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Background

Given the key role of integrins in maintaining intestinal homeostasis, anti-integrin biologics in inflammatory bowel disease (IBD) are being investigated in full swing. However, the unsatisfactory efficacy and safety of current anti-integrin biologics in clinical trials limit their widespread use in clinic. Therefore, it is particularly important to find a target that is highly and specifically expressed in the intestinal epithelium of patients with IBD.





Methods

The function of integrin αvβ6 in IBD and colitis-associated carcinoma (CAC) with the underlying mechanisms has been less studied. In the present study, we detected the level of integrin β6 within inflammation including colitis tissues in human and mouse. To investigate the role of integrin β6 in IBD and CAC, integrin β6 deficient mice were hence generated based on the construction of colitis and CAC model.





Results

We noted that integrin β6 was significantly upregulated in inflammatory epithelium of patients with IBD. Integrin β6 deletion not only reduced infiltration of pro-inflammatory cytokines, but also attenuated disruption of tight junctions between colonic epithelial cells. Meanwhile, lack of integrin β6 affected macrophage infiltration in mice with colitis. This study further revealed that lack of integrin β6 could inhibit tumorigenesis and tumor progression in CAC model by influencing macrophage polarization, which was also involved in attenuating the degree of intestinal symptoms and inflammatory responses in mice suffering from colitis.





Conclusions

The present research provides a potentially new perspective and option for the treatment of IBD and CAC.
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1 Introduction

Inflammatory bowel disease (IBD) is a group of immunity-mediated chronic recurrent inflammatory diseases of the gastrointestinal tract. Patients with IBD mainly present with symptoms such as abdominal pain, diarrhea, blood in the stool and weight loss (1). Although the etiology of IBD remains obscure, innate genetic susceptibility and external environment aspects are thought to contribute to immune dysregulation, disruption of the intestinal barrier and loss of tolerance to intestinal commensal bacteria (2). Long-term recurrent chronic inflammation can trigger oncogenic injury of colonic epithelial cells, leading to tumor initiation and development. Patients suffering from IBD, mainly including Crohn’s disease (CD) and ulcerative colitis (UC), have an increased risk of colitis-associated carcinoma (CAC) (3). CD resulted in an 8% increase in the cumulative risk of developing CAC after 30 years of disease, while UC increased the risk by 18-20% (4). As the worldwide incidence continues to rise, IBD poses a huge health and economic burden on society.

Current pharmacological management of IBD is primarily based on the use of corticosteroids, 5-aminosalicylates and biologic agents aimed at relieving intestinal inflammation and controlling clinical symptoms. Despite of the wide range of available drugs, there is still a high percentage of patients demonstrating initial no-response, loss of response, relapse or adverse reactions, thus requiring extra therapeutic solutions (5). The therapeutic difficulty and carcinogenic risk of IBD render it particularly significant to identify novel potential targets.

Integrins are heterodimeric glycoproteins that span membranes and occupy a pivotal position among receptors engaged in cell adhesion. By binding to the extracellular matrix (ECM), integrins trigger intracellular signaling that regulates a wide variety of cellular behaviors including survival, proliferation, migration, tissue invasion, intrinsic immunity and diverse cell destiny transitions (6). Integrins are composed of α and β subunits through non-covalent binding. There are 18 α subunits and 8 β subunits in mammalian cells, giving rise to 24 different receptor isoforms, each with specific recognition ligands and unique tissue distributions (7). Integrin β6 can only form heterodimeric receptor complex with integrin αv subunit, therefore the expression of integrin αvβ6 is determined by the gene ITGB6 encoding integrin β6, which is expressed only in epithelial cells (8).

Although upregulation of integrin αvβ6 has been shown to occur during development, wound healing, fibrosis and tumorigenesis, all of which require tissue remodeling (9), the role of integrin αvβ6 in IBD and CAC has been rarely studied. In the present study we examined the level of integrin β6 in inflammation including colitis tissues. Integrin β6 deficient (ITGB6-knockout) and wild-type (WT) mice were subsequently used to construct dextran sodium sulfate (DSS)-induced acute colitis mouse model and azoxymethane (AOM)/DSS-induced CAC mouse model to explore the role of integrin β6 in IBD and CAC. This study confirmed that integrin β6 deletion affected macrophage infiltration and polarization, thereby attenuating the degree of intestinal inflammatory response and symptoms, and inhibiting tumorigenesis and tumor progression. Our study provides a new strategy and perspective on the therapeutic aspects of IBD and CAC.




2 Materials and methods



2.1 Immunohistochemistry (IHC)

Paraffin-embedded sections of formalin-fixed tissue specimens were degreased with xylene and rehydrated using a gradient series of alcohols. Heat-induced antigen retrieval was performed after blocking with PBS containing 10% fetal bovine serum. The sections were then treated by incubation with primary and secondary antibodies. Immunohistochemical staining was performed with 3,3’-diaminobenzidine. Primary antibodies were as follows: anti-integrin αvβ6 antibody (Cell Signaling Technology or Millipore Sigma), anti-IL-6 antibody (Abcam), anti-IL-1β antibody (Abcam), anti-TNF-α antibody (Abcam), anti-COX-2 antibody (Abcam) and anti-Ki-67 antibody (Abcam). For the assessment of immunostaining, the immunoreactivity score was determined by multiplying the percentage of positively stained cells and the staining intensity (ranging from 0 to 12). The percentage of positivity was ranked as follows: 0, 0%; 1, 1-10%; 2, 11-50%; 3, 51-75%; 4, >75%. Staining intensity was graded as follows: 0, none; 1, weak; 2, moderate; 3, strong.




2.2 Quantitative real-time PCR (qPCR)

Total RNA was isolated from human and mouse colon tissue to be tested using TRIzol reagent (Invitrogen) following the manufacturer’s instructions. After quantification, total RNA was reverse transcribed to cDNA using the PrimeScript RT kit (Takara). qPCR was performed using Thunderbird SYBR Master Mix (Takara) according to the manufacturer’s instructions. The following primers were used: ITGB6, forward 5′- ATGGGGATTGAGCTGGTCTG-3′ and reverse 5′- GACAGGTGGGTGAAATTCTCC-3′; GAPDH, forward 5′- AGGTCGGTGTGAACGGATTTG -3′ and reverse 5′- GGGGTCGTTGATGGCAACA -3′. GAPDH was used as an internal reference. The 2-ΔΔCt method was used and statistical analysis was performed using the Student’s t-test.




2.3 Experimental mice

ITGB6-knockout (β6-KO) and Wild-type (WT) mice were generated and purchased from the Model Animal Research Center of Nanjing University. All the 8-10 weeks old male mice used in the experiments were reared under specific pathogen-free conditions. The above experiments were approved by the Ethics Committee of The First Affiliated Hospital of Xi’an Jiaotong University.




2.4 Mouse model of DSS-induced colitis

Acute colitis was induced in WT and ITGB6-KO mice by feeding drinking water dissolved with a concentration of 2.5% DSS (MP Biomedicals) for 7 days. Body weight, fecal concentration and rectal bleeding were recorded once a day which constitute the disease activity index (DAI) (10). The DAI score was obtained by summing the scores for weight loss, fecal concentration and degree of blood in the stool (range 0-12). On day 7, the length of colon was measured.




2.5 Histological assessment

For histological analysis, the inflamed colon was dissected and fixated in formalin solution, which was then paraffin-embedded and sliced into 4 μm-thick slices. Finally, the slices were stained using hematoxylin-eosin (HE) staining kit and alcian blue periodic acid schiff (AB-PAS) staining kit (Abcam). The severity of inflammation was assessed using histology scores as described before (11).




2.6 ELISA assay for pro-inflammatory cytokines

To detect the level of pro-inflammatory cytokines (IL-6, TNF-α and IL-1β) in mouse colon tissues, the collected tissue specimens were rinsed in ice-cold saline to remove blood and then grinded into 10% tissue homogenates, which were centrifuged at 3000 rpm at 4°C for 15 min. The supernatant was collected and detected by ELISA according to the instructions using an MCYTOMAG-70K Kit (Merck).




2.7 Immunofluorescence assay

Frozen sections of mice colon tissues were first fixed in acetone and permeabilized, and then blocked with 5% normal goat serum at room temperature for 1 h before incubating with primary antibody followed by secondary antibody. Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI) working solution. The fluorescent staining of colonic tissue was observed using a fluorescent microscope (Nikon) and images were obtained using Case Viewer software (version 2.3, 3D Histech). The average intensity of immunofluorescence staining was analyzed semi-quantitatively using ImageJ software. The primary antibodies were used as follows: anti-ZO-1 antibody (SantaCruz Biotechnology), anti-occludin antibody (SantaCruz Biotechnology), anti-F4/80 antibody (Cell Signaling Technology), anti-CD86 antibody (Cell Signaling Technology), anti-CD206 antibody (Cell Signaling Technology) and anti-integrin β6 antibody (Cell Signaling Technology).




2.8 Mouse model of CAC

Both ITGB6-KO mice and wild-type mice were injected intraperitoneally with 10 mg/kg AOM (MedChemExpres) once on day 1. After that, the mice were given normal drinking water for one week, followed by 2.5% DSS drinking water for one week, and then replaced with normal drinking water for two weeks as one cycle. After 3 consecutive cycles, on day 100 after AOM injection, the colon specimens were obtained for subsequent analysis.




2.9 Statistical analysis

Statistical analysis was performed and plotted using GraphPad Prism 7 software. Differences between the two groups were compared using a two-tailed Student’s t-test or Mann-Whitney U test analysis. Other data were analyzed using one-way ANOVA followed by Tukey’s test. P < 0.05 indicated statistical significance.





3 Results



3.1 Integrin β6 was upregulated in inflammatory tissues of IBD and associated with disease activity

To investigate the relationship between integrin β6 expression and IBD, we firstly examined the expression of integrin β6 in the inflamed colon of patients with IBD versus normal colon tissues through immunohistochemistry (IHC). Integrin β6 is barely detected in normal colonic epithelium but became overexpressed in IBD tissues (Figures 1A, B). Moreover, the expression of integrin β6 was higher in the colonic epithelium of patients with active IBD than those at remission phase (Figures 1C, D). Accordingly, qPCR assay also confirmed the increased mRNA level of integrin β6 in affected colonic epithelium of patients with IBD, especially at active phase (Figures 1E, F). Likewise, mRNA expression of integrin β6 became significantly elevated in DSS-induced colitis mouse model (Figure 1G), indicating that integrin β6 became upregulated in IBD and was associated with disease severity.




Figure 1 | Integrin β6 expression became elevated in IBD and was associated with inflammation severity. (A) Representative IHC staining of integrin β6 and (B) analysis of IHC score in normal and inflamed colonic tissues obtained from patients with IBD. (C) Representative IHC staining of integrin β6 and (D) analysis of IHC score in affected colonic tissues at active or remission phase from patients with IBD. (E) The mRNA level of integrin β6 in affected colonic tissue obtained from patients with IBD and matched normal colonic tissue. (F) The mRNA level of integrin β6 in affected colonic tissues from patients with IBD at active and remission phase. (G) The mRNA level of integrin β6 in affected colonic tissues of mice with DSS-induced colitis and matched adjacent normal intestinal tissues. Data represented the means ± SEM, *p < 0.05, **p < 0.01. Scale bar, 100 μm. n = 3 independent experiments.






3.2 Integrin β6 became upregulated during inflammation process

To verify the relationship between integrin β6 and inflammation, we further examined human gastritis, pancreatitis and pneumonia tissue specimens with corresponding normal tissues, respectively. It was found that integrin β6 expression was significantly elevated in gastritis (Figures 2A, B), pancreatitis (Figures 2C, D) and pneumonitis (Figures 2E, F). These findings suggested that the upregulation of integrin β6 was closely related to inflammation.




Figure 2 | The expression of integrin β6 was increased in human gastritis, pancreatitis and pneumonitis tissues. (A) Representative IHC staining of integrin β6 and (B) analysis of IHC score in affected gastric mucosal tissue and matched normal gastric mucosa. (C) Representative IHC staining of integrin β6 and (D) analysis of IHC score in affected pancreatic tissue and matched normal pancreatic tissue. (E) Representative IHC staining of integrin β6 and (F) analysis of IHC score in affected pneumonia tissues and matched normal lung tissue. Data represented the means ± SEM, **p < 0.01. Scale bar, 100 μm.






3.3 Integrin β6 deficient mice were resistant to DSS-induced colitis

In order to investigate the role of integrin β6 in IBD, ITGB6-knockout (β6-KO) and wild-type (WT) mice model of acute colitis was constructed by the presence of 2.5% DSS solution. On day 7 after DSS administration, the body weights of β6-KO mice were heavier, with a lower disease activity index (DAI), than those of WT mice (Figures 3A, B). Meanwhile, there was a remarkable increase of colon length in β6-KO mice (Figures 3C, D). Expectedly, the histology score of β6-KO mice was lower than WT mice (Figure 3E). In addition, the pathological evaluation by HE and AB-PAS staining of colitis tissues consistently revealed that β6-KO mice demonstrated milder mucosal damage than WT mice (Figure 3F), suggesting lack of integrin β6 attenuated the susceptibility of mice to DSS-induced acute colitis.




Figure 3 | ITGB6 knockout attenuated the susceptibility of mice to DSS-induced acute colitis. (A-F) WT and integrin β6-KO mice were treated in the presence or absence of 2.5% DSS for 7 days, and main symptoms of IBD were evaluated. (A) Body weight change; (B) DAI score; (C) Representative colon images and (D) quantitative measurement of colon length; (E) Histological score of disease activity; and (F) Representative images of HE staining and AB-PAS staining of colonic mucosa. Data represented the means ± SEM, *p < 0.05. Scale bar, 50 μm.






3.4 Integrin β6 deletion attenuated pro-inflammatory cytokine levels in colitis tissues of mice

Various pro-inflammatory cytokines released by macrophages act as critical regulators of the intestinal inflammatory response in IBD (12). To evaluate the effect of integrin β6 on pro-inflammatory cytokines, ELISA assay was performed on colonic tissues from β6-KO and WT mice after DSS treatment. The levels of IL-1β, TNF-α and IL-6 in the colitis tissues of β6-KO mice were lower than those of WT mice (Figures 4A–C). Consistently, IHC staining also confirmed the downregulated expression of IL-1β, IL-6, TNF-α and COX-2 in colitis model of β6-KO mice (Figure 4D). These findings implied that lack of integrin β6 could attenuate DSS-induced colitis by suppressing tissue infiltration of pro-inflammatory cytokines.




Figure 4 | ITGB6 knockout suppressed the levels of released pro-inflammatory cytokines in colonic tissues of DSS-induced colitis. (A) IL-1β, (B) IL-6 and (C) TNF-α were detected by ELISA assay in the colonic tissues from β6-KO and WT mice in the presence or absence of DSS. (D) Representative images of IHC staining of IL-1β, IL-6, TNF-α and COX-2 in the colonic tissues from β6-KO and WT mice in the presence or absence of DSS. Data represented the means ± SEM, *p < 0.05. Scale bar, 100 μm.






3.5 Loss of integrin β6 attenuated the disruption of tight junctions between colonic epithelial cells in DSS-induced colitis

The basic function of the bowel epithelium is to maintain the structural and functional integrity of the intestinal barrier and to prevent injury to intestinal tissues. One of the typical histopathological features of patients with IBD is the disruption of intestinal barrier. Previous studies have shown that reduced expression and abnormal distribution of tight junction (TJ) proteins contributed to disruption of intestinal barrier function, as observed in patients with active CD and UC (13). Zonula occludens-1 (ZO-1) and occludin are two major TJ proteins, which were hence detected in colonic tissues by immunofluorescence staining. While there was no basic difference regarding the expression of ZO-1 and occludin in the untreated β6-KO and WT mice, loss of integrin β6 could rescue the depressed expression of ZO-1 and occludin in DSS-induced colitis (Figures 5A–C). These findings suggested that deletion of integrin β6 elevated the expression of ZO-1 and occludin in colonic tissues, thus attenuating the disruption of colonic epithelial barrier function in DSS-induced colitis.




Figure 5 | ITGB6 knockout attenuated the disruption of tight junctions between colonic epithelial cells in DSS-induced colitis. (A) Representative images of immunofluorescence staining showing the expression of ZO-1 and occludin in colonic mucosa of WT and β6-KO mice in the presence or absence of DSS treatment. (B, C) Analysis of the expression levels of (B) ZO-1 and (C) occludin in the colonic mucosa of β6-KO and WT mice by immunofluorescence intensity. Data represented the means ± SEM, *p < 0.05. Scale bar, 50 μm. Representative images of IHC staining of IL-1β, IL-6, TNF-α and COX-2 in the colonic tissues from β6-KO and WT mice in the presence or absence of DSS. Data represented the means ± SEM, *p < 0.05. Scale bar, 50 μm.






3.6 Integrin β6 deletion altered macrophage polarization in DSS-induced acute colitis

Prior researches have revealed that dysregulation of intestinal macrophages is involved in the inflammation of IBD. Extensive infiltrating macrophages and cytokines that promote inflammation are uncovered in affected intestinal tissues of patients suffering from colitis. Macrophages, regulated by the microenvironment, are known to be classified into M1 and M2 phenotype according to their function and level of inflammatory cytokine secretion. M1 phenotype macrophages mainly promote the development of inflammation, sterilization and phagocytosis, while M2 phenotype macrophages promote wound healing and tissue repair in a manner of anti-inflammation (14). We here carried out immunofluorescence staining with F4/80 as the marker of macrophages, CD86 as the marker of M1 phenotype, and CD206 as the marker of M2 phenotype to evaluate the effect of integrin β6 deletion on macrophage infiltration and polarization in colitis tissues. There was a large number of macrophages infiltrating the colonic tissue of DSS-induced acute colitis, with the M1 phenotype being predominant (Figure 6A). Integrin β6 deletion could remarkably promote the polarization of macrophages into M2 phenotype macrophages, with no effect on the total number of macrophages (Figures 6A–D), indicating that lack of integrin β6 could attenuate the inflammation of colitis by promoting macrophage polarization to anti-inflammatory M2 phenotype rather than pro-inflammatory M1 phenotype.




Figure 6 | ITGB6 knockout altered the macrophage polarization in colonic tissue of DSS-induced colitis. (A) Immunofluorescence staining images showing the expression of F4/80, CD86 and CD206 in colonic mucosa of WT and β6-KO mice in the presence or absence of DSS treatment. (B–D) Quantitative analysis of the number of positively stained cells per high-powered field showing the relative expression level of (B) F4/80, (C) CD86 and (D) CD206 in colonic mucosa of WT and β6-KO mice in the presence or absence of DSS treatment. Data represented the means ± SEM, *p < 0.05. Scale bar, 50 μm.






3.7 Integrin β6 deficiency inhibited the tumorigenesis and tumor progression of CAC by suppressing macrophage M2 polarization

To investigate the role and mechanism of integrin β6 in the tumorigenesis and tumor progression of CAC, AOM/DSS assay was used to establish CAC model of mice.

There was a significant decrease in Ki67 staining upon integrin β6 deletion within the tumor tissues (Figures 7A, B), indicating reduced number of proliferative cells and tumor growth in CAC caused by ITGB6 knockout. Furthermore, the number of colon tumors was reduced in integrin β6-KO mice compared with WT mice (Figures 7C, D). Therefore, lack of integrin β6 could inhibit tumorigenesis and tumor progression of CAC. Moreover, integrin β6-KO mice demonstrated suppressed expression of CD206 compared with WT mice (Figures 7E–G), suggesting reductive infiltration of M2 phenotype macrophages in the tumors led by integrin β6 deletion. Considering that M2 macrophages tend to promote pathological angiogenesis, organ fibrosis and tumor growth (15), we thus speculated that integrin β6 deletion inhibited tumorigenesis by suppressing polarization of macrophages toward M2 phenotype.




Figure 7 | ITGB6 knockout mice were resistant to CAC by suppressing macrophage M2 polarization. (A) Representative images of HE and IHC staining of Ki67 in colonic CAC tissue of integrin β6-KO and WT mice. Scale bar, 100 μm. (B) Quantitative analysis of the number of positively stained cells per high-powered field showing expression levels of Ki67. (C, D) Representative images of colonic tumors with quantitative analysis of tumor numbers in CAC model of integrin β6-KO and WT mice. (E) Representative images of immunofluorescence staining showing the expression of integrin β6 and CD206 in colonic CAC tissue of integrin β6-KO and WT mice. Scale bar, 50 μm. (F, G) Quantitative analysis of the count of positively stained cells per high-powered field revealing the expression levels of (F) integrin β6 and (G) CD206 in colonic CAC tissue of integrin β6-KO and WT mice. Data represented the means ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001.







4 Discussion

As a complex pathogenesis referring to aberrant immune responses contributing to intestinal inflammation, IBD is characterized by being lifelong, recurrent, intractable and carcinogenic. The exact etiology of IBD is yet not well understood, which attracts a large number of researchers dedicated to exploring the pathogenic mechanism of IBD and potential therapeutic targets. Indeed, the migration of leukocytes through the endothelial cell wall is central to the pathogenesis of IBD, and targeted blockade of such process has been shown to be effective and safe (16). Given that anti-integrin agents are able to prevent leukocyte migration through the endothelial cell wall (17), anti-integrin therapy for IBD has already achieved initial promising results in terms of UC. So far, vedolizumab and natalizumab are the only anti-integrin biologics approved for the treatment of IBD (18), which mainly act to limit the inflammatory response by blocking the interaction of integrin α4β7 on the surface of lymphocytes with the addressin on the intestinal endothelium, thereby blocking the migration of leukocytes to the intestinal epithelium (19). However, since integrin α4β7 is mainly expressed in circulating lymphocytes, anti-integrin agents may, more or less, cause systemic side effects such as progressive multifocal leukoencephalopathy, infections and gastrointestinal events (20, 21). Integrin αvβ6 is expected to overcome this problem because it is an epithelium-restricted cell surface receptor. In the present study, we demonstrated that integrin β6 was highly expressed in inflammatory tissues and tumors in both patients and experimental mouse models, with positive correlation with the severity of inflammation.

Integrin αvβ6 is barely expressed in normal adult tissues, but its expression becomes dramatically elevated during tissue repair and malignancy (22). However, few studies have investigated the role of integrin αvβ6 in IBD. Rydell et al. found that the level of serum IgG anti-integrin αvβ6 autoantibodies was obviously increased in patients with UC (23), consistent with our finding that integrin αvβ6 was abundantly expressed in the intestinal epithelium of UC. We also found integrin αvβ6 expression was related with the severity of inflammation, in accordance with the previous report which through ITGB6 transgenic mouse model found that integrin β6 maintained the colon hyperresponsive to inflammatory factors and ultimately promoted the development of IBD (10). What’s more, we observed that the expression of integrin β6 was elevated in other inflammatory organ tissues such as gastritis, pancreatitis and pneumonitis, which verified that integrin β6 could be de novo synthesized in inflammatory events with tissue remodeling. In the present study, integrin β6 deficient mice were generated, which showed that ITGB6 knockout significantly reduced susceptibility to DSS-induced colitis. It is well known that IBD exhibits an overactivation of the inflammatory process, with one manifestation by the production of pro-inflammatory cytokines. Accordingly, we found that integrin β6 deficiency remarkably decreased the release of pro-inflammatory cytokines including TNF-α, IL-6 and IL-1β in the intestinal tissues of colitis.

Keeping mucosal epithelium intact is essential to avoid intestinal tissue damage and prevent inflammation. Abnormal expression of TJ proteins in patients with active IBD leads to disruption of barrier function. In addition, TJ dysregulation may be associated with activation of cytokines with different transcriptional and post-transcriptional mechanisms or induced intestinal inflammation (24). However, there is a large gap in our knowledge regarding the molecular mechanisms regulating TJ barrier function during disease manifestation. Integrin αvβ6 is mainly restricted to epithelial cells where it plays a role in maintaining epithelial barrier function (25). In the present study, knockout of integrin β6 promoted the expression of TJ proteins ZO-1 and occludin in mice with DSS-induced acute colitis, implying the attenuated disruption of TJ between colonic epithelial cells probably due to suppressed release of pro-inflammatory cytokines by integrin β6 deletion.

Macrophages are thought to be a major factor in keeping the intestinal environment stable through modulation of inflammation. Dysregulation of intestinal macrophages is reported to be responsible for chronic inflammation of IBD (26). Imbalanced polarization and ratio of M1/M2 macrophages to a large degree determine the response of tissue to injury or inflammation. Normally, M1 phenotype macrophages evoke a proper pro-inflammatory response that facilitates the eradication of intracellular infections to maintain a stable intestinal environment (27). However, dysregulation of M1 phenotype macrophages due to imbalanced polarization leads to a high production of pro-inflammatory cytokines, rendering the intestine susceptible to infection, inflammation and tumor lesions (28). Elevated filtration of M1 phenotype macrophages and level of pro-inflammatory cytokines are measured in the intestines of patients suffering from chronic colitis, while decreased number of M2 phenotype macrophages and level of anti-inflammatory cytokines were observed (29). In addition, in the affected intestine with UC, macrophages deliver antigens and contribute to the progression of UC to CAC via engulfing activities and production of chemokines and inflammatory cytokines (30). Thus, macrophage polarization may be specifically associated with the development of IBD.

Pro-inflammatory M1 phenotype macrophages can directly contribute to the damage of the intestinal epithelial barrier, while pro-angiogenic and pro-”wound healing” M2 phenotype macrophages may act antagonistically and modulate the inflammatory response (31, 32). The occurrence and development of CAC is associated with a pronounced filtration of macrophage, especially M2 phenotype macrophages which have been demonstrated to be associated with tumor growth, invasion, metastasis, and poor prognosis (33, 34). Our study found that knockout of integrin β6 could inhibit the polarization of macrophages to M1 phenotype but promote macrophages polarization to M2 phenotype, which attenuated the degree of inflammation in mice suffering from DSS-induced colitis. On the other hand, integrin β6 knockout could inhibit tumorigenesis and development by suppressing macrophage polarization toward M2 phenotype in CAC mice model. The seemingly contradictory effects of integrin β6 deletion could be context specific through different mechanisms on polarization to M2 phenotype macrophage in inflammation and tumorigenesis. Integrin β6 activates TGF-β, which inhibits nitric oxide synthesis and stimulates arginase activity, thus appearing to regulate the balance of M1/M2 phenotype macrophages (35). However, the exact mechanism needs to be further explored. Nonetheless, strategies regulating macrophage infiltration and polarization could be a promising choice for controlling inflammation and suppressing colitis-associated carcinogenesis in patients with colitis (36). The main drawback of current strategies inactivating macrophages is the systemic and indiscriminate targeting of macrophages, which leaves the immune response compromised at a disadvantage in fighting external attacks. Therefore, it is necessary to find IBD-related specific targets to replace the strategy indiscriminately targeting macrophages in order to achieve disease remission while reducing systemic side effects. The present study suggests that targeting integrin β6 may potentially be an alternative strategy to target macrophage polarization in the treatment of IBD.




5 Conclusion

Despite the partial success of biologic and small molecule agents in the management of IBD, there is still a proportion of patients who fail to response or develop drug resistance. Furthermore, with the development of available therapies, the demand for minimizing side effects is increasing. From this perspective, our present study is of significance, showing that integrin β6 is a potential target for the treatment of IBD by overcoming the shortcomings of current anti-integrin therapies and macrophage clearance/inactivation strategies, since integrin β6 is highly expressed only in the intestinal epithelium of IBD and promotes the development of IBD by affecting macrophage polarization.





Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding author.





Ethics statement

The studies involving human participants were reviewed and approved by the Ethics Committee of The First Affiliated Hospital of Xi’an Jiaotong University. The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by the Ethics Committee of The First Affiliated Hospital of Xi’an Jiaotong University. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.





Author contributions

QS, ZL and FL designed and conducted the experiments, and drafted the manuscript. LM, DX and CL assisted in the study design and data analysis. CY and WH performed the data collection. YD consulted the literature and help revision. FL designed the study, supervised the project. FL edited the manuscript. All authors contributed to the article and approved the submitted version.





Funding

This study was supported by the National Natural Science Foundation of China (82073271, 81803026, 81702362), Science and Technology Program of Shaanxi Province (2023KJXX-031) and Institutional Foundation of The First Affiliated Hospital of Xi’an Jiaotong University (YXJLRH2022044, 2022YQPY07, 2022MS-18). The authors acknowledge the funding agency.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Kaplan, GG, and Ng, SC. Understanding and preventing the global increase of inflammatory bowel disease. Gastroenterology (2017) 152(2):313–21 e2. doi: 10.1053/j.gastro.2016.10.020

2. Uniken Venema, WT, Voskuil, MD, Dijkstra, G, Weersma, RK, and Festen, EA. The genetic background of inflammatory bowel disease: from correlation to causality. J Pathol (2017) 241(2):146–58. doi: 10.1002/path.4817

3. Keller, DS, Windsor, A, Cohen, R, and Chand, M. Colorectal cancer in inflammatory bowel disease: review of the evidence. Tech Coloproctol (2019) 23(1):3–13. doi: 10.1007/s10151-019-1926-2

4. Rubin, DC, Shaker, A, and Levin, MS. Chronic intestinal inflammation: inflammatory bowel disease and colitis-associated colon cancer. Front Immunol (2012) 3:107. doi: 10.3389/fimmu.2012.00107

5. Al-Bawardy, B, Shivashankar, R, and Proctor, DD. Novel and emerging therapies for inflammatory bowel disease. Front Pharmacol (2021) 12:651415. doi: 10.3389/fphar.2021.651415

6. Kolasangiani, R, Bidone, TC, and Schwartz, MA. Integrin conformational dynamics and mechanotransduction. Cells (2022) 11(22):3584. doi: 10.3390/cells11223584

7. Samarzija, I, Dekanic, A, Humphries, JD, Paradzik, M, Stojanovic, N, Humphries, MJ, et al. Integrin crosstalk contributes to the complexity of signalling and unpredictable cancer cell fates. Cancers (2020) 12(7):1910. doi: 10.3390/cancers12071910

8. Meecham, A, and Marshall, JF. The ITGB6 gene: its role in experimental and clinical biology. Gene (2020) 763s:100023. doi: 10.1016/j.gene.2019.100023

9. Brzozowska, E, and Deshmukh, S. Integrin alpha v beta 6 (alphavbeta6) and its implications in cancer treatment. Int J Mol Sci (2022) 23(20):12346. doi: 10.3390/ijms232012346

10. Chen, H, Chen, L, Wang, X, Ge, X, Sun, L, Wang, Z, et al. Transgenic overexpression of ITGB6 in intestinal epithelial cells exacerbates dextran sulfate sodium-induced colitis in mice. J Cell Mol Med (2021) 25(5):2679–90. doi: 10.1111/jcmm.16297

11. Juznic, L, Peuker, K, Strigli, A, Brosch, M, Herrmann, A, Hasler, R, et al. SETDB1 is required for intestinal epithelial differentiation and the prevention of intestinal inflammation. Gut (2021) 70(3):485–98. doi: 10.1136/gutjnl-2020-321339

12. Motwani, MP, and Gilroy, DW. Macrophage development and polarization in chronic inflammation. Semin Immunol (2015) 27(4):257–66. doi: 10.1016/j.smim.2015.07.002

13. Saha, K, Ganapathy, AS, Wang, A, Morris, NM, Suchanec, E, Ding, W, et al. Autophagy reduces the degradation and promotes membrane localization of occludin to enhance the intestinal epithelial tight junction barrier against paracellular macromolecule flux. J Crohn's Colitis (2022) 17(3):433–49. doi: 10.1093/ecco-jcc/jjac148

14. Hung, CH, Hsu, HY, Chiou, HC, Tsai, ML, You, HL, Lin, YC, et al. Arsenic induces M2 macrophage polarization and shifts M1/M2 cytokine production via mitophagy. Int J Mol Sci (2022) 23(22):13879. doi: 10.3390/ijms232213879

15. He, L, Jhong, JH, Chen, Q, Huang, KY, Strittmatter, K, Kreuzer, J, et al. Global characterization of macrophage polarization mechanisms and identification of M2-type polarization inhibitors. Cell Rep (2021) 37(5):109955. doi: 10.1016/j.celrep.2021.109955

16. Panés, J, and Salas, A. Past, present and future of therapeutic interventions targeting leukocyte trafficking in inflammatory bowel disease. J Crohns Colitis (2018) 12(suppl_2):S633–s40. doi: 10.1093/ecco-jcc/jjy011

17. Dotan, I, Allez, M, Danese, S, Keir, M, Tole, S, and McBride, J. The role of integrins in the pathogenesis of inflammatory bowel disease: approved and investigational anti-integrin therapies. Med Res Rev (2020) 40(1):245–62. doi: 10.1002/med.21601

18. Solitano, V, Parigi, TL, Ragaini, E, and Danese, S. Anti-integrin drugs in clinical trials for inflammatory bowel disease (IBD): insights into promising agents. Expert Opin Investig Drugs (2021) 30(10):1037–46. doi: 10.1080/13543784.2021.1974396

19. Zundler, S, Becker, E, Weidinger, C, and Siegmund, B. Anti-adhesion therapies in inflammatory bowel disease-molecular and clinical aspects. Front Immunol (2017) 8:891. doi: 10.3389/fimmu.2017.00891

20. Ho, PR, Koendgen, H, Campbell, N, Haddock, B, Richman, S, and Chang, I. Risk of natalizumab-associated progressive multifocal leukoencephalopathy in patients with multiple sclerosis: a retrospective analysis of data from four clinical studies. Lancet Neurol (2017) 16(11):925–33. doi: 10.1016/s1474-4422(17)30282-x

21. Colombel, JF, Sands, BE, Rutgeerts, P, Sandborn, W, Danese, S, D'Haens, G, et al. The safety of vedolizumab for ulcerative colitis and crohn's disease. Gut (2017) 66(5):839–51. doi: 10.1136/gutjnl-2015-311079

22. Koivisto, L, Bi, J, Hakkinen, L, and Larjava, H. Integrin alphavbeta6: structure, function and role in health and disease. Int J Biochem Cell Biol (2018) 99:186–96. doi: 10.1016/j.biocel.2018.04.013

23. Rydell, N, Ekoff, H, Hellstrom, PM, and Moverare, R. Measurement of serum IgG anti-integrin alphavbeta6 autoantibodies is a promising tool in the diagnosis of ulcerative colitis. J Clin Med (2022) 11(7):1881. doi: 10.3390/jcm11071881

24. Lee, SH. Intestinal permeability regulation by tight junction: implication on inflammatory bowel diseases. Intest Res (2015) 13(1):11–8. doi: 10.5217/ir.2015.13.1.11

25. Yu, Y, Chen, S, Lu, GF, Wu, Y, Mo, L, Liu, ZQ, et al. Alphavbeta6 is required in maintaining the intestinal epithelial barrier function. Cell Biol Int (2014) 38(6):777–81. doi: 10.1002/cbin.10258

26. Na, YR, Stakenborg, M, Seok, SH, and Matteoli, G. Macrophages in intestinal inflammation and resolution: a potential therapeutic target in IBD. Nat Rev Gastroenterol Hepatol (2019) 16(9):531–43. doi: 10.1038/s41575-019-0172-4

27. Hamidzadeh, K, Christensen, SM, Dalby, E, Chandrasekaran, P, and Mosser, DM. Macrophages and the recovery from acute and chronic inflammation. Annu Rev Physiol (2017) 79:567–92. doi: 10.1146/annurev-physiol-022516-034348

28. Steinbach, EC, and Plevy, SE. The role of macrophages and dendritic cells in the initiation of inflammation in IBD. Inflammatory bowel Dis (2014) 20(1):166–75. doi: 10.1097/MIB.0b013e3182a69dca

29. Zhu, W, Yu, J, Nie, Y, Shi, X, Liu, Y, Li, F, et al. Disequilibrium of M1 and M2 macrophages correlates with the development of experimental inflammatory bowel diseases. Immunol Invest (2014) 43(7):638–52. doi: 10.3109/08820139.2014.909456

30. Erreni, M, Mantovani, A, and Allavena, P. Tumor-associated macrophages (TAM) and inflammation in colorectal cancer. Cancer Microenviron (2011) 4(2):141–54. doi: 10.1007/s12307-010-0052-5

31. Lissner, D, Schumann, M, Batra, A, Kredel, LI, Kühl, AA, Erben, U, et al. Monocyte and M1 macrophage-induced barrier defect contributes to chronic intestinal inflammation in IBD. Inflammation Bowel Dis (2015) 21(6):1297–305. doi: 10.1097/mib.0000000000000384

32. Van Welden, S, De Vos, M, Wielockx, B, Tavernier, SJ, Dullaers, M, Neyt, S, et al. Haematopoietic prolyl hydroxylase-1 deficiency promotes M2 macrophage polarization and is both necessary and sufficient to protect against experimental colitis. J Pathol (2017) 241(4):547–58. doi: 10.1002/path.4861

33. Lan, J, Sun, L, Xu, F, Liu, L, Hu, F, Song, D, et al. M2 macrophage-derived exosomes promote cell migration and invasion in colon cancer. Cancer Res (2019) 79(1):146–58. doi: 10.1158/0008-5472.Can-18-0014

34. Yahaya, MAF, Lila, MAM, Ismail, S, Zainol, M, and Afizan, N. Tumour-associated macrophages (TAMs) in colon cancer and how to reeducate them. J Immunol Res (2019) 2019:2368249. doi: 10.1155/2019/2368249

35. Brzozowska, E, and Deshmukh, S. Integrin alpha v beta 6 (αvβ6) and its implications in cancer treatment. Int J Mol Sci (2022) 23(20):12346. doi: 10.3390/ijms232012346

36. Tang, B, Zhu, J, Fang, S, Wang, Y, Vinothkumar, R, Li, M, et al. Pharmacological inhibition of MELK restricts ferroptosis and the inflammatory response in colitis and colitis-propelled carcinogenesis. Free Radic Biol Med (2021) 172:312–29. doi: 10.1016/j.freeradbiomed.2021.06.012




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Sun, Lu, Ma, Xue, Liu, Ye, Huang, Dang and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-13-1190229-g003.jpg
>

Body weight (%)

by
s

=]
=)

©
=)

WT +H20

B6-KO +H20

WT +DSS

B6-KO +DSS

HE staining

AB-PAS staining

1 2 3 4 5
Time (Days)

V'
,\,‘n 1 *QO;

{3 «-,umg;,

,"“\'f iﬁ/

WT +H20

B6-KO +H20

=
—o-
-+ WT +DSS
-

B6-KO +DSS

u on ‘ﬁ &
‘6 ;\ ‘\\1‘) “‘ff

Tha

s{;.

i

o |

Colon length (cm) Disease activity index

Histology score

v o N A O ®

©

o

IS

)

o

o

IS

w

N

-

o

H,0

H.0

WT +DSS

Dss

Dss

-= WT +H20
- B6-KO +H20
-+ WT +DSS
v B6-KO +DSS

e WT
A B6-KO

B6-KO +DSS






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Integrin β6 deficiency protects mice from experimental colitis and colitis-associated carcinoma by altering macrophage polarization

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Immunohistochemistry (IHC)

          



          		

            2.2 Quantitative real-time PCR (qPCR)

          



          		

            2.3 Experimental mice

          



          		

            2.4 Mouse model of DSS-induced colitis

          



          		

            2.5 Histological assessment

          



          		

            2.6 ELISA assay for pro-inflammatory cytokines

          



          		

            2.7 Immunofluorescence assay

          



          		

            2.8 Mouse model of CAC

          



          		

            2.9 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Integrin β6 was upregulated in inflammatory tissues of IBD and associated with disease activity

          



          		

            3.2 Integrin β6 became upregulated during inflammation process

          



          		

            3.3 Integrin β6 deficient mice were resistant to DSS-induced colitis

          



          		

            3.4 Integrin β6 deletion attenuated pro-inflammatory cytokine levels in colitis tissues of mice

          



          		

            3.5 Loss of integrin β6 attenuated the disruption of tight junctions between colonic epithelial cells in DSS-induced colitis

          



          		

            3.6 Integrin β6 deletion altered macrophage polarization in DSS-induced acute colitis

          



          		

            3.7 Integrin β6 deficiency inhibited the tumorigenesis and tumor progression of CAC by suppressing macrophage M2 polarization

          



        



        



        		

          4 Discussion

        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-13-1190229-g007.jpg
2 : 9
x a x = m &
2 . 5 5
2 8 8 & =2 ° R £ & ¥ & 8 8 8 § ] °©
=
5 ddH/slIed L9IY - slaquinu Jown] 5 4dH/sl1e2 +w& -

= g
&

o w 9¢ unbajul

r | T _ m —
=) o o o =}
< © ~N -~

B6-KO

WT

ddH/sII®2 ,902ad

902¢dd





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-13-1190229-g005.jpg
KO +DSS

B6

KO +H20

86

upnjeoQO

2
* a
£
©
3
Q
O
o
<
«
o
2
I
o =] o o
© < ~N
Ayj1suajui asusdsalon|4
o
pe
=
.
(©)
N

Q =3 Q (<] =] o
w < © ~N -

Ay1suajuj asuaosaion|4





OEBPS/Images/fonc.2023.1190229_cover.jpg
, frontiers ‘ Frontiers in Oncology

Integrin B6 deficiency protects mice from
experimental colitis and colitis-associated
carcinoma by altering macrophage
polarization





OEBPS/Images/fonc-13-1190229-g001.jpg
Relative B6 mRNA level

400

300

200

100

human

*%

IBD

Relative 6 mRNA level

IHC score of integrin 6

IHC score of integrin 36

15

10

Normal IBD
|
°
o 3
°

Remission

300

200

100

Relative 6 mRNA level

Active

mice

Normal Colitis





OEBPS/Images/fonc-13-1190229-g004.jpg
IL-1B (pg/mg protein)

IL-1B

IL-6

TNF-a

COX-2

IL-6 (ug/g protein)

oed
o

e
°

o

o

=
o

ol
°

H,0

Dss

(9]

TNF-a (pg/mg protein)

g

@
3
3

N

N
8
3

H,0

DsSs

o WT
B6-KO






OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-13-1190229-g006.jpg
B6-KO +DSS

o
[
I
g

o
X
©
@

Y

ddH/sII92 ,08/vd






OEBPS/Images/fonc-13-1190229-g002.jpg
Gastritis

*x

-
o

oo

IHC score of integrin 6
=)

°
5
—:gcl)g:—
0
Normal Gastritis
D
© 18 —
@
£
=
>
L 10
£ ©
= ——
S
) °
=
5
3
2 [}
e | ==
I
= 0 O T
Normal Pancreatitis
F

IHC score of integrin p6

Normal Pneumonitis





