during the acute phase (typically day 7 to 11) and speed up recovery of animals, we 294 

administer physiological saline solution intraperitoneally. 295 

 296 

Rectal infusion of Organoids  297 

 298 
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For infusion of organoid via the anus we use an infusion module consisting of a syringe and 299 

a catheter (Fig. 3a, a’). It is advisable to precoat the inside of the module with Bovine Serum 300 

Albumin (BSA)/PBS solution (0.1% w/v) by rinsing the module with BSA solution. This avoids 301 

loss of cell fragments due to unspecific attachment. The infusion must be done under 302 

general anesthesia (Fig. 3b, b’). Following insertion of 2 cm of the flexible catheter into the 303 

anus (Fig. 3c-c’’, supplementary video 1), the cell suspension is slowly infused into the 304 

lumen of the colon. Following retraction of the catheter, the anal verge is sealed immediately 305 

with histoacrylic glue to keep the organoid fragments inside the lumen (Fig. 3d; 306 

supplementary video 2). The glue is subsequently removed after 3 hours.  307 

 308 

Detection and analysis of engraftments 309 

 310 

Engraftments are generally integrated in the distal part of colon, where the damage is also 311 

most pronounced. The colon should consequently be dissected from the anal part upon 312 

tissue sampling in order to avoid missing any engraftments. We tend to use fluorescently 313 

labelled donor cells either from a transgenic mouse model or via transduction of organoids 314 

with a lentiviral vector encoding a fluorescent mark to identify engrafted cells. Isolated 315 

colonic tissues are initially inspected under standard stereomicroscope for detection of 316 

positive engraftments, and specimens are fixed with 4% (w/v) Paraformaldehyde without 317 

losing endogenous fluorescence (Fig. 4a). After fixation, tissues can be incubated with 318 

Sucrose/PBS solution (20% w/v) for cryopreservation and subsequent histological analysis 319 

of engraftments or alternatively processed for whole mount imaging. For cryopreservation, 320 

we normally remove excess tissue without engraftment manually before embedding the 321 

samples (Fig. 4a). This enables more efficient preparation of sequential sections with 322 

positive engraftments for histological analysis. Briefly, the distances between the tissue 323 

edge and engraftments are measured using the stereomicroscope (Fig. 4b) allowing 324 

trimming based on accurate distances of the cryoblock using the cryotome (Fig. 4b), thereby 325 

allowing preparation of sequential sections effectively (Fig. 4c). We list the antibodies we 326 

have used successfully for histological analysis in Table 3. 327 

 328 

Limitations 329 

 330 
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Although the proposed method is highly reproducible and simple to implement there are 331 

some limitations. Firstly, cells are infused into the lumen of the colon without prior or 332 

subsequent visualization using colonoscopy. A cohort analysis revealed successful 333 

engraftments in 80 animals out of 172 mice, demonstrating a total success rate of 46.5%. It 334 

is possible to robustly obtain more successful transplantations with some degree of training. 335 

Secondly, the model relies on the induction of colitis. While DSS colitis is generally 336 

considered to be simple and reproducible across strains of mice including severe combined 337 

immunodeficiency (SCID) mice 45, specific strains are resistant or considered much less 338 

sensitive 46. Besides strain specific differences, the degree of epithelial damage and colitis 339 

induction depends on a number of additional factors including microbial status of the animal 340 

unit, age and gender of the animals as discussed above. Therefore, the DSS-grafting assay 341 

has to be optimized locally.  Nevertheless it  has been successfully reproduced in various 342 

laboratories across the world using RAG2-/-  and WT C57BL/6J mice as well as a range of 343 

immunocompromised animal models including RAG2-/-gc-/-23, NOD.CB17-Prkdcscid/J 344 

(NOD/SCID)24, NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG)24 ,26, and Foxn1nu (Nude) mouse 345 

models25. Thirdly, epithelial injury following DSS administration is primarily localized in the 346 

distal part of colon, and any engraftment is consequently only found in this part of the 347 

intestine. Alternative strategies are required for transplantation of organoids into the small 348 

intestine or the proximal part of the colon such as in an anastomosis model36 or via direct 349 

injection into a bypassed loop of the small intestine33. Finally, although the method has been 350 

used in competitive assays14, it is necessary to prepare such experiments carefully and 351 

include appropriate controls. Given that it is not possible to control the heterogeneity of the 352 

organoid cell population including the fraction of stem cells and niche cells in the fragments 353 

that are infused into the lumen of the colon, this can potentially affect the outcome when 354 

comparing wildtype and mutant organoid populations. This potential problem can 355 

theoretically be circumvented by using an inducible system, where specific mutations are 356 

introduced following the engraftment and integration in the host tissue14.   357 
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Materials 358 

Animals 359 

We have successfully used the following mice: 360 

• C57BL/6J: Purchased from CLEA Japan, Inc. or Taconic Denmark.  361 

• RAG2-/- mice: Purchased from the Jackson laboratory (008449) or Taconic, Denmark.  362 

• GFP transgenic mice: Purchased from the Jackson laboratory (003291). 363 

• Rosa26mT/mG reporter mice: Purchased from the Jackson laboratory (007676) 364 

! CAUTION Any experiments involving live mice must conform to relevant Institutional and 365 

National regulations. Our animal experiments were approved by the institutional animal care 366 

and user committee of TMDU (A2019-287C2) and The Animal Experiments Inspectorate in 367 

Denmark (2013-15-2934; 2018-15-0201-01513). 368 

 369 

Biological Material 370 

Intestinal Organoids (see Boxes 1-2 for preparation details, approximately 1000 organoids 371 

are required per recipient mouse).   372 

 373 

Reagents 374 

・Albumin, Bovine Serum, Globulin Free (Nakalai tesque Inc., cat. no. 01281-26) 375 

・D-PBS(-) without Ca and Mg, liquid (PBS) (Nacalai Tesque Inc., cat. no. 14249-24) 376 

CRITICAL Products from Nakalai tesque Inc. can be substituted with equivalent products 377 

from other suppliers. 378 

 379 

Colitis & Enema including tissue analysis 380 

・Dextran Sulfate Sodium Salt Colitis Grade (MP Biomedicals, LLC, cat. no. 160110) 381 

! CAUTION Avoid direct exposure to DSS using gloves and a mask as it is a potential 382 

harmful agent. 383 

CRITICAL the specific polymer composition of DSS can vary between batches, and it is 384 

important to perform batch testing to ascertain that the new batches evoke the same level 385 

of damage.  386 

・Aesculap® Biosurgicals Histoacryl® (B. Braun Medical Inc., cat. no. 1050044) 387 

・Isoflurane (FUJIFILM Wako Pure Chemical Corporation, cat. no. 099-06571) 388 
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! CAUTION Isoflurane must be used following institutional guidelines, and not in a room 389 

without ventilation or without a scavenging system. 390 

・4%(w/v) Paraformaldehyde Phosphate Buffer Solution (Nacalai Tesque Inc., cat. no. 391 

09154-85) 392 

! CAUTION 4% (w/v) Paraformaldehyde Phosphate Buffer Solution must be used following 393 

institutional guidelines. Paraformaldehyde is toxic and should be handled in appropriate 394 

fume cupboards. 395 

CRITICAL Products from Nakalai tesque Inc. can be substituted with equivalent products 396 

from other suppliers. 397 

 398 

Organoid culture 399 

・Advanced DMEM/F12 (Gibco, cat. no. 12634-010) 400 

・GlutaMAXTM Supplement (Gibco, cat. no. 35050-061)  401 

・Penicillin-Streptomycin Mixed Solution (Nacalai Tesque Inc., cat. no. 26253-84) 402 

CRITICAL Products from Nakalai tesque Inc. can be substituted by the equivalent products 403 

from other suppliers. 404 

・Bovine Serum Albumin solution 30% (w/v) in DPBS, sterile-filtered, BioXtra, suitable for 405 

cell culture (Sigma-Aldrich, cat. no. A9576) 406 

・N-2 supplement (100×) (Gibco, cat. no. 17502-048) 407 

・B-27™ Supplement (50X), serum free (Gibco, cat. no. 17504-044) 408 

・EGF, Human, Recombinant, Animal Free (Peprotech, cat. no. AF-100-15) 409 

・Recombinant mouse Noggin Protein (R&D SYSTEMS, cat. no. 1967-NG) 410 

・Recombinant mouse R-Spondin 1 Protein, CF (R&D SYSTEMS, cat. no. 3474-RS) 411 

・Recombinant mouse Wnt-3a Protein (R&D SYSTEMS, cat. no. 1324-WN) 412 

・Recombinant mouse HGF (R&D SYSTEMS, cat. no. 2207-HG) 413 

・Nicotinamide (Sigma-Aldrich, cat. no. 72340-250G) 414 

・CHIR99021 (Stemgent cat. no. 04-0004-10) 415 

・Prostaglandin E2 (Nacalai Tesque Inc., cat. no. 29334-21) 416 

CRITICAL Products from Nakalai tesque Inc. can be substituted by the equivalent products 417 

from other suppliers. 418 
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・Y-27632 dihydrochloride (TOCRIS, cat. no. 1254) 419 

CRITICAL Reconstitute all recombinant proteins or chemical reagents in accordance with 420 

supplier’s instructions. 421 

・TrypLETM Express Enzyme (1x), phenol red (Gibco, cat. no. 12605-010) 422 

・Corning® Matrigel® Growth Factor Reduced (GFR) Basement Membrane Matrix, Phenol 423 

Red-free, LDEV-free (CORNING, cat. no. 356231) 424 

・Cellmatrix type I-A (Nitta Gelatin INC., cat. no. 631-00651) 425 

CRITICAL: We have not tested alternative sources of Collagen Type I gels. 426 

・Reconstitution Buffer (Nitta Gelatin INC., cat. no. 635-00791) 427 

・Concentrated culture solution Ham's F-12 (Nitta Gelatin INC., cat. no. 630-29661) 428 

 429 

Equipment 430 

・Bio Clean Bench (ORIENTAL GIKEN INC, cat. no. VCBD-1300) 431 

・Costar® 24-well Clear TC-treated Multiple Well Plates, Individually Wrapped, Sterile  432 

(Corning Incorporated, cat. no. 3524) 433 

CRITICAL Matrigel very efficiently forms droplets when using this type of plate.  434 

・Terumo Syringe 1mL for Tuberculin Slip Tip White (TERUMO CORPORATION, cat. no. 435 

SS-01T)  436 

・Saline, Normal (BD, cat. no. 297753)  437 

・Normal Winged Needle for vein, type C, 0.80x19mm (TERUMO CORPORATION, cat. no. 438 

SV-21CLK) 439 

・Surflo Perfusionsbesteck 23G 0,60 x 19 mm blau (SV-23BL) (TERUMO CORPORATION, 440 

cat. no. SV*23NL30) 441 

CRITICAL Both types of butterfly needles can be used for the assay.  442 

・NucleoCounter NC-200 (Chemometec) 443 

・Vial1-Cassette (Chemometec, cat. no. 941-0012) 444 

・Eppendorf ThermoMixer® C (Eppendorf) 445 

・All-In-One Small Animal Anesthetizer (Muromachi Kikai Co., Ltd., cat. no. MK-AT210D) 446 

・Low speed refrigerated centrifuge (TOMY, cat. no. AX-511) 447 

・Fluorescence microscopy (Olympus, IX-71) 448 
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・Fluorescence microscopy (Keyence, cat. no. BZ-X710) 449 

・Macro Zoom Fluorescence Microscope System (Olympus, cat. no. MVX10) 450 

・Microscope Digital Camera (Olympus, cat. no. DP80) 451 

・Fluorescent Stereo Microscope (Leica Microsystems, cat. no. Leica M165 FC) 452 

・Microscope Digital Camera (Leica, cat. no. DFC310FX) 453 

・Laser scanning confocal microscope (Leica Microsystems, cat.no. TCS SP8) 454 

CRITICAL We have listed the microscopes equipped with epifluorescence detectors that we 455 

have used for the analysis of tissues. It is important to have access to a combination which 456 

enables both macroscopic and microscopic examination. 457 

・Tissue-Tek® Polar® Microtome / Cryostat Polar (SAKURA, cat. no. POLAR-D) 458 

・Tissue-Tek® O.C.T. Compound (SAKURA, cat. no. 4583) 459 

・MAS coat slide glass (frost) (Matsunami Glass Ind, cat. no. MAS-01) 460 

・HIGH PROFILE MICROTOME BLADE (FEATHER, cat. no. HIGH PROFILE) 461 

・ Acrodisc® Syringe Filters with Supor® Membrane, Sterile - 0.2 µm, 25 mm (Pall 462 

Corporation, cat.no. 4612)  463 

 464 

Additional equipment 465 

CRITICAL Products listed here can be substituted by the equivalent products from other 466 

suppliers. 467 

・Straight Scissors (NATUME, cat. no. B-12) 468 

・Straight Forceps (NATUME, cat. no. A-5)  469 

・Examination gloves (MICROFLEX®ULTRAFORM, cat. no. UF-524-M) 470 

・2.0 ml Disposal Pipettes (FALCON, cat. no. 357507) 471 

・5.0 ml Disposal Pipettes (FALCON, cat. no. 357543) 472 

・10 ml Disposal Pipettes (CELLSTAR, cat. no. 607180) 473 

・25 ml Disposal Pipettes (CELLSTAR, cat. no. 760180) 474 

・50 ml Disposal Pipettes (CELLSTAR, cat. no. 768180) 475 

・2.0 μl micropipettes (GILSON, cat. no. PC72963) 476 

・20 μl micropipettes (GILSON, cat. no. PD72581) 477 

・200 μl micropipettes (GILSON, cat. no. PD72764) 478 
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・1000 μl micropipettes (GILSON, cat. no. PD72405) 479 

・Tips for 2.0 μl micropipettes (TERUMO CORPORATION, cat. no. 2140) 480 

・Tips for 20 μl micropipettes (QSP®, cat. no. 110-96RSNEW) 481 

・Tips for 200 μl micropipettes (DIAMOND®, cat. no. F171503) 482 

・Tips for 1000 μl micropipettes (DIAMOND®, cat. no. F171703) 483 

・15 ml conical tube (CORNING, cat. no. 352095) 484 

・50 ml conical tube (CORNING, cat. no. 352070) 485 

・1.5 ml tube (Eppendorf, cat. no. 30120086) 486 

・10cm petri dish (FALCON, cat. no. 351029) 487 

・60mm dish (FALCON, cat. no. 353004) 488 

・Paper wipe (NIPPON PAPER CRECIA, cat. no. 62011) 489 

・Paper towel (NIPPON PAPER CRECIA, cat. no. 61001) 490 

 491 

Reagent setup 492 

Basal medium 493 

Add 5 ml GlutaMAXTM supplement (Gibco, 1% v/v) and 2.5 ml Penicillin/Streptomycin 494 

(Nacalai Tesque Inc., 0.5% v/v) to 500 ml Advanced DMEM/F12 (Gibco). Medium can be 495 

stored at 4˚C until the expiration day of the bottle. 496 

 497 

Culture medium for Matrigel culture of adult colon  498 

Prepare recombinant chemical (RC) medium by adding human EGF (Peprotech; 50ng/mL), 499 

murine Noggin (R&D SYSTEMS; 100ng/mL), mouse R-spondin1 (R&D SYSTEMS; 500 

500ng/mL), murine Wnt3a (R&D SYSTEMS; 100ng/ml), CHIR99021 (Stemgent; 3µM), 501 

Prostaglandin E2 (PGE2; Nacalai Tesque Inc.; 2.5µM), Nicotinamide (Sigma-Aldrich; 502 

10mM), N-2 supplement (Gibco; 1% v/v) and B-27 supplement (Gibco; 2% v/v) into basal 503 

medium. Medium can be stored at 4˚C for one week.  504 

 505 

ENR medium (for Matrigel culture of adult small intestine (SI) and matrigel cultures of 506 

fetal SI) 507 
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Add Human EGF (Peprotech; 50ng/mL), murine Noggin (R&D SYSTEMS; 100ng/mL), 508 

mouse R-spondin1 (R&D SYSTEMS; 500ng/mL), N-2 supplement (Gibco; 1% v/v) and B-509 

27 supplement (Gibco; 2% v/v) to basal medium. Medium can be stored at 4˚C for one week. 510 

ENRW medium (for Matrigel cultures of adult small intestine (SI) and collagen culture 511 

of both adult colon and SI): Add Murine Wnt3a (R&D SYSTEMS; 100ng/ml), Bovine 512 

Serum Albumin solution (Sigma-Aldrich; 1% w/v) and Nicotinamide (Sigma-Aldrich; 10mM) 513 

to ENR medium. Medium can be stored at 4˚C for one week. 514 

 515 

BSA/PBS solution (0.1% w/v) 516 

Dissolve 50g Bovine Serum Albumin (Nakalai tesque Inc.) in 400 ml PBS by stirring with a 517 

clean stirrer.  When BSA is dissolved, add sterile PBS to give a total volume of 500 ml. This 518 

provides a 10% (w/v) PBS/BSA solution.  Sterilize by filtering the solution with a 0.2 µm 519 

syringe filter. To obtain a 0.1% w/v solution, dilute the solution 100 times in PBS. Solutions 520 

can be stored at 4˚C for 6 months.  521 

 522 

Matrigel/PBS solution (5% v/v) 523 

Add 250 µl Matrigel (CORNING, cat. no. 356231) to 5.0 ml PBS, and mix well by tapping 524 

the tube. CRITICAL Prepare the solution fresh each time and keep on ice or at 4˚C. 525 

 526 

DSS/Water solution 527 

Dissolve 14 g DSS (MP Biomedicals) in 500 ml drinking water to yield 2.8% w/v solution. 528 

CRITICAL Prepare the solution fresh each time. 529 

 530 

Sucrose/PBS solution (20% w/v) 531 

Dissolve 100g Sucrose (from any suitable supplier) in 400 ml PBS by heating the solution 532 

to 50˚C and occasionally stirring with a glass pipet until dissolved.  Add PBS to give a total 533 

volume of 500 ml. The final solution can be stored at 4˚C for 6 months. 534 

 535 

Type I collagen gel 536 

800 µl Cellmatrix type I-A is mixed with 100 µl concentrated culture solution Ham's F-12 and 537 

100 µl reconstitution buffer according to manufacture’s instruction. The final solution can be 538 

stored at 4˚C until use. Prepare the gel fresh each time. 539 
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 540 

Precoating of plastic ware used for handling organoids with BSA/PBS solution 541 

Organoids and intestinal epithelial cells are inherently sticky, and will adhere non-specifically 542 

to many plastic surface including tips, tubes and infusion module. To avoid loss of epithelial 543 

cells when handling organoids and epithelial cells the plastic should be briefly rinsed in 544 

BSA/PBS solution (0.1% w/v) to precoat the surfaces. Tubes are filled with the solution and 545 

emptied after e.g. 5 seconds, and tips are filled once with BSA/PBS solution before handling 546 

organoids suspensions. 547 

 548 

Equipment setup 549 

Insertion module 550 

Cut the tube of the butterfly needle transversally leaving approximately 4cm to the connector 551 

(Fig. 3a, a’). The distance from the connector is marked by lines every 1.0 cm. A 1.0 ml 552 

syringe is attached to the connector (Fig. 3a’). 553 

▲CRITICAL STEP Do not cut the tube obliquely as a pointed tip can injure the wall of the 554 

colon.  555 

  556 
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Procedure 557 

 558 

Induction of DSS colitis: Timing 5 days 559 

1. On day 0, prepare DSS solution at the appropriate concentration in drinking water, and 560 

add the solution to a cage water drinking bottle. 561 

CRITICAL STEP An appropriate DSS concentration must be optimized for each individual 562 

facility, as discussed in the introduction. 563 

CRITICAL In parallel prepare organoids/epithelial cells for infusion on day 7 using the 564 

instructions in box 1.  565 

! CAUTION Approval from the appropriate national authorities is required for all animal 566 

procedures. The experimental settings must be adjusted to suit national and/or institutional 567 

regulations. 568 

! CAUTION Handle DSS solution with care by using gloves and a mask. 569 

2. Maintain the animals on DSS/water until day 5.  570 

3. On day 5, replace the DSS/water bottle with a bottle containing normal drinking water 571 

and maintain animals until day 7.  572 

  573 

?Troubleshooting 574 

 575 
Preparation of enema: Timing 10 minutes 576 

4. On day 7, 2 hours before infusion, prepare the infusion module (Fig. 3a, a’). 577 

5. Set up the anesthetic apparatus.  578 

 579 
Organoid preparation for infusion: Timing 2 hours) 580 

6. 1.5 hours before planned infusion, add 5.0 ml BSA/PBS solution (0.1% w/v) into 15 ml 581 

conical tube.  582 

7. Collect the estimated number of Matrigel domes required for engraftment into one mouse 583 

(prepared as described in Box 1, if using directly isolated cells, or Box 2 if using 584 

established organoids, and count the number of cells as described in Box 3. 585 

Approximately 1,000 organoids or 1-3*106 cells are required per infusion. We normally 586 

culture organoids in a 24-well plate, and prepare 5-10 wells per recipient animal for one 587 

infusion, initially plating 2-300 crypt domains per well.) 588 
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▲CRITICAL STEP Do not add more than 10 Matrigel domes per 5.0 ml BSA/PBS 589 

solution (0.1% w/v) in one conical tube. If more than 10 Matrigel domes are required per 590 

mouse, separate the material into two conical tubes and combine at step 15. 591 

8. Centrifuge conical tube for 3 minutes at 500g. 592 

9. Aspirate and discard supernatant and the dissociate the pellet by tapping the conical 593 

tubes with fingers.  594 

10. Add 2.0 ml BSA/PBS solution (0.1% w/v).  595 

11. Pipet the contents 10 times with a P1000 pipet that is set to 750 µl. 596 

12. Add basal medium to give a total volume of 10 ml. 597 

13. Centrifuge for 3 minutes at 500g.  598 

14. Aspirate and discard supernatant and then dissociate the pellet by tapping the conical 599 

tube with fingers.  600 

15. Resuspend the pellet in 350 µl Matrigel/PBS solution (5% v/v) and transfer into a 1.5 ml 601 

tube that has been precoated with BSA/PBS solution (0.1% w/v).  602 

▲CRITICAL STEP The 1.5 ml tube must be precoated with BSA/PBS to avoid loss of 603 

organoids via non-specific adhesion to plastic surfaces.  604 

16. Store on ice until enema assay.  605 

▲PAUSEPOINT We normally infuse cell suspension within one hour. 606 

 607 

Infusion of organoids: Timing 10 minutes 608 

17. Precoat infusion module by filling it up with 1.0 ml BSA/PBS solution (0.1% w/v) and 609 

incubating for 30 seconds.  610 

▲CRITICAL STEP The precoating prevents organoid fragments from adhering non-611 

specifically to the wall of catheter and syringe.  612 

18. Aspirate the cell suspension into the infusion module through the catheter part.  613 

▲CRITICAL STEP The actual volume of the cell suspension is normally around 500 µl 614 

as the leftover from the organoid preparation at step 14 is combined with 350 µl 615 

Matrigel/PBS solution (5% v/v) at step 15. 616 

19. Keep the syringe part of the module in an upright position.  617 

▲CRITICAL STEP This allows organoid fragments to concentrate in the connecting part 618 

between the syringe and the catheter. It is consequently possible to inject most of the 619 



 22 

content without a large leftover volume.  620 

20. Anesthetize individual mice in an inhalation system. We induce anesthesia  by mixing 621 

4% Isoflurane with air in an induction unit (Fig. 3b). Once anesthetized, the animal is 622 

maintained under anesthesia by mixing 2% Isoflurane with air using a mask ventilator 623 

(Fig. 3b’). Under maintenance-anesthesia, mice are placed on paper towels with the 624 

abdominal side facing downward (Fig. 3b’).  625 

! CAUTION Operate the anesthesia equipment in a well-ventilated room.  626 

21. Expose the anus of the mouse by raising the tail (Fig. 3c). 627 

22. Insert the catheter attached to the infusion module 1-1.5 cm into the colon via the anus 628 

(Fig. 3c’). 629 

?Troubleshooting 630 

23. Retract the catheter from the colon to ensure that feces or stool in the distal colon is 631 

expelled prior to organoid infusion, and gently wipe the catheter and anus with paper 632 

wipes. 633 

▲CRITICAL STEP It is important to wipe the catheter and the anus clean to keep a clear 634 

view.  635 

24. Reinsert the catheter of the infusion module 2 cm into the colon via the anus (Fig. 3c’).  636 

▲CRITICAL STEP If resistant is felt upon inserting the catheter do not insert further. 637 

Usually, it is possible to insert the catheter up to 2.0 cm without any problems. The depth 638 

of insertion can be measured by the scales indicated on the catheter.  639 

?Troubleshooting (Table 4) 640 

25. When the catheter is fully inserted, use straight forceps to hold on to the anal verge and 641 

the catheter. With the forceps hold on to a small margin of the anal skin surrounding the 642 

catheter (Fig. 3c’’).  643 

▲CRITICAL STEP A firm hold on the anal skin and the catheter prevents that the content 644 

leaks out of the anus.  645 

26. Slowly infuse the cell suspension into the luminal space (over approximately 10 seconds). 646 

▲CRITICAL STEP During the infusion, it is advantageous to have an assistant lift up 647 

the tail. 648 

▲CRITICAL STEP Avoid infusing the cell suspension too quickly, as this can push the 649 

organoid fragments away from the injured distal part of colon. 650 
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?Troubleshooting (Table 4) 651 

27. Disconnect the syringe part of the infusion module, whilst the catheter is still inserted into 652 

the colon and draw around 200 µl air into the plunger.  653 

28. Reassemble the infusion module and infuse all of the remaining suspension into the 654 

lumen over approximately in 5 seconds. 655 

▲CRITICAL STEP Supplementary video 1 shows steps 24 - 28.  656 

29. Leave the catheter in the colon for 30 seconds and slowly retract it over 5 seconds. 657 

30. After removal of catheter, use the straight forceps to quickly close the anal verge via a 658 

firm hold (Fig.3d).  659 

▲CRITICAL STEP The strength of hold should not damage the anal skin. 660 

31. Apply one drop of histoacryl glue to the anal skin whilst pinched between forceps, and 661 

close the anal verge by folding the surrounding skin using thumb and index finger to 662 

apply the drop of glue .  663 

CRITICAL STEP Supplementary video 2 shows steps 29 - 31 664 

32. Remove mice from the ventilation mask and transfer into a cage.  Monitor the mouse 665 

until it has recovered fully from the anaesthesia. 666 

▲CRITICAL STEP It normally takes 3-5 minutes for mice to recover from inhalation 667 

anesthesia. 668 

 669 

Removal of glue: Timing day 7 (30 seconds) 670 

33. Three hours after the infusion, open the anal verge by peeling off the histoacryl glue 671 

with index finger and thumb.  672 

▲CRITICAL STEP A fraction of the transplanted mice will have removed the glue 673 

themselves. However, whether or not the glue remains is not correlated with positive 674 

engraftments.  675 

▲CRITICAL STEP It is not necessary to anesthetize the mice to remove the glue, 676 

however, it is essential to follow the national guidelines and legislation 677 

 678 

Tissue isolation and detection of engraftments : Timing after infusion (48 hours) 679 

34. Adhering strictly to the local guidelines for animal welfare euthanise recipient mice at the 680 

experimental end point.  We euthanized mice by cervical dislocation. We generally wait 681 
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at least 2 weeks before euthanizing animals, as homeostasis has been restored following 682 

the induction of colitis with DSS. Depending on the actual biological question it might 683 

make sense to euthanise animals earlier or later. 684 

35. Dissect colon from anal verge up to proximal end (Figure 5a; also see Figure 5 for photos 685 

showing how to carry out steps 35-44.  686 

?Troubleshooting 687 

36. Flush contents with cold PBS by inserting a 10 mL syringe pipettor equipped with a 200µL 688 

pipet-tip into the luminal space of the proximal part of the colon (Figure 5b).  689 

37. Cut the colon longitudinally at the opposite side of the attachment site of the mesentery 690 

(Figure 5c).  691 

38. Wash colon well in PBS (Figure 5d).  692 

39. Place the opened colon in a 10cm dish with the epithelium facing upward (Figure 5e).  693 

40. Visualize the tissue under a fluorescence stereomicroscope.  694 

▲CRITICAL STEP We list two microscopes in the equipment section, however, any 695 

stereomicroscope fit to detect fluorescence can be used.  696 

41. Cut paper towels to fit in a 60mm dish. 697 

42. Apply a sufficient amount of 4% (w/v) Paraformaldehyde to cover the bottom of the dish 698 

(Normally 4 ml is sufficient). 699 

43. Place a piece of the colon with positive engraftments on top of a piece of paper towel. It 700 

is important to avoid folds and kinks in the tissue (Figure 5f).  701 

44. Cover the colonic tissue with a paper wipe ensuring that the tissue is still straight without 702 

fold and kinks during the fixation (Figure 5f’).  703 

45. Place a lid on the dish and wrap with parafilm.  704 

46. Leave at 4˚C overnight in the dark. 705 

▲CRITICAL STEP Steps 46-49 are important to prepare the tissue for subsequent 706 

histological examination. 707 

47. Incubate the fixed tissue with 5.0 ml 20% w/v Sucrose/PBS solution overnight.  708 

48. Inspect the tissue under the fluorescence stereomicroscope (Fig. 4a-1).  709 

49. Remove extra parts of tissue using a scissor or a scalpel maintaining a margin of around 710 

1,000µm from any engraftment (Fig. 4a-1).  711 

▲CRITICAL STEP At this point, measure the distance between tissue edge and 712 

engraftment.  713 
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50. Embed the tissue in O.C.T. compound in a mold by placing the marginal side facing the 714 

bottom of the mold (Fig. 4a-2), and let the O.C.T. compound set on either liquid nitrogen 715 

or dry ice.  716 

PAUSEPOINT After this step, experiments can be paused until tissue sectioning. 717 

 718 

Sectioning of engraftments: Timing 30 minutes 719 

51. Based on the distance identified at step 52, calculate how many sections should be made 720 

to reach areas with engraftment (Fig. 4b).  721 

▲CRITICAL STEP We normally use the TRIM function on the cryotome, setting the 722 

thickness to 30 µm. This means that the margin between a tissue edge and an 723 

engraftment of 750 µm can be removed with 25 sections.  724 

52. After reaching the engraftment continue sectioning, however change the thickness of 725 

sections to 8 µm. 726 

53. After every 10 sections, check for the presence of engraftments using fluorescence 727 

microscope.  728 

54. Prepare sequential sections of the engraftments for histological analysis (Fig. 4c).  729 

 730 

Timing 731 

Days 0-5:  Induction of colitis (steps 1-3) 732 

Day 7: Infusion/transplantation of organoids (steps 4-33)*Organoids preparation should be 733 

scheduled to infusion/transplantation at Day 7.  734 

Day 21-?: Analysis of engrafted tissue (steps 34-54) 735 

 736 

Troubleshooting 737 

See Table 4 for troubleshooting guidance. 738 

 739 

 740 

Anticipated results 741 

 742 

It is essential to evaluate all tissue specimens following transplantation using 743 

stereomicroscopy as the size as well as the localization can vary, and will assist in the 744 

subsequent histological examination. Visualization of the colon following transplantation of 745 
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colonic and SI organoids in RAG2-/- mice (Fig.6a,b) and C57BL/6J mice (Fig.6c,d) enables 746 

identification of engrafted areas. Analysis of 43 engraftments analyzed later than two weeks 747 

after transplantation demonstrated the differences in size that can be seen (in this example, 748 

the size varies from 8,000 to 7,168,355µm2 (Fig.6e).  749 

Previous comprehensive analyses such as the example shown in Figure 6e have enabled 750 

some aspects that influence engraftment to be determined. Firstly, transplants from colonic 751 

organoids are larger than those of SI organoids in both RAG2-/- and C57BL/6J mice 752 

(Extended Data Figure 1a). Secondly, transplanted areas are generally smaller in C57BL/6J 753 

mice when compared to those in RAG2-/- mice (Extended Data Figure 1a). Thirdly, although 754 

the cohort size was not large, it is clear the addition of Wnt3a to the cell culture medium 755 

does not negatively impact the engraftment efficiency with engrafted areas trending towards 756 

larger sizes (Extended Data Figure 1b). This could be driven via enhanced stem cell self-757 

renewal and thereby the composition of the intestinal organoids 47. Fourthly, the extracellular 758 

matrix used for culturing colonic organoids prior to transplantation appear to have little effect 759 

on the size of engraftment (Extended Data Figure 1c). These results demonstrate the 760 

macroscopic analyses provides important quantitative analysis.  761 

 762 

Based on the visual inspection, it is also possible to assess the grafting efficiency across 763 

multiple cohorts. When comparing success rates from our past 16 cohorts of transplantation 764 

experiments in RAG2-/- recipients these range from 10% to 100%, with an average of 55.8%, 765 

whereas cohort analysis of experiments using C57BL/6J as recipient animals range from 766 

20% to 50%, with an average of 34.5% (Fig. 6f). It is however worth noting that the gradual 767 

introduction of the various modifications included here have increased the success rates 768 

(Extended Data Figure 1d） . As we also stated earlier, there are no obvious gender 769 

differences (Extended Data Figure 1e) and success rates between individual researchers 770 

(Extended Data Figure 1f). We consequently conclude that RAG2-/- and C57BL/6J mice can 771 

be used as recipients for transplantation experiments although success rates are lower for 772 

C57BL/6J (Fig. 6f) and sizes of engraftments are smaller (Extended Figure 1a) than for 773 

RAG2-/- mice. 774 

 775 

Analysis of transplanted material clearly demonstrates that organoids are integrated into 776 

areas with epithelial damage. Patches of donor cells are found in the wounded areas 777 
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(Extended Data Fig. 2a, a’), and no engraftment is found in seemingly uninjured areas 778 

(Extended Data Fig. 2b, b’). It can consequently be difficult to compare results directly 779 

between animals in a quantitative manner without using large cohorts of animals (>6 animals 780 

per group). It is however possible to apply internal normalisers, when two organoid 781 

populations are labelled with different fluorescent markers in order to assess over time 782 

whether the ratio between the two labelled populations change (Extended Data Figure 2c). 783 

This enables the impact of specific genes on engraftment, tissue regeneration, tissue 784 

remodeling and restoration of homeostasis to be determined. Time resolved experiments 785 

can consequently be used to assess different aspects of these independent processes. This 786 

includes assessment of the phases where 1) organoid fragments are initially repopulating 787 

the injured colonic surface as a wound associated epithelium (Figure 7a, b, c), 2) the 788 

remodeling phase with the emergence of highly proliferative crypts in a front of Lrig1 789 

expressing stem cells invaginating deeply into underneath mesenchyme (Figure 7d, e, e’, 790 

e’’). This recapitulates the process of tissue regeneration in vivo 14. The engrafted areas are 791 

subsequently maintained long term for at least 6 months 12,13. Thus, the assay can be 792 

adapted in a variety of ways, including analysis of early time event upon injury such as 793 

restitution of colonic epithelium (Figure 7b, 7c). 794 

 795 

Whilst a lot of information can be extracted from the macroscopic analysis of tissues by 796 

stereomicroscopy, it is essential to also extend the analysis to the cellular level by assessing 797 

the tissue histology. By sectioning the engraftments, it is possible to prepare serial sections 798 

which enables a detailed histological assessment of engrafted patches using 799 

immunohistochemistry (Fig. 8a, b). Patches of engrafted cells from colonic organoids 800 

integrated in the recipient epithelium can be visualized (Fig. 8a-1) forming a continuous E-801 

cadherin expressing epithelial lining (Fig. 8a-2) including Muc2-producing goblet cells (Fig. 802 

8a-3), while Alkaline Phosphatase (ALP), a marker of small intestinal enterocytes is not 803 

detected (Fig. 8a-4). Similarly, engrafted tdTomato positive cells from colonic organoids (Fig. 804 

8a-5) are negative for the Paneth cell marker lysozyme (Fig. 8a-6), which are normally only 805 

found in the small intestine. In contrast, patches of engrafted cells derived from SI organoids 806 

(Fig. 8b-1) expressing E-cadherin as the rest of the epithelial lining (Fig. 8b-2), do not 807 

express Carbonic anhydrase II (CAII), which is a marker of colonic enterocytes (Fig. 8b-3), 808 

but maintain expression of lysozyme (Fig. 8b-4), and ALP (Fig. 8b-5). These typical results 809 
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demonstrate that intestinal epithelial cells maintain their cellular identity even following 810 

extensive culturing in vitro, and these cellular identities can be assessed using the 811 

transplantation assay.  812 

 813 

Data Availability 814 

All data generated or analyzed in this study are included as source data with reference to 815 

the originally published paper.  816 
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Legends 838 

 839 

Figure 1: Outline of the DSS grafting assay 840 

a) Schematic illustration of time course of the assay. Donor organoids derived from adult 841 

(either colon or small intestine) or fetal small intestine are expanded in vitro, which usually 842 

takes one week. The culture can either be started directly from epithelial cells isolated from 843 

mouse tissue or from established organoid cultures. Recipient animals (RAG2-/- or 844 

C57BL/6J) are administered with Dextran Sodium Sulfate continuously for 5 days, and 845 

then given water for 2 days. At day 7, organoids are transplanted as fragments to the 846 

animals. Tissue analysis can subsequently be performed at any point after the 847 

transplantation. b) Schematic showing the process of engraftment. 1: Injury at distal part of 848 

colon is induced upon administration of DSS in the drinking water. 2: Organoid fragments 849 

are infused into the lumen of the colon. 3: Infused material is maintained within the luminal 850 

space for approximately 3 hours and allowed to attach to injured areas by sealing the anal 851 

verge on recipient animals. 4: Fragments of organoids attach to the injured surface of 852 

colon. 5: At 1 week it is apparent that the engrafted donor cells start to integrate into 853 

recipients’ tissue. 6: Donor cells replace a part of recipients’ epithelial lining. c) 854 

Percentages of successful engraftments of DSS-grafting assay in our past 24 cohorts. On 855 

the X-axis, recipients (RAG2-/- or C57BL/6J), tissue origin of organoids (Colon, Small 856 

intestine (SI) or FEnS (Fetal small intestine)), culture condition (COL-ENRW, MG-RC, MG-857 

ENR or MG-ENRW – COL: Collagen; E: EGF; N: Noggin; R: Rspondin1; W: WNT3A; RC: 858 

recombinant chemical medium, MG: Matrigel), culture duration (Primary, passage 3, 2 859 

months or >3 months) and positive cases/total number of recipients are shown. Data 860 

source is provided in source data excel (sheet 1), and data source of each bar is 861 

presented as symbol letters in the bottom raw on X-axis. (* 12, # 14, ƒ: 13, §: 15,†: This 862 

paper). 863 

 864 

Figure 2: Preparation of donor organoids 865 

a) Representative images of colonic organoids cultured in in Matrigel (MG) with recombinant 866 

chemical (RC) medium (left panel) or in Type I Collagen (COL) with ENRW medium (right 867 

panel). Scale bar, 500µm. b) Representative images of small intestinal organoids cultured 868 

in MG with ENR medium (left panel), in MG with ENRW medium (middle panel) or in COL 869 
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with ENRW medium (right panel). Scale bar, 500µm. c) Schematic showing the preparation 870 

of donor material. Organoids are propagated via sequential passages (1 or 2 passages is 871 

generally enough, but depends on the amount of starting material) to obtain a sufficient 872 

amount of donor cells for the assay. We generally use organoids isolated from matrix 873 

droplets in 5-10 wells of 24 well culture plate equivalent to around 1000 organoids and in 874 

the range of 1.0-3.0x106 epithelial cells per mouse infusion. Organoids at any passages can 875 

be used as donor cells after dissociation into cell fragments. d) Representative image of 876 

fragmented colonic organoids, which are cultured in MG-RC condition. Scale bar, 150µm. 877 

e) Size distribution of fragmented organoids and each organoid type (Colon: MG-RC, COL-878 

ENRW; SI: MG-ENR, MG-ENRW, COL-ENRW). For each sample, 100 independent 879 

structures have been measured, which are plotted as dots with the red lines indicating the 880 

mean of measurements. The data is newly identified in this paper, and raw data is presented 881 

in source data excel (sheet 2).  882 

 883 

Figure 3: Step-by-step procedure for the organoid infusion 884 

a) The infusion module is created by connecting a 1.0mL syringe to a butterfly needle cut 4 885 

cm from the connector part. On the catheter mark the distance in cm. b) Put mice under 886 

anesthesia by placing them in an induction box which is filled with 4.0% Isoflurane mixed 887 

with air. After induction, maintain anesthesia by keeping mice exposed to 2.0% Isoflurane 888 

by mask ventilation. c) Method for inserting the infusion module into the anus. The anus is 889 

exposed by raising the tail. Red circle indicates the appearance of the anus in female mice. 890 

The catheter is then inserted in a smooth motion into anus until the 2cm mark on the catheter 891 

as shown in c’. At the end of the insertion, using forceps hold the catheter together with a 892 

small margin of anal skin as shown in c’’. d) Seal the anal verge by applying a drop of 893 

histoacryl glue to the skin of the anal verge between the forceps.  894 

 895 

Figure 4: Tissue sampling, storage and sectioning 896 

a) Samples of engrafted material are processed by visualizing the colon under a dissection 897 

microscope to dissect out tissues with positive engraftment. This allows the distance 898 

between engraftments and borders of tissue pieces to be defined pieces to be orientated 899 

upon embedding in O.C.T. to allow serial sectioning of the tissues. The image represents 900 

small intestinal organoids derived from Rosa26mTmG mice cultured in Matrigel-ENRW and 901 
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engrafted in C57BL/6J recipient mice from an animal sacrificed 2 weeks after transplantation. 902 

This mouse is not included in our previously published studies. Scale bar, 1mm. b) 903 

Preparation of sequential sections of the sample presented in Fig. 4a. The distance between 904 

an engraftment and a tissue edge is ≈750 µm in the image. By using the trimming function 905 

on the cryotome at section thickness set to 30µm the border of tissue without engraftment 906 

can be reached with 25 sections. Yellow line indicates virtual lines to reach an engraftment. 907 

White dashed demarcation line indicates an edge of a tissue. Scale bar, 300µm. c) Example 908 

of sequential sections of the sample presented in a and b. Left panel: endogenous tdTomato, 909 

which indicates the region of the engraftment; right panel: double staining for Lysozyme 910 

(Lyz) and E-cadherin (E-cad) in the adjacent section of the left panel. Arrows indicate 911 

Lysozyme and E-cadherin double positive Paneth cells in the engraftment. Scale bar, 50µm.  912 

 913 

Figure 5: Images showing how to detect and process engraftments. 914 

a) Isolate the colon by dissecting from the anal verge. Arrow heads indicate the distal end 915 

of colon, which will contain engraftments and it needs to be dissected to include the region 916 

demarcated with the dashed white line. b) Insert a syringe equipped with a pipette-tip 917 

(200µL) into the anal verge and flush out the content of the colon with cold PBS. c) Identify 918 

the mesentery attachment site (indicated by arrow heads) and cut the colon longitudinally 919 

along the indicated demarcated white line at the opposite side of the colon. d) Wash the 920 

colon that has been cut open in a 10 cm petri dish containing PBS by vigorous shaking. e) 921 

Placement of tissue in 10cm petri dish for observation under the stereomicroscope at step 922 

42 and 43 is shown. Epithelial part is placed facing upward. After detection of engraftment, 923 

the distal part of colon, which contains engrafted region is separated and processed for 924 

fixation as black dashed square indicates. f) Place paper towels of an appropriate size inside 925 

a 60 mm dish and poor in 4% Paraformaldehyde. The dissected colonic tissue with 926 

engraftments is placed on top of the paper towels with no wrinkles or kinks, and 927 

subsequently covered by another piece of paper wipe as shown in (f’). 928 

 929 

 930 

Figure 6: Typical macroscopic results obtained using the protocol.  931 

a-b) Images showing engraftments in RAG2-/- mouse 2 weeks after transplantation of 932 

colonic (a) and small intestinal organoids (b) derived from Rosa26mT/mG animals and 933 
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cultured in Matrigel-RC and Matrigel-ENRW, respectively. The distal end of the colon is at 934 

the bottom of the image. Scale bar, 1mm. c-d) Images depicting engraftments in C57BL/6J 935 

mouse of colonic organoids derived from GFP transgenic mice and cultured in Matrigel-RC 936 

1 month after transplantation (c), and small intestinal organoids derived from Rosa26mT/mG 937 

reporter mice cultured in Matrigel-ENRW 2 weeks after transplantation (d). The distal end of 938 

the colon is at the bottom of the image. Scale bar, 1mm. The engrafted areas are indicated 939 

in white. (a), (c) and (d) is not a part of previously published cohort. (b) is part of a published 940 

cohort 14, but the quantitative data was not included.e) Graph showing the distribution of 941 

engrafted area across cohorts of transplanted animals divided into recipient strain (RAG2-/- 942 

and C57BL/6J), tissue origin of organoids (colon or small intestine) and culture conditions 943 

(MG-RC, COL-ENRW, MG-ENR, MG-ENRW or COL-ENRW). Dots represent each sample 944 

and red lines indicate the mean of measurements in each sample set (n is indicated). 9 945 

samples of colon, COL-ENRW in RAG2-/- recipients was analyzed at from 4 weeks to 21 946 

weeks after transplantation and the data is presented in previously published paper12. All 947 

other samples are analyzed at 2 weeks after transplantation, and data has not been 948 

previously published. Raw data of this figure is provided in source data excel (sheet 3). f) 949 

Graph showing the percentages of successful engraftments in RAG2-/- (n=16) and C57BL/6J 950 

(n=8) mice. Each dot represents percentages in independent cohorts and the red lines 951 

indicate the mean. The same data set to Figure 1c is used to provide the graph, and source 952 

data can be refereed in the source data excel (sheet 1).  953 

 954 

Figure 7: Integration of organoids. 955 

a) Image showing an engraftment of colonic organoids derived from GFP transgenic 956 

animal one week after transplantation to a C57BL/6J mouse. Scale bar, 1mm. b-d) 957 

Sections showing the integration of colonic organoids derived from GFP transgenic mice 958 

following transplant into C57BL/6J recipient mice and sacrifice at day 1, 4 and 7 following 959 

transplantation. GFP is visible in green and counterstained for the extracellular matrix 960 

protein laminin (red). Scale bar, 100µm. e) Detection of E-cadherin (green) and Ki67 (red) 961 

as well as GFP (green) and LRIG1 (red) in the adjacent section of d. The dashed line 962 

demarcates the engrafted area and the squares indicate the areas shown in e’ and e’’. 963 

Scale bar, 100µm. 964 

 965 
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Figure 8: Typical microscopic results obtained using the protocol.  966 

a) Histological analysis of colonic engraftments in RAG2-/- mouse of organoids derived from 967 

Rosa26mT/mG mice and cultured in Matrigel-RC, showing expression of tdTomato (1), E-968 

cadherin (2) MUC2 and tdTomato (3) Alkaline Phosphatase (ALP, 4) in serial sections and 969 

in another series of adjacent sections showing tdTomato (5) and Lysozyme (LYZ, 6). The 970 

dashed line demarcates the engraftment. The sample is obtained in the cohort, which is not 971 

previously published. Scale bar, 100µm. b) Histological analysis of small intestinal 972 

engraftments in RAG2-/- mouse of organoids derived from Rosa26mT/mG reporter mice and 973 

cultured in Matrigel-ENR, showing expression of tdTomato (1) E-cadherin (2) Carbonic 974 

Anhydrase II (CAII, 3) Lysozyme (LYZ, 4) and Alkaline Phosphatase (ALP, 5) in serial 975 

sections. The engraftment is indicated by the dashed line. Included images have never 976 

previously been published, however, the samples were  obtained from a cohort included in 977 

a previous publication 14. Scale bar, 100µm. Both a) and b) are obtained at 2 weeks after 978 

transplantation.  979 

 980 

  981 



 34 

References 982 

1 van der Flier, L. G. & Clevers, H. Stem cells, self-renewal, and differentiation in the 983 
intestinal epithelium. Annu Rev Physiol 71, 241-260, 984 
doi:10.1146/annurev.physiol.010908.163145 (2009). 985 

2 Beumer, J. & Clevers, H. Cell fate specification and differentiation in the adult 986 
mammalian intestine. Nat Rev Mol Cell Biol 22, 39-53, doi:10.1038/s41580-020-987 
0278-0 (2021). 988 

3 Sato, T. et al. Single Lgr5 stem cells build crypt-villus structures in vitro without a 989 
mesenchymal niche. Nature 459, 262-265, doi:10.1038/nature07935 (2009). 990 

4 Antfolk, M. & Jensen, K. B. A bioengineering perspective on modelling the intestinal 991 
epithelial physiology in vitro. Nat Commun 11, 6244, doi:10.1038/s41467-020-20052-992 
z (2020). 993 

5 Merenda, A., Fenderico, N. & Maurice, M. M. Wnt Signaling in 3D: Recent Advances 994 
in the Applications of Intestinal Organoids. Trends Cell Biol 30, 60-73, 995 
doi:10.1016/j.tcb.2019.10.003 (2020). 996 

6 Sprangers, J., Zaalberg, I. C. & Maurice, M. M. Organoid-based modeling of intestinal 997 
development, regeneration, and repair. Cell Death Differ 28, 95-107, 998 
doi:10.1038/s41418-020-00665-z (2021). 999 

7 Date, S. & Sato, T. Mini-gut organoids: reconstitution of the stem cell niche. Annu Rev 1000 
Cell Dev Biol 31, 269-289, doi:10.1146/annurev-cellbio-100814-125218 (2015). 1001 

8 Nakamura, T. & Sato, T. Advancing Intestinal Organoid Technology Toward 1002 
Regenerative Medicine. Cell Mol Gastroenterol Hepatol 5, 51-60, 1003 
doi:10.1016/j.jcmgh.2017.10.006 (2018). 1004 

9 Clevers, H. et al. Tissue-Engineering the Intestine: The Trials before the Trials. Cell 1005 
stem cell 24, 855-859, doi:10.1016/j.stem.2019.04.018 (2019). 1006 

10 Clevers, H. C. Organoids: Avatars for Personalized Medicine. Keio J Med 68, 95, 1007 
doi:10.2302/kjm.68-006-ABST (2019). 1008 

11 Vlachogiannis, G. et al. Patient-derived organoids model treatment response of 1009 
metastatic gastrointestinal cancers. Science 359, 920-926, 1010 
doi:10.1126/science.aao2774 (2018). 1011 

12 Yui, S. et al. Functional engraftment of colon epithelium expanded in vitro from a 1012 
single adult Lgr5(+) stem cell. Nature medicine 18, 618-623, doi:10.1038/nm.2695 1013 
(2012). 1014 

13 Fordham, R. P. et al. Transplantation of expanded fetal intestinal progenitors 1015 
contributes to colon regeneration after injury. Cell stem cell 13, 734-744, 1016 
doi:10.1016/j.stem.2013.09.015 (2013). 1017 

14 Yui, S. et al. YAP/TAZ-Dependent Reprogramming of Colonic Epithelium Links ECM 1018 
Remodeling to Tissue Regeneration. Cell stem cell 22, 35-49 e37, 1019 
doi:10.1016/j.stem.2017.11.001 (2018). 1020 

15 Guiu, J. et al. Tracing the origin of adult intestinal stem cells. Nature 570, 107-111, 1021 
doi:10.1038/s41586-019-1212-5 (2019). 1022 

16 Thomas, E. D., Lochte, H. L., Jr., Lu, W. C. & Ferrebee, J. W. Intravenous infusion of 1023 
bone marrow in patients receiving radiation and chemotherapy. N Engl J Med 257, 1024 
491-496, doi:10.1056/NEJM195709122571102 (1957). 1025 

17 Shackleton, M. et al. Generation of a functional mammary gland from a single stem 1026 
cell. Nature 439, 84-88 (2006). 1027 

18 Stingl, J. et al. Purification and unique properties of mammary epithelial stem cells. 1028 
Nature 439, 993-997, doi:10.1038/nature04496 (2006). 1029 



 35 

19 Jensen, K. B., Driskell, R. R. & Watt, F. M. Assaying proliferation and differentiation 1030 
capacity of stem cells using disaggregated adult mouse epidermis. Nat Protoc 5, 898-1031 
911, doi:10.1038/nprot.2010.39 (2010). 1032 

20 Blanpain, C., Lowry, W. E., Geoghegan, A., Polak, L. & Fuchs, E. Self-renewal, 1033 
multipotency, and the existence of two cell populations within an epithelial stem cell 1034 
niche. Cell 118, 635-648 (2004). 1035 

21 Bergenheim, F. et al. Fluorescence-based tracing of transplanted intestinal epithelial 1036 
cells using confocal laser endomicroscopy. Stem Cell Res Ther 10, 148, 1037 
doi:10.1186/s13287-019-1246-5 (2019). 1038 

22 Bergenheim, F. et al. A fully defined 3D matrix for ex vivo expansion of human colonic 1039 
organoids from biopsy tissue. Biomaterials 262, 120248, 1040 
doi:10.1016/j.biomaterials.2020.120248 (2020). 1041 

23 Morris, S. A. et al. Dissecting engineered cell types and enhancing cell fate 1042 
conversion via CellNet. Cell 158, 889-902, doi:10.1016/j.cell.2014.07.021 (2014). 1043 

24 Miura, S. & Suzuki, A. Generation of Mouse and Human Organoid-Forming Intestinal 1044 
Progenitor Cells by Direct Lineage Reprogramming. Cell stem cell 21, 456-471 e455, 1045 
doi:10.1016/j.stem.2017.08.020 (2017). 1046 

25 O'Rourke, K. P. et al. Transplantation of engineered organoids enables rapid 1047 
generation of metastatic mouse models of colorectal cancer. Nat Biotechnol 35, 577-1048 
582, doi:10.1038/nbt.3837 (2017). 1049 

26 Ganesh, K. et al. A rectal cancer organoid platform to study individual responses to 1050 
chemoradiation. Nature medicine 25, 1607-1614, doi:10.1038/s41591-019-0584-2 1051 
(2019). 1052 

27 Roper, J. et al. Colonoscopy-based colorectal cancer modeling in mice with CRISPR-1053 
Cas9 genome editing and organoid transplantation. Nat Protoc 13, 217-234, 1054 
doi:10.1038/nprot.2017.136 (2018). 1055 

28 Roper, J. et al. In vivo genome editing and organoid transplantation models of 1056 
colorectal cancer and metastasis. Nat Biotechnol 35, 569-576, doi:10.1038/nbt.3836 1057 
(2017). 1058 

29 Cruz-Acuna, R. et al. Synthetic hydrogels for human intestinal organoid generation 1059 
and colonic wound repair. Nat Cell Biol 19, 1326-1335, doi:10.1038/ncb3632 (2017). 1060 

30 Cruz-Acuna, R. et al. PEG-4MAL hydrogels for human organoid generation, culture, 1061 
and in vivo delivery. Nat Protoc 13, 2102-2119, doi:10.1038/s41596-018-0036-3 1062 
(2018). 1063 

31 Fumagalli, A. et al. Genetic dissection of colorectal cancer progression by orthotopic 1064 
transplantation of engineered cancer organoids. Proceedings of the National 1065 
Academy of Sciences of the United States of America 114, E2357-E2364, 1066 
doi:10.1073/pnas.1701219114 (2017). 1067 

32 Fumagalli, A. et al. A surgical orthotopic organoid transplantation approach in mice to 1068 
visualize and study colorectal cancer progression. Nat Protoc 13, 235-247, 1069 
doi:10.1038/nprot.2017.137 (2018). 1070 

33 Khalil, H. A. et al. Intestinal epithelial replacement by transplantation of cultured 1071 
murine and human cells into the small intestine. PLoS One 14, e0216326, 1072 
doi:10.1371/journal.pone.0216326 (2019). 1073 

34 de Sousa e Melo, F. et al. A distinct role for Lgr5(+) stem cells in primary and 1074 
metastatic colon cancer. Nature 543, 676-680, doi:10.1038/nature21713 (2017). 1075 

35 Fukuda, M. et al. Small intestinal stem cell identity is maintained with functional 1076 
Paneth cells in heterotopically grafted epithelium onto the colon. Genes & 1077 



 36 

development 28, 1752-1757, doi:10.1101/gad.245233.114 (2014). 1078 
36 Sugimoto, S. et al. An organoid-based organ-repurposing approach to treat short 1079 

bowel syndrome. Nature 592, 99-104, doi:10.1038/s41586-021-03247-2 (2021). 1080 
37 Sugimoto, S. et al. Reconstruction of the Human Colon Epithelium In Vivo. Cell stem 1081 

cell 22, 171-176 e175, doi:10.1016/j.stem.2017.11.012 (2018). 1082 
38 Jee, J. H. et al. Development of Collagen-Based 3D Matrix for Gastrointestinal Tract-1083 

Derived Organoid Culture. Stem Cells Int 2019, 8472712, doi:10.1155/2019/8472712 1084 
(2019). 1085 

39 Wirtz, S. et al. Chemically induced mouse models of acute and chronic intestinal 1086 
inflammation. Nat Protoc 12, 1295-1309, doi:10.1038/nprot.2017.044 (2017). 1087 

40 Eichele, D. D. & Kharbanda, K. K. Dextran sodium sulfate colitis murine model: An 1088 
indispensable tool for advancing our understanding of inflammatory bowel diseases 1089 
pathogenesis. World J Gastroenterol 23, 6016-6029, doi:10.3748/wjg.v23.i33.6016 1090 
(2017). 1091 

41 Serra, D. et al. Self-organization and symmetry breaking in intestinal organoid 1092 
development. Nature 569, 66-72, doi:10.1038/s41586-019-1146-y (2019). 1093 

42 Sato, T. et al. Paneth cells constitute the niche for Lgr5 stem cells in intestinal crypts. 1094 
Nature 469, 415-418, doi:10.1038/nature09637 (2011). 1095 

43 Liu, A. et al. Aging Increases the Severity of Colitis and the Related Changes to the 1096 
Gut Barrier and Gut Microbiota in Humans and Mice. J Gerontol A Biol Sci Med Sci 1097 
75, 1284-1292, doi:10.1093/gerona/glz263 (2020). 1098 

44 Perse, M. & Cerar, A. Dextran sodium sulphate colitis mouse model: traps and tricks. 1099 
J Biomed Biotechnol 2012, 718617, doi:10.1155/2012/718617 (2012). 1100 

45 Dieleman, L. A. et al. Dextran sulfate sodium-induced colitis occurs in severe 1101 
combined immunodeficient mice. Gastroenterology 107, 1643-1652, 1102 
doi:10.1016/0016-5085(94)90803-6 (1994). 1103 

46 Mahler, M. et al. Differential susceptibility of inbred mouse strains to dextran sulfate 1104 
sodium-induced colitis. Am J Physiol 274, G544-551 (1998). 1105 

47 Janda, C. Y. et al. Surrogate Wnt agonists that phenocopy canonical Wnt and beta-1106 
catenin signalling. Nature 545, 234-237, doi:10.1038/nature22306 (2017). 1107 

 1108 
 1109 
  1110 



 37 

Box 1: Crypts isolation and initiation of organoids culture - Timing two hours 1111 

For transplantation experiments, we have successfully generated and transplanted 1112 

organoids from adult (>8 weeks) and Fetal (E16.5) GFP transgenic mice, Rosa26mT/mG 1113 

reporter mice, R26R-Confetti; Lgr5-EGFP-ires-CreERT2 mice and Villin CreER YAP/TAZ 1114 

dKO mice that were labelled with a lentiviral reporter system. We established colon and 1115 

small intestine organoids from adult mice and organoids from the proximal one third of the 1116 

small intestine from fetal mice.  We adapted the EDTA method to isolate crypts and cultured 1117 

them in either Matrigel,or collagen, as detailed below.  1118 

 1119 

Materials specific to crypt isolation: 1120 

・Ultra PureTM 0.5M EDTA, pH 8.0 (Thermo fisher Scientific, cat. no. 15575020) 1121 

 1122 

Procedure   1123 

1. Adhering strictly to the local guidelines for animal welfare, euthanise mice. We use 1124 

cervical dislocation. 1125 

2. Dissect colon or small intestine (SI) and flush with cold PBS by inserting a 10 mL 1126 

syringe pipettor equipped with a 200µL pipet-tip into the luminal space of the proximal part 1127 

of the colon (Extended Data Figure 1b)..  1128 

3. Open the colon or SI with a longitudinal cut and wash 3 times in PBS  1129 

4. Cut tissue into small pieces (5 mm2) and collect pieces in a total volume of 30 ml PBS. 1130 

5. Add 500mM EDTA to obtain 10mM EDTA solution (colon), or 2mM EDTA solution (SI), 1131 

and incubate on ice for one hour (colon), or 30 minutes (SI). 1132 

▲CRITICAL STEP During incubation, it is advisable to place the conical tube on a vertical 1133 

rotator to provide gentle agitation.  1134 

6. Allow tissue fragments to settle down at the bottom of the tube (this generally takes 30 1135 

seconds) and aspirate off the EDTA solution. 1136 

7. Add 10ml PBS.  When tissue pieces have settled down aspirate off the PBS.  1137 

8. Fragment the tissue: 1138 

• For colon, add 3ml PBS, and using P1000 pipet, which is set to 750 µl, pipet the contents up and 1139 

down 20 times. It is advisable to use a wide pore pipette-tip with filter. 1140 

• For SI, add 10ml PBS, and shake the a 50ml conical tube vigorously by hand 20 times. 1141 
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9. Allow tissue fragments to settle down (this generally takes 30 seconds) and transfer the 1142 

supernatant into another 50 ml conical tube by passing through a 70µm pore size mesh 1143 

filter. 1144 

10. Repeat steps 8 and 9 three times, and transfer all fragments to the same 50mL conical 1145 

tube. 1146 

11. Add PBS up to 50 ml and centrifuge for 3 minutes at 500G at room temperature. 1147 

12. Aspirate off the supernatant, and resuspend the pellets in 5 ml PBS.  1148 

13. Estimate the number of crypts by microscopy by inspecting 10 µL of the resuspended 1149 

crypt suspension under the microscope.  1150 

14. Transfer a volume of resuspended PBS containing the equivalent of 300-400 crypts 1151 

per well you need to plate into a 14 mL conical tube. Centrifuge for 3 minutes at 500G.  1152 

Discard supernatant and resuspend the crypts in 30 µl Matrigel or Type I collagen. 1153 

15. Heat a 24-well plate to 37C in the cell incubator for 10-15 minutes, and transfer the  30 1154 

µl Matrigel or Collagen that contains crypts to a single well.  1155 

16. Allow the gel to solidify for 30 minutes and then apply 500 µl of culture medium (See 1156 

table 2). Medium can contain various combinations of growth factors, see details in Table 1157 

2. 1158 

17. Proceed directly to transplant without an initial propagation or culture organoids to 1159 

provide sufficient donor material for transplant.  We have successfully used organoids at 1160 

passages from primary (passage 1) to over passage 15. To culture organoids, place in a 1161 

cell culture incubator (37C and 5% CO2), change medium every 3 days and proceed to 1162 

passage after 7 days as described in Box 2. 1163 

  1164 
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Box 2: Passage of organoids Timing one hour 1165 
 1166 
If organoids are being cultured in Matrigel: 1167 

1. Aspirate off culture medium and discard.  Collect organoids and Matrigel dome by 1168 

resuspending in 750 μl BSA/PBS solution (0.1% w/v) and transfer to a 15ml conical 1169 

tube. 1170 

2. Add basal medium until the conical tube contains 5ml total volume and centrifuge for 3 1171 

minutes at 200G. 1172 

3. Aspirate off the supernatant and dissociate the pellet by tapping the conical tube. 1173 

4. Resuspend the pellet in 2 ml BSA/PBS solution (0.1% w/v) and pipet up and down 30 1174 

times with a P1000 pipet that is set to 750 µl.  1175 

5. Add basal medium until the conical tube contains 10 ml total volume and centrifuge for 3 1176 

minutes at 200G.   1177 

6. Aspirate off supernatant and resuspend the pellet in an adequate amount of Matrigel to 1178 

passage cultures  at a 1:4 ratio.  1179 

7. Plate the cells as described step 15-16 in box 1. 1180 

 1181 

If organoids are being cultured in Collagen: 1182 

 1183 

Additional materials required 1184 

 1185 

Stock of collagenase (Sigma-Aldrich, cat. no. C9697):  Dissolve 50 mg Collagenase in 8 ml 1186 

sterile PBS. Dilute this stock 10 times in BSA/PBS solution (0.1% w/v) to obtain 625 1187 

µg/ml collagenase solution. The solution can be stored at -20C for at least 6 months.  1188 

 1189 

Procedure: 1190 

1. Aspirate off culture medium and collect Type I collagen domes containing spherical 1191 

organoids into a 15 ml conical tube using a P200 pipet set to 150 µl 1192 

and a wide pore tip 1193 

2. Add 500 µl Collagenase/PBS solution per four Type I collagen domes and incubate at 1194 

37˚C for 10 minutes, then add BSA/PBS solution (0.1% w/v) to give a total volume in 1195 

the tube of 10ml. 1196 

3. Centrifuge for 3 minutes at 500G, aspirate and discard the supernatant and tap the conical 1197 
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tubes to dissociate the pellet. 1198 

4. Add 2 ml BSA/PBS solution (0.1% w/v) and pipet the organoid suspension 10 times with 1199 

P1000 pipet that is set to 750 µl.  1200 

5. Add BSA/PBS solution (0.1% w/v) to give a total volume of 10 ml and centrifuge for 3 1201 

minutes at 500G.  1202 

6. Aspirate off and discard the supernatant.  Dissociate the pellet again by tapping, add 10ml 1203 

basal medium and centrifuge for 3 minutes at 500G. 1204 

7. Aspirate off and discard the supernatant.  Resuspend the pellet in an adequate volume of 1205 

Type I collagen gel. We typically passage in a 1:2 or 1:3 ratio. 1206 

8. Dispense 30µL domes into wells of a 24-well plate, and let the gel solidify by incubating 1207 

the plate for 30 minutes in the cell incubator before adding 500 µl of culture medium (See 1208 

table 2 for details of suitable medium).  1209 

 1210 

  1211 
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Box 3: Single cell preparation for counting cell number Timing 30 minutes 1212 

 1213 

Additional materials required: 1214 

TryPLE solution (50% v/v):  Prepare a fresh solution by mixing 10ml TrypLE Express 1215 

Enzyme with 10ml basal medium. 1216 

 1217 

1. Add 5.0 ml TryPLE solution (50% v/v) into a 15 ml conical tube and collect a dome with 1218 

organoids from one well of a 24-well plate and add to the tube.  Incubate at 37˚C for 10 1219 

minutes.  1220 

2. After 10 minutes, pipet the contents 30 times with P1000 pipet that is set to 750 µl.  1221 

3. Place 20 µl of the solution onto a slide and check under a microscope.If there are still 1222 

organoid fragments incubate for longer and repeat pipetting. If organoids are dissociated 1223 

into single cells proceed to the next step. 1224 

4. Add 5 ml basal medium and centrifuge for 3 minutes at 500g. 1225 

5. Aspirate off the supernatant and discard.  Resuspend the pellet in 200 µl basal medium. 1226 

6. Count the cell number using a NucleoCounter® NC-200 according to manufactures’ 1227 

guidelines. 1228 

 1229 

  1230 
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Table 1: Different organoid transplantation models 1231 
Abbreviation: Dis; Distal, DRIO; Direct reprogrammed intestinal organoids, IO; intestinal organoids, Min; 1232 
minutes, Nor; Normal, Org; organoids, SI; Small Intestine, UC; Ulcerative colitis. *: Modified system 1233 
combined with surgery.  1234 
  1235 

 Ref
s 

Donor organoids Recipients Key procedures Integration 
site 

Applications 
Time 

DSS-grafting 
assay 

12 
13 
14 
15 
21 
23 
24 
25 
26 

Mouse 
- Nor org of colon/SI 
- Fetal (E16) SI 
- shApc(/KRAS/p53) 
KO (tKO) 
- iHeps/DRIO 
Human:  
- CRC org 
- DRIO 

RAG2-/- 
RAG2-/-γc-/- 
NOD/SCID 
NUDE 
NSG 
C57BL/6 

- Injury by DSS*  
- Infusion 
(Catheter/enema) 
*random 
response 

Dis colon 
(Epithelium
) 

- Regenerative 
medicine for UC 
- Developmental 
process 
- Cancer model 

10 min 

EDTA-
mechanical 
abrasion 
model 

35 
36* 
37 
38 
 

Mouse  
- Nor org of colon/SI  
Human:  
- Nor org of colon/SI 

NOG 
C57BL/6 

- EDTA retention  
- Abrasion  
- Infusion 
(Catheter/enema) 

Dis colon 
(Epithelium
) 

In vivo model of 
organoids 
transplantation  
*25: Regenerative 
medicine for short 
bowel syndrome 

10 – 15 min 

Surgery-
based 
Matrigel-
dome 
transplant 

31 
32 

Mouse 
- AKP mutation 
Human 
- APC/KRAS/TP53 
(/SMAD4) tKO (qKO) 
- CRC organoid 

NSG Cutting the serosa 
layer/Matrigel 
dome transplant 

Cecum 
(Muscularis 
externa) 

Cancer model 

20 min 

Colonoscopy-
based 
microinjectio
n model 

27 
28 
 

Mouse 
- AKP mutation 
Human 
- CRC organoid 

NSG 
C57BL/6 

Colonoscopy- 
based mucosal 
injection 

Distal colon 
(Lamina 
Propria) 

Cancer model  

~15 min 

Colonoscopy-
based  
micro-injury 
model 

29 
30 
 

Human 
- iPS derived IO 

NSG - Colonoscopy-
based micro injury 
(Needle scratch) 
- Encapsulation 
and Injection 

Distal colon 
(Submucos
al wounds) 

Developmental 
process 

5 hours 
Surgical-
based  
EDTA-injury 
model 

33 Mouse 
- Nor org of SI 
Human 
- Nor org of SI 

NSG 
C57BL/6 

- Segmentation of 
small intestine 
- EDTA treatment 
- Injection  

Small 
intestine 
(Epithelium
) 

In vivo model of 
organoids 
transplantation 

A few hours  
(details unknown) 

Rectal 
prolapse 
mucosal 
injection 
model 

34 Mouse 
- AKVPL/AKVPSL 
mutation 

NSG - Rectal prolapse  
- Injection  

Rectum 
(Mucosal 
layer) 

Cancer model  

unknown 
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  Small intestine Colon FEnS 
 Factors ENR ENRW ENRW RC ENRW ENR 
 ECM Matrigel Matrigel COL Matrigel COL Matrigel 

human EGF 50ng/ml ● ● ● ● ● ● 
mouse Noggin 100ng/ml ● ● ● ● ● ● 
mouse R-spo1 500ng/ml ● ● ● ● ● ● 
mouse Wnt3a 100ng/ml  ● ● ● ●  
Nicotinamide 10mM  ● ● ● ●  

BSA 1% v/v  ● ●  ●  
mouse HGF 50 ng/ml     *Option  

N2 1% v/v ● ● ● ● ● ● 
B27 2% v/v ● ● ● ● ● ● 

Chir99021 3µM    ●   
Prostaglandin E2 2.5µM    ●   

References  3 14 14 14 12 13 
Table 2: Culture conditions for intestinal organoids derived from the small intestine or the colon. 1236 
Abbreviation: BSA; Bovine serum albumin solution in 30% DPBS, COL; Type I collagen, ECM; Extracellular 1237 
matrix, FEnS; Fetal enterospheres, RC; recombinant and chemical. R-spo1; R-spondin1.  1238 
 1239 
  1240 
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 1241 
Antibodies/Staining substrates Source Identifier Dilution/Protocol 
Rabbit anti Lysozyme 
(EC 3.2.1.17) 

Dako Cat #: A0099 
RRID: AB_2341230 

1:500 

Rat anti E-cadherin 
(ECCD-2) 

Thermo Fisher 
Scientific 

Cat #: 13-1900 
RRID: AB_2533005 

1:500 

Mouse anti E-cadherin (36/E-
cadherin) 

BD Transduction Cat #: 610181 
RRID: AB_397580  

1:200 

Rabbit anti Muc2  
(H-300) 

Santa Crus 
Biotechnology 

Cat #: sc-15334 
RRID: AB_2146667 

1:200 

Rabbit anti Carbonic 
Anhydrase II (H-70) 

Santa Crus 
Biotechnology 

Cat #: sc-25596 
RRID: AB_2065996 

1:200 

Rabbit anti Laminin Abcam Cat #: ab11575 
RRID: AB_298179 

1:100 

Rabbit anti Ki67  
 

Abcam Cat #: ab15580 
RRID: AB_443209  

1:100 

Goat anti Lrig1 R&D SYSTEMS Cat #: AF3688 
RRID: AB_2138836 

1:100 

Alexa Flour 488 Donkey anti 
Rabbit IgG (H+L) 

Thermo Fisher 
Scientific 

Cat #: A-21206 
RRID: AB_2535792  
 

1:200 

Alexa Fluor 488 Donkey anti-
Rabbit IgG (H+L)  

Thermo Fisher 
Scientific 

Cat #: R37118 
RRID: AB_2556546  

1 drop/500µl 

Donkey anti rabbit IgG (H+L), 
Alexa Flour 555 

Abcam Cat #: ab150074 
RRID: AB_2636997  

1:200 

Alexa Flour 488 Donkey anti 
Rat IgG (H+L) 

Thermo Fisher 
Scientific 

Cat #: A-21208 
RRID: AB_2535794  

1:200 

Alexa Flour 488 Donkey anti 
Mouse IgG (H+L) 

Thermo Fisher 
Scientific 

Cat #: A-21202 
RRID: AB_141607  

1:200 

Donkey anti Goat IgG (H+L), 
Alexa Flour 555 

Thermo Fisher 
Scientific 

Cat #: A-21432 
RRID: AB_2535853  

1:200 

Vector Red  
Alkaline Phosphatase  
(Red AP) substrate kit 

Vector Cat #: SK-5100 
RRID: AB_2336847  
 

Manufactures 
instructions  

Table 3: Antibodies/Staining substrates used in studies 1242 
 1243 

  1244 
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Steps Problems Possible reasons Solutions 
DSS colitis 
Step 3 

No engraftment. The degree of initial 
injury has not been 
sufficient to ensure 
successful engraftment. 

Perform experiments with a 
higher concentration of 
DSS.  
It is our experience that 
damage associated with 
weight loss around 10% is 
minimum to obtain 
engraftment. 
Users must conform to 
national guidelines 

Injection 
Step 22/24 

Difficulty to insert 
catheter. 

1) Flexibility of catheter. 
2) Inadequate direction 
of insertion. 

Handling of catheter is 
easier with thumb and 
index finger. By holding the 
part at 1.0 cm from the anal 
verge, tip of catheter can 
be relatively fixed. Push the 
catheter straight-forwardly. 

Injection 
Step 26 

1. Backflow of cell 
suspension from 
the space between 
a catheter and skin 
of anal verge. 

1) Hold by forceps is too 
loose. 
2) Inadequate speed of 
infusion. 

The tissue has not been 
dissected from the anal 
verge and the part with 
engraftment has not been 
isolated. 

2. Difficulty to 
infuse cell 
suspension. 

Obliteration of catheter 
by inadequate hold by 
forceps. 

Detection 
Step 35 

No engraftment. The tissue has not been 
dissected from the anal 
verge and the part with 
engraftment has not 
been isolated. 

Isolate the entire colon 
starting from the anal 
verge. 

Table 4: Trouble shooting 1245 
 1246 

 1247 























RecipientsTotal Positive Operator Gender of recipient animals
#1 RAG2-/- 3 1 #1 ♂
#2 RAG2-/- 5 3 #1 ♂
#3 RAG2-/- 5 1 #1 ♀
#4 RAG2-/- 10 1 #1 ♀
#5 RAG2-/- 6 3 #1 ♀
#6 RAG2-/- 5 4 #1 ♀
#7 RAG2-/- 10 8 #1 ♂
#8 RAG2-/- 5 3 #1 ♂
#9 RAG2-/- 14 7 #1 ♂

#10 RAG2-/- 10 3 #1 ♀
#11 RAG2-/- 6 4 #1 ♂
#12 RAG2-/- 4 3 #1 ♀
#13 RAG2-/- 6 3 #1 ♂
#14 RAG2-/- 5 3 #1 ♂
#15 RAG2-/- 5 5 #1 ♀
#16 RAG2-/- 6 4 #1 ♂
#17 C57BL/6J 10 2 #1 ♂
#18 C57BL/6J 5 2 #1 ♀
#19 C57BL/6J 10 5 #1 ♂
#20 C57BL/6J 10 4 #1 ♀
#21 C57BL/6J 5 1 #2 ♂
#22 C57BL/6J 5 1 #2 ♀
#23 C57BL/6J 14 5 #2 ♀
#24 C57BL/6J 8 4 #2 ♂



Success ratioDonor Cell
33% GFP tg
60% GFP tg
20% GFP tg
10% RFP
50% RFP
80% GFP tg, FEnS
80% GFP tg, FEnS
60% GFP tg, FEnS
50% GFP tg
30% GFP tg
67% mTmG
75% mTmG
50% mTmG
60% mTmG

100% mTmG, FEnS
67% mTmG, FEnS
20% GFP tg
40% GFP tg
50% GFP tg
40% GFP tg
20% mTmG
20% mTmG
36% mTmG
50% GFP labelling by lentivirus



derived region of organoids Duration of organoid culture
colon Primary
colon Primary
colon Primary
colon, expanded from a single Lgr5+ stem cells ≈3 months
colon, expanded from a single Lgr5+ stem cells ≈3 months
Proximal part of fetal intestine (E16.5) >3 months
Proximal part of fetal intestine (E16.5) >3 months
Proximal part of fetal intestine (E16.5) >3 months
colon Primary
colon Primary
colon Passage 3
Proximal small intestine Passage 3
Proximal small intestine Passage 3
Proximal small intestine Passage 3
Proximal small intestine, expanded from sorted CD44+ fraction≈2 months
Proximal small intestine, expanded from sorted CD44- fraction≈2 months
colon Passage 3
colon Passage 3
colon Passage 3
colon Passage 3
Distal part of small intestine Passage 3
Distal part of small intestine Passage 3
Proximal part of fetal intestine (E16.5) Passage 3
colon > 3 months



Matrix used for organoids culture Factors Resource
Type I collagen ENRW Yui S. et al, Nature Medicine, 2012
Type I collagen ENRW Yui S. et al, Nature Medicine, 2012
Type I collagen ENRW Yui S. et al, Nature Medicine, 2012
Type I collagen (initiated in Matrigel)ENRW Yui S. et al, Nature Medicine, 2012
Type I collagen (initiated in Matrigel)ENRW Yui S. et al, Nature Medicine, 2012
Matrigel ENR Fordham R. et al, Cell Stem Cell, 2013
Matrigel ENR Fordham R. et al, Cell Stem Cell, 2013
Matrigel ENR Fordham R. et al, Cell Stem Cell, 2013
Type I collagen ENRW This paper
Type I collagen ENRW This paper
Matrigel RC This paper
Matrigel ENR Yui S. et al, Cell Stem Cell, 2018
Matrigel ENRW Yui S. et al, Cell Stem Cell, 2018
Type I collagen ENRW Yui S. et al, Cell Stem Cell, 2018
Matrigel ENRW Guiu J. et al, Nature, 2019
Matrigel ENRW Guiu J. et al, Nature, 2019
Matrigel RC This paper
Matrigel RC This paper
Matrigel RC This paper
Matrigel RC This paper
Matrigel ENRW This paper
Type I Collagen ENRW This paper
Matrigel ENR This paper
Matrigel MG-RC This paper



 DOI of resource
https://doi.org/10.1038/nm.2695
https://doi.org/10.1038/nm.2695
https://doi.org/10.1038/nm.2695
https://doi.org/10.1038/nm.2695
https://doi.org/10.1038/nm.2695
https://doi.org/10.1016/j.stem.2013.09.015
https://doi.org/10.1016/j.stem.2013.09.015
https://doi.org/10.1016/j.stem.2013.09.015

https://doi.org/10.1016/j.stem.2017.11.001
https://doi.org/10.1016/j.stem.2017.11.001
https://doi.org/10.1016/j.stem.2017.11.001
https://doi.org/10.1038/s41586-019-1212-5
https://doi.org/10.1038/s41586-019-1212-5



Fragments
No Measure (µm) No Measure (µm) No Measure (µm)
Median 83 193,5 176
Average 102,26 218,77 194,22

1 237 1 498 1 561
2 68 2 360 2 278
3 38 3 193 3 405
4 153 4 240 4 370
5 68 5 274 5 129
6 75 6 610 6 224
7 91 7 251 7 286
8 45 8 376 8 319
9 61 9 193 9 346

10 53 10 178 10 117
11 75 11 263 11 219
12 242 12 148 12 446
13 83 13 145 13 203
14 43 14 264 14 400
15 242 15 249 15 174
16 86 16 258 16 186
17 60 17 465 17 150
18 78 18 323 18 162
19 31 19 378 19 221
20 290 20 211 20 126
21 160 21 599 21 179
22 181 22 365 22 203
23 196 23 215 23 179
24 103 24 181 24 262
25 68 25 382 25 129
26 74 26 294 26 159
27 77 27 189 27 160
28 174 28 223 28 250
29 117 29 181 29 196
30 86 30 153 30 143
31 170 31 123 31 106
32 76 32 251 32 176
33 206 33 213 33 139
34 91 34 315 34 153
35 68 35 240 35 399
36 64 36 359 36 294
37 53 37 225 37 320
38 108 38 162 38 144
39 48 39 272 39 263
40 153 40 446 40 222
41 45 41 219 41 199
42 53 42 168 42 274
43 70 43 124 43 280
44 61 44 159 44 181

Colon, MG-RC Colon, COL-ENRW



45 112 45 103 45 190
46 79 46 166 46 115
47 68 47 304 47 129
48 78 48 139 48 106
49 65 49 364 49 240
50 91 50 355 50 214
51 77 51 177 51 227
52 242 52 91 52 107
53 212 53 176 53 135
54 115 54 147 54 152
55 204 55 139 55 134
56 72 56 243 56 206
57 64 57 174 57 310
58 83 58 153 58 401
59 136 59 139 59 151
60 98 60 98 60 169
61 114 61 92 61 135
62 80 62 129 62 155
63 117 63 122 63 196
64 82 64 235 64 121
65 88 65 159 65 83
66 119 66 235 66 91
67 274 67 185 67 198
68 70 68 118 68 108
69 48 69 209 69 59
70 78 70 153 70 208
71 64 71 174 71 98
72 145 72 194 72 144
73 86 73 95 73 134
74 53 74 222 74 187
75 101 75 132 75 122
76 68 76 105 76 224
77 77 77 205 77 205
78 74 78 178 78 153
79 129 79 203 79 207
80 68 80 75 80 98
81 114 81 139 81 96
82 84 82 177 82 98
83 64 83 163 83 119
84 88 84 77 84 91
85 68 85 212 85 191
86 193 86 246 86 176
87 93 87 356 87 138
88 93 88 83 88 177
89 101 89 219 89 226
90 101 90 98 90 113
91 83 91 213 91 128
92 91 92 150 92 68



93 45 93 213 93 98
94 115 94 101 94 171
95 83 95 170 95 139
96 209 96 301 96 210
97 64 97 139 97 370
98 76 98 280 98 296
99 45 99 143 99 166

100 64 100 274 100 107



No Measure (µm) No Measure (µm) No Measure (µm)
Median 220,5 215 250
Average 242,64 224,56 337,61

1 264 1 390 1 894
2 172 2 257 2 835
3 254 3 212 3 1014
4 122 4 566 4 461
5 114 5 405 5 573
6 162 6 287 6 230
7 267 7 198 7 376
8 159 8 287 8 142
9 222 9 181 9 156

10 325 10 151 10 122
11 362 11 370 11 393
12 237 12 255 12 564
13 367 13 144 13 695
14 369 14 323 14 361
15 236 15 205 15 578
16 250 16 154 16 205
17 129 17 287 17 149
18 356 18 427 18 113
19 146 19 292 19 145
20 524 20 339 20 299
21 415 21 91 21 245
22 521 22 129 22 822
23 288 23 106 23 219
24 361 24 161 24 214
25 302 25 225 25 363
26 268 26 253 26 291
27 391 27 106 27 139
28 390 28 177 28 571
29 192 29 277 29 800
30 319 30 151 30 271
31 237 31 233 31 841
32 344 32 239 32 612
33 374 33 389 33 971
34 315 34 299 34 468
35 260 35 355 35 236
36 374 36 215 36 198
37 262 37 122 37 289
38 394 38 319 38 249
39 375 39 166 39 146
40 480 40 251 40 574
41 328 41 88 41 566
42 204 42 267 42 200
43 341 43 150 43 143
44 310 44 205 44 552

SI, MG-ENR SI, MG-ENRWN SI, COL-TDU



45 218 45 279 45 422
46 257 46 204 46 302
47 254 47 204 47 432
48 159 48 143 48 428
49 382 49 317 49 369
50 168 50 159 50 295
51 359 51 107 51 282
52 204 52 183 52 519
53 172 53 268 53 251
54 264 54 223 54 284
55 349 55 370 55 651
56 212 56 144 56 961
57 204 57 174 57 400
58 316 58 237 58 235
59 242 59 130 59 475
60 117 60 172 60 189
61 128 61 318 61 174
62 136 62 219 62 489
63 132 63 218 63 356
64 389 64 184 64 740
65 154 65 139 65 720
66 239 66 205 66 409
67 159 67 156 67 206
68 115 68 353 68 331
69 126 69 160 69 172
70 184 70 240 70 163
71 126 71 98 71 560
72 124 72 264 72 118
73 184 73 283 73 136
74 274 74 128 74 156
75 348 75 215 75 132
76 189 76 227 76 151
77 218 77 126 77 92
78 382 78 408 78 374
79 93 79 98 79 377
80 187 80 118 80 398
81 128 81 402 81 103
82 166 82 263 82 145
83 183 83 177 83 184
84 170 84 272 84 126
85 130 85 207 85 88
86 106 86 292 86 127
87 216 87 265 87 175
88 192 88 320 88 180
89 159 89 121 89 128
90 129 90 251 90 75
91 155 91 199 91 68
92 219 92 98 92 124



93 241 93 129 93 149
94 199 94 142 94 98
95 134 95 134 95 172
96 163 96 91 96 101
97 241 97 274 97 70
98 206 98 217 98 208
99 168 99 205 99 168

100 113 100 222 100 238



Recipients Donor Origin Duration of cultureECM/Medium
#1 RAG2 GFP tg Colon Primary COL-ENRW
#2 RAG2 GFP tg Colon Primary COL-ENRW
#3 RAG2 GFP tg Colon Primary COL-ENRW
#4 RAG2 GFP tg Colon Primary COL-ENRW
#5 RAG2 GFP tg Colon Primary COL-ENRW
#6 RAG2 RFP Colon ≈ 3months COL, ENRW
#7 RAG2 RFP Colon ≈ 3months COL, ENRW
#8 RAG2 RFP Colon ≈ 3months COL, ENRW
#9 RAG2 RFP Colon ≈ 3months COL, ENRW

#10 RAG2 mTmG Colon P3 MG-RC
#11 RAG2 mTmG Colon P3 MG-RC
#12 RAG2 mTmG Colon P3 MG-RC
#13 RAG2 mTmG Colon P3 MG-RC
#14 RAG2 mTmG Small intestineP3 MG-ENR
#15 RAG2 mTmG Small intestineP3 MG-ENR
#16 RAG2 mTmG Small intestineP3 MG-ENR
#17 RAG2 mTmG Small intestineP3 MG-ENR
#18 RAG2 mTmG Small intestineP3 MG-ENRW
#19 RAG2 mTmG Small intestineP3 MG-ENRW
#20 RAG2 mTmG Small intestineP3 MG-ENRW
#21 RAG2 mTmG Small intestineP3 COL-ENRW
#22 RAG2 mTmG Small intestineP3 COL-ENRW
#23 RAG2 mTmG Small intestineP3 COL-ENRW
#24 WT GFP tg Colon Primary Type IA
#25 WT GFP tg Colon Primary MG-RC
#26 WT GFP tg Colon Primary MG-RC
#27 WT GFP tg Colon Primary MG-RC
#28 WT GFP lenti Colon > 3months MG-RC
#29 WT GFP lenti Colon > 3months MG-RC
#30 WT GFP lenti Colon > 3months MG-RC
#31 WT GFP lenti Colon > 3months MG-RC
#32 WT mTmG Small intestineP3 MG-ENR
#33 WT mTmG Small intestineP3 MG-ENR
#34 WT mTmG Small intestineP3 MG-ENRW
#35 WT mTmG Small intestineP3 MG-ENRW
#36 WT mTmG Small intestineP3 MG-ENRW
#37 WT mTmG Small intestineP3 MG-ENRW
#38 WT mTmG Small intestineP3 MG-ENRW
#39 WT mTmG Small intestineP3 MG-ENRW
#40 WT mTmG Small intestineP3 COL-ENRW
#41 WT mTmG Small intestineP3 COL-ENRW
#42 WT mTmG Small intestineP3 COL-ENRW
#43 WT mTmG Small intestineP3 COL-ENRW



Area(µm2) Resource Analysis timing
3.601.710 Yui, S. et al, Nat. Med, 20124 weeks

857.091 Yui, S. et al, Nat. Med, 20124 weeks
309.299 Yui, S. et al, Nat. Med, 20124 weeks
277.168 Yui, S. et al, Nat. Med, 20124 weeks
213.278 Yui, S. et al, Nat. Med, 20124 weeks

5.711.344 Yui, S. et al, Nat. Med, 20124 weeks
143.082 Yui, S. et al, Nat. Med, 20124 weeks

7.168.355 Yui, S. et al, Nat. Med, 201217 weeks
3.968.719 Yui, S. et al, Nat. Med, 201221 weeks
4.320.000 This paper 2 weeks

869.000 This paper 2 weeks
1.940.000 This paper 2 weeks
3.775.508 This paper 2 weeks

357.000 This paper 2 weeks
377.000 This paper 2 weeks
166.000 This paper 2 weeks
119.000 This paper 2 weeks

1.624.000 This paper 2 weeks
291.000 This paper 2 weeks

1.959.000 This paper 2 weeks
173.682 This paper 2 weeks
174.514 This paper 2 weeks

2.811.054 This paper 2 weeks
755.822 This paper 2 weeks

1.921.286 This paper 2 weeks
1.257.231 This paper 2 weeks
2.469.981 This paper 2 weeks

54000 This paper 2 weeks
144000 This paper 2 weeks

8000 This paper 2 weeks
566000 This paper 2 weeks
219000 This paper 2 weeks

48000 This paper 2 weeks
732.782 This paper 2 weeks
176000 This paper 2 weeks
116000 This paper 2 weeks
695000 This paper 2 weeks
259000 This paper 2 weeks

59000 This paper 2 weeks
94000 This paper 2 weeks
34000 This paper 2 weeks

191000 This paper 2 weeks
123000 This paper 2 weeks
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