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Abstract:

 Interleukin (IL)-27, a member of IL-12/IL-23 heterodimeric family of cytokines, has pleiotropic properties that can enhance or limit immune responses. IL-27 acts on various cell types, including T cells, B cells, macrophages, dendritic cells, natural killer (NK) cells and non-hematopoietic cells. Intensive studies have been conducted especially on T cells, revealing that various subsets of T cells respond uniquely to IL-27. IL-27 induces expansion of Th1 cells by activating signal transducer and activator of transcription (STAT) 1-mediated T-bet signaling pathway. On the other hand, IL-27 suppresses immune responses through inhibition of the development of T helper (Th) 17 cells and induction of IL-10 production in a STAT1- and STAT3-dependent manner. IL-27 is a potentially promising cytokine for therapeutic approaches on various human diseases. Here, we provide an overview of the biology of IL-27 related to T cell subsets, its structure, and production mechanism.
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1. Introduction

Interleukin (IL)-27 is a heterodimeric cytokine composed of Epstein-Barr virus-induced gene 3 (Ebi3) and IL-27p28, belong to the IL-6/IL-12 family cytokines. Its receptor is composed of gp130 and IL-27 receptor α chain (IL-27Rα, also known as WSX1 or TCCR) that activates Janus kinase (JAK)/signal transducer and activator of transcription (STAT) pathway and mitogen activated protein kinase (MAPK) pathway.

At first, IL-27 was recognized as an inflammatory cytokine, depending on the fact that IL-27Rα deficient (IL-27Rα KO) mice showed susceptibility to Listeria monocytogens or Leishmania major infection and that IL-27 supported proliferation and interferon (IFN)-γ production in CD4+ T cells [1]. It was also reported that IL-27 induces the expansion of type 1 helper T (Th1) cells by activating the STAT1-mediated T-box expressed in T cells (T-bet) pathway [2]. In relation to CD4+CD25+ regulatory T cell (Treg), which characteristically express the transcription factor forkhead box protein p3 (Foxp3), Cox et al. reported that IL-27 suppresses differentiation of inducible Treg under IL-2 and transforming growth factor (TGF)-β stimulation and that Foxp3 expression is enhanced by IL-27Rα deficiency in the mouse colitis model induced by transfer of naïve CD4+ T cells [3]. It was also reported that severe systemic inflammation occurs in IL-27-transgenic mice because of the impaired development of Foxp3+ Treg due to reduced IL-2 production [4]. However, the number and percentage of Foxp3+ Treg shows no remarkable change in IL-27- or IL-27Rα KO mice [3]. Therefore, it is difficult to interpret the physiological meaning of the former experimental results. In mouse tumor model, such as colon cancer, IL-27 strengthens anti-tumor activity by supporting production of perforin and granzyme B from CD8+ T cells, in addition to the promotion of proliferation and IFN-γ production [5].

On the other hand, immunosuppressive activity of IL-27 has been reported. With regard to B cells, IL-27 has been known to influence on various B cell subsets and suppresses antibody production. IL-27Rα overexpression is reported to suppress antibody production in lupus-prone MRL-Faslpr/lpr (MRL/lpr) mice [6]. Although, as mentioned above, IL-27 induces the expansion of Th1 cells, IL-27 exerts its immunosuppressive effects by inhibiting the development of Th17 cells and inducing IL-10 production [7]. Recently, IL-27 has been identified as a differentiation factor for the IL-10-producing type 1 regulatory T (Tr1) cells [8,9,10]. We also identified a novel IL-27-induced IL-10 production pathway in CD4+ T cells mediated by early growth response gene 2 (Egr-2) and B lymphocyte induced maturation protein-1 (Blimp-1) [11].

This review provides a summary of studies describing recent advances related to the structure and production mechanism of IL-27.



2. Structure of Interleukin (IL)-27 and Its Production Mechanism

Ebi3, one of the subunit of IL-27, was first reported in 1996 [12]. At that time, it was speculated that another subunit must exist for Ebi3 secretion, because Ebi3 structurally resembles class I cytokine receptor family without membrane anchoring domain, such as IL-12 p40, and human EBI3 is not efficiently secreted from transfected human B-lymphoma cell line. The other subunit, IL-27p28 was identified by computational research on the basis that it might be the member of four-helix bundle cytokines binding to class I cytokine receptor. IL-27p28 was hardly secreted and did not show any biological activity by itself, implying the importance of its partner molecule. Among some candidate molecules binding to IL-27p28, Ebi3 was found to be the most efficient molecule for secretion of IL-27p28 [1]. This heterodimer cytokine was named as IL-27, followed by the identification of its receptor subunits; IL-27Rα and gp130 [13].

These subunits are independently produced from various types of cells. In immune cells, IL-27 is mainly produced from antigen-presenting cells (APCs). The mRNA expressions of IL-27p28 and Ebi3 are induced in APCs by Toll-like receptor (TLR) stimulation, such as lipopolysaccharide (LPS), CpG, and Poly(I:C). Upon IL-27p28 production, nuclear factor (NF)-κB is important in early induction phase mediated by TLR. In addition, IFN-γ and IFN-α/β can amplify IL-27p28 expression by activating IFN response fragment-1 (IRF-1) and IRF-8 [14]. Myeloid differentiation factor (MyD88)-independent Toll/IL-1R-related domain-containing adaptor-inducing IFN (TRIF) mediated activation of IRF-3 and IRF-4 is also related to efficient IL-27p28 and Ebi3 production [15].

Although the structure and production mechanism of IL-27 have been elucidated, the physiological secretion mechanism has remained to be unclear. IL-27p28 and Ebi3 lack disulfide linkage, which other IL-12 family cytokines, such as IL-12 (p35 and p40) and IL-23 (p19 and p40), have. Also, IL-27p28 can show antagonistic activity via receptor blockade [16,17,18]. Recently, the IL-27p28 subunit has been reported as an independent cytokine, also known as IL-30, that activates signal transduction through gp130 receptor in the absence of the Ebi3 [19]. Further studies are necessary to clarify the precise physiological secretion mechanism of IL-27.



3. IL-27 in T Cell Immunity


3.1. IL-27 in Type 1 Helper T (Th1) Responses

As we mentioned above, IL-27 was first recognized as a pro-inflammatory cytokine. Although IL-27Rα KO mice seem to have no immunological defect in steady state, the mice are more susceptible to various intracellular pathogens as a consequence of defects in Th1 response. The fact that IL-27 promotes naïve CD4+ T cell proliferation and IFN-γ production [1] supports the idea that IL-27 facilitates Th1 response. The mechanism of Th1 induction by IL-27 is dependent on STAT1-mediated T-bet activation, which induces IL-12Rβ2 expression thereby sensitize T cells to Th1 prone signals [2]. Moreover, IL-27 can also induce Th1 differentiation through the adhesion molecules intercellular adhesion molecule (ICAM)-1/lymphocyte function-associated antigen (LFA)-1 interaction in a STAT1-dependent, but T-bet-independent mechanism [20].

On the other hand, with an appreciation that IL-27 suppresses Th2 response, as we discussed below, the reduced Th1 response in IL-27Rα KO mice appears to be a secondary consequence of enhanced Th2 response [21]. Furthermore, during chronic infection with Leishmania or Mycobacterium tuberculosis, IL-27Rα KO or Ebi3 KO mice are able to develop protective Th1 responses that are comparable to those of wild type (WT) counterparts [22,23,24]. Also, aberrant Th1 responses with Toxoplasma gondii infection in IL-27Rα KO mice can be cancelled by depleting CD4+ T cells [25]. In addition, IL-27 inhibits IL-2 production from T cells. Villarino et al. have shown that IL-2 expression is enhanced in IL-27Rα-deficient T cells and exogenous IL-27 inhibits IL-2 production in WT T cells [26]. This suppression of IL-2 by IL-27 is dependent on suppressor of cytokine signaling (SOCS) 3 [27]. As IL-2 plays important roles in proliferation and survival of Th1 cells, these findings may explain the IL-27-mediated suppression of Th1 immunity. Suppression of Th1 response by IL-27 also can be explained by the induction of anti-inflammatory cytokine, IL-10. IL-27 expands IL-10-producing Th1 cells [9,10]. IL-10-dependent anti-inflammatory effect of IL-27 in Th1-driven model of experimental autoimmune encephalomyelitis (EAE) was reported [9]. It is becoming clear that IL-27-mediated signal has suppressive effect on Th1 response, aside from a role in promoting Th1 response.



3.2. IL-27 in Th2 Responses

There are several reports describing exaggerated Th2 response to parasite infection in IL-27Rα KO mice. Following infection with the parasite Trichuris muris, IL-27Rα KO mice exhibit accelerated expulsion of larval parasites associated with elevated production of parasite-specific IL-4, IL-5, and IL-13 [21]. As blockade of IL-4 prior to infection with Lesihmania major induces normal parasite specific Th1 responses in IL-27Rα KO mice, the susceptibility in these mice is not due to a defect in Th1 immunity, but rather a consequence of accelerated Th2 responses. Ovalubmin (OVA)-induced airway hyper-responsiveness is suppressed by IL-27 administration which results in an inhibition of Th2 cell differentiation [28]. In lupus-prone MRL/lpr mice, Th1:Th2 balance shifts to Th2-immunity by IL-27Rα deficiency, resulting in a Th2-mediated immunopathology similar to human membranous glomerulonephritis [29]. One of the molecular mechanisms of the IL-27-mediated suppression of Th2 response is the inhibition of the master regulator of Th2 differentiation, GATA binding protein-3 (GATA-3), which is dependent on STAT1 [28,30].



3.3. IL-27 in Th17 Responses

There are several reports demonstrated that IL-27 suppresses Th17 responses [31,32]. IL-27 suppresses IL-17 production from CD4+ T cells stimulated with α-CD3, α-CD28, IL-6, and TGF-β3 via mainly STAT1-dependent, partially STAT3-dependent mechanism [33]. Furthermore, during in vitro Th17 differentiation experiments, IL-27 inhibits the expression of RAR-related orphan receptor (ROR) α and RORγ, which are transcription factors essential for Th17 development. IL-27 also suppresses production of IL-22, which is important for Th17 effector function [34,35]. One of the other mechanisms by which IL-27 inhibits IL-17 production is mediated by IL-10 production by IL-27 stimulation [36]. Moreover, Hirahara et al. showed that IL-27-primed CD4+ T cells up-regulate expression of programmed death ligand 1 (PD-L1) in a STAT1-dependent manner. When cocultured with naïve CD4+ T cells, IL-27-primed T cells inhibit the differentiation of Th17 cells through a PD-1-PD-L1 interaction, and cotransfer of IL-27-primed T cells suppress EAE [37].

Although IL-27 can inhibit the de novo Th17 differentiation, there are some contradictory reports as to whether IL-27 could suppress fully differentiated Th17 cells. For example, IL-27 is able to block IL-17 secretion from effector CD4+ or CD8+ T cells isolated from the central nervous system (CNS) of infected mice [33]. On the other hand, IL-27 cannot inhibit IL-17 production when the memory cells are isolated from mice with EAE [35]. Recently, it was reported that the balance of IL-23 vs. IL-12 and IL-27 can be sensed by bona fide Th17 cells. Th17 cells integrate these signals into up-regulation of Blimp-1, providing immunosuppressive activity on Th17 cells by inducing IL-10 production [38]. Thus, although IL-27 might be useful to treat Th17-mediated diseases, precise understanding for the effects of IL-27 on development and maintenance of pathogenic Th17 cells is critical to control inflammatory responses.



3.4. IL-27 in Tregs

IL-27 was initially shown to suppress Foxp3+ Treg differentiation under Treg-inducing condition (TGF-β1 plus IL-2) [3,39]. Moreover, in experimental oral tolerance model where mice are fed OVA, transferred OVA specific CD4+ T cells from IL-27Rα KO mice have increased Foxp3 expression, suggesting that IL-27 could limit Foxp3+ Treg populations in vivo [3]. However, IL-27- or IL-27Rα-deficiency have no effect on numbers and frequency of Foxp3+ Tregs. IL-27 transgenic mice have a severe defect in their capacity to produce IL-2, indicating that Foxp3+ Treg suppression by IL-27 may be indirect effect through IL-2 modulation [4]. On the other hand, Hall et al. showed that IL-27 reduces the frequency of Foxp3+ Tregs in vitro [40], but also revealed that IL-27 can expand the number of Foxp3+ Treg, indicating that the reduction of the frequency of Tregs may be caused by the expansion of non-Treg T cell populations. These results are consistent with a report that IL-27 mediated survival effect is required for Foxp3+ Treg expansion [41]. However, the precise effects of IL-27 on naturally-occurring Tregs (nTregs) remain unclear.

An alternative view on the interaction of IL-27 and Tregs is that IL-27 promotes Treg cell expansion and expression of T-bet and CXCR3 [40]. Th1-like Treg subset develops in response to IFN-γ and is specialized to control Th1 responses. In WT mice infected with pathogens, a population of Treg expressing T-bet and CXCR3 emerges and suppresses effector T cell responses. As the frequency of Treg population is reduced at primary inflammatory sites in IL-27Rα KO mice, IL-27 may confer migratory capacity on Treg cells in the presence of Th1-mediated inflammation. IL-27 signal can be transduced by STAT1 that induces T-bet-mediated expression of CXCR3. During infection with T. gondii, L. major, or Salmonella, IL-27 is required for the generation of T-bet+CXCR3+ Treg, which produce IL-10 and limit T effector responses.

Recently, IL-10-producing Tr1 cells were reported to play an important role in controlling peripheral immune responses, which is distinct from CD4+CD25+Foxp3+ Treg [42,43]. IL-10 is an anti-inflammatory cytokine with a critical role in limiting immune pathology [44]. IL-10 deficient mice die with spontaneously developed inflammatory bowel disease [45]. The importance of IL-10 induction on T cells by IL-27 has already been shown in many disease models, such as infection with T. gondii, L. major, or Salmonella as we mentioned above, and EAE. The IL-10 induction by IL-27 was reported to be dependent on STAT1, STAT3, and inducible costimulator (ICOS) [10,42]. In addition, IL-21 production mediated by activator protein-1 (AP-1) activation through MAPK pathway is important for the maintenance of IL-10 production by IL-27 [42,46]. Apetoh et al. reported that aryl hydrocarbon receptor (AhR) and its partner transcriptional factor c-Maf cooperatively activate transcription of IL-10 and IL-21 under IL-27 stimulation. Recently, we have shown another IL-27-induced IL-10 production pathway mediated by Egr-2 and Blimp-1 via STAT3-dependent mechanism [11], indicating that Egr-2 plays an important role in the induction of IL-10-producing Tregs.



3.5. IL-27 in CD8+ T Cell Responses

In many reports, it has been shown that IL-27 induces the activation of STAT1-5 and augments the proliferation and the expression of T-bet, IFN-γ, and IL-12Rβ2 on CD8+ T cells. In addition, IL-27 promotes cytotoxic T lymphocyte (CTL) responses by inducing the expression of granzyme B and perforin in mouse and human CD8+ T cells [5,47,48]. The IL-27-mediated generation of CTL responses is dependent on STAT1 activation, resulting in the induction of T-bet and Eomesdermin (Eomes). Recently, T cell-intrinsic IL-27 signaling was reported to be necessary for the generation of maximal T cell responses to subunit vaccination [49]. In that system, the influence of IL-27 on CD8+ T cell expansion, affinity maturation, function, and memory programming is mediated by STAT1 and STAT3. However, they also showed that CD8+ T cell responses to Listeria monocytogens and vaccinia virus are IL-27 independent, suggesting that the effects of IL-27 on CD8+ T cell response are context dependent.

Also, a number of in vivo studies exist that implicates IL-27 in the regulation of anti-tumor immunity mediated by CD8+ T cells [50,51]. IL-27 overexpression prompts anti-tumor CTL responses in mice associated with increased proliferation, T-bet and IL-12Rβ2 expression, and production of IFN-γ.



3.6. IL-27 in Tfh Responses

It was already reported that IL-6 and IL-21 have important roles in the generation and maintenance of follicular helper T (Tfh) cells and germinal center (GC) formation in mice. While IL-21 is produced by activated T cells, IL-6 from DCs induces expression of Bcl-6 [52], an essential transcription factor for Tfh differentiation and IL-21 expression. Bcl-6 also induces CXCR5, which is important for Tfh homing to B-cell zones and GC formation [53]. Although stimulation with IL-27 results in IL-21 expression (mentioned in Section 3.4.) and enhances Tfh survival, IL-27 is not necessary for the differentiation of Tfh cells [54]. However, it was recently reported that dendritic cell-specific intracellular adhesion molecule-3-grabbing non-integrin (DC-SIGN) triggering by fucose as well as fucose-carrying pathogen-associated molecular patterns (PAMPs) from parasites induces IL-27 expression on DCs via IFN-stimulated gene factor 3 (ISGF3), resulting in differentiation of T cells into Bcl-6+CXCR5+PD-1hiFoxp1lo Tfh cells [55]. They speculated that threshold levels of IL-27 and IL-6 expression by DCs are required for efficient Tfh differentiation. Although LPS-stimulated DCs produces substantial amount of IL-6, but low amount of IL-27, resulting in insufficient induction of Tfh cells, fucose-specific DC-SIGN signaling combined with LPS suppresses IL-6 production while enhancing IL-27 production and results in successful Tfh development. Considering the report that shows IL-27Rα overexpression suppresses antibody production [6], further investigation will be required to address the effects of IL-27 on Tfh functions.




4. Conclusions

IL-27 effect on T cell immunity is rather complex (Figure 1). Although IL-27 has both pro- and anti-inflammatory effects, as for therapeutic implications of IL-27, many studies exist to show its possibility in controlling diseases, such as bronchial asthma [28], collagen-induced arthritis (CIA) [56,57], EAE [9,35], and tumor progression on the basis of anti-inflammatory effects of IL-27.

Figure 1. (a) Overview of the interleukin (IL)-27 effect on various T cell subsets; and (b) IL-27 signal transduction in T cell. Expressions of retinoid-related orphan receptor (ROR)α, RORγ, GATA binding protein-3 (GATA-3), and forkhead box protein P3 (Foxp3) are suppressed by IL-27. IL-10 and programmed death ligand 1(PD-L1) expressions are enhanced. Binding of signal transducer and activator of transcription (STAT) 1 on IL-10 promoter is unclear. IFN-γ, interferon-γ; ICAM-1, intercellular adhesion molecule-1; ICOS, inducible co-stimulator; AhR, aryl hydrocarbon receptor; c-Maf, musculoaponeurotic fibrosarcoma oncogene homolog; Egr-2, early growth response protein 2; Bcl-6, B-cell lymphoma 6; T-bet, T-cell-specific T-box transcription factor; Eomes, eomesodermin; CD8+, cluster of differentiation 8 positive; CXCR5, C-X-C chemokine receptor 5; Tr1, type 1 regulatory T; Tfh, follicular helper T; JAK, Janus kinase; MAPK, mitogen-activated protein kinase.



[image: Ijms 16 02851 g001 1024]







Interestingly, human studies, such as on inflammatory bowel diseases and asthma, have described that all the single nucleotide polymorphisms (SNPs) relating with IL-27 have been associated with IL-27p28. It needs to be clarified whether this reflects effects of IL-27 itself or independent role of IL-27p28 subunit. IL27p28, which is independent of Ebi3, was recently shown to have antagonistic effects of gp130-mediated signaling against the activity of IL-6 and IL-27 [16,17]. Additionally, Garbers et al. reported that IL-27p28 homodimer or IL-27p28 and soluble IL-6Rα heterodimer can induce signal through gp130 [19]. IL-27p28 is now referred as IL-30. Major questions remain regarding the source of IL-27 and the regulation mechanism of IL-27p28 and Ebi3 in vivo. Recently, JAK/STAT inhibitors are promising drugs for treatment of rheumatoid arthritis (RA). Theoretically, these drugs should affect the JAK/STATs utilized by IL-27 and may inhibit the IL-27-mediated anti-inflammatory pathway, however, no adverse inflammatory effects have occurred. This indicates that IL-27-mediated regulatory pathways may be physiologically important for regulating the exacerbation of ongoing inflammation rather than for maintaining continuous immune tolerance.

Although both IL-6 and IL-27 mediate signal transduction through STAT1 and STAT3 activation, its’ effects on Th17 and Treg differentiation are quite different between both cytokines. It suggests that similar signals can bring different transcriptional outputs (Figure 2). IL-6 combined with TGF-β3 was reported to induce more pathogenic Th17 cells compared to IL-6 combined with TGF-β1 [58]. On the other hand, we recently found that TGF-β3 also plays a crucial role in CD4+CD25−LAG3+ Treg (LAG3+ Treg) immunosuppressive function on B cells (manuscript in preparation) and found IL-27 induces TGF-β3 on naïve CD4+ T cells. Understanding the biology of IL-27 in more detail and revealing the context that determines the outcome are important for applying IL-27 for therapeutic use in various diseases, such as autoimmune disorders, infection, allergies, and cancer.

Figure 2. IL-27 and IL-6 can induce common signal transduction pathway in T cell. Output, whether pro- or anti-inflammatory phenotype is granted, may be context dependent.
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