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Abstract
Inflammatory bowel diseases (IBDs) are chronic disorders of modern society, requiring management strategies aimed at prolonging an active life and establishing the exact etiology and pathogenesis. These idiopathic diseases have environmental, genetic, immunologic, inflammatory, and oxidative stress components. On the one hand, recent advances have shown that abnormal immune reactions against the microorganisms of the intestinal flora are responsible for the inflammation in genetically susceptible individuals. On the other hand, in addition to T helper cell-type (Th) 1 and Th2 immune responses, other subsets of T cells, namely regulatory T cells and Th17 maintained by IL-23 are likely to develop IBD. IL-23 acts on innate immune system members and also facilitates the expansion and maintenance of Th17 cells. The IL-17/IL-23 axis is relevant in IBD pathogenesis both in human and experimental studies. Novel biomarkers of IBD could be calprotectin, microRNAs, and serum proinflammatory cytokines. An efficient strategy for IBD therapy is represented by the combination of IL-17A and IL-17F in acute IL-17A knockout TNBS-induced colitis, and also definite decrease of the inflammatory process in IL-17F knockout, DSS-induced colitis have been observed. Studying the correlation between innate and adaptive immune systems, we hope to obtain a focused review in order to facilitate future approaches aimed at elucidating the immunological mechanisms that control gut inflammation.
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Core tip: The pathogenesis of inflammatory bowel diseases (Crohn’s disease and ulcerative colitis) is multifactorial and still not completely understood. There is a need to identify new diagnostic biomarkers as well as an efficient therapy for these diseases. A better understanding of the immunological mechanisms that control gut inflammation, is of high clinical importance because it offers the possibility to develop new drugs, which attack the key pro-inflammatory pathways in chronic intestinal inflammation.
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INTRODUCTION
Inflammatory bowel diseases (IBD) including ulcerative colitis (UC) and Crohn’s disease (CD) require a better knowledge of the exact autoimmune mechanisms involved in their pathogenesis[1]. A better understanding of the pathogenesis of IBD will allow the better control of the inappropriate and continuing inflammatory response to commensal microbes in a genetically susceptible host[2-5] . In addition, in CD pathogenesis the “dialogue” between the host and intestinal microbiota includes the defensins and dysbiosis as well as the hemostatic system[6]. The pathways for intestinal homeostasis include: epithelial restitution, barrier function, antimicrobial defense, innate and adaptive immunity, “reactive oxygen species” (ROS) generation and the metabolic pathway[4]. 

IMMUNOLOGICAL MECHANISMS IN IBD

Immune tolerance, inflammation, mucosal pathways and/or epithelial restitution are promoted by intra- and intercellular networks using plastic cellular programs responsible for intestinal homeostasis[7]. 

UC is characterized by inflammation limited to the colon as a result of a disturbance of the normal immune control of the gut symbiotic bacteria. By contrast, CD involves any part of the gastrointestinal tract. Chronic inflammation involves the submucosal and mucosal layers leading to bleeding, abdominal pain, diarrhea and malnourishment. The gut wall permeability is also increased. The Peyer’s patches of the small intestine could be the site of the immune tolerance breakdown to the microorganisms of the intestinal flora[4].

The immune system is made of two compartments: innate and acquired. The function of the non-specific system is to recognize all external agents and also act against them without specificity and memory. The mucosa is the first place where pathogens/allergens encounter polymorphonuclear neutrophils, which directly recognize the PAMP (pathogen associated molecular pattern) through pattern recognition receptors such as Toll-like receptors (TLRs). The key factor between TLRs and neutrophils interactions are ROS. There are at least 10 variants of TLRs expressed on the surface of neutrophils, macrophages, dendritic cells and, to a lesser extent, lymphocytes. Through these types of receptors, the innate immune response has a certain specificity compared to the high degree of variability present on the surface molecules of the pathogenic agents[8].

First, abnormalities of innate immunity in association with epithelial barrier dysfunction could be the “key” point to the initiation of the mucosal inflammation[9,10]. Besides the recognition role, the innate immune response mediated by neutrophils, natural killer (NK) cells, monocytes/macrophages, dendritic cells and the complement system has other important functions such as phagocytosis and direct cell cytotoxicity or Antibody-Dependent Cell Cytotoxicity (ADCC). Moreover, NK cells and NKT cells exhibit cytotoxic activity in cancerous cells. Although the innate immune system is extremely effective as a first line of defense against many aggressors, it also causes multiple collateral effects by producing antibacterial free radicals. This is the point where the specific adaptive immune system intervenes[8].
Second, the adaptive immunity has classically been considered to play a crucial role in the pathogenesis of IBD. The acquired immune response is ensured by T and B lymphocytes. The adaptive immune response eliminates specific pathogens through humoral and cellular response[8]. However, recent research in immunology and genetics has shown that the innate immune response is equally important in inducing inflammation in IBD patients. It has been highlighted that an altered epithelial barrier function contributes to the intestinal inflammation in UC, while aberrant innate immune responses, such as autophagy, innate microbial sensing and antimicrobial peptide production are associated with CD pathogenesis[3].

The immunology of IBD represents an imbalance between two types of T cells populations: regulatory T cells (Treg) and pro- inflammatory T cells (Figure 1).

Besides Th1 and Th2, two other subsets have recently been described: CD4+CD25+T regulatory cells and Th17 cells (Table 1). Th17 cells expressing ROR1 favor the occurrence of allergic reactions and autoimmune phenomena by producing IL-17 cytokines. Therefore, the Th17/Treg balance prevents or promotes inflammation and autoimmune diseases. After activation, naïve CD4-T cells differentiate into three subsets of Th effector cells, each subset having a unique cytotoxic profile and specific biological functions. Treg cells that differentiate in the presence of the Foxp3 transcription factor (90-100 aminoacids that form a DNA binding motif) produce anti-inflammatory mediators such as IL-10 and TGF-, whose function is to preserve immune tolerance and homeostasis[8]. In addition to natural thymic Treg cells, Treg could be induced in the periphery under specific conditions. Th17 and iTregs are closely related so that they can generate one another under the control of TGF- maintaining their balance in the context of IBD[10,11].

The most commonly described effector T cells are Th1, Th17 in CD and Th2 in UC, Th17 being responsible for the IL-17 production, a key pro- inflammatory cytokine that is increased in IBD[12]. Conversely, given the redundancy of effector and regulatory pathways leading to IBD lesions and the Th17 cells protective functions, the neutralization of IL-17A did not diminish the inflammatory process in CD[3]. In addition, effector T-cells and cytokines have been targets of many recently developed treatment agents for CD[13].

The first interaction between the innate and the acquired systems occurs when antigen-presenting cells (APCs), which are part of the innate system, present antigens to the T cells belonging to the innate system[8]. “Polarization” of adaptive immune responses was firstly presented in 1986[14]. This hypothesis was that on encountering an antigen presented by APC, naïve CD4+T-cells acquired a unique effector immunophenotype, representing the final stage of non-reversible differentiation and being defined by specific effector cytokines[15,16].

The Th cell polarization model is promoted by cytokines which derive from the innate immune system recognizing microbe-associated molecular patterns (MAMPs) and establishing proinflammatory antimicrobial responses[11].

The Th1 vs Th2 “polarization model” was presented twenty-five years ago in the context of responses against infectious agents. It is generally accepted that a deregulation in the immune response towards the gut flora is responsible for the intestinal chronic inflammation in genetically predisposed individuals. Caspase recruitment domain 9 (CARD9) is a nonredundant adapter protein that conveys signal information downstream of pattern recognition receptors. CARD9 has also been associated with autoinflammatory disorders members and with the activation of NF-B family, enhancing the Th17 cytokines production[17]. Chronic inflammation is coordinated by the oxidative stress manifested by the increase in pro-inflammatory cytokines encoded by NF-B genes[8].

The “polarization model” was also used to explain the immunophenotype of non-infectious inflammatory conditions. Expression studies on the signature cytokines demonstrated the crucial role of IL-23, Il-17 and IL-6 in the development of experimental colitis, Th17 cells being involved in disease propagation. Moreover, IL-23 promotes the expansion and maintenance of Th17 cells, which secrete the proinflammatory cytokine IL-17 involved in the pathogenesis of many chronic inflammatory disorders. Other studies have shown that IL-23 acts on the cells of the innate immune system and contributes to the inflammatory cytokine production and tissue inflammation. Therefore, the role of the IL-23/IL-17 axis in the pathogenesis of IBD chronic intestinal inflammation has been highlighted both in animal and human studies, this pathway being relevant especially in the pathogenesis of Crohn’s disease[17].

The combinations of cytokines, which initiate the Th17 polarization process as well as the functional stability of Th17 lineage, have been extensively studied[18]. In humans, the initial development of Th17 cells is induced by TGF- and IL-6 synergism as well as the presence of low levels of TGF- and IL-1[19]. The second stage is the expansion of the Th17 population under the activation of IL-21. This stage is followed by the stabilization phase driven by the pro-inflammatory cytokine IL-23, generating the cytokine profile for the CD4 Th17cell subset which has a unique property named plasticity[20]. In other words, the functions of Th17 cells depend on the immunological environment in which they developed.

The main pro-inflammatory function of the Th17cells is ensured via IL-17 secretion. From this point of view and according to the “polarization model”, effector lineage is generally exclusive. To be more precise, an inflammatory state can be either Th-17 or Th-1-driven. However, it has recently been shown that Th17 cells acquire the ability to upregulate t-bet (transcription factor) and produce IFN-, generating IL-17/ IFN- double positive cells, Th1/ Th17[21].

Such a population with the ability to produce both IL-17 and IFN- is also present in the inflamed gut mucosa[22]. Moreover, Th1- and Th17-mediated signaling may act in synergy and have deleterious effects on the gut mucosa, Th1-effects being more prominent during the chronic phase of CD as compared to the Th17 signaling pathway[23].

IL-23 is also upregulated in the active disease. However, all the necessary constituent elements for the IL-23/Th17 polarization process are to be found only in the chronic inflammatory lesions of CD[24].

In addition, this unique population may differentiate into specific Th1 IFN- producing cells, thus excluding the Th17 population[25-27]. The extraordinary T17 cells plasticity, confirmed in experimental and clinical studies, could be explained in at least three different ways: firstly, by inducing Th1 cells- IFN- secretion, secondly by expressing T-bet and producing IFN- in addition to IL-17, and thirdly completely trans-differentiating into Th1-subtype, IFN- producing cells expressing CD161, the surface marker of Th17 cells progenitors. Moreover, Th17-derived Th17/Th1 and Th1 cells, rather than Th17 cells alone, have an important function in IBD[11,20].

Th17 cells also possess a regulatory function recently described as human IL-17-producing Foxp3+/RORt double positive T-cells[19]. In conclusion, the effector lymphocytes are not terminally differentiated. They may differentiate into regulatory pathways and alternative effectors under the local immunological pressure[28]. In patients with IBD the prevalence of circulating Foxp3 DE CD4 (+) and IL-17 T cells is increased and the coexpression of Foxp3 and RORt in these cells requires conversion from Treg cells to Th17 cells associated with a decreased suppressive function of Foxp3 CD4(+) T lymphocytes[29].

GENETIC CORRELATIONS

Only three genetic polymorphisms have a pathogenetic role in IBD. The first one is related to NOD2 and mainly occurs in Caucasians[4,30]. GWAS (genome-wide association studies) for CD show the genes associated with CD risk such as ATG16L1 (autophagy 16-like 1), IRGM (immunity- related guanosine triphosphatase M) and LRRK2 (leucine-rich repeat kinase 2)[31].

GWAS have identified certain polymorphisms relevant to CD which are detected in genes encoding for IL-23/Th17 pathway proteins. The most important of IL-23r gene is the Arg381Gln polymorphism which confers protection against developing IBD. Conversely, the polymorphism associated with significantly elevated IL-17A mRNA transcripts is IL-17a variant IVS1+ 18 G>C[32]. The strategy of treatment is also affected by the gene polymorphisms, the IL-23R genotype status determining the early response to anti-TNF[33].

BIOMARKERS FOR INTESTINAL INFLAMMATION

Inflammation is the “key” player in IBD, elevated levels of serum tumor necrosis factor alpha, TNF- and CRP (C-reactive protein) being associated with CD[34]. Mucosal biomarkers in IBD as predictors of response to therapy and disease severity are: cytokines, adhesion molecules, intracellular markers of activation, immune and non immune cells and other factors (TLRs, mucin, MUC, G6PD, Glucose-6-phosphate dehydrogenase)[7]. Serum and colonic omentin-1, a newly discovered adipokine, acts as an anti-inflammatory agent as well as a new biomarker for the CD evolution, its correlation with the disease activity being superior to that of CRP[35]. 

Calprotectin is a more recently established marker for intestinal inflammation. This paper revealed the present knowledge on fecal calprotectin testing as predictor of intestinal inflammation. In inflammatory bowel disease, the calprotectin fecal test shows higher intensity values[36].

Thirty prospective studies confirmed that fecal calprotectin from granulocytes and macrophages released by activated innate immunity had been a real value in the diagnosis and disease activity evaluation, reaching a sensitivity and specificity up to 95% and 91%, respectively. Fecal calprotectin is more efficient than CRP, ESR (erythrocyte sedimentation rate), ASCAs (anti-Saccharomyces cerevisiae antibodies), ANCAs (antineutrophil cytoplasmic antibodies) and Omp C (outer membrane porin C)[37]. Fecal lactoferrin reflects the inflammation status of the intestine, the diagnostic rate being similar to that of fecal calprotectin and better than that of CRP. Another fecal marker correlated with endoscopic scores is neopterin, an index of disease activity in UC and CD[38]. A non-invasive biomarker of inflammation in IBD, which has high sensitivity and specificity and good compliance is S100A12; it stimulates the proinflammation NF-B pathway. In addition, fecal S100A12 reflects the drug treatment response[34]. 

Serum microRNAs, which are small non-coded single-stranded RNAs, could be upregulated or downregulated in IBD[37]. It is very important to confirm the existence of specific expression patterns of miRNAs associated with IBD in different stages and demonstrate the utility of miRNA as ideal biomarkers[39]. Thus, it was demonstrated that miR-31, miR-206, miR-424 and miR-146a were novel biomarkers of inflammatory bowel disease[40]. 

THERAPEUTIC IMPLICATIONS

The crucial role of the IL-23/Th17 axis in intestinal inflammation was demonstrated once again by eliminating certain components of this pathway and thus ameliorating the severity of the disease. Corticosteroids are classical immunosuppressive drugs of pro-inflammatory cytokine production used for the induction of clinical remission in IBD, but they may cause severe side effects. Consequently, it is of high clinical importance to define other drugs that attack the key pro-inflammatory pathways in chronic intestinal inflammation[41].

Small molecules that neutralize specific elements of the IL-23/Th17 pathway were used[42]. Drugs that target IL-17 include the anti IL-17 monoclonal antibody named secukinumab and the small molecule vidofludimus that blocks IL-17 release[43]. Apilimod mesylate inhibits IL-12 and IL-23 transcription, the anti-IL-12 ABT-874/J695 monoclonal antibodies ustekinumab and briakinumab target the p40 unit which is common to both IL-23 and IL-12; SCH-900222 targets the p19 subunit specific to IL-23[44]. Ustekinumab is efficient in moderate-to-severe CD, especially in patients in whom anti-TNF treatment had previously failed. An anti-IL-21 antibody neutralizes IL-21 and reduces the IL-17 secretion by lamina propria lymphocytes isolated from IBD patients[45]. The importance of ustekinumab is due to its simultaneous inhibition of Th17 and Th1 cells, both of them being involved in IBD etiopathology[46].

A potential strategy for IBD therapy is represented by the IL-17A and IL-17F combination, an important protection being observed against intestinal inflammation in an acute IL-17A knockout TNBS- induced colitis and also a clear improvement in the inflammatory process in IL-17F knockout DSS-induced colitis. Only IL-17A KO in the DSS model worsened the colonic inflammation[47].

A novel efficient and safe oral immunomodulatory drug, vidofludimus inhibits DHODH (dihydroorotate dehydrogenase), which is the key enzyme involved in pyrimidine biosynthesis in activated lymphocytes by reducing the IL-17A and IL-17F expression through the NF-B pathway[48,49] . 

The data presented in this review are mainly based on studies carried out on humans. Animal models of IBD are not totally relevant for this human specific condition; differences between human disease and animal models exist[50]. Animal models of intestinal inflammation may help understanding the action of inflammatory cytokines[51]. This topic was not the focus of the present review, where we looked for human data, for better accuracy. Data from clinical studies are highly relevant. A recent review shows the importance of immunological changes in the gut inflammation and these offer the background for emerging therapies[52].

This review presents the contribution of the IL-17/IL-23 axis in the pathogenesis of inflammatory bowel disease. Better understanding of the pathogenesis of this condition represent the background for the progress in therapy.
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Figure 1  Immunological Balance in inflammatory bowel diseases. IL: Interleukin; PAMPs: Pathogen-associated molecular pattern molecules; Treg: regulatory T cells; Th17: T helper 17 cell; Foxp3: Forkhead box P3; TLRs: Toll-like receptors; ROS: Reactive oxygen species; PMNs: Polymorphonuclear leukocytes.
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Table 1  Main characteristics of CD4 T-cell subsets


CD4 T-cell subsets


�
Surface expression


�
Polarizing Cytokines


�
Master regulator transcription factor


�
STAT regulators


�
Effector profile/signature cytokines


�
�
Th1


�
IL-12RB2


�
IL-12,


�
�
STAT1,


�
IFN-,


�
�
�
IFN-R


�
IFN-,


�
T-bet


�
STAT4


�
IL-2,


�
�
�
Tim3


�
IL-27


�
�
�
TNF-,


�
�
�
�
�
�
�
IL-10


�
�
Th2


�
IL-17RB


�
IL-4,


�
�
�
�
�
�
Tim1


�
IL-25,


�
GATA-3


�
STAT6


�
IL-4, IL-5,


�
�
�
�
IL-6


�
MAF


�
�
IL-13, IL-25,


�
�
�
�
�
�
�
IL-2, IL-10


�
�
Th17


�
IL-1R1


�
TGF-,


�
RORt,


�
�
IL-17A,


�
�
�
IL-12RB


�
IL-6,


�
ROR,


�
�
IL-17F,


�
�
�
IL-23R


�
IL-1,


�
�
STAT3


�
Il-21,


�
�
�
CCR6


�
IL-21,


�
�
�
IL-22


�
�
�
CD161


�
IL-23


�
�
�
�
�
�
IL-13Ra1


�
�
�
�
�
�
TREG


�
CD25


�
�
�
�
�
�
�
CD39


�
TGF-


�
Foxp3


�
STAT5


�
TGF-,


�
�
�
CD73


�
�
�
�
IL-10


�
�
�
CD101


�
�
�
�
�
�
�
CD127


�
�
�
�
�
�
TFh


�
CD84


�
IL-6,


�
Bcl6


�
�
IL-6,


�
�
�
CXCR5


�
IL-1, TNF


�
IRF4,


�
�
IL-2,


�
�
�
IL-6R


�
IL-21


�
c-Maf,


�
STAT3/5


�
IL-10,


�
�
�
IL-21R


�
CXCL13


�
Batf,


�
�
IL-21


�
�
�
gp130


�
�
�
�
�
�
TFh: Follicular B helper T cells found in the B cell follicles; STAT3: Signal transducer and activator of transcription 3/5; Foxp3- forkhead box P3, a key transcription factor controlling T regulatory cell (Treg); t-bet: T-box transcription factor TBX21 which initiates Th1 lineage development from naïve Th precursor cells; GATA-3: GATA binding protein 3, an important regulator of T cell development; MAF: Proto-oncogene c-Maf or V-maf musculoaponeurotic fibrosarcoma oncogene homolog; Batf: B-cell-activating transcription factor required for the differentiation of IL-17-producing Th17 cells and TFH cells; Bcl6- B-cell-activating transcription factor; Tim-3: T-cell immunoglobulin domain and mucin domain 3, a negative regulator of Th1-cell responses, CXC13- C-X-C motif chemokine 13.








