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Abstract
AIM
To study whether bone marrow mesenchymal stem cells (BMMSCs) modified by HO-1 and CXCR3 genes can augment the inhibitory effect of BMMSCs in small bowel transplant rejection.

METHODS
Lewis rat BMMSCs were cultured in vitro. A proportion of third-generation BMMSCs were transfected with the CXCR3/HO-1 gene and HO-1 gene. The rats were divided into 6 groups and rats in the experimental group were pretreated with BMMSCs 7 d in advance of small bowel transplant. BMMSCs from each group were respectively taken at 0 h, 1 d, 3 d, 7 d, 10 d, and 14 d (n = 6). Hematoxylin-eosin staining was used to observe pathologic rejection, while immunohistochemistry and Western blot were used to detect protein expression. Flow cytometry was used to detect T lymphocytes and ELISA was used to detect cytokines.
RESULTS
The median survival time of BMMSCs from the CXCR3/HO-1-modified group (53 d) was significantly longer than that of the HO-1-modified BMMSC group (39 d), the BMMSC group (26 d) and the NS group(control group) (16 d) (P ( 0.05). Compared with BMMSCs from the HO-1, BMMSCs, and NS groups, rejection of the small bowel in the CXCR3/HO-1-modified group was significantly reduced, while the weight of transplant recipients was also significantly decreased (P < 0.05). Furthermore, IL-2, IL-6, IL-17, IFN-γ and TNF-α were significantly decreased and the levels of IL-10 and TGF-β were significantly increased (P < 0.05). 

CONCLUSION
BMMSCs modified by CXCR3 and HO-1 genes can abrogate the rejection of transplanted small bowel more effectively and significantly increase the survival time of rats that receive a small bowel transplant.
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Core tip: In this paper, transplant recipient rats were pretreated with bone marrow mesenchymal stem cells (BMMSCs) in advance, and these rats were in a compromised immune state. CXCR3/HO-1 gene modified BMMSCs were injected into recipient rats after small bowel transplantation. The survival time of these rats was significantly prolonged; the number of cells that underwent apoptosis was significantly lower in the CXCR3-HO-1 group compared with rats from the HO-1 gene modified BMMSCs group, the native BMMSCs group and the NS group. Furthermore, the percentage of Treg cells was significantly increased. Pro-inflammatory cytokines (IL-2, IL-6, IL-17, IFN-γ and TNF-α) were significantly reduced, while anti-inflammatory cytokines (IL-10 and TGF-β) were significantly increased. Our data suggest that BMMSCs modified by CXCR3 and HO-1 can reduce rejection of the small intestine more effectively than HO-1-treated BMMSCs and native BMMSCs.
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INTRODUCTION

In recent years, with improvements in surgical transplantation, immunosuppressive regimens, prevention of infection and other key technological advances, small bowel transplantation has become an effective treatment for intestinal failure[1-4]. Currently, small bowel transplantation poses more clinical problems compared with transplantation of other organs such as the liver and kidney[5]. Specific problems include high rejection rates and the lack of effective preventive and treatment methods for such rejection. Clinical studies demonstrate that 30%-40% of recipients experience chronic rejection 5 years after transplantation, which requires removal of the transplanted small bowel, restoration of parenteral nutrition or re-transplantation[6]. Therefore, the prevention and treatment of rejection after small bowel transplantation is a significant clinical problem that remains to be solved.

Bone marrow mesenchymal stem cells (BMMSCs) have the ability to proliferate in vitro, differentiate into cells with massive potential for immune regulation, and can promote tissue repair in injured tissue[7,8]. They can secrete soluble cytokines through paracrine mechanisms, regulate inflammation and the immune response[9,10], and participate in complex regulation of immune cell function[11]; they do this mainly by inhibiting the most influential of immune cells such as NK cells, T cells and B cells[12]. A number of studies have shown that the immunomodulatory capacity of BMMSCs is capable of curing disease and that they might be a novel approach for the treatment of disorders of the immune system[13,14]. BMMSCs are ideal candidates for cell transplantation and for the treatment of autoimmune diseases and prevention of rejection after solid organ transplantation[15]. However, a possible limitation to these cells is their ability to survive and of being able to specifically target lesions[16]. Indeed, if BMMSCs are transplanted directly into a lesion, most tend to die within a few hours[17]. Therefore, the ability of BMMSCs to survive, proliferate, and migrate is an important problem that must be solved, if they can ever be used clinically. By modifying BMMSCs and interfering with or enhancing the expression of a certain gene may be an effective way to improve the survival rate of these cells in stem cell transplantation. In this study, the chemokine receptor (CXCR3) gene for chemotaxis[18] and the heme oxygenase-1 (HO-1) gene, which has enhanced stem cell activity and can prolong stem cell function[19], were transduced into BMMSCs, to assess whether such modified BMMSCs could prevent or reduce rejection of transplanted small bowel in a rat model.

MATERIALS AND METHODS
Main reagents

DMEM-F12 (Gibco, Grand Island, CA, United States), RPMI-1640 (Gibco, Grand Island, CA, United States), fetal bovine serum (FBS) (Biowest, Loire Valley, France), Gel preparation kit (SDS-PAGE) (Boster, Suzhou, China)，reverse transcription kit (Thermo Scientific, Massachusetts, MN, United States), SYBR Green kit (TaKaRa, Japan) were all used in this study. CD34 (FITC) (Santa Cruz biotechnology, Santa Cruz, CA, United States), CD29 (PE), CD45 (PE), CD90 (FITC), RT1A (PE) and RT1B (FITC) (Biolegend, San Diego, CA, USA) were all purchased for this study. CD4 (FITC), CD25 (PE), FoxP3 (PE-Cyanine5) (ebioscience Inc, San Diego, CA, United States), anti-Heme Oxygenase 1 (HO-1) antibody (abcam, Cambridge, United Kingdom), and CXCR3 antibody (Affinity Bioreagent, United States) were all used in this study. YAC-1 (Chinese Academy of Medical Sciences, Beijing, China), AD-Hmox1 (Shanghai Genechem Co. Ltd, Shanghai, China), and AD-fusion gene (CXCR3/HO-1) (Shanghai Genechem Co. Ltd, Shanghai, China) were all used in this study. IL-2, IL-6, IL-10, IL-17, IL-23, TNF-β, IFN-γ, TGF-β and DAO enzyme-linked immunosorbent assay kits (R &D Systems, Minneapolis, MN, United States) were all employed in this study, as was HRP polymer (Jinmai Gene, Tianjin, China).

BMMSCs preparation and in vitro isolation

We surgically removed femurs and tibias from 2-3 wk old Lewis rats that were sacrificed by cervical dislocation. The weight of the rats ranged from 40-60 g. After the bones were immersed in 75% alcohol for 5-10 min, the medulla canals of the bones were rinsed with DMEM-F12 and 10% FBS (complete medium) in order to generate single cell suspensions. Cells were incubated in the following culture conditions; 37 °C and 50 ml/L CO2. Approximately 10 d later, cells filled the bottom of the culture bottles, and these were the first cell culture passage. The cells were then subpassaged in a l:l ratio, then amplified, purified and expanded to third-generation cells. Finally, the third-generation BMMSCs were induced to differentiation as steatoblasts and osteoblasts after the phenotype test[20].
Method for preparing BMMSCs transfected with the CXCR3/HO-1 and HO-1 genes

We prepared six 75mm culture bottles for culturing 5 × 106 third-generation BMMSCs with 20 ml complete medium for 24 h. Then we discarded the medium. Two of the bottles received 5 ml complete medium, two received 5 ml of HO-1 transgenesis modified cells in complete medium, and the last two tubes received 5 ml of CXCR3/HO-1 transgenesis modified cells with complete medium, ensuring that all steps were done in dark conditions. The ratio of BMMSCs to genetically modified cells was 1:10. After incubation for 6 h, we discarded the medium then added 20 ml complete medium and cultured for a further 48 h. Observation of expressed fluorescent protein was performed under fluorescence microscopy in the dark. Two types of BMMSCs were used to extract RNA and protein.

Establishment of the animal model

Experimental animals: the donors for small bowel transplantation were healthy male Brown Norway rats aged 6-8 wk m (B) = 180-200 g. The recipients for small bowel transplantation were healthy male Lewis rats aged 6-8 wk with m (B) = 180-200 g. All animals were provided by the Experimental Animal Center of the Academy of Military Medical Sciences and standard rat food was provided ad libitum. The experimental animals were kept at 23 (C, in 50% humidity, and a 12 h light and dark cycle for 2 wk, with free access to water and food, and regular replacement of cage and clean bedding before the experiments. All experiment on animals followed the experimental animal ethical regulations, and were approved by the Ethics Committee of Tianjin First Central Hospital.

Donor surgery: After the BN rats were weighed and appraised (Isogeneic transplant (IsoT) group selected Lewis rats), we performed abdominal anesthesia with 5% chloral hydrate (0.5 ml/100 g), and fully exposed the abdominal cavity by making an incision from the xiphoid to the pubic symphysis. We isolated a section of the superior mesenteric artery and portal vein for vascular anastomosis, and ligated the surrounding arteriovenous vein. Then, we separated a section of the small bowel from the Treitz Ligament to the cecum. We preserved the tissue in Lactated Ringer's solution at 4 °C after low-pressure enema with 5 ml Salineand vascular perfusion was performed with Heparinized Lactated Ringer's solution (25 U/mL) at 4 °C.

Recipient surgery: Previously detailed steps for Lewis recipient rats were similar to those for donors. We isolated the inferior vena cava and abdominal aorta 2 cm under the left renal artery for vascular anastomosis, then occluded the proximal and distal branches of the abdominal aorta and inferior vena cava. Receptor abdominal aorta and inferior vena cava stoma, and the superior mesenteric artery and portal vein of the transplanted small bowel were subjected to arterial-arterial and venous-venous anastomosis. We then opened the blood vessels, and straightened the intestine, before generating fistula on both sides of the abdominal wall. Using warm NS, we repeatedly washed the abdominal cavity, before finally closing the abdomen. According to different groups included in the experimental design, we injected the penis dorsal vein with corresponding liquid.

Postsurgery: Lewis rats were placed under 60 W heated lamps to awaken the animals, before they were all marked and fed. They were then isolated for l-2 d. After the health of the rats had improved, they were placed in their respective groups. We observed the health of the rats and tended to the stomas daily.

Experimental groupings: The rats were divided into 6 groups. These were the ‘no small bowel transplantation’ (NSBT) group and the IsoT group where transplantation occurred between the Lewis rats. According to different postoperative injections between the BN and Lewis rats, we divided another 4 groups into normal saline group (NS), BMMSCs (B) group, Adv-HO-1/BMMSCs (HB) group and the Adv-(CXCR3+HO-1)/BMMSCs (HCB) group. Six time points (0 h, 1 d, 3 d, 7 d, 10 d and 14 d) (n = 6) were chosen for each group. Lewis rats in the IsoT and NS groups were injected with 1 ml sterile NS from the dorsal penile vein, 7 d before surgery. Rats in the B, HB and HCB groups were injected with a single-cell suspension that included 5 × 106 BMMSCs and 1 ml sterile NS from the dorsal penile vein, 7 d before the operation. After transplantation, the IsoT group and NS group receptor rats were injected intravenously with 1 ml sterile NS from the dorsal penile vein, while BM group receptor rats were injected with a single-cell suspension including 5 × 106 BMMSCs and 1 ml sterile NS. The HB group receptor rats were injected with a single-cell suspension including 5 × 106 Adv-HO-1 /BMMSCs and 1 ml sterile NS, then the HCB group receptor rats were injected with a single-cell suspension that included 5 × 106 Adv-(CXCR3+HO-1)/BMMSCs and 1 ml sterile NS. In addition, we prepared 5 more rats from each group and used these for survival analysis.

Small bowel transplantation and consequent effects: The survival of the rats in each group was observed, including the weight of the rats, changes to mucous membranes and secretions of the fistulas. The survival time and cause of death were recorded, and the survival rate was analyzed.

Pathology of transplanted intestine
The abdominal cavity was opened under anesthesia to observe the appearance of the transplanted intestine, including color, lumen radius, and presence of absence of inflammatory masses and surrounding tissue adhesions. We then resected 2 cm of the intestine 12 cm distant from the stoma. After, this had been cleaned and excised, it was soaked in 40 g/L formaldehyde solution for detection of aforementioned immunological markers. We used paraffin to embed the sections, then made tissue sections for hematoxylin-eosin staining (HE staining), before observing the sections by optical microscopy. The pathologist viewed the tissue sections under light microscope and was blinded to the procedures. Six slices were randomly selected from high power fields (× 200) to observe intestinal mucosal injury. Finally, we established the index of intestinal injury by referring to the literature [21].

Fluorescence immunohistochemistry

Fluorescence double staining: The tissue was embedded in paraffin and made 5 μm continuous sections were made. The sections were heated at 70 °C to de-wax the xylene sheet and endogenous peroxidase was blocked by addition of 3% H2O2. After hydration, antigen repair and closure, we incubated the mixed primary antibodies (HO-1 at 1:250, CXCR3 at 1:400) with the sections and kept them in a 4 °C wet box overnight. On the next day, we re-warmed the sections and incubated these with the corresponding secondary antibody at 37 °C for 1 h. Wed then photographed the sections under microscopy comparing these with a negative control that used PBS instead of primary antibody.

Fluorescence Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL): We strictly followed the kit instructions after baking at 70 °C. We used glycerol for sealing and selected multiple fields for viewing of the film under fluorescence microscopy for analysis.

Western blot detection of cellular proteins: We collected protein samples from supernatant after adding the cells to 500 μl of RIPA lysis buffer for 30 min and centrifuging the contents in a 1.5 mL centrifuge tube (13000 × g for 5 min). The expressed proteins were detected by Western blot. After calculating the amount of sample and measuring the protein concentration, we performed electrophoresis, transfer, then added primary antibodies for HO-1 (1:800) CXCR3 (1 : 800) and GAPDH (1:5000), and saved these in a 4 °C wet box overnight. The secondary antibody was incubated at room temperature, and the developer was exposed to light. The relative expression of HO-1 and CXCR3 was calculated by relative quantitative analysis. 

In addition, we also prepared small intestinal tissue that was soaked in RIPA lysis buffer reagent (100 mg per 1 ml lysis buffer), macerated and centrifuged in 1.5 mL tubes (13000 × g for 5 min).After calculating the amount of sample and measuring the protein concentration, we performed electrophoresis, transfer, then treated the samples with primary antibody of HO-1 (1:400), PCNA (1:800) and GAPDH (1:5000), and saved these at 4 °C overnight. The secondary antibody was incubated at room temperature, and the developer was exposed to light. The relative expression of HO-1 and PCNA was calculated by phase determinant quantity analysis.

Quantitative PCR method measurement for mRNA expression

1 mL Trizol was added to each of the culture bottles and mixed for 10 min. After we measured the concentration, degree and purity, cDNA were constructed by reverse transcription and we conducted polymerase chain reaction of these after they had been diluted. With reference to β-actin, the expression of HO-1 and CXCR3 mRNA was calculated by phase determinant quantity analysis. We used the Ct value as the statistical parameter; the relative content ratio of the target gene and the β-actin gene was used as the evaluation standard, then relative quantification of the target gene was performed. The primer sequences are shown in table 1.

Identification of BMMSCs and T lymphocytes by flow cytometry

Flow cytometry of BMMSCs: Third generation BMMSCs were digested and prepared as single cell suspensions in 100 μl PBS with avoidance of light. The number of cells was 5 × 105. We added 0.625 μl CD29 (PE), 2.5 μl CD34 (FITC), 0.625 μl CD45 (PE), 0.25 μl CD90 (FITC), 0.625 μl RT1A (PE) and 0.25 μl RT1B (FITC), respectively. The blank group did not include antibody. All samples were incubated at 4 °C, washed and centrifuged (300 × g for 5 min), and resuspended in 200 μl PBS. Flow cytometry was used to analyze the data, and was used to differentiate cells into adipocytes and osteoblasts.
Flow cytometry of T lymphocytes: We used 5% chloral hydrate while performing abdominal anesthesia. Rat spleens were harvested and macerated into a single cell suspension using a 200 nylon mesh. The cells were washed in RPMI 1640 medium and added to the separated lymphocytes at a 1:1 ratio. After centrifugation (500 × g for 20 min), we collected albuginea cells. Lymphocytes were precipitated after washing and centrifugation. The lymphocyte concentration was adjusted to 2 × 106/100 μl and these were divided into a positive group and a control group. The control group did not have antibody. The positive group contained Treg cells to which we added 0.5 μl CD4 (FITC) and 0.625 μA CD25 (PE). After incubation at 4 °C, the cells were washed and centrifuged (300 × g for 5 min), then perforated at 4 °C overnight, before being ruptured and resuspended in 100 μl PBS. Then, we added 5 μl FoxP3 (PE-Cyanine 5) and incubated the cells at 4 °C. The cells were then washed, centrifuged, and resuspended in 100 μl PBS. CD4+CD25+FoxP3+ T cells were then detected.

Detection of NK cell activity: The target cells (YAC-1) were subcultured 24 hours prior to the experiment, and cell viability was confirmed when live cells accounted for > 95% of the total population. Whole blood was taken from the inferior vena cava of the rats, and the lymphocyte separation fluid was added to obtain a cell ratio of 1:1. The albuginea cells were collected after centrifugation. Then, we washed, centrifuged and precipitated the cells to obtain effector cells (NK cells). Effector cells were resuspended. The ratio of effector cells to target cells was 100:1. The lactate dehydrogenase (LDH) method[22] was used to detect NK cell activity.

Enzyme-linked immunosorbent assay
Blood from normal and postoperative Lewis rats was collected from the inferior vena cava and stored at -80 °C. The ELISA kit was used to detect the cytokines IL-2, IL-6, IL-10, IL-17, IL-23, IFN-γ, TNF-α, and TGF-β, and diamine oxidase (DAO). We strictly followed the kit instructions.

Statistical analysis

SPSS statistical software, version 17.0 was used for statistical analysis. The measurement data were expressed as mean ± SD, and used single factor analysis of variance. Count data were expressed in percentage (%), and we used the (2 test. P < 0.05 was considered to be statistically significant.

RESULTS
Characteristics of HO-1-modified BMMSCs and CXCR3/HO-1-modified BMMSCs

Identification of BMMSCs: Primary BMMSCs (Figure 1A) were cultured ex vivo and third generation (Figure 1B) BMMSCs were typically spindle-like in appearance. BMMSCs were induced to differentiate into adipocytes (Figure 1C, with lipid droplets in the cytoplasm) and osteoblasts (Figure 1D, with calcium deposits in the cytoplasm) using different medium. Flow cytometry analysis showed that the positive rates of CD29, CD90 and RT1A in the third generation Lewis rat BMMSCs exceeded 98%; the negative rates of CD34, CD45 and RT1B also exceeded 95% (Figures 1E-G).

Characteristics of HO-1/BMMSCs: After infection with recombinant adenovirus expressing the HO-1 gene for 48 hours, the BMMSCs were observed under a fluorescence microscope. The positive expression rate of green fluorescent protein (GFP) exceeded 85% (Figure 2A and B). The expression of HO-1 in HO-1/BMMSCs detected by Western blotting was significantly higher than that of native BMMSCs (P < 0.05; Figure 2C and D). RT-PCR results showed that the expression of HO-1 mRNA in HO-1/BMMSCs was up-regulated, by a factor of 7.89 times compared with native BMMSCs (F = 39.49, P < 0.05; Figure 2E). These results showed that the HO-1 gene was successfully over-expressed in BMMSCs.

Increased expression of CXCR3 and HO-1 in BMMSCs after transduction of CXCR3/HO-1: After infection with the GFP-labeled CXCR3/HO-1 gene for 48 hours, the BMMSCs were observed under a fluorescence microscope. The positive expression rate of GFP exceeded 85% (Figure 3A and B). The expression of CXCR3 protein in CXCR3/HO-1/BMMSCs detected by Western blotting was significantly higher than that of native BMMSCs (Figure 3C and D). RT-PCR results showed that the expression of CXCR3 mRNA in CXCR3/HO-1/BMMSCs was up-regulated, by a factor of 6.69 times higher compared with native BMMSCs (F = 33.28, P < 0.05; Figure 3E). The expression of HO-1 protein in CXCR3/HO-1/BMMSCs detected by Western blotting was significantly higher than that of native BMMSCs (Figure 3F and G). RT-PCR results showed that the expression of HO-1 mRNA in CXCR3/HO-1/BMMSCs was up-regulated, by a factor of 7.71 times compared with native BMMSCs (F = 35.81, P < 0.05; Figure 3H). These results showed that the combination of CXCR3/HO-1 genes was successfully transduced into BMMSCs.
Establishment of a rejection model for heterotopic small bowel transplantation

Pathological rejection of transplanted small bowel: Pathological results showed that there was no rejection in the NSBT group, while the IsoT group showed obvious rejection, and the injuries caused by ischemia-reperfusion were fully recovered 7 d after transplantation. The rejection was similar between the NS group, BM group, HB group and HCB group at instant and 1d after transplantation; at the other time points, the rejection in the NS group was the most profound, and the injury was significantly higher than that of BM group, HB group and HCB group at the same time point (Figure 4); at the same time, HCB group had the least rejection, and the damage was significantly lower than the NS group, BM group and HB group (Figure 4). At day 3, BM group and HB group had only lymphocyte infiltration; at day 7, BM group and HB group experienced mild rejection; at day 14, the BM group showed moderate rejection, while the HB group did not achieve moderate rejection (Figure 4).
General condition of the rats after small bowel transplantation: All of the rats recovered normally after transplantation. Rats in the NSBT group were normal in health. The mucosal color and secretion of the intestinal stoma was normal in the rats of the IsoT group. Rats in the NS group showed mild rejection at 3 d after transplantation, with mucosal congestion and edema, and increased volume of thin secretions. The rejection was moderate 7 d after transplantation, with mucosal congestion turning dark, and the secretion becoming thick and in large volumes. The rejection was severe 14 d after transplantation, with severe mucosal necrosis and decreased volume of secretion. Rats in the BM group and the HB group showed mild rejection at day 7 and moderate rejection at day 14 after transplantation, and the rats in the HB group experienced less severe rejection compared with those in the BM group. Rats in the HCB group exhibited mild rejection at day 10 after transplantation, and showed no significant aggravation at day 14 after transplantation.

The average body weight (BW) of rats in the NSBT group increased by 3.82 g/d. The BW of rats in the IsoT group decreased slightly after transplantation, then recovered to the preoperative BW at day 7 after transplantation, and then later increased by 3.32 g/d. The average BW of rats at day 3 in the HCB group was higher than those in the NS group, BM group and HB group (P < 0.05). There was no significant difference between the BM group and HB group (P > 0.05) but both groups had higher BW than the NS group (P < 0.05). Every two groups of the NS group, BM group, HB group and HCB group showed a significant difference in the average BW of rats at 7 d, 10 d and 14 d after transplantation, respectively (P < 0.05), among which BW in the HCB group was the highest, and BW in the NS group was the lowest (Figure 5). These results suggested that CXCR3/HO-1/BMMSCs significantly improved the survival quality of rats after transplantation than HO-1/BMMSCs and BMMSCs.
Improved post-transplant survival after treatment by CXCR3/HO-1/BMMSCs: The normal recipient (Lewis) rats in the NSBT group and IsoT group survived for more than 200 d after small bowel transplantation. The survival time of rats in the HCB group was the longest, followed by the HB group and BM group, while it was shortest in the NS group (P < 0.05; Figure 6). These results suggested that CXCR3/HO-1/BMMSCs could prolong the survival time of rats after transplantation more significantly than HO-1/BMMSCs and BMMSCs could.

Increased expression of HO-1 in the transplanted small bowel after treatment with CXCR3/HO-1/BMMSCs: The expression of HO-1 protein in the transplanted small bowel was low at instant, and there was no significant difference between the 4 aforementioned groups (P > 0.05). The relative concentration of HO-1 protein in the HCB group was higher than that in the NS group, BM group and HB group (P < 0.05) at every time point except immediately after transplantation. The relative concentration of HO-1 protein in the HCB group reached its maximum at day 7 after transplantation, and remained relatively stable thereafter (Figure 7). The relative concentration of HO-1 protein in the HB group was higher than that in the NS group and HB group (P < 0.05; Figure 7) at every time point except immediately after transplantation (instant). The relative concentration of HO-1 protein in the BM group was comparable to that in the NS group at 1 d, 3 d and 7 d (P > 0.05), and was higher than that in the NS group at 10 d and 14 d (P < 0.05; Figure 7). These results suggested that transfused CXCR3/HO-1/BMMSCs could reach the transplanted small bowel more rapidly than transfused HO-1/BMMSCs and transfused BMMSCs, leading to early expression of large quantities of HO-1 protein. 

Increased expression of CXCR3 in the transplanted small bowel after treatment with CXCR3/HO-1/BMMSCs: The expression of CXCR3 protein in the transplanted small bowel was low at instant, and there was no significant difference between the 4 aforementioned groups (P > 0.05). The relative concentration of CXCR3 protein in the HCB group was higher than that in the NS group, BM group and HB group (P < 0.05) at every time point except immediately after transplantation (at instant). The relative concentration of CXCR3 protein in the HB group was significantly lower than that in the NS group and BM group (P < 0.05) at every time point except immediately after transplantation (Figure 8). This was especially demonstrable at 3 d, 7 d, 10 d and 14 d after transplantation. The relative concentration of CXCR3 protein in the BM group was significantly lower than in the NS group at 1 d, 3 d, 7 d and 10 d (P < 0.05, Figure 8), and was higher than that in the NS group at day 14 (P < 0.05). These results suggested that transfused CXCR3/HO-1/BMMSCs could reach the transplanted small bowel more rapidly than transfused HO-1/BMMSCs and transfused BMMSCs, leading to early expression of large quantities of CXCR3 protein. 

Increased expression of CXCR3 and HO-1 in the transplanted small bowel after treatment with CXCR3/HO-1/BMMSCs: CXCR3 and HO-1 proteins were found to be co-expressed in the same cells and localized in the transplanted small bowel (shown by the arrow in Figure 9) at 1 d after double fluorescent histochemical staining.

Effects of CXCR3/HO-1/BMMSCs on the intestinal function and apoptosis in the transplanted small bowel 

Effects of CXCR3/HO-1/BMMSCs on the function of transplanted small bowel: The serum concentrations of DAO in the IsoT group, NS group, BM group, HB group and HCB group were comparable immediately after transplantation, and were all higher than that in the NSBT group (P < 0.05; Figure 10). The serum concentrations of DAO in the IsoT group nearly dropped to the level of the NSBT group (P > 0.05) at day 7 after transplantation. The serum concentrations of DAO in the NS group was the highest, followed by the BM group and HB group, and those in the HCB group had the lowest level of DAO at 3 d, 7 d, 10 d and 14 d after transplantation (P < 0.05). These results suggested that CXCR3/HO-1/BMMSCs could improve intestinal permeability much earlier and more significantly than HO-1/BMMSCs and BMMSCs could.

Decreased apoptosis in the transplanted small bowel after treatment with CXCR3/HO-1/BMMSCs: There was no significant difference in apoptosis between these 6 groups immediately after transplantation (P > 0.05; Figure 11). Apoptosis in the IsoT group increased at day 3 but nearly returned to the level of NSBT group by day 7. Apoptosis in the NS group was the highest, followed by the BM group and HB group, and was the lowest in the HCB group at 1 d, 3 d, 7 d and 10 d (P < 0.05). At day 14 after transplantation, apoptosis was comparable between the NS group and BM group (P > 0.05), was higher in the BM group when compared with the HB group (P < 0.05), and was higher in the HB group when compared with the HCB group (P < 0.05; Figure 11). These results suggested that CXCR3/HO-1/BMMSCs could reduce the level of apoptosis in the transplanted small bowel more significantly than HO-1/BMMSCs and BMMSCs could.

Effects of CXCR3/HO-1/BMMSCs on the immunologic function of rats

Inhibitory effects of CXCR3/HO-1/BMMSCs on NK cells: The activity of NK cells in the BM group, HB group and HCB group was significantly lower than that in the NSBT group, IsoT group and NS group immediately after transplantation (P < 0.05; Figure 12). The NSBT group and IsoT group showed no significant change any of the time points. The activity of NK cells in the NS group increased significantly after transplantation, which was significantly higher than that in the NSBT group, IsoT group, BM group, HB group and HCB group (P < 0.05). The activity of NK cells in the BM group, HB group and HCB group initially increased but then decreased after transplantation. The activity of NK cells in the BM group was the highest, followed by the HB group, and was the lowest in the HCB group at every time point (P < 0.05; Figure 12). These results suggested that CXCR3/HO-1/BMMSCs could significantly reduce the activity of NK cells in the rats after small bowel transplantation, and were able to exert their effects much earlier than HO-1/BMMSCs and BMMSCs could.

Increased ratio of regulatory T cells after treatment of CXCR3/HO-1/BMMSCs: The ratio of regulatory T cells (Treg) in the BM group, HB group and HCB group was comparable but were all significantly higher than that in the NBST group, IsoT group and NS group at instant (P < 0.05). The ratio of regulatory T cells in the NBST group, IsoT group and NS group showed no significant change over time (P > 0.05; Figure 13), while the ratio of regulatory T cells in the BM group, HB group and HCB group increased significantly over time (P > 0.05; Figure 13). The ratio of regulatory T cells in the HCB group was higher than that in the HB group and BM group, and the ratio in the HB group was higher than the BM group at the same time points. These results suggested that CXCR3/HO-1/BMMSCs could increase the ratio of regulatory T cells in the rats after small bowel transplantation, much more significantly than HO-1/BMMSCs and BMMSCs could.

Effects of CXCR3/HO-1/BMMSCs on serum cytokines: Serum concentrations of Th1/Th2-related and Th17/Treg-related cytokines were detected. Cytokines in the BM group, HB group and HCB group showed significant differences when compared with those in the NBST group, IsoT group and NS group immediately after transplantation, with a reduction in proinflammatory cytokines and an increase in anti-inflammatory cytokines (P < 0.05; Figure 14). The concentrations of proinflammatory cytokines in the IsoT group were significantly higher than those in the NSBT group at 1 d and 3 d (P < 0.05), and were comparable to those in the NSBT group at day 7 (P > 0.05). The concentrations of proinflammatory cytokines in the NS group were significantly higher than those in the BM group, HB group and HCB group at 1 d, 3 d, 7 d, 10 d and 14 d (P < 0.05). Proinflammatory cytokine levels in the BM group were higher than in the HB group, and those in the HCB group were the lowest at 1 d, 3 d, 7 d, 10 d and 14 d (P < 0.05). The concentrations of anti-inflammatory cytokines in the HCB group were significantly higher than those in the NS group, BM group and HB group (P < 0.05). Those in the HB group were higher than in the BM group, and those in the NS group expressed the lowest level (P < 0.05). These results suggested that CXCR3/HO-1/BMMSCs could induce immunological changes in rat lymphocytes after small bowel transplantation more significantly than HO-1/BMMSCs and BMMSCs could, resulting in increased secretion of anti-inflammatory cytokines and decreased secretion of proinflammatory cytokines.

DISCUSSION
With progress in surgical technology, new immunosuppressive regimens, effective infection prevention and perioperative management, the early survival rate of small bowel transplantation has been greatly improved[23]. However, the long-term outcome for small bowel transplantation is unsatisfactory[24]. The small bowel is an immune-rich organ, with the small bowel mucosa being a perfect congenital immune system due to it being constantly exposed to exogenous antigens and microbial populations. As there is continual exchange of cells and antigens during congenital and acquired immune function, T cell-mediated acute cellular rejection (ACR)[25] and antibody-mediated humoral rejection[26] are very likely to occur after small bowel transplantation. Studies have demonstrated that after small bowel transplantation, even under the application of a conventional immunization regimen, the incidence of rejection remains high[27,28]. The need to find a better induction of immune tolerance or transplantation rejection methods, has led to studies exploring whether BMMSCs can inhibit rejection after small bowel transplantation[29]. However, the effect of BMMSC alone on acute immune rejection is poor, probably due to the low homing efficiency of BMMSC after systemic infusion[30,31]. Treatment with BMMSCs results in insufficient cell numbers reaching in vivo lesions, and the survival time is also short when they do reach the target site.

Studies have shown that HO-1 and its metabolite system has antioxidant, anti-inflammatory, antiproliferative and immunomodulatory effects[18]. HO-1 is the rate-limiting enzyme in the metabolism of hemoglobin. This molecule can protect cells through its antioxidant activity, maintaining microcirculation of its moiety and by having potent antiapoptotic activities[32]. Modification of BMMSCs with HO-1 enhances the ability of BMMSCs to tolerate anoxia-reoxygenation injury, thereby enhancing the survivability and proliferative capacity of these BMMSCs[33,34]. However, prolonged survival in rats is not ideal[34], and therefore this study aimed to make further improvements to the delivery of these important cells. In order to reduce the immune status of rats, we employed BMMSCs pretreatment before transplantation, which offers several advantages: (1) BMMSCs have especially poor immunogenic properties as multifunctional stem cells[35], allowing them to escape the killing effects of toxic T cells and natural killer cells[36]; (2) BMMSCs can interfere with the function of cytotoxic T cells, IFN-γ-secreting T cells, dendritic cells (DCs) and NK cells, consequently inhibiting the release of some inflammatory factors is inhibited. Furthermore, BMMSCs can secrete some anti-inflammatory factors such as IL-10 and TGF-β[37], introducing a low immune state in the recipients[38]; and (3) BMMSCs can switch the immune response from that of a Th1 response to a Th2-driven response, inducing immune tolerance and a delay in rejection[39]. On this basis, we hypothesized that the addition of a gene that could guide BMMSCs to a damaged site of tissue, would further enhance the effect of HO-1/BMMSCs.

Given that chemokines can be expressed and secreted by different histiocytes and immune cells under certain conditions, they bind to the corresponding chemokine receptors and affect effector cells differently[40]. The interaction of chemokines with their receptors controls the direct migration of various immune cells in the circulatory system and tissues and organs[41]. After the chemokine receptor binds to a specific chemokine, this stimulates calcium influx and results in cell chemotaxis, guiding cells to a specific part of the organism[42]. The chemokine receptor CXCR3 is a G protein seven-subunit transmembrane that is expressed in many organ lesions. They are found in parenchymal and inflammatory cells such as vascular endothelial cells, activated lymphocytes, macrophages and dendritic cells but are not in the stationary phase of T lymphocytes, B lymphocytes and granulocytes[19].
It has been reported that CXCR3 and its ligands Mig, IP-10 and I-TAC are highly expressed during transplant rejection[43]. Th1 cells can specifically express CXCR3, which is typically a sign of activated Th1 lymphocytes[44] since the ligands of CXCR3 (Mig, IP-10 and I-TAC) can guide the activated Th1 lymphocytes to the tissue lesion[45]. Therefore, we hypothesized that modification of BMMSCs using the CXCR3 gene with specific binding of the CXCR3 receptor to the ligand, could propel BMMSCs more quickly to the injury site and in larger numbers. At the same time, BMMSCs were modified by HO-1 gene to enhance the role of immunoregulation and damage repair, thereby protecting the long-term survival prospects after small bowel transplantation. Our study was based on the chemotaxis of CXCR3 and we attempted to explore whether CXCR3-modified BMMSCs could reach the site of inflammatory injury faster and as a more pure collection of BMMSCs. Our study aimed to sacrifice the recipient rats simultaneously and observe the expression of the recipient rats at the same time point; the rejection response caused by the inflammatory response gradually augments over time, while specific rejection of the CXCR3 ligand will increase[46-48]. Therefore, we chose to sacrifice rats at multiple time points to describe the results in greater detail. The results of HO-1 gene and CXCR3/HO-1 genes being respectively transduced into BMMSCs resulted in GFP expression exceeding 85% for both mutations, and the protein levels of HO-1 and CXCR3 were significantly higher than native BMMSCs. Furthermore, the expression of HO-1 and CXCR3 mRNA were significantly up-regulated compared with native BMMSCs, thus confirming that we successfully obtained HO-1/BMMSCs and CXCR3/HO-1/BMMSCs. After transplantation, we showed that the protein levels of HO-1 and CXCR3 in the HCB group was significantly higher than that of the other groups 1 d after transplantation. Furthermore immunofluorescence double staining showed that the expression of HO-1 and CXCR3 protein were both present 1 day after surgery, which indicated that CXCR3/HO-1/BMMSCs could rapidly migrate to the transplanted small bowel. In addition, the levels of HO-1 and CXCR3 protein in the HCB group were significantly higher than those in the other groups at the same time point, which indicated that CXCR3/HO-1/BMMSCs reached the transplanted small bowel in large numbers.
In our study, the median survival time after transplant surgery was significantly higher in the recipient rats which were pretreated with BMMSCs and treated with CXCR3/HO-1/BMMSCs (HCB group) (53 d) compared with the HB group (39 d), BM group (26 d) and NS group (16 d). This is likely to be related to the reduction in graft rejection, improvement in small bowel function and a decrease in apoptosis. Pathological examination is a "gold standard" that reflects tissue damage; it scientifically and accurately reflects the degree of small bowel injury attributable to the rejection reaction[49,50]. Histopathological analysis showed that the transplanted small bowel in the HCB group had mild lymphocytic infiltration and a series of inflammatory reactions 7 d after surgery, while these phenomena in the HB group and BM group appeared 3 d after surgery. Furthermore, the infiltration of lymphocytes in the NS group was significantly different 1 d after surgery. 95% DAO is present in the cytoplasm of human and mammalian small bowel villus epithelial cells, with little or no distribution in the villi of the endometrium, or other tissues or cells. Apart from a small level of distribution in the endometrial villi, DAO is virtually absent from other tissues or cells[51]. When the bowel epithelial cells are damaged, this can lead to bowel barrier structural damage, so that villus epithelial cells will release significant quantities of DAO into the blood, leading to a rapid increase in DAO content. Thus, the DAO content in plasma directly reflects the damage to bowel epithelial cells and intestinal barrier structure, which is why it is measured[52-54]. We showed that the DAO content in plasma in the HCB group was significantly lower than that in the HB group, BM group and NS group at the same postoperative time points, which confirmed that the degree of bowel function injury in the HCB group was ameliorated when compared with the other groups. We found that apoptosis in group IsoT was similar to normal rats 7 d after transplantation, which indicated that ischemic injury had basically recovered by the seventh day after surgery; the level of apoptosis in the HCB group was lower than that of the HB group, BM group and NS group at the same postoperative time points. However, the level of apoptosis in the NS group had clearly decreased by 10 d and 14 d after transplantation. Through pathological analysis, we found a large number of necrotic mucosal cells had appeared. Therefore, the decrease in the NS group was not a result of an improved lesion but a false reduction caused by a large number of mucosal cells that had become necrotic and were being shed. Changes in body weight can also further reflect the rejection of the organ i.e., the less profound the rejection, the heavier the rats will be. We showed that HCB rats weighed the heaviest compared with other experimental groups. We also showed that CXCR3/HO-1/BMMSCs were able to better protect transplanted small bowel but the mechanism remains to be further elucidated.

BMMSCs regulate lymphocytes and induce the generation of regulatory T lymphocytes, which play an important role in both preventing rejection and maintaining immune tolerance[55]. Zhou also found that BMMSCs have the ability to inhibit T cell responses both in vitro and in vivo, and that intravenous infusion of BMMSCs can alter the balance of Thl/Th2 cells[56]. Th17 cells are helper T cells that can secrete IL-17, and they are iconic cells that play a positive role in immune regulation during the inflammatory response[57]. BMMSCs can inhibit the differentiation of CD4+ T cells into Thl cells and Thl7 cells and upregulate the proportion of CD4+ CD25+ Foxp3+ T (Treg) cells[58]. Our findings show that IL-6, IL-17, IL-23, IFN-γ and TNF-α in the serum in the preconditioned BM group, HB group and HCB group were significantly lower than in normal rats. The levels of IL-10 and TGF-β were significantly increased, the proportion of Treg cells was significantly higher than that in normal rats, and the activity of NK cells was also significantly lower than observed in normal rats. This shows that pretreated rats were in a low immune state. 

Treg is a regulatory T cell population distinct from Th1 and Th2 cells. It is thought to be a subset of Th3 cells that secrete TGF-β[59] and IL-10, both key factors in the maintenance of autoimmune tolerance[60], and important in the induction of immune tolerance after solid organ transplantation[61]. In the present study, we found that the proportion of Treg from rats which were pretreated with BMMSCs was significantly higher than that of normal rats, and the levels of IL-10 and TGF-β were significantly higher than those of normal rats. At the same postoperative time, the proportion of Treg cells in the HCB group was significantly higher than that in the HB group and BM group, while the HB group level was significantly higher than the BM group. These findings are similar to the results of a previous study[34] where the levels of IL-10 and TGF-β were highest in the HCB group. Thus, CXCR3/HO-1/BMMSCs exerted their effects earlier than HO-1/BMMSCs and BMMSCs.
The major Th1 cytokines are IFN-γ and IL-2[62], with such Th1 cytokines mediating proinflammatory cell immunity and acute rejection. In contrast, the major Th2 cytokine is IL-10; Th2 cells can down-regulate Th1 cells and consequently inhibit the cytotoxic effect of cytotoxic T lymphocytes, which is likely to be related to immune tolerance after transplantation[63-65]. Relevant studies have shown that IL-2 and IL-10 mutually orchestrate the final immune state[66]. Serum concentrations of IL-2 increase during acute rejection and are highly correlated with severity of rejection[67]. In contrast, high concentrations of IL-10 are associated with immune tolerance in solid organ transplantation[68]. Our results demonstrated that the serum levels of IL-2 in the HCB group treated with CXCR3/HO-1/BMMSCs was the lowest of all groups and was significantly lower than levels of IL-2 observed in the NS group, BM group and HB group. Furthermore, the level of IL-10 was the highest in the HCB group and significantly higher than the other three groups. For analysis of IFN-γ, we obtained similar results where the level of IFN-γ was significantly lower in the HCB group than in the NS group, BM group and HB group. The cytokine profiles and trends mirror those of the pathological results of the transplanted small bowel, which is reassuring.
In recent years, studies have identified a new CD4+ T cell type 17 (T helper cell 17, Th17), which is different from Th1 and Th2. This subset of T cells are independently differentiated and have different regulation mechanisms, while secreting IL-17, IL-22, IL-26 and TNF-α[69]. Therefore, IL-17 is the most characteristic cytokine that is produced by Th17 cells[70,71]. IL-23 is mainly produced by activated dendritic cells and macrophages in vivo, and IL-23 plays an important role in maintaining Th17 stability and promoting Th17 proliferation[72]. IL-23 can also activate macrophages and dendritic cells to promote the secretion of TNF-α[73]. It has been reported that IL-23 can induce activated CD4 + T cells to proliferate and secrete IL-17/IL-17F, and enhance IL-23/Th17-induced autoimmune and inflammatory diseases. The binding of IL-17/IL-17F to the receptor may promote the expression of IL-1, IL-6, IL-8, TNF-α and chemokines, thereby promoting neutrophil aggregation to the chronic inflammatory location[74]. BMMSCs can interfere with the function of dendritic cells and macrophages[75], resulting in decreased levels of IL-23. TGF-β can promote the differentiation of Treg cells by inducing the expression of Treg transcription factor-Foxp3. We demonstrated that the levels of IL-23, IL-17 and IL-6 in the pretreated BM group, HB group and HCB group were significantly lower than those in normal rats, and also found that the levels of IL-23, IL-17 and IL-6 in the HCB group were significantly lower than those in NS group, BM group and HB group at the same postoperative time points. Data have shown that the concentration of TNF-α and the rejection status were positively correlated[76]. We found that the concentration of TNF-α in the HCB group was the lowest compared with the other groups. At the same postoperative time, those animals in the HCB group had the highest level of TGF-β, while also having similarly high levels of Treg cells compared with the other groups. We speculate that CXCR3/HO-1 co-transduced BMMSCs are better at modulating immunity by influencing the interaction of cytokines with a better concomitant regulatory effect.
In this study, we found that pretreatment with BMMSCs can render recipient rats into a low immune state, which is beneficial in reducing rejection after transplantation. Introduction of the HO-1 gene may be able to solve the activity problems of BMMSCs when injected into the body, and the CXCR3 gene can increase the homing ability of these BMMSCs. BMMSCs modified by HO-1 and CXCR3 genes can quickly reach the injured site in large numbers, and thus appear to be able to reduce the rejection of small bowel transplants. We believe we have finally achieved the purpose of prolonging the survival period of rats after small bowel transplantation.
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Background 

Small bowel transplantation is an ideal method for the treatment of end-stage intestinal failure. However, the development of small bowel transplantation has lagged behind that of other organ transplants because the incidence of rejection is high. bone marrow mesenchymal stem cells (BMMSCs) play an important role in the regulation of immune function and are an ideal choice for cell transplantation in the treatment of autoimmune diseases and the prevention of rejection after solid organ transplantation. However, BMMSCs have a limited ability to survive and do not specifically migrate to the lesion in any meaningful capacity. Therefore, it is important to enhance the survival activity and quantity of BMMSCs at the injury site.

Research frontiers 

BMMSCs play an important role in mitigating rejection and maintaining immune tolerance. However, treatment with BMMSCs tends to result in an insufficient number of cells that can target in vivo lesions and they have a short survival time. It is important to find a way to modify the BMMSCs, thereby increasing their activity and quantity at the injury location.

Innovations and breakthroughs

We found that BMMSCs modified by the CXCR3 and HO-1 genes can significantly reduce the rejection of small bowel transplantation. Thus, chemokine receptor CXCR3 and HO-1 synergistically play an important role in this process.

Applications

BMMSCs are likely to be an ideal cell therapy for the treatment of organ transplant rejection in the future. By enhancing cell activity and quantity at the injury location, this can further enhance the effect of improving the rejection of transplanted small bowel. This is a step forward for clinical application of gene-modified BMMSCs.

Terminology

Diamine oxidase (DAO) is a highly active intracellular enzyme, which exists in human and mammalian small bowel villus. It plays a role in histamine production and a variety of polyamine metabolism processes, and its activity is closely related to the synthesis of nucleic acid and protein in mucosal cells. Its presence can reflect the intact nature of the intestinal barrier and the degree of injury. 
Peer-review 

The authors investigated the protective effects of BMMCCs modified by CXCR3 and HO-1 genes on the rejection of small bowel transplantation. They found that CXCR3/HO-1/BMMSCs were able to improve the survival period of the recipient rats. The whole project involved a large amount of work and has a certain degree of innovation in its execution.
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Figure 1 Identification of the bone marrow-derived cells as bone marrow mesenchymal stem cells. Morphology of first-passage (A) and third-passage (B) BMMSCs (× 100). The differentiation capability of BMMSCs into adipogenic or osteogenic cells was evaluated by oil red O (× 200) (C) or Von Kossa staining (D) (× 200). The arrows indicate the red lipid droplets (C) or the white calcium deposition (D). The proportion of CD29-positive and CD34-negative cells was 99.8% (E). The proportion of CD90-positive and CD45-negative cells was approximately 98.9% (F). The proportion of RT1A-positive and RT1B-negative cells was 98.6% (G). BMMSCs: bone marrow mesenchymal stem cells.
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Figure 2 Expression of fluorescence, protein and mRNA of HO-1 in HO-1/BMMSCs. A: Bright field microscopy of HO-1/BMMSCs; B: Fluorescent field microscopy of HO-1/BMMSCs (The positive expression rate of GFP exceeded 85 %); C: Expression of HO-1 protein in HO-1/BMMSCs and native BMMSCs; D: The expression of HO-1 protein in HO-1/BMMSCs (0.903 ± 0.072) was significantly higher than that in native BMMSCs (0.348 ± 0.065; P < 0.05);E: The relative expression of HO-1 mRNA in HO-1/BMMSCs (8.89 ± 0.40) was 7.89 times higher than that in native BMMSCs (1.00 ± 0.24; P < 0.05). BMMSCs: bone marrow mesenchymal stem cells; HO-1: heme oxygenase-1.
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Figure 3 Expression of fluorescence, protein and mRNA of CXCR3 and HO-1 in CXCR3/HO-1/BMMSCs. A: Bright field microscopy of CXCR3/HO-1/BMMSCs; B: Fluorescent field microscopy of CXCR3/HO-1/BMMSCs (the positive expression rate of GFP exceeded 85%); C: Expression of CXCR3 protein in CXCR3/HO-1/BMMSCs and native BMMSCs; D: The expression of CXCR3 protein in CXCR3/HO-1/BMMSCs (0.96 ± 0.14) was significantly higher than that in native BMMSCs (0.25 ± 0.09; P < 0.05); E: The relative expression of CXCR3 mRNA in CXCR3/HO-1/BMMSCs (7.69 ± 1.06) was 6.69 times higher than that in native BMMSCs (1.00 ± 0.20; P < 0.05); F: Expression of CXCR3 protein in CXCR3/HO-1/BMMSCs and native BMMSCs; G: The expression of HO-1 protein in CXCR3/HO-1/BMMSCs (0.91 ± 0.081) was significantly higher than that in native BMMSCs (0.305 ± 0.071; P < 0.05); H: The relative expression of HO-1 mRNA in CXCR3/HO-1/BMMSCs (8.71 ± 0.51) was 7.71 times higher than that in native BMMSCs (1.00 ± 0.19; P < 0.05). BMMSCs: bone marrow mesenchymal stem cells; HO-1: heme oxygenase-1.
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Figure 4 Pathology of transplanted small bowel (HE staining × 100). All 4 groups showed normal histological results immediately after transplant. The NS group showed mild injection at day 1 after transplantation : shorter and bifurcated intestinal villi, mild submucosal edema, shorter and bifurcated intestinal villi, mild submucosal edema, cryptic epithelial cells with mild damage (cytoplasmic basophilic increase, nuclear enlargement and color deepening) and increased apoptosis, more than 6 apoptotic bodies per 10 crypt cell, and mild mononuclear cells which are the main inflammatory cells found during inflammatory infiltration of the lamina propria; in contrast, the BM group, HB group and HCB group showed only mild edema. The pathological changes of 3d after transplantation in the NS group were more severe than that at 1 day, where the submucosal edema was aggravated, and there was increased inflammatory infiltration of lamina propria; the BM group and HB group showed mild inflammatory infiltration of the lamina propria, and the HCB group was similar to normal intestine. NS group showed moderate rejection at day 7 after transplantation: a reduced ratio of villi height to crypt, partial necrosis of glandular epithelial cells, aggravated edema and inflammation, diffuse crypt damage and increased apoptosis, and mild arteritis and congestion of lamina propria and submucosa; BM group and HB group showed mild rejection：the BM group had shorter intestinal villi, mild submucosal edema, inflammatory cell infiltration, mild crypt epithelial injury and increased apoptosis; the HB group had mild inflammatory cell infiltration, mild crypt injury, with other signs not being obvious; the HCB group were indeterminate for rejection: mild cryptic epithelial damage and the number of apoptotic bodies increased, with mild, local inflammatory cell infiltration of the lamina propria. The NS group showed severe rejection at day 10 after transplantation: intestinal villus changes were further aggravated, with serious shedding of the intestinal mucosal epithelial cells, while crypt epithelial injury was very serious; inflammatory cell infiltration involved the muscle layer, resulting in severe arteritis; the pathological changes in the BM group, HB group and HCB group at day 10 were more severe than those at day 7 after transplantation. The structures of the intestinal mucosa layer were completely destroyed and the intestinal wall became thinner with necrosis in the NS group 14 days after transplantation; the BM group showed moderate rejection; the HB group did not achieve moderate rejection but rejection was more severe than mild; the HCB group showed mild rejection .
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Figure 5 Average body weight of rats after small bowel transplantation. The average body weight (BW) of rats in the NSBT group increased by 3.82 g/day. BW of rats in the IsoT group decreased slightly after transplantation, then recovered to preoperative BW at day 7 (206.08 ± 3.87 vs 205.45 ± 2.10), and later increased by 3.32 g/d. BW of rats at day 1 showed no significant difference between the NS group, BM group, HB group and HCB group (203.78 ± 3.01 g vs 202.87 ± 2.33 g vs 202.16 ± 2.14 g vs 203.76 ± 2.65 g, P > 0.05). Every two groups of the NS group, BM group, HB group and HCB group showed significant differences in the average BW of rats at 3 d, 7 d, 10 d and 14 d after transplantation, respectively (3 d: 188.34 ± 2.13 g vs 192.00 ± 3.39 g vs 194.21 ± 2.99 g vs 198.65 ± 2.02 g; 7 d: 160.02 ± 4.87 g vs 172.67 ± 2.17 g vs 179.35 ± 2.37 g vs 187.21 ± 3.28 g; 10 d: 140.25 ± 4.45 g vs 161.83 ± 3.01 g vs 170.05 ± 2.72 g vs 180.32 ± 3.85 g; 14 d: 125.74 ± 6.63 g vs 165.32 ± 2.89 g vs 172.23 ± 6.92 g vs 183.65 ± 5.44 g; P < 0.05). BW in the HCB group was the highest, followed by the HB group and BM group, and BW in the NS group was the lowest. The average BW of rats at day 3 showed no significant difference between the BM group and the HB group (P > 0.05).
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Figure 6 Survival rates of rats after small bowel transplantation. The survival time of rats in the HCB group was longer than those in the NS group, BM group and HB group (median survival time: 53 d vs 16 d vs 26 d vs 39 d; P < 0.05). The survival time of rats in the HB group was longer than those in the BM group (P < 0.05). The survival time of rats in the NS group was shorter than those in the BM group, HB group and HCB group (P < 0.05). The chi-square and P values for comparison of survival rates in different groups are the same ((2 = 9.701 and P < 0.01).
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Figure 7 The expression of HO-1 protein in small intestine in different groups. aP < 0.05 vs NS group, bP < 0.05 vs BM group, cP < 0.05 vs HB group. A: Expression of HO-1 protein in the NS group, BM group, HB group, and HCB group; B: Relative concentration of HO-1 protein in different groups. The expression of HO-1 protein in the transplanted small bowel was low at 0 h, and there was no significant difference between these 4 groups (P > 0.05). The relative concentration of HO-1 protein in the HCB group was the highest, followed by the HB group and BM group, and was lowest in the NS group at other time points (P < 0.05).
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Figure 8 The expression of CXCR3 protein in small intestine in different groups. aP < 0.05 vs NS group, bP < 0.05 vs BM group, cP < 0.05 vs HB group. A: Expression of CXCR3 protein in the NS group, BM group, HB group, and HCB group;B: Relative concentration of CXCR3 protein in different groups. The expression of CXCR3 protein in the transplanted small bowel was low immediately after transplantation, and there was no significant difference between these 4 groups (P > 0.05). The relative concentration of CXCR3 protein in the HCB group was the highest, followed by the NS group and BM group, while it was lowest in the HB group at 1 d, 3 d, 7 d and 10 d. The relative concentration of CXCR3 protein in the BM group was higher than that in the NS group at day 14, which may be due to the false increase caused by mass necrosis of transplanted small bowel in the NS group.
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Figure 9 Expression of CXCR3/HO-1 in the transplanted small bowel of HCB group at day 1. A: Nuclear staining (DAPI); B: Staining of CXCR3 protein; C: Staining of HO-1 protein; d: Composite image of 3 types of staining showed co-expression of CXCR3 and HO-1 proteins in the transplanted small bowel (shown by the arrow). 
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Figure 10 Concentration of DAO in different groups. aP < 0.05 vs NSBT group bP < 0.05 vs IsoT group, cP < 0.05 vs NS group, dP < 0.05 vs BM group, eP < 0.05 vs NS group. The concentration of DAO in the NSBT group was significantly lower than that in the other 5 groups (P < 0.05). The concentration of DAO in the IsoT group was comparable to that in the HCB group at day 1 (23.43 ± 2.77 M/ml vs 23.26 ± 2.50 M/ml; P < 0.05) and day 3 (24.13 ± 3.51 M/ml vs 23.26 ± 2.50 M/ml; P < 0.05). The serum concentrations of DAO in the IsoT group at day 7 (11.14 ± 1.25 M/ml) nearly returned to levels of the NSBT group (10.80 ± 2.78 M/ml). At day 1 after transplantation, the serum concentration of DAO in the NS group was significantly higher than that in the BM group, HB group and HCB group (P < 0.05), comparable in the BM group and HB group (P > 0.05), and was lower in the HCB group when compared with the HB group (P < 0.05). The serum concentrations of DAO in the HCB group were significantly lower than those in the NS group, BM group and HB group at 3 d, 7 d, 10 d and 14 d (P < 0.05). 
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Figure 11 Apoptosis in the transplanted small bowel of different groups. A: Fluorescent histochemistry images of apoptosis in the NS group, BM group, HB group and HCB group at 7 d and 14 d (200 ×); B: Comparison of apoptotic cell numbers in different groups. aP < 0.05 vs NSBT group, bP < 0.05 vs IsoT group, cP < 0.05 vs NS group, dP < 0.05 vs BM group, eP < 0.05 vs NS group. There was no significant difference in apoptosis between these 6 groups at 0 h (P > 0.05). The apoptotic cell number in the IsoT group increased at day 3 (7.20 ± 1.53/HPF), and nearly returned to the level of the NSBT group at day 7 (3.30 ± 0.57/HPF vs 3.20 ± 0.57/HPF). The apoptotic cell number in the NS group was the highest, and was significantly higher than the other 5 groups at all time points except immediately after transplantation (P < 0.05). The apoptotic cell number in the NS group increased significantly, reaching its maximum at day 7 (75.00 ± 5.20/HP), before then decreasing (61.00 ± 2.65/HPF at day 10, 28.00 ± 1.73/HPF at day 14). The apoptotic cell number in the BM group was higher when compared with the HB group, and was higher in the HB group when compared with the HCB group (P < 0.05) simultaneously.
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Figure 12 Activity of NK cells in different groups at each time point. aP < 0.05 vs NSBT group, bP < 0.05 vs IsoT group, cP < 0.05 vs NS group, dP < 0.05 vs BM group, eP < 0.05 vs NS group. The activity of NK cells in the BM group (27.70% ± 3.28%), HB group (28.05% ± 2.87%) and HCB group (27.93% ± 3.26%) was significantly lower than that in the NSBT group (34.17% ± 3.29%), IsoT group (34.05% ± 3.22%) and NS group (34.05% ± 2.19%) at instant (P < 0.05). The activity of NK cells in the NS group increased significantly at 1 d, 3 d, 7 d, 10 d and 14 d, and was higher than that in the other 5 groups at the same time points (P < 0.05). The activity of NK cells in the BM group was higher than that in the HB group, and the HB group was higher than the HCB group at 1 d, 3 d, 7 d, 10 d and 1 4d after transplantation (1 d: 26.47 ± 3.65% vs 26.86 ± 3.65% vs 24.20% ± 2.54%; 3 d: 25.64% ± 4.37% vs 24.97% ± 3.21% vs 20.20% ± 2.54%; 7 d: 30.59% ± 4.02% vs 27.47% ± 2.94% vs 21.67% ± 3.02%; 10 d: 37.92% ± 3.29% vs 33.3%1 ± 1.76% vs 26.19% ± 2.02%; 14 d: 46.12% ± 3.87% vs 40.81% ± 3.07% vs 34.40% ± 3.21%; P < 0.05).
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Figure 13 Ratio of regulatory T cells in different groups. A: Flow cytometry of regulatory T cells in the NS group, BM group, HB group and HCB group; B: Column chart of the ratio of regulatory T cells in different groups. aP < 0.05 vs NSBT group, bP < 0.05 vs IsoT group, cP < 0.05 vs NS group, dP < 0.05 vs BM group, eP < 0.05 vs NS group. The ratio of regulatory T cells in the BM group (1.09% ± 0.28%), HB group (1.20% ± 0.29%) and HCB group (1.18% ± 0.25%) was comparable, and these ratios were all significantly higher than that in the NBST group (0.86% ± 0.12%), IsoT group (0.90% ± 0.16%) and NS group (0.88% ± 0.24%; P < 0.05) immediately after transplantation. The ratio of regulatory T cells in the NBST group, IsoT group and NS group showed no significant change over time (P > 0.05). The ratio of regulatory T cells in the HCB group was higher than that in the HB group and BM group, and the HB group was higher than the BM group for the same time points (1 d: 3.98% ± 0.930% vs 2.49% ± 0.65% vs 1.55% ± 0.62%; 3 d: 5.29% ± 1.01% vs 4.38% ± 0.82% vs 2.19% ± 0.59%; 7 d: 11.60% ± 0.54% vs 9.10% ± 0.48% vs 5.70 ± 0.89%; 10 d: 11.14% ± 0.60% vs 8.79% ± 0.40% vs 5.13% ± 0.55%; 14 d: 10.74% ± 0.53% vs 8.93% ± 0.44% vs 5.46% ± 0.61%; P ˂ 0.05).
[image: image14.jpg]BM
HCB

£ IsoT

L T O 0 o SSSSSSSSSSH

VO OoTTTTIIITITIIT]

oo~ N LN NN
R 0 0 0 0 0 0 0 0 0 0 0 W o R o M,
BRI BT BRI RIBE

I

L T O 0 o~fSSSSSSSSSY
Vo O o-{TIIITITITIIT]
COoOo-R L oLnnnyl

om N R M N R N R M e

@© T O O o HSSSSSSSSNT

T O O o-TIITTTTTTIT]

oo nn Nl

O (O e pigigegeye
BB C IR B RN BN

—_ |

© T U O ©CHSSSSSSSSSY

T OO Oo~TIITIITITIT]

oo L u unl

O O e
o]

— 1

L T o 0 oc-RSSSSSSSSSSS
T Oo-TIIITIIITTITT
oo R aa e

O (O e

14d

O T OO 0HESSSSSN
T o L2 o-TIITITITT]
e = w e e

7d
Time after transplantation
[ NSBT
BM

1d 3d
HCB =3 HB

MR,
BEBEREBEREB
I

© T O .0 CHSSSSY

TV OO

[SEaF o

B s o o R M N )
REBE ISR

I

L T OO o-SSSSY
T O O o=TTTIT]

© T O O ofSSSSS)

O O o=TITTIT]

oo N u

O o - e
(I, BERERE I RE G
I

L T O O ©{SSSSSN
O O OoHTITTTITIT]

.
O o

10d 14d

Time after transplantation

3d

=3 IsoT

1d

VTUOm© DO NNNNNNNNNNNN

TOO® HENNENNENNNENENNENEEEN

[S¥a].] (A A N B B NN EEENNNR

Om e o 0 N e M e e,
BERIBIRABEBI

T

O T L O ©—ESSSSSIISIISISSY
OO~

OO N N NN NN

O o)
BTN

|

L T L 0 o-SSSSSSSSSSSS
VO Oo—{TTTTITTITTTTTTIT]

N © O e
= O e
—

m I
TR o PO T AAAANNANNNNY
N O O—{TIITTIIITIIITT
- I O
- W O O — )

O T o 0 o~fSSSSSSSSS
O OW{TTTTTTITITT]

10d 14d

Time after transplantation

E=] [SoT

22

1d

[P eI a T AMATILLLIARILARIAANRAARAAARANNNY
T oo~

COo-CH A A A AN NN NNN

O O e

]

I

(PR eJENal I AAATTALIARRRRARAANRRRRRRNNY
COOOW T TITITITTITIT]

CO-A A A AN NN NnN]

O O e

BEBERERE

I

(TR TSN ¥ T ANNAANANANNNNNNNNNNNN
TO OO
COoOocH AR R R R LN N}

O

BM
HCB

VTOLOO O ADINANNANANNNNY
ToO o1 ITIITTTITTITTIT]
OSo-C L nnnn

O OO

o - - -

I

o T .0 o~—{SSSSSSSSSSSSY
O O oI}
Voo n nung

[0y e e e e

7d 10d 14d

Time after transplantation

1d

_nm _m W v oo — W v o
2] e e
m m % 2 ] a2 ) — Z =z T © —_— Z2Z T © ]
[SRaF . TH A\NAANNNNNNNNNN S N\ O OoH{fSSSSSSSY) 4 © 0 ofSSSSSSSSSY 4 e O O CHESSSSEESSY
O O oI - l ooy C vooHIIIIy < m O O OH{IITITITIT]
vocHERERRERRR] © ” voofinunngd © voo{Enung © o COCHE LR
OO R R N N N .ﬂ Ca "] q R e L& Fra e iaie )
C————— 1 - DEDEREDEDEE BN o DEDERERERER B o DEBIRABT
L 1 1 1 1 = | 1 | 1 1 | = L 1 | 1 | = [ Y N T I N N T W
o o o o o o o © o ©o 9o o o o o o o o o o i~ o O OO OO0 0O OO o o
< o o) N (9] < < N O 0 OV T N o © O < N O 0 WOWITNO®OWIFTAN
o~ oV — i =i i i i AN~ o o o

(jw/bd) 9-11 (Jw/bd) €z-11 (jw/bd) D-INL (jw/bd) g-491

L T O 0 oRSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSY
CoOoOLo-TITTTTITITITITTITTITTTTTTTTT]

© T 0 O o—fSSSSSSSSSSSSSSSS

COOO~TTTITTTTIIITITITITIT] L © O 20— SSSSSSSSSSSSSSSSSSSSSSSY

instant

14d

10d

O O o] TOO oI T o 0O
© o om© < Chemlidam W W W W W W W W NN NN W W W o O CrERnnnnnnrrrT
— b - SRS
— E—
U T U O CHESSSSSIISSSSN = - c [TRTENT T ANAL1LLLLLARNLANRARNNRRNNNNY
©O O oI = (@) - (@) o TO OO
OO N o B S B w ~ ST li.%lulJliulul|l|l|l
O (O e - O—EEnrrTTTTTTe Y
———1 — (© ~ (O — (O [ ey
— e — + il E—
C o
O T U .0 CHSSSSSSSSS (o] (1] C (IR TEN T, To ANARILARARANANANARNNNANNY
© OO o] mu mu ala CO OO IIIIITITTTITITIIT]
oL LN Oo-EL L LN
T o Do .u;.......r.r._..r.h&..r._.....a...r....r?af u_m m __m M M OO e w m u_m w T om © aba PR R R M N0}
2 = O — Q o 930 —_——
O T O ©HESSSSNNSS LvU .-ull.. ﬂ om Mm (DR TSR T T AANAANNANANNNNNNN
N © 0 o{IIIIIIIIT] S ﬂ A = O L N TO-OO—TIIIIIIIIITIIIT]
BN e B By SO 25 HEN she e
& o ] ﬂ ﬁ N (o USRI
© © E m N
O T U .0 CHESSSSSSY ” © [TRTER T To ANAANNAANNNNNNNNN
m CC (IITIITIT] - ) _ﬂm - () - ) _m dc.,w._Ma-------!
m m num ba.m.r-._....-.._.......r..-.... i .m m m % b, .m _m Eiaer m m m % e
[ T T “n n m 1= ——
OO0 ocHESSSSSY] 4 0 B = = E= T O .0 CHESSINSSSSSSSY
: m E © O oH{IIIIIT] m E m E m ..m : m E O O © T
v oo} L 2 o (AR
PR L..N ..& : m E ..@ oee .....,?....,.Jl..c....&..
] o~ cC m BEESECRE
L 1 1 1 1 1 Lt - L 1 1 1 1 1 - — L 1 1 1 1
o O O O O O O O o O O O O o o o o o o o o o o o
O + N ©O 0 O ¥ © ¥ N O W © < « %%mz o © © < N
— = o — T T AN — i

(lw/bd) z-11 (lw/6d) £1-11 (jw/6d) 0T-TI

1d
Time after transplantation

instant




Figure 14 Proinflammatory cytokines and anti-inflammatory cytokines in different groups. aP < 0.05 vs NSBT group, bP < 0.05 vs IsoT group, cP < 0.05 vs NS group, dP <0.05 vs BM group, eP < 0.05 vs NS group. Cytokines in the BM group, HB group and HCB group were comparable (P > 0.05), while cytokines in the NBST group, IsoT group and NS group were comparable immediately after transplantation (P > 0.05). The levels of proinflammatory cytokines (IL-2, IL-6, IL-7, IL-23, IFN-γ and TNF-α) in the former 3 groups were significantly lower than those levels in the latter 3 groups (P < 0.05), and the anti-inflammatory cytokine levels (IL-10 and TGF-β) in the former 3 groups were significantly higher than those in the latter 3 groups (P < 0.05). Cytokines in the IsoT group changed over time, and nearly returned to normal levels at day 7 (P > 0.05). Concentrations of IL-2, IFN-γ and TNF-α in the HCB group were significantly lower than those in the NS group, BM group and HB group at every time point (P < 0.05), with levels in the HB group lower than in the BM group (P < 0.05), and highest in the NS group (P < 0.05). Concentrations of IL-2, IFN-γ and TNF-α in the BM group, HB group and HCB group were significantly higher than those in the NSBT group at 10 d and 14 d (P < 0.05). Concentrations of IL-6, IL-17 and IL-23 in the HCB group were significantly lower than those in the NS group, BM group and HB group (P < 0.05), with levels in the HB group lower than in the BM group (P < 0.05), and highest in the NS group (P < 0.05). Concentrations of IL-6, IL-17 and IL-23 in the BM group, HB group and HCB group were significantly lower than those in the NSBT group at 1 d, 3 d and 7 d. Concentrations of IL-10 and TGF-β in the HCB group were higher than those in the other 5 groups. The HB group had the second highest level, the BM group level was higher than the NS group, and the NSBT group was comparable to the IsoT group with the lowest cytokine level, especially at 7 d, 10 d and 14 d after transplantation. 
Table 1 Primer sequences for quantitative PCR

	Target genes
	Primer sequences

	HO-1
	Forward: 5'-CTGGCTCTTTTCTTGG -3'

	
	Reverse: 5'-ATGGTCAGAACATGGAC-3'

	CXCR3
	Forward: 5'-TCATGGCCTACTGCTATGC-3'

	
	Reverse: 5'-CGACTTGGCCACGTCTAC-3'

	β-actin
	Forward: 5'-GCGTGACATTAAAGAGAAGCTG-3'

	
	Reverse: 5'-AGAAGCATTTGCGGTGCAC-3'


