


[bookmark: _26in1rg]		
TITLE
Fat-covered islet transplantation using epididymal white adipose tissue

AUTHORS AND AFFILIATIONS
Naoaki Sakata1,2, Gumpei Yoshimatsu1,2, Ryo Kawakami1,2, Shohta Kodama1,2

1Department of Regenerative Medicine and Transplantation, Faculty of Medicine, Fukuoka University, Jonan, Fukuoka, Fukuoka, Japan 
2Center for Regenerative Medicine, Fukuoka University Hospital, Jonan, Fukuoka, Fukuoka, Japan

Corresponding author: 
Naoaki Sakata
Department of Regenerative Medicine and Transplantation, Faculty of Medicine, Fukuoka University, Japan
naoakisakata@fukuoka-u.ac.jp 

Co-authors: 
Gumpei Yoshimatsu (gyoshimatsu@fukuoka-u.ac.jp) 
Ryo Kawakami (ryok@fukuoka-u.ac.jp)
Shohta Kodama (skodama@fukuoka-u.ac.jp)

KEYWORDS
islet transplantation, white adipose tissue, epididymal fat pad, intraperitoneal, mouse, experimental model

SUMMARY
This fat-covered islet transplantation method is suitable for the detection of engrafted islets in the intraperitoneal cavity. Notably, it does not require the use of biobinding agents or suturing.

ABSTRACT:
Islet transplantation is a cellular replacement therapy for severe diabetes mellitus. The intraperitoneal cavity is typically the transplant site for this procedure. However, intraperitoneal islet transplantation has some limitations, including poor transplant efficacy, difficult graft detection ability, and a lack of graftectomy capability for post-transplant analysis. In this paper, “fat-covered islet transplantation”, an intraperitoneal islet transplantation method that utilizes epididymal white adipose tissue, is used to assess the therapeutic effects of bioengineered islets. The simplicity of the method lies in the seeding of islets onto epididymal white adipose tissue and using the tissue to cover the islets. While this method can be categorized as an intraperitoneal islet transplantation technique, it shares characteristics with intra-adipose tissue islet transplantation. The fat-covered islet transplantation method demonstrates more robust therapeutic effects than intra-adipose tissue islet transplantation, however, including the improvement of blood glucose and plasma insulin levels and the potential for graft removal. We recommend the adoption of this method for assessing the mechanisms of islet engraftment into white adipose tissue and the therapeutic effects of bioengineered islets.

INTRODUCTION: 
Islet transplantation is a cellular replacement therapy for patients with severe diabetes mellitus. Recent reports have shown that rates of insulin-independence at three years after transplantation improve up to 44%1 and that approximately 80% of recipients who receive more than 600,000 total islet equivalents achieve insulin independence2. Furthermore, in the most recent Collaborative Islet Transplant Registry report, it was revealed that fasting blood glucose levels were maintained at 60-140 mg/dL for over a period of 5 years in over 70% of patients who underwent islet transplant alone. The study also determined that around 90% of the patients who received islet transplant alone or islet transplantation after kidney transplant did not develop any severe hypoglycemic events for over 5 years3. 

Although the clinical outcomes of this treatment have been improving, some limitations must still be addressed, including the necessity of establishing an optimal transplant site. The liver is a typical transplant site for clinical islet transplantation because it is the largest organ that can accommodate a high volume of islets. However, in some patients the liver is unavailable (e.g., due to portal hypertension, hepatitis, and/or cirrhosis4) and therefore other sites, including the renal subcapsular space5,6, omental pouch7-10, mesentery11, gastrointestinal tract12, skeletal muscle13, subcutaneous tissue13, bone marrow14, and spleen15-17, have been considered as alternative transplant sites.

Although intraperitoneal islet transplantation can be performed easily under local anesthesia, making the intraperitoneal cavity an appealing site for clinical islet transplantation, upon transplant, the islets are dispersed throughout the entire intraperitoneal cavity, making islet engraftment detection and successful engraftment confirmation difficult. Therefore, the intraperitoneal cavity is not widely recognized as an ideal clinical transplant site. Instead, it is frequently utilized as a control model for preclinical studies to investigate the effectiveness of transplanted encapsulated18 and bioengineered islets19. However, an exact comparison between bioengineered and control islets is difficult to achieve due to the challenges in performing an accurate engraftment assessment.

In contrast, the use of intraperitoneal white adipose tissue in the omental pouch8, mesentery, and other extrahepatic locations has been well reported10,20-23 and many of the studies investigating the function of bioengineered islets transplanted using white adipose tissue were able to report promising therapeutic outcomes20,24-26. As the use of epididymal adipose tissue facilitates the detection of transplanted islets, the “fat-covered islet transplantation method”, utilizing epididymal adipose tissue, was developed to overcome the limitations of intraperitoneal islet transplantation. In this paper, fat-covered islet transplantation using epididymal adipose tissue is described. 

PROTOCOL:

The following procedure is performed in three steps. The first step includes the induction of diabetes in the recipient mice and the isolation of donor islets. The second step involves the preparation of islets before transplantation. In the third step, islet transplantation onto epididymal adipose tissue and covering of the islets using the adipose tissue is performed. After that, the therapeutic effects were assessed. The handling of the mice and the experimental procedures performed in this study comply with the ‘‘Principles of Laboratory Animal Care’’ (Guide for the Care and Use of Laboratory Animals, National Institutes of Health publication 86-23, 1985) and the experimental protocol was approved by the Animal Care and Use Committee of Fukuoka University (approval number: 186018).

1. Surgical preparation

1.1. Induction of diabetes: Induce diabetes in 20-25 g body weight, 8-12-week-old recipient male mice through intravenous injection of streptozotocin (180 mg/kg body weight). Mice with blood glucose levels exceeding 400 mg/dL are considered to be diabetic. Use diabetic mice within 1 week after diabetes induction before excessive atrophy of the epididymal white adipose tissue for covering islets.

1.2. Islet isolation: Perform murine islet isolation one day before transplantation following Gotoh’s method27 for islet isolation. 

1.2.1. In brief, digest pancreatic tissue using collagenase solution. Isolate islets by density gradient centrifugation using an appropriate cell separation solution. Then culture islets overnight in an incubator at 22 °C and 5% CO2 (culture at <37 °C has been reported to prevent islet death28-31).

2. Preparation of islets for transplantation

2.1. Gather the appropriate instruments and materials as indicated in Figure 1A.

2.2. As digestive enzymes such as amylase and lipase may result in injury to the isolated and transplanted islets and a loss of islets can occur from being trapped in contaminating fibrous tissues within the culture dish, prior to transplantation, use forceps to handpick any extra-islet components from the pancreas, including acinar and fibrous tissues (Figure 1B), under a dissecting microscope.  After picking, use a cell strainer to filter out single acinar cells. 

2.3. Transfer the filtered islets to a new culture dish containing any appropriate culture medium or buffer solution (e.g., DMEM with low glucose, RPMI1640, CMRL1066, or HBSS) supplemented with bovine serum or albumin to prevent islet attachment to plastic and swirl the dish to position the islets in the center of the dish (Figure 1C). Using a P200 micropipette and the microscope, pick the individual islets into an appropriate collection tube (Figure 1D).

2.4. Place a new, 40m cell strainer on top of a 50 mL plastic tube (Figure 1E left and center) and wash the filter with fresh medium (Figure 1E right). 

2.5. Use a 1000 L pipette to add the islets to the strainer to separate the islets and single acinar cells (Figures 1F1 and 1F2).

NOTE: The purified islets on cell strainer will be approximately 100% pure. 

2.6. Use forceps to invert the strainer on a new 60- or 100-mm sized non-treated culture dish containing culture medium or an appropriate buffer solution supplemented with bovine serum or albumin (Figures 1F3 and 1F4). Use fresh medium/buffer to flush the islets into a new culture dish. Then add enough medium/buffer to the culture dish to reach a total volume of approximately 20 mL.

2.7. Count the islets under a microscope and divide the number of islets equally between individual 1.5 mL plastic centrifuge tubes according to the number of donor animals (Figure 1G). For example, two hundred, 100-200 µm islet equivalents (IEQ) from two mice would be added to each of two tubes. 

2.8. Centrifuge the islets at 2100 x g for 1 minute at room temperature and discard the supernatant. Around 20-30 µL of residual solution will typically remain in the tube (Figure 1H). 

3. Islet transplantation onto epididymal adipose tissue and covering with epididymal white adipose tissue

3.1. Before the surgery, collect an anesthesia machine for small animals, stereo microscope, light source, 50-200 µL micropipette with 200 µL micropipette tips, cotton swabs, a 4-0 suturing set, and disinfected surgical instruments (Figure 2A). Disinfect Cooper scissors, ophthalmic scissors, Pean forceps, tweezers, and needle holders with an approximately 1% povidone-iodine solution (Figure 2A). Use cotton swabs for mobilization of the epididymal white adipose tissue and for hemostasis in cases of bleeding. Use a micropipette with a 50-200 µL tips for islet transplantation. 

3.2. Deliver anesthesia to the diabetic recipient mouse using an inhaled anesthetic agent (2% isoflurane in oxygen). Then place the mouse in the supine position (Figure 2B left) and remove the hair from the abdomen to prevent infection using hair clippers and/or depilatory cream. Use 70% ethanol or a povidone-iodine solution to disinfect the abdomen and the inguinal region (Figure 2B right).

3.3. Incise the skin at the lower median area (Figure 2C left). A skin incision that is approximately 2-3 cm in length is recommended. Clamp the left abdominal wall with the Pean forceps and pull the tissue to the left side of the mouse to secure the surgical field (Figure 2C right). After laparotomy, decrease the percentage of isoflurane to 1.0–1.5% for anesthesia maintenance.

3.4. Use a cotton swab to mobilize the small and large intestine to the right side of the mouse (i.e., left side of the operator). The left epididymal white adipose tissue in the abdominal cavity are located in the left inguinal area. Mobilize the epididymal white adipose tissue and the left testis to outside of the abdomen (Figure 2D left) and stretch out the tissue (2D right). 

3.5. Use a P200 micropipette equipped with a 200 µL pipette tip to collect the entire volume of islets from one 1.5 mL tube with gentle pipetting (Figure 2E left), taking care that no islets are left in the tube upon collection. Allow the collected islets to settle to the tip of the pipette by gravity (Figure 2E right). 

3.6. Place the micropipette tip lightly onto the distended adipose tissue. Taking care to prevent excessive flushing of the medium/buffer in the tip, carefully seed the islets onto the tissue (Figure 2F left). After seeding, confirm a correct placement of the islets under a dissecting microscope (Figure 2F right).

3.7. Cover the islets with the epididymal white adipose tissue (Figure 2G). The use of sutures or biobinding agents is not needed.

3.8. Place the left testis under the epididymal white adipose tissue and return the tissues to the intraperitoneal cavity (Figure 2H). Close the skin in two layers (peritoneum, then muscle and skin) using a 4-0 suture (any sutures such as nylon, silk, or absorbable sutures can be used) (Figure 2I). Then place the mouse under a heat lamp with monitoring until full recumbency.

4. Monitoring after Islet transplantation (Summary)

4.1. Assess the therapeutic effects of islet transplantation by monitoring blood glucose, glucose tolerance test and histological assessment at postoperative day (POD) 28. 

4.1.1. Monitor the blood glucose, including the measurements of blood glucose at glucose tolerance test, using a small glucose meter. 

4.1.2. Collect the blood samples (a little microliters) from tail vein. Regarding histological assessment, murine insulin (for detecting engrafted islets) and von Willebrand factor (for detection of vessels, which is an evidence for islet engraftment) were detected in transplanted islets in the recovered epididymal adipose tissue by immunohistochemistry.

REPRESENTATIVE RESULTS: 
To compare the transplant efficacy of fat-covered islet transplantation to that after intraperitoneal islet transplantation, the same number of islets was implanted onto the peritoneum at the left paracolic space of control recipient diabetic animals. The blood glucose levels of mice with fat-covered islet transplantation were observed to gradually and significantly decrease compared to intraperitoneal islet transplanted mice (p = 0.0023; Figure 3A). One month after transplantation, the blood glucose in mice with fat-covered islet transplantation was maintained at lower levels than that observed in intraperitoneal islet transplanted mice as assessed by intraperitoneal glucose tolerance testing (p = 0.0046; Figure 3B). Furthermore, as we have previously, reported that plasma insulin levels also improved after fat-covered islet transplantation. Re-elevation of blood glucose levels was also confirmed. These data demonstrate that intraperitoneal fat-covered islet transplantation using 200 IEQs can significantly improve the diabetic conditions of recipient mice. 

Histological examination was also performed to assess islet engraftment into the epididymal white adipose tissue. In fat-covered islet transplant recipient animals, hematoxylin-eosin staining reveals the presence of islets within the epididymal white adipose tissue (Figure 3C, top image). In addition, fluorescence-conjugated antibody staining of insulin-positive islets facilitated the detection of von Willebrand factor-positive microvessels within the epididymal white adipose tissue of all of the recipient mice (n = 6; Figure 3C). In contrast, in intraperitoneal islet transplanted mice, no engrafted islets were observed in either the epididymal white adipose tissue or the abdominal wall (data not shown). 

FIGURE LEGENDS:
Figure 1. Preparation of islets for transplantation onto epididymal adipose tissue and covering with epididymal white adipose tissue. (A) Preparation of instruments: a. pipette aid, b. 10 mL pipette tips, c. 50 mL plastic tubes, d. 15 mL plastic tubes, e. 50-200 µL (left) and 200-1000 µL (right) micropipettes, f. 1.5 mL plastic centrifuge tubes, g. 200 and 1000 µL micropipette tips, h. medium or buffer containing albumin or fetal bovine serum (i.e., DMEM with low glucose containing 10% fetal bovine serum and 100 U/mL penicillin + 100 U/mL streptomycin solution), and i. 40 µm cell strainer. (B) Isolated islets with acinar (left: indicated by arrow) and fibrous tissues (right). Scale bar = 200 µm. (C) Collected islets in the plastic tube. Left, dispersed islets in culture dish. Center, islets are collected in the center of the culture dish by swirling. Right, collected islets in center of dish. Scale bar = 200 µm. (D) Collected islets (left) are transferred into 15 mL plastic tubes (right). (E) The 40 µm cell strainer is set on top of the 50 mL plastic tube (left and center). Prepared medium/buffer added to other 50 mL plastic tube for flushing islets on the cell strainer into a new culture dish (right). (F) 1. Islets collected using a 200-1000 µL micropipette. 2. Islets poured into the cell strainer. 3 and 4. Medium/buffer used to flush islets onto strainer into new culture dish. (G) Islets divided into 1.5 mL plastic centrifuge tube according to number of recipient mice. Here, two hundred 100-200 µm islet equivalent (IEQ) were divided equally into each tube. (H) Islets divided equally in 1.5 mL tubes before centrifugation (left). Islets centrifuged to collect at tube bottom (center). 20-30 µL of supernatant remain in tube after discarding excess solution (right).

Figure 2. The procedure of islet transplantation onto epididymal adipose tissue and covering using epididymal white adipose tissue. (A) Preparation of instruments: a. anesthesia machine for small animals, b. stereo microscope, c. light source, d. disinfected surgical instruments, e. divided islets in 1.5 mL plastic tubes, f. 50-200 µL micropipettes, g. 200 µL micropipette tips, and h. 4-0 sutures. (B) Diabetic recipient mouse in a supine position under general anesthesia of 2% isoflurane (left). The abdomen and the inguinal region are disinfected using 70% ethanol and covered by a paper lab wipe (right). (C) Skin is incised at lower median position (left). Left abdominal wall is clamped by Pean forceps and pulled to left side of mouse to secure surgical field (right). (D) The left epididymal white adipose tissue and the left testis are mobilized outside of the abdomen (left) and distended (right). Scale bar = 1 cm. (E) Islets in 1.5 mL plastic tubes are completely collected using a micropipette with 200 µL pipette tip (left). Collected islets (indicated by arrow) allowed to completely sink by gravity to pipette tip (right). (F) Micropipette tip lightly placed onto the distended adipose tissue (left). Islet seeding (dotted circle) onto the tissue confirmed by dissecting microscope (right). Scale bar = 1 cm. (G) Islets are covered with epididymal white adipose tissue. (H) Left testis and epididymal white adipose tissue returned to intraperitoneal cavity. (I) Image after abdomen closure.

Figure 3. The therapeutic effect of fat-covered islet transplantation. (A) Blood glucose level. Blue line: fat-covered islet transplantation (n = 6); Orange line: intraperitoneal islet transplantation (n = 6) Statistical analysis was performed using repeated measures analysis of variance and a significant difference was defined as p < 0.05. (B) Blood glucose level from glucose tolerance test a month after transplantation. Blue line: fat-covered islet transplantation (n = 6); Orange line: intraperitoneal islet transplantation (n = 6). Statistical analysis was performed using repeated measures analysis of variance and a significant difference was defined as p < 0.05. (C) Histological image of engrafted islets one month after transplantation. Top image: hematoxylin-eosin staining; Bottom image: immunohistostaining for murine insulin (green) and von Willebrand factor (vWF: red, indicated by white arrow). Scale bar = 100 µm.

TABLE OF MATERIALS:
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DISCUSSION:
The fat-covered islet transplantation method incorporates techniques from two different transplant techniques: intraperitoneal islet transplantation and intra-adipose tissue islet transplantation. As the surface membrane of epididymal white adipose tissue is considered to be the white adipose tissue that is covered by the peritoneum and that is attached to the epididymis, the fat-covered islet transplantation method can be anatomically categorized as a type of intraperitoneal islet transplantation. The technique by which the islets are delivered to the recipient animal, however, are more similar to those utilized in intra-adipose tissue islet transplantation. Our data shows that the therapeutic effect of the fat-covered islet transplantation method is superior to that of intraperitoneal islet transplantation. Our previous study also showed that the transplant efficacy of this method is nearly equal to that of renal subcapsular islet transplantation, a method of islet transplantation with a supreme transplant efficacy23. It is speculated that the usefulness of this method may be due to the adhesion molecules present within white adipose tissues and adipocytokines and which are thought to contribute to islet engraftment10,23.

The size of the epididymal white adipose tissue allows a large volume of islets to be accommodated. In contrast, the rodent greater omentum is too small to easily contain and access many islets. The only physical limitation of epididymal white adipose tissue as a potential experimental islet transplantation site is that it does not provide a portal circulation of insulin10. 

The method is unique because the islets are covered with adipose tissues, instead of being directly infused into the tissue. Intra-adipose tissue transplanted islets may suffer from the influence of lipotoxicity, as the impaired insulin function in diabetic animals can lead to excess free fatty acids32. This method also does not require biobonding agents or suturing to prevent implanted islet loss. As observed in Figure 3C, islets remain successfully engrafted within the adipose tissue up to 1 month after transplant and blood glucose level maintenance has been confirmed after graftectomy23. This phenomenon may be due to the ability of adipose tissue to trap the islets, which become difficult to peel off. 

The advantages of this method are that it is technically easy to perform, allows a metabolic and histologic assessment of the therapeutic effects of the islets, and facilitates the evaluation of islet gene and/or protein expression after graftectomy. Compared to previous studies, the efficacy of this method is not inferior to that of islet transplantation into epididymal white adipose tissue10,33-36. It is important to note that a precise seeding of the islets onto the epididymal white adipose tissue without islets loss is necessary for a successful engraftment. To ensure success, the entire volume of islets must be aspirated gently into the micropipette tip from the 1.5 mL plastic tube, as rough and rapid pipetting may result in islet adhesion to the walls of the plastic tube, making dispensing difficult. Islet adhesion is a major reason for inadequate islet seeding. After allowing the islets to settle at the tip of the micropipette tip, the islets must be implanted onto the epididymal adipose tissue without flushing. It is important to minimize depression of the plunger button when aspirating and dispensing the islets to prevent excessive medium/buffer flushing of the adipose tissue. Therefore, it is essential to wait until the islets have aggregated completely at the tip of the micropipette tip before depressing the plunger button of the micropipette for implantation. It is sufficient to place the tip lightly onto the adipose tissue and to confirm the seeding of islets onto the tissue by light microscopy.

In conclusion, this method is very simple, despite requiring several critical steps for its success. We hope for the wide adoption of this method to further aid in the facilitation of islet engraftment onto white adipose tissue and for further evaluation of the therapeutic effects of bioengineered islets.
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