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Human intestinal organoids (HIOs), derived from pluripotent stem cells, are a new tool to gain insights in gastrointestinal development, physiology and associated diseases. Herein, we present a method for orthotopic renal transplantation of HIOs in immunocompromised mice and subsequent analysis to study intestinal epithelial proliferation. In addition, we describe how to generate enteroids from transplanted HIOs. The method highlights the specific steps to successful engraftment and provides insight into the study of human intestinal stem cells.

Introduction.

The intestinal tract is lined by a simple columnar epithelium shaped into finger-like protrusions called villi and surrounded by multiple invaginations or crypts. The intestinal epithelium is one the fastest renewing tissues in humans 1 . The constant epithelial regeneration is driven by active intestinal stem cells (ISCs) located at the bottom of the crypts 2 . ISCs divide to produce fast-proliferative progenitor cells also called transit amplifying cells (TA cells).

TA cells undergo additional cell divisions as they migrate toward the tip of the villi. These cells will ultimately give rise to either secretory (enteroendocrine, Paneth and Goblet cells) or absorptive (enterocytes, colonocytes) lineages that will contribute to the mature epithelium 3 .

In the last decade, intestinal organoid models have been developed to study ISCs maintenance and differentiation 4 . Methods based on pluripotent stem cell-directed differentiation have allowed the generation of human intestinal organoids (HIOs) 5 . Using a stepwise differentiation process that mimics embryonic intestinal development, human pluripotent stem cells (hPSC) can be differentiated into definitive endoderm and then into hindgut spheres that will form tridimensional intestinal structures. After 28 days in culture, HIOs present a polarized epithelium surrounded by supporting mesenchymal cells. In addition, in vivo engraftment of HIOs further both tissue expansion and maturation. Transplanted HIOs (tHIO) develop into an intestinal tissue that includes an epithelium containing all main differentiated intestinal cell lineages (enterocytes, goblet cells, Paneth cells, tuft cells and enteroendocrine cells) and a laminated mesenchyme forming submucosal and muscle layers 6 .

This model system provides us with a way to study ISC and progenitor cells in a fully developed and mature tissue of human origin. Herein, we describe a method to transplant The generation of Human Intestinal Organoids (HIOs) from pluripotent stem cells has been described in the following protocols 7,8 .

1. Culture HIOs in Matrigel® on a 24-well plate in a 37°C, 5% CO2 incubator.

2. Overlay HIOs with 500 µL of intestinal growth medium supplemented with 50 ng/mL of human recombinant EGF (1:10 000 dilution of 500 µg/mL stock).

3. Change intestinal growth media supplemented with 50 ng/mL of human recombinant EGF every 4 days (see Note 8).

4. Bring the HIOs plate in the surgical room at the day of transplantation (see Note 9).

renal subcapsular transplantation of Human Intestinal Organoids.

A comprehensive method for the transplantation of HIOs into both the mesentery and kidney capsule of immunocompromised mice has been previously described 9 . In this section, we briefly outline the renal transplantation methodology, as it is the basis for subsequent analysis of the stem cell compartment, which will be examined in this chapter.

Proper surgical technique must be practiced, that is, asepsis, gentle tissue handling, minimal dissection of tissue, appropriate use of instruments, effective hemostasis, and correct use of suture materials and patterns. The person performing the procedures must be appropriately trained and working under a mentor or veterinarian to perform the procedure. During a surgical procedure, the person performing the procedures must wear clean scrubs, sterile surgical gown, mask, cap, and sterile gloves. Sterile surgical gown and gloves must be donned and maintained in an aseptic manner. All NSG mice are maintained on regular chow supplemented with antibiotics prior to transplantation.

1. Bring the mice to the operating suite where weighting and assessment of health status are performed.

2. Anesthetize the mouse in an anesthetic gases vaporizer delivering an Isoflurane/O2 mixture (see Note 10).

3. Shave the left flank of the abdomen between the last rib and the iliac crest, and the spine and the lower third of the abdominal wall. Remove loose fur (see Note 11).

4. Prepare the surgical site using providine-iodine with a cotton-swab. Repeat the procedure with new cotton swabs three times.

5. Repeat the procedure using 70% isopropyl alcohol with cotton-swabs. Repeat the procedures with new cotton swabs three times.

6. Place ophthalmic ointment on the eyes to prevent drying of the cornea and administer Buprenorphine (0.05 mg/kg) subcutaneously (see Note 12).

7. Restrain the mouse on lateral recumbency, left kidney facing upward, and secure the mouse to a nosecone vaporizing Isoflurane/O2 mixture (see Note 13).

8. Monitor respiratory rate and effort, along with the surgical plane of anesthesia. Confirm the loss of pedal reflex by pinching the toe with forceps. 9. Use straight forceps and fine scissors to make an 8-10 mm left posterior subcostal skin incision just below the last rib.

10. Use fine scissors to make a subsequent 8-10 mm retroperitoneal muscle incision.

11. Identify automatically the kidney using ring forceps and mobilize it into the wound.

12. Stabilize the kidney in the wound by placing a 7-0 silk suture loop with an untied square knot around the incision. Secure one ear of the suture with a needle holder to hold the knot and leave the other ear free.

13. Lift the kidney caudal pole through the abdominal incision and tie the silk suture by gently pulling the free ear until the kidney remain still (see Note 14).

14. Use a cotton-swab to dry out the renal capsule.

15. Grasp the capsule under a surgical stereoscope with fine forceps and make a 2-3 mm incision with Vannas spring scissors in the capsule over the lateral aspect of the kidney.

16. Create a subcapsular pocket by gently sliding back and forth straight suture tying forceps under the kidney capsule (see Note 15). Allowing the forceps to gently open when inside the capsule helps create enough space for the HIO. 17. Grab one HIO using straight suture tying forceps and insert it in the subcapsular pocket (see Note 16).

18. Cut the 7-0 silk suture and return the kidney within the abdominal cavity. 2. Sacrifice mice in accordance with the approved animal protocol in place.

3. Dissect out the kidney with the transplanted HIO (tHIO).

4. Cut the tHIO in half removing any accumulated mucous.

5. Transfer tissue into an appropriately labeled tissue processing embedding cassette.

4. Fix samples in 4 % paraformaldehyde (PFA) diluted in PBS at 4 °C overnight.

5. Wash samples in PBS for 15-60 min with gentle agitation. Repeat the procedure 3 times. 9. Remove the disposable base mold from the paraffin tissue block.

10. Section into the block slightly, exposing the desired tissue face.

11. Rehydrate the tissue soaking in a bath of PBS for 1 h at room temperature (RT), before chilling on ice.

12. Section the tissue into ribbons 5-µm thick and float sections until wrinkles disappear in a tissue flotation bath.

13. Mount sections on to microscope slides.

14. Bake the microscope slides at 60 0 C for 1 h.

15. Store microscope slides at room temperature until further use.

3.3.2 Tissue section staining.

1. Warm microscope slides 30 min at 65 0 C.

Rehydrate microscope slides by immersing them in the following series of baths:

-Xylenes x 3 for 15 min each 1. Divide intestinal growth medium into 10 mL aliquots in 15 mL conical tubes and freeze at -20°C for up to 3 months. Store thawed aliquots up to 5 days at 4°C without loss of activity.

2. Males are preferably used for the kidney subcapsular transplantation as their kidneys are bigger and easier to access.

3. The chow diet is supplemented with antibiotics and given to the mice at least 14 days prior any surgeries. The antibiotics decrease inflammation and risk of infection.

4. The anesthesia system delivers an isoflurane and oxygen mixture that can be controlled and monitored to maintain the anesthesia during surgery. The extra anesthetic gas is collected and evacuated into a canister.

5. Aqueous mounting media can also be used to mount coverslips onto microscope slides.

6. Desiccated 5-ethynyl-2'-deoxyuridine (EdU) is resuspended in PBS and heated at 70°C for 1 minute to achieve complete powder dissolution.

7. Intestinal growth medium supplemented with 100 ng/ml recombinant Wnt3a (1:1000 dilution of 100 µg/ml stock), 1 µg/ml R-spondin 1 (1:1000 dilution of 1 mg/ml stock), 100 ng/ml Noggin (1:1000 dilution of 100 µg/ml stock), and 50 ng/ml EGF (1:10 000 dilution of 500 mg/ml stock) can be used to culture HIO-derived epithelial organoid. Alternatively, recombinant growth factors could be replaced by Wnt3a, R-spondin, and Noggin conditioned media.

8. Intestinal growth medium aliquots are thawed and can be kept up to 5 days at 4°C without loss of activity. Add the human recombinant EGF prior media change (1:10 000 stock dilution).

9. In our experience, HIOs can be transplanted from 20 to 40 days of culture in vitro.

10. Final anesthetic gas concentration is achieved by delivering 2% Isoflurane with 2.5-3 L/min O2.

11. The left kidney is used for ease of access.

12. Analgesia provisions are most effective at reducing the intensity of painful stimulation when given prior to the surgery. Any animal showing evidence of pain should be provided analgesia. Other opioids like Buprenorphine can be used i.e. Butorphanol (0.2-2 mg/kg subcutaneous or intraperitoneal) or Oxymorphone (0.2-0.5 mg/kg subcutaneous).

13. Keep the animal warm using a 37°C heating-pad. Adjust anesthetic gas concentration to 1.5-1.75% Isoflurane with 2-3 L/min O2.

14. This technique allows you to hold the kidney outside the abdominal cavity. Do not completely tie the knot to avoid renal vascular ligation and permanent kidney damage.

Alternatively, curved forceps can be used to lift the kidney.

15. Slide the closed straight suture tying forceps under the capsule and open the forceps while pulling it back. Repeat the motion until appropriate size of the subcapsular pocket is achieved.

16. Inserted HIOs will not dislodge from under the subcapsular pocket. 17. VICRYL RAPIDE® sutures are synthetic coated absorbable sutures and the animals will not chew them. Alternatively, skin staplers can be used.

18. In our experience 8-12 weeks post-transplanted HIOs provide us with a fully laminated small intestinal tissue that can be further used for downstream applications ranging from physiological to molecular assays. HIOs transplanted beyond a year do not exhibit common intestinal epithelial features probably due to the accumulation of mucus and debris within the lumen.

19. Further characterization of cell cycle kinetics can be achieved by varying the duration of the EdU pulse and/or varying the duration of the chase using additional thymidine analogues i.e. CldU, IdU. For example, dual pulse chase can be achieved by injecting a single dose of EdU, followed 24 hours later by a single injection of BrdU (100 mg/Kg).

20. A minimum of 15 minutes is recommended to wash the slides.

21. Count a minimum of 10 well oriented crypts per sample. Only count well oriented crypts, and consider either ascending side of the crypt, not both.

22. The means of the curve fits may be directly compared. Other more sophisticated comparisons such as an F test to compare models may also be used.

23. Make sure there is mucus present and also observe under the scope for the presence of villi.

24. If the harvested HIO has multiple cystic structures, open them up using small scissors to expose the mucosal layer.

25. If the tissue seems high in mucus content adding dithiothreitol (DTT; final concentration 0.5mM) to the chelation buffer increases crypt yield.

26. To prepare 2 mM EDTA chelation buffer, add 200 µl of 0.5 M EDTA in 49.8 mL chelation buffer.

27. Unlike biopsies and adult human tissue, the crypts in these tissues do not have dark Paneth cells, so it may be harder to visualize them under the dissecting scope.

28. Check the tissue to make sure that almost all crypts have been removed from the mucosa.

29. Check the flow-through for crypt enrichment under an inverted microscope.

30. Enteroids can be passaged 7 to 10 days after seeding and/or frozen for long-term storage 10 .

31. Enteroids can be fixed using 2% PFA and stained for immunofluorescence.

6 .- 7 .

 67 Place samples in a tissue processor and proceed overnight to a standard tissue processing protocol:-70% Ethanol x 2 for 30 min each -75% Ethanol for 1 h Remove samples from tissue processor and embed them into appropriately sized disposable base molds.8. Discard the lid of the cassette and affix the bottom portion on top of the mold creating a tissue block.
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 2 Figure 2: Enteroids derived from transplanted Human Intestinal Organoids (tHIO). (a) Example of an experimental setup to generate tHIO-derived enteroids. (b) Close-up

  

Table I : List of primary and secondary antibodies used for immunofluorescence staining.

 I 

	anti-mouse 17. 15 mL polypropylene conical tubes. 1 :1000	Donkey	Thermo Scientific	A10037
	DAPI 18. 150 µm nylon mesh. Nuclei			Thermo Scientific	D1306
	19. Centrifuge.				
	20. 24-well tissue-culture treated plates.			
	21. Cell culture incubator at 37°C, 5% CO2.			
	2.4 HIO-derived epithelial organoid generation and culture.	
	3. Methodology.				
	1. Dulbecco's phosphate buffered saline (DPBS).		
	2. Chelation buffer: 1% sorbitol, 1% sucrose, 1% bovine serum albumin fraction V (BSA) and 3.1 Human Intestinal Organoids generation and maintenance.
	1x Gentamicin/Amphotericin solution are diluted in DPBS and filter-sterilized with a 0.22-µm
	filter.				
	3. Ethylenediaminetetraacetic acid (EDTA) 0.5M diluted in ultrapure water.	
	4. Matrigel® Growth Factor Reduced; Phenol red-free.		
	5. Y-27623 compound diluted at 10 mM (Stock solution) in sterile ultrapure water.
	6. Intesticultâ Human Organoid Growth medium (StemCell Technologies) (see Note 7).
	7. Inverted tissue culture stereoscope.			
	8. Petri dishes.				
	9. Razor blades.				
	10. Minutien pins.				
	11. Dissecting microscope.				
	12. Silicone-coated glass Petri.				
	13. Small scissors.				
	Antigen 14. Curved and fine forceps.	Dilution	Host	Company	Catalog number
	CDH1 MKI67 15. Micropipettes and micropipette tips. 1 :500 Primary 1 :500	Mouse Rabbit	BD Biosciences Thermo Scientific	610182 RM9106
	Secondary 16. Orbital shaker. anti-rabbit	1 :1000	Donkey	Thermo Scientific	A21206

  Allow mice to recover in a warm and dry incubator (30°C) and monitor at least every 15 minutes until they resume activity and are able to maintain a sternal or sitting position.22. After recovery, place mice back into cages with regular bedding and provided ad lib

	Bactrim diet and water.
	23. Evaluate animals 12 hours later, and then daily throughout the remainder of the
	experiment. Appetite, attitude, and hydration should be noted as an indication of recovery
	from the surgery. Supplemental fluids or/and analgesics should be administered post-
	operatively as needed.
	3.3 Sample collection, proliferative cell staining.
	3.3.1 Tissue preparation.
	19. Flush the abdominal cavity with 2-3 mL of piperacillin/tazobactam solution to help
	prevent bacterial infection.

20

. Close the incision in double layers with continuous over and over sutures using 4-0 VICRYL RAPIDE® suture (see Note 17).

21.

1. Inject mice intraperitoneally with a single dose of EdU (50 mg/kg) using a sterile 27G x ½ needle attached to a 1-ml TB syringe 24 hours prior harvest (see

Notes 18 and 19)

.