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Abstract

The immune system is essential for host defense against pathogen infections; however 

dysregulated immune response may lead to inflammatory or autoimmune diseases. Elevated 

activation of both innate immune cells and T cells such as Th17 cells are linked to many 

autoimmune diseases, including Multiple Sclerosis (MS), arthritis and inflammatory bowel disease 

(IBD). To keep immune homeostasis, the immune system develops a number of negative feedback 

mechanisms, such as the production of anti-inflammatory cytokine IL-10, to dampen excessive 

production of inflammatory cytokines and uncontrolled activation of immune cells. Our recent 

studies uncover a novel immunoregulatory function of interferon (IFN) pathways on the innate and 

antigen-specific immune response. Our results show that IFNα/β induced IL-10 production from 

macrophages and Th17 cells, which in turn negatively regulated Th17 function in autoimmune 

diseases such as Experimental Allergic Encephalomyelitis (EAE), an animal model of human MS. 

In a chronic colitis model resembling human IBD, we also found that IL-10 inhibited 

inflammasome/IL-1 pathway, and the pathogenicity of Th17 cells, leading to reduced chronic 

intestinal inflammation. Results from our and other studies further suggest that IL-10 produced by 

both macrophages and regulatory T cells may shift Th17 into more regulatory phenotypes, leading 

to reduced inflammatory response.
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Introduction

Autoimmune diseases are characterized by dysregulated inflammation and immune 

response, leading to the loss of tolerance to self-antigens [1–4]. Accumulating evidence 
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suggests that both innate immune system such as Toll-like receptors (TLRs) and adaptive 

immune system such as T cells contribute to the pathogenesis of inflammatory and 

autoimmune diseases [5–10]. The innate immune system is not only the first line of defense 

against microbes in vertebrates, but also critical for the activation and development of 

adaptive immunity, including various types of T cells [11–15]. While essential for initiating 

rapid inflammatory response and priming host adaptive immune system, excess or prolonged 

inflammation is harmful to the host, which can lead to tissue damage and autoimmune 

diseases [1,5,7–9,16–20]. Recent studies demonstrate that Th17 cells, a subtype of CD4+ T 

helper cells, play a critical role in many autoimmune and inflammatory diseases such as 

multiple sclerosis (MS), rheumatoid arthritis (RA), psoriasis and inflammatory bowel 

disease (IBD) [10,21–26]. Patients in those autoimmune diseases often have elevated levels 

of IL-17A and IL-17F in blood or affected tissues. Therefore, it is critical to understand the 

mechanisms by which the host immune system constrains Th17 cell and to explore 

therapeutic strategies to modulate Th17 function in autoimmune and inflammatory diseases. 

In addition, efforts have been made to develop antibodies that can block IL-17 or cytokines 

inducing Th17 cell differentiation for the treatment of autoimmune diseases [27–31].

To limit tissue damage, the immune system evolves regulatory mechanisms to control the 

intensity and duration of immune response. IL-10, produced by innate immune cells as well 

as T and B cells, functions as one of major negative feedback mechanisms to dampen 

uncontrolled production of inflammatory cytokines and excessive inflammation [32–40]. 

This review will highlight our recent findings demonstrating that type I interferon (IFN) 

pathway plays critical roles in suppressing Th17-associated autoimmune and inflammatory 

diseases, such as experimental allergic encephalomyelitis (EAE), through the induction of 

IL-10. We will also briefly discuss the role of IL-10 produced by regulatory T cells in 

suppression of Th17-mediated inflammation.

IL-17 and Th17 cells

Recent progress indicates that T cell differentiation exhibits considerable diversity and 

plasticity depending on inflammatory milieu provided by innate immune cells [7,41–49]. 

During the differentiation of naive CD4 T cells, Th1 cells are induced by IL-12 and produce 

large quantities of interferon-γ. Th2 cells secrete IL-4, IL-5 and IL-13. TGFβ and IL-6 

induce Th17 cells to produce IL-17A (generally referred to as IL-17 in the literature), 

IL-17F and IL-22 [8,21,50–53]. Other T help cell subsets such as Th9 and Th22 are also 

identified though their functions in vivo require further study [8,54]. The IL-17 cytokine 

family has at least six members: IL-17A, IL-17B, IL-17C, IL-17D, IL-17E (also referred as 

IL-25) and IL-17F. Among the members of this family, IL-17A or IL-17, and IL-17F are 

mostly studied due to their important functions in immune response and autoimmunity. Even 

though Th17 cells are a major source of IL-17, other types of cells including CD8 (Tc17), 

γδT cells, NK cells and innate lymphoid cells are also able to produce IL-17 [55,56]. 

Experimental and clinical studies have linked abnormal levels of IL-17 to autoimmune 

diseases such as multiple sclerosis, rheumatoid arthritis, psoriasis [10,21–26]. Furthermore, 

clinical trials using cytokines to decrease Th17 cells or pharmacological interventions with 

antibodies targeting IL-17 levels or IL-17R function have been performed to ameliorate 

autoimmune diseases [2,27–29,57–59].
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The differentiation of Th17 cells from naïve CD4 T cells is regulated by a complex network 

of cytokines and transcriptional factors. Early studies demonstrate that the differentiation of 

Th17 cells depends on TGFβ and IL-6, which induce naïve T cells to secrete IL-21. IL-21 in 

turn functions in a positive autocrine loop to upregulate the expression of Th17 lineage-

specific transcription factor RORγt and cytokines, whereas IL-23 is responsible for 

maintenance and expansion of Th17 cell populations [8,60–64]. Subsequent studies found 

that other cytokines, including IL-1, IL-13, IL-18, IL-22, and transcription factors, including 

STAT3, Runx1, IRF4, also can influence Th17 differentiation [65–70]. Although there is 

debate about the role of IL-1β in the differentiation of human or murine Th17 cells, recent 

studies suggest that IL-1 drives the generation of pathogenic Th17 cells in experimental 

autoimmune diseases [71–77]. Because of reciprocal nature of T cell differentiation, studies 

demonstrate that Th1 or Th2 cytokines such as IL-4 and IFNγ can inhibit the development of 

Th17 cells [42,51,62–64,78]. We and other groups found that type IFNs as well as IL-10 and 

IL-27 were potent negative regulators of Th17 cells [38–40,79]. Although Th17 cells are 

classically described as a novel CD4 T cells producing IL-17, accumulating evidence 

indicates that Th17 cells can exhibit a spectrum of phenotypes and effector functions in 

response to different inflammatory microenvironments. To better define Th17 cell 

populations, Peters, Lee and Kuchroo proposed to characterize Th17 cells ranging from 

classical or more regulated Th17 cells to alternative or more pathogenic Th17 cells [80,81]. 

In this review, we use similar terms to categorize different Th17 cells, in which IL-10-

producing Th17 cells are described as regulatory Th17 cells, whereas pathogenic Th17 cells 

are generated in the presence of IL-1β or IL-23.

Innate immunity and autoimmune diseases

The development of Th17 cells and Th17-associated autoimmune diseases are influenced by 

inflammatory cytokines and self-antigens presented by innate immune cells. A well-studied 

example is the induction of experimental allergic encephalomyelitis (EAE), an animal model 

of human MS, which is a chronic autoimmune demyelinating disease in CNS characterized 

by the infiltration of inflammatory cells, including macrophages and T cells, into the central 

nervous system [57,82–86]. Previously viewed as a T helper type 1 (Th1) cell-mediated 

disease, studies conducted during the past decade or so suggest that Th17 cells also play an 

important role in the pathogenesis of neuroinflammtion [54,71,82,87]. As MS is an 

autoimmune disease mediated by T cells, it indicates that hosts loss tolerance to the self-

antigen myelin. In EAE, the neuronal inflammation and destruction of myelin sheath are 

induced peripherally by injection of both self-antigen and strong adjuvants, usually killed 

whole mycobacteria, which potently activate multiple innate immune pathways 

[38,83,84,88].

The induction of innate immunity is mediated by diverse families of pattern recognition 

receptors (PRRs) that recognize microbial components termed pathogen associated 

molecular patterns (PAMPs), which can be viewed as a molecular “signature” of the 

invading pathogens. Major PRRs include Toll-like receptors (TLRs), NOD-like receptors 

and RIG-I-like receptors [15,89]. Currently, at least 11 TLRs have been identified in 

mammals, and each receptor is involved in the recognition of a unique set of PAMPs. TLRs 

sense invading pathogens by recognizing PAMPs in the extra-cellular milieu or in 
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endosomal membrane compartments of innate immune cells. TLR signaling is transduced 

through the recruitment of different MyD88 adaptor family members, primarily MyD88 and 

Toll-interleukin-1 receptor domain-containing adaptor inducing IFN-β (TRIF), leading to 

distinct host response [11,12,90–93]. For example, TLR2 and 9 in macrophages and DCs 

mainly induce the production of NF-κB-dependent inflammatory cytokines such as IL-12, 

IL-6 and IL-23; binding of viral related products such as polyIC to TLR3 triggers type I IFN 

production through the TRIF-dependent pathway; whereas LPS recognized by TLR4 can 

activate both pathways.

Various experiments demonstrated that TLR ligands, such as LPS, CpG and PGN, could 

induce EAE in association with self-antigen [5,38,83,94,95], However, not all TLR agonists 

are able to induce CNS autoimmune inflammation. Results from our lab and other groups 

have demonstrated that MyD88 signaling pathway is essential for the induction of EAE, 

since MyD88 deficient mice are resistant to MOG/CFA-induced EAE. Interestingly, polyIC, 

a TLR3 ligand, has been shown to inhibit EAE development [94,96–99]. Those results 

indicate that different TLR signals, through downstream MyD88 or TRIF pathways, may 

modulate antigen-specific immune response and influence the progression of autoimmune 

diseases. Our recent studies discover immunoregulatory effects of TLR-mediated IFN 

pathway on the innate and antigen-specific immune response [38–40].

Type I IFN induction and signaling pathways

The type I IFN family consists of multiple IFNα members and a single IFNβ. These 

cytokines bind a common receptor, the type I IFN receptor (IFNAR), expressed on a wide 

variety of cell types, leading to induction of a large set of genes important for antiviral 

responses [100–103]. Depending upon the types of the pathogens and cells infected, type I 

IFN can be induced by multiple innate pathways including TLR, RIG-I and DNA sensors 

[12,101,104–107]. During the induction of IFN, TANK-binding kinase 1 (TBK1) or 

inducible IκB kinase (IKKi), two non-canonical members of the IKK family, are essential 

for activation of interferon regulatory factor 3 and 7 (IRF3/IRF7) which control transcription 

of type I IFN. While TLR3 and TLR4 utilize the adaptor protein TRIF for IRF3/IRF7 

phosphorylation and IFN production, TLR7/8 and TLR9 depends on MyD88 signaling 

complex for activation of IFNs in plasmacytoid Dendritic cells (pDCs). In addition to TLRs 

in innate immune cells, intracellular RNA receptors such as RIG-I and MDA-5 can induce 

type I IFN production through adaptor molecules like CARDIF (also known as IPS-1/

MAVS/VISA). Cytoplasmic DNA sensors induce IFN production through signaling 

molecule STING [12,101,104–111].

In addition to anti-viral response, the type I IFNs has potential immunomodulatory effects 

on both innate and adaptive immune cells. IFNα/β have been used clinically to treat patients 

with certain tumors and autoimmune diseases, particularly multiple sclerosis (MS) 

[100,102,103,112,113]. However, the underlying mechanism of IFN therapeutic effects 

remains not fully understood. Our recent studies indicate that type I IFN pathways limit 

neuronal inflammation through suppressing Th17 functions. We found that while MyD88-

deficient mice failed to develop EAE, mice deficient for IFN induction or receptor signaling 

had enhanced development of Th17 cells in vivo and develop much more severe EAE. Those 
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results demonstrate a functional role of type I IFN induction pathways in modulating Th17 

cells as well as Th17-associated autoimmune diseases [38,39].

Induction of IL-10 by IFNα/β and IL-27

We further elucidate the mechanisms by which IFNβ induction and signaling pathways 

suppress Th17-associated inflammatory diseases. Our results indicate that IFNα/β-mediated 

inhibition of Th17 cell activities through the induction of IL-27 and IL-10 directly or 

indirectly [38–40,79]. IL-10 is a potent anti-inflammatory cytokine with broad effects on 

both innate and adaptive immune system [38–40]. IL-10 deficiency in mice leads to 

increased endotoxemia-associated mortality during microbial infection and increased 

susceptibility to autoimmune disorders such as colitis and autoimmune encephalomyelitis 

[32,33,37,114,115]. Our previous studies show that type I IFN (IFNα/β) is required for LPS-

induced IL-10 upregulation. In addition, we found that defects in type I IFN production and 

signaling resulted in significant amplification of LPS-induced pro-inflammatory genes and 

cytokines in macrophages [40]. Our findings suggest that, in addition to its antiviral 

functions, the type I IFN induces IL-10 to limit TLR-mediated inflammation.

Experimental results from our laboratory indicate that the induction of IL-27 from 

macrophages may represent one of mechanisms for the inhibitory effect of IFNα/β [38]. 

IL-27 is a heterodimeric molecule composed of p28 and Epstein-Barr virus–induced gene 3 

(Ebi3) subunits, which have homologies to IL-12p35 and p40 respectively. It belongs to 

IL-12 cytokine family, which also includes IL-12 (p35/p40), IL-23 (p19/p40) and IL-35 

(p35/Ebi3) [116–120]. IL-27R deficient mice develop severe immunopathology in several 

infection and autoimmune models because of excessive inflammation [121–123]. IL-27 is 

produced by innate immune cells and has various effects on T cell immunity. Of note, even 

as IL-27 generally suppresses inflammation during infection or autoimmune diseases, a 

number of studies show that it can promote inflammation [124–129]. Our results show that 

IL-27 can exert a strong inhibitory effect on the differentiation of Th17 cells. We further 

demonstrate administration of IL-27 in vivo can effectively reduce the symptoms of EAE 

[38,39]. Although it has been suggested that IL-27 may inhibit Th17 differentiation directly 

via activation of STATs, experimental results from our laboratory and others have 

demonstrated that IL-27-induced IL-10 may contribute to its immunosuppressive effects 

[118,125,130]. This suggests that IL-27 can utilize multiple mechanisms to regulate the 

function of Th17 and other cells during immune responses. However, the relative 

contribution of IL-10 and IL-27 in suppressing Th17-mediated autoimmunity in vivo 
remains not clear.

IL-10-mediated modulation of Th17 cells in autoimmune diseases

Emerging evidence points to the heterogeneity and plasticity of Th17 cells [48,49]. 

However, it remains unknown if self-reactive Th17 cells can be reprogrammed to have less 

pathogenic activities or even have regulatory effects through modulation of innate pathways. 

McGeachy et al. reported that Th17 cells cultured with TGFβ and IL-6 led to the generation 

of IL-10+ and IL-17+IL-10+ cells, which inhibited the pathogenic potential of Th17 cells and 

suppress the development of EAE in an adoptive transfer EAE experiment. The authors also 

indicate that IL-10-producing Th17 cells exerted bystander suppressive effects to inhibit 
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fully differentiated pathogenic Th17 populations, and the development of neuronal 

inflammation [131]. Zielinski et al. also reported that IL-10 production by human Th17 cells 

in response to pathogens was influenced by IL-1β [73]. Lee et al., through analyzing the 

induction and molecular signature of pathogenic Th17 cells, proposed that TGFβ and IL-23 

serve as major factors in directing the Th17 cells towards either classical phenotype with 

IL-10 production or alternative (more pathogenic) phenotype with IL-22, GM-CSF and IFNγ 

expression, respectively [80,81] (Figure 1). Our data suggest that IL-10 production from T 

cells, possibly Th17cells, may act as a negative regulator to dampen inflammatory response 

mediated by antigen specific T cells or self-reactive T cells during autoimmune diseases 

[38,39]. Our recent studies show that T cells in Th17 differentiation conditions treated with 

IFNβ have reduced expression of IL-17 and RORγt, but increased number of IL-17+IL-10+ T 

cells, and enhanced IL-10 production. We also found that IFNβ induced IL-10 production 

and reduced IL-17 production in antigen specific T cells from EAE mice. Furthermore, 

treatment of myelin-specific T cells with IFNβ reduces their pathogenic potential, and causes 

less severity of EAE in an adoptive transfer model. Our data suggest that, in addition to 

indirectly inhibiting Th17 cells via induction of IL-10 and IL-27 from macrophage, IFN-

mediated IL-10 production from T cells could contribute to its inhibitory effects on EAE 

development [38,39]. Results from those studies imply that IL-10 produced by antigen-

specific T cells can negatively regulate the pathogenic potential of Th17 cells in 

inflammatory and autoimmune response.

The impact of IL-10 on Th17 cell function is also illustrated in a chronic colitis model. 

IL-10 deficient mice spontaneously develop colitis resembling the pathogenesis of human 

IBD. Furthermore IL-10 or IL-10R mutations are associated with the increased risk of 

developing colitis in human IBD patients [32,33,37,114,115]. Our recent studies show 

increased IL-1β production and enhanced inflammasome activities in colon tissues from 

IL-10 deficient mice compared with that of wild type mice. We also found that intestinal 

tissues with chronic inflammation produced more IL-17. Furthermore, we provided evidence 

showing that IL-1β could induce IL-23 and IL-17 from inflamed colon tissues. We 

demonstrate that inhibition of inflammasome activities with IL-10 or caspase inhibitors 

could suppress IL-17 production and intestinal inflammation [132]. Our results suggest that 

chronic activation of inflammasome and production of IL-1β may promote the generation of 

pathogenic Th17 cells and induce prolonged intestinal inflammation, eventually leading to 

the development of colitis. While IL-1β has been suggested to induce pathogenic Th17 cells, 

IL-10, either directly or indirectly via macrophages, reduces pathogenicity of Th17 cells or 

even confers Th17 cell with regulatory functions. However, it is unclear whether IL-10 

changes Th17 differentiation programs or IL-10 shifts pathogenicity of already differentiated 

Th17 in vivo during immune response or autoimmune disease conditions.

IL-10 production and signaling in regulatory T cells

In addition to Th17 cells, various types of T cells, including Th1, Th2, Treg, Tr1 cells as 

well as CD8 T cells can produce IL-10. In fact, IL-10 was originally identified as a cytokine 

secreted by Th2 cells [133]. Nevertheless, regulatory T cells, including both Foxp3+ Tregs 

and Tr1 cells, represent a major source of IL-10 produced by T cells [134–140]. Although 

multiple mechanisms are utilized by regulatory T cells to exert immunosuppressive function, 
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IL-10 derived from Tregs plays a critical role in maintaining immune homeostasis [134–

136,141–143]. Therefore, this review will highlight some of studies linking IL-10 

production or IL-10 signaling in regulatory T cells to the suppression of Th17-mediated 

inflammation.

While numerous cell types produce IL-10, different cells may play non-redundant roles as 

source of IL-10 in the regulation of immune homeostasis. For example, Hadis et al. show 

that IL-10 produced by CX3CR1-expressing macrophages is essential for the expansion of 

Treg cells in the intestine system [144]. Murai et al. also demonstrate that that IL-10 released 

from myeloid cells acts in a paracrine manner on regulatory T cells to maintain Foxp3 

expression and immune suppressive function [36]. However, other studies show that IL-10 

produced by T regulatory cells induces the anti-inflammatory function of macrophages and 

intestinal tolerance. Zigmond et al. and Shouval et al. reported that specific IL-10R 

deficiency, but not IL-10 production deficiency in macrophages led to spontaneous intestinal 

inflammation [145,146]. Those studies suggest that IL-10R signaling in innate immune cells 

is critical for the induction of anti-inflammatory function in macrophages, and immune 

homeostasis in the intestine of mice and humans.

Such conclusion is also supported by previous studies. Roers et al. found that CD4+ T cell-

specific deletion of IL-10 resulted in development of spontaneous colitis [147], resembling 

the phenotype in complete IL-10 deficiency. Recent studies demonstrate that IL-10 secreted 

by Tregs constrains Th17 differentiation and function, thereby, plays a critical role in 

maintaining immune homeostasis. Rubtsov et al. show that IL-10 produced by Treg cells is 

not required for suppress systemic autoimmunity, but is critical for constraining 

inflammation at environmental interfaces where immune cells directly interact with 

microbes [137]. They found that Treg cell-specific knockout of IL-10 not only resulted in 

spontaneous inflammation in the colon, but also led to immunological hyperreactivity in the 

lungs and skin [137]. This study indicates that distinct suppressive mechanisms such as 

IL-10 production may have specific roles depending on inflammatory sites and response. 

Furthermore, Chaudhry et al. show that IL-10R signaling in regulatory T cells is important 

for suppressing inflammation induced by Th17 cells [148]. This elegant study revealed that 

Treg cell-specific deletion of IL-10R resulted in severe immunemediate colitis, indicating 

that IL-10R-deficient Tregs loss the ability to inhibit pathogenic Th17 cell responses. 

Interestingly, IL-10R signaling can further promote IL-10 production from regulatory T cells 

[148]. Those results imply that regulatory T cells can suppress Th17-mediated inflammation 

through amplifying a negative regulatory loop of IL-10 production and IL-10R signaling. It 

also raises the possibility that regulatory T cells may integrate and amplify the anti-

inflammatory effects of IL-10 produced by other immune cells including macrophages and 

various Th cells.

Tr1 cells are Foxp3-negative regulatory T cells that can produce high levels of IL-10 

[142,149]. Innate immune cell-derived IL-10, IL-27 and IFN have been shown to induce the 

differentiation of Tr1 cells [118,139,142,150–153]. While production of IL-10 is a major 

mechanism by which Tr1 cells suppress inflammation induced by T cells and innate immune 

cells, Tr1 cells can inhibit T cell immune response through direct cell-cell contact by 

expressing cytotoxic T-Lymphocyte antigen 4 (CTLA-4) and programmed cell death protein 
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1 (PD-1) [139,142,154], known as inhibitory receptors or immune checkpoint molecules. 

Even though Tr1 cells have been identified almost two decades ago for their roles in the 

suppression of immune response, the signaling and transcriptional programs leading to the 

generation of Tr1 cells as well as the relationship between Foxp3+Treg and Tr1 cells in 

normal and disease conditions remain poorly understood.

Future Perspective

It has become widely accepted that inflammation is associated with a variety of human 

diseases including cancer, colitis, atherosclerosis, and neurodegenerative diseases. 

Therefore, it is critical to understand how the induction of inflammatory cytokines and cells 

are regulated. Our recent studies uncover novel immunoregulatory function of IFN during 

immune response. Our results also establish causal links between IFNα/β and the induction 

of IL-27 and IL-10 in the inhibition of Th17-mediated inflammation. Although enormous 

progress has been made in understanding Th17 phenotypes and differentiation in cell culture 

system, the contribution of various innate pathways and cytokines to the differentiation and 

function of Th17 cells in vivo is still poorly understood. Whether IL-1 or IL-10 signals 

generate distinct Th17 phenotypes or such phenotypic difference translates into classic/

regulatory versus pathogenic Th17 cells needs to be further tested in autoimmune diseases 

models. It should be emphasized that whether Th17 cells are beneficial or pathogenic to a 

host depends on the nature of immune response and the context of diseases. In certain 

autoimmune diseases such as MS, RA and colitis, the inflammatory symptoms could be 

ameliorated by treatments with IL-1β or IL-17 blockade. However, in some other diseases 

such as infections and tumors, it is speculated that IL-10-porducing or regulatory Th17 cells 

may inhibit host immune response, leading to persistent/chronic infections or reduced anti-

tumor immunity. In contrast, alternative Th17 cells producing both IL-17 and IFNγ may 

boost host immune response against tumors [155].

Acknowledgments

Financial Support

NIAID K22 AI87707, Hollings Cancer Center the American Cancer Society Institutional Research Grant, MUSC 
COBRE in Lipidomics and Pathobiology Pilot Grant, and the American Cancer Society Research Scholar Award 
(PI: Beichu Guo).

References

1. Cho JH, Feldman M. Heterogeneity of autoimmune diseases: pathophysiologic insights from 
genetics and implications for new therapies. Nat Med. 2015; 21:730–738. [PubMed: 26121193] 

2. Mastorodemos V, Ioannou M, Verginis P. Cell-based modulation of autoimmune responses in 
multiple sclerosis and experimental autoimmmune encephalomyelitis: therapeutic implications. 
Neuroimmunomodulation. 2015; 22:181–195. [PubMed: 24852748] 

3. Lin CH, Kadakia S, Frieri M. New insights into an autoimmune mechanism, pharmacological 
treatment and relationship between multiple sclerosis and inflammatory bowel disease. Autoimmun 
Rev. 2014; 13:114–116. [PubMed: 24129036] 

4. Tabarkiewicz J, Pogoda K, Karczmarczyk A, Pozarowski P, Giannopoulos K. The Role of IL-17 and 
Th17 Lymphocytes in Autoimmune Diseases. Arch Immunol Ther Exp (Warsz). 2015; 63:435–449. 
[PubMed: 26062902] 

Guo Page 8

J Clin Cell Immunol. Author manuscript; available in PMC 2016 June 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5. Chen JQ, Szodoray P, Zeher M. Toll-Like Receptor Pathways in Autoimmune Diseases. Clin Rev 
Allergy Immunol. 2016; 50:1–17. [PubMed: 25687121] 

6. Han L, Yang J, Wang X, Li D, Lv L, et al. Th17 cells in autoimmune diseases. Front Med. 2015; 
9:10–19. [PubMed: 25652649] 

7. Noack M, Miossec P. Th17 and regulatory T cell balance in autoimmune and inflammatory diseases. 
Autoimmun Rev. 2014; 13:668–677. [PubMed: 24418308] 

8. Raphael I, Nalawade S, Eagar TN, Forsthuber TG. T cell subsets and their signature cytokines in 
autoimmune and inflammatory diseases. Cytokine. 2015; 74:5–17. [PubMed: 25458968] 

9. Lopalco G, Cantarini L, Vitale A, Iannone F, Anelli MG, et al. Interleukin-1 as a common 
denominator from autoinflammatory to autoimmune disorders: premises, perils, and perspectives. 
Mediators Inflamm. 2015; 2015:194864. [PubMed: 25784780] 

10. Furuzawa-Carballeda J, Vargas-Rojas MI, Cabral AR. Autoimmune inflammation from the Th17 
perspective. Autoimmun Rev. 2007; 6:169–175. [PubMed: 17289553] 

11. Janeway CA Jr, Medzhitov R. Innate immune recognition. Annu Rev Immunol. 2002; 20:197–216. 
[PubMed: 11861602] 

12. Medzhitov R. Toll-like receptors and innate immunity. Nat Rev Immunol. 2001; 1:135–145. 
[PubMed: 11905821] 

13. Kaisho T, Akira S. Toll-like receptors and their signaling mechanism in innate immunity. Acta 
Odontol Scand. 2001; 59:124–130. [PubMed: 11501880] 

14. Rifkin IR, Leadbetter EA, Busconi L, Viglianti G, Marshak-Rothstein A. Toll-like receptors, 
endogenous ligands, and systemic autoimmune disease. Immunol Rev. 2005; 204:27–42. 
[PubMed: 15790348] 

15. Iwasaki A, Medzhitov R. Control of adaptive immunity by the innate immune system. Nat 
Immunol. 2015; 16:343–353. [PubMed: 25789684] 

16. Baier JL, Mattner J. Mechanisms of autoimmune liver disease. Discov Med. 2014; 18:255–263. 
[PubMed: 25425466] 

17. Kotas ME, Medzhitov R. Homeostasis, inflammation, and disease susceptibility. Cell. 2015; 
160:816–827. [PubMed: 25723161] 

18. Okin D, Medzhitov R. Evolution of inflammatory diseases. Curr Biol. 2012; 22:R733–R740. 
[PubMed: 22975004] 

19. Henao-Mejia J, Elinav E, Strowig T, Flavell RA. Inflammasomes: far beyond inflammation. Nat 
Immunol. 2012; 13:321–324. [PubMed: 22430784] 

20. Kimura A, Kishimoto T. Th17 cells in inflammation. Int Immunopharmacol. 2011; 11:319–322. 
[PubMed: 21035432] 

21. Weaver CT, Murphy KM. The central role of the Th17 lineage in regulating the inflammatory/
autoimmune axis. Semin Immunol. 2007; 19:351–352. [PubMed: 18276155] 

22. Sarra M, Pallone F, Macdonald TT, Monteleone G. IL-23/IL-17 axis in IBD. Inflamm Bowel Dis. 
2010; 16:1808–1813. [PubMed: 20222127] 

23. Weaver CT, Hatton RD, Mangan PR, Harrington LE. IL-17 family cytokines and the expanding 
diversity of effector T cell lineages. Annu Rev Immunol. 2007; 25:821–852. [PubMed: 17201677] 

24. Bettelli E, Oukka M, Kuchroo VK. T(H)-17 cells in the circle of immunity and autoimmunity. Nat 
Immunol. 2007; 8:345–350. [PubMed: 17375096] 

25. Segal BM. Th17 cells in autoimmune demyelinating disease. Semin Immunopathol. 2010; 32:71–
77. [PubMed: 20195867] 

26. Stockinger B, Veldhoen M, Martin B. Th17 T cells: linking innate and adaptive immunity. Semin 
Immunol. 2007; 19:353–361. [PubMed: 18023589] 

27. Yang J, Sundrud MS, Skepner J, Yamagata T. Targeting Th17 cells in autoimmune diseases. Trends 
Pharmacol Sci. 2014; 35:493–500. [PubMed: 25131183] 

28. Yan JW, Wang YJ, Peng WJ, Tao JH, Wan YN, et al. Therapeutic potential of interleukin-17 in 
inflammation and autoimmune diseases. Expert Opin Ther Targets. 2014; 18:29–41. [PubMed: 
24147601] 

29. Her M, Kavanaugh A. Alterations in immune function with biologic therapies for autoimmune 
disease. J Allergy Clin Immunol. 2016; 137:19–27. [PubMed: 26768759] 

Guo Page 9

J Clin Cell Immunol. Author manuscript; available in PMC 2016 June 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



30. De Nitto D, Sarra M, Cupi ML, Pallone F, Monteleone G. Targeting IL-23 and Th17-cytokines in 
inflammatory bowel diseases. Curr Pharm Des. 2010; 16:3656–3660. [PubMed: 21128900] 

31. Ghilardi N, Ouyang W. Targeting the development and effector functions of TH17 cells. Semin 
Immunol. 2007; 19:383–393. [PubMed: 18083530] 

32. Glocker EO, Kotlarz D, Klein C, Shah N, Grimbacher B. IL-10 and IL-10 receptor defects in 
humans. Ann N Y Acad Sci. 2011; 1246:102–107. [PubMed: 22236434] 

33. Begue B, Verdier J, Rieux-Laucat F, Goulet O, Morali A, et al. Defective IL10 signaling defining a 
subgroup of patients with inflammatory bowel disease. Am J Gastroenterol. 2011; 106:1544–1555. 
[PubMed: 21519361] 

34. Unutmaz D, Pulendran B. The gut feeling of Treg cells: IL-10 is the silver lining during colitis. Nat 
Immunol. 2009; 10:1141–1143. [PubMed: 19841645] 

35. Howard M, Muchamuel T, Andrade S, Menon S. Interleukin 10 protects mice from lethal 
endotoxemia. J Exp Med. 1993; 177:1205–1208. [PubMed: 8459215] 

36. Murai M, Turovskaya O, Kim G, Madan R, Karp CL, et al. Interleukin 10 acts on regulatory T 
cells to maintain expression of the transcription factor Foxp3 and suppressive function in mice 
with colitis. Nat Immunol. 2009; 10:1178–1184. [PubMed: 19783988] 

37. Kühn R, Löhler J, Rennick D, Rajewsky K, Müller W. Interleukin-10-deficient mice develop 
chronic enterocolitis. Cell. 1993; 75:263–274. [PubMed: 8402911] 

38. Guo B, Chang EY, Cheng G. The type I IFN induction pathway constrains Th17-mediated 
autoimmune inflammation in mice. J Clin Invest. 2008; 118:1680–1690. [PubMed: 18382764] 

39. Zhang L, Yuan S, Cheng G, Guo B. Type I IFN promotes IL-10 production from T cells to 
suppress Th17 cells and Th17-associated autoimmune inflammation. PLoS One. 2011; 6:e28432. 
[PubMed: 22163016] 

40. Chang EY, Guo B, Doyle SE, Cheng G. Cutting edge: involvement of the type I IFN production 
and signaling pathway in lipopolysaccharide-induced IL-10 production. J Immunol. 2007; 
178:6705–6709. [PubMed: 17513714] 

41. Lee YK, Mukasa R, Hatton RD, Weaver CT. Developmental plasticity of Th17 and Treg cells. Curr 
Opin Immunol. 2009; 21:274–280. [PubMed: 19524429] 

42. Nistala K, Adams S, Cambrook H, Ursu S, Olivito B, et al. Th17 plasticity in human autoimmune 
arthritis is driven by the inflammatory environment. Proc Natl Acad Sci U S A. 2010; 107:14751–
14756. [PubMed: 20679229] 

43. Ueno A, Ghosh A, Hung D, Li J, Jijon H. Th17 plasticity and its changes associated with 
inflammatory bowel disease. World J Gastroenterol. 2015; 21:12283–12295. [PubMed: 26604637] 

44. Sie C, Korn T, Mitsdoerffer M. Th17 cells in central nervous system autoimmunity. Exp Neurol. 
2014; 262(Pt A):18–27. [PubMed: 24681001] 

45. Reinert-Hartwall L, Honkanen J, Salo HM, Nieminen JK, Luopajärvi K, et al. Th1/Th17 plasticity 
is a marker of advanced β cell autoimmunity and impaired glucose tolerance in humans. J 
Immunol. 2015; 194:68–75. [PubMed: 25480564] 

46. Peters A, Yosef N. Understanding Th17 cells through systematic genomic analyses. Curr Opin 
Immunol. 2014; 28:42–48. [PubMed: 24594517] 

47. Omenetti S, Pizarro TT. The Treg/Th17 Axis: A Dynamic Balance Regulated by the Gut 
Microbiome. Front Immunol. 2015; 6:639. [PubMed: 26734006] 

48. Gagliani N, Amezcua Vesely MC, Iseppon A, Brockmann L, Xu H, et al. Th17 cells 
transdifferentiate into regulatory T cells during resolution of inflammation. Nature. 2015; 
523:221–225. [PubMed: 25924064] 

49. Cosmi L, Santarlasci V, Maggi L, Liotta F, Annunziato F. Th17 plasticity: pathophysiology and 
treatment of chronic inflammatory disorders. Curr Opin Pharmacol. 2014; 17:12–16. [PubMed: 
24980083] 

50. Ouyang W, Kolls JK, Zheng Y. The biological functions of T helper 17 cell effector cytokines in 
inflammation. Immunity. 2008; 28:454–467. [PubMed: 18400188] 

51. Littman DR, Rudensky AY. Th17 and regulatory T cells in mediating and restraining inflammation. 
Cell. 2010; 140:845–858. [PubMed: 20303875] 

Guo Page 10

J Clin Cell Immunol. Author manuscript; available in PMC 2016 June 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



52. Ryba-Stanisławowska M, Werner P, Brandt A, Myśliwiec M, Myśliwska J. Th9 and Th22 immune 
response in young patients with type 1 diabetes. Immunol Res. 2015

53. Azizi G, Yazdani R, Mirshafiey A. Th22 cells in autoimmunity: a review of current knowledge. Eur 
Ann Allergy Clin Immunol. 2015; 47:108–117. [PubMed: 26159476] 

54. Jäger A, Dardalhon V, Sobel RA, Bettelli E, Kuchroo VK. Th, Th17, and Th9 effector cells induce 
experimental autoimmune encephalomyelitis with different pathological phenotypes. J Immunol. 
2009; 183:7169–7177. [PubMed: 19890056] 

55. Liu SJ, Tsai JP, Shen CR, Sher YP, Hsieh CL, et al. Induction of a distinct CD8 Tnc17 subset by 
transforming growth factor-beta and interleukin-6. J Leukoc Biol. 2007; 82:354–360. [PubMed: 
17505023] 

56. Isailovic N, Daigo K, Mantovani A, Selmi C. Interleukin-17 and innate immunity in infections and 
chronic inflammation. J Autoimmun. 2015; 60:1–11. [PubMed: 25998834] 

57. Robinson AP, Harp CT, Noronha A, Miller SD. The experimental autoimmune encephalomyelitis 
(EAE) model of MS: utility for understanding disease pathophysiology and treatment. Handb Clin 
Neurol. 2014; 122:173–189. [PubMed: 24507518] 

58. Magrone T, Jirillo E. The interleukin-17/interleukin-22 innate axis in the gut as a new drug target 
in allergic-inflammatory and autoimmune diseases. A working hypothesis. Endocr Metab Immune 
Disord Drug Targets. 2014; 14:145–151. [PubMed: 24678739] 

59. Patel DD, Kuchroo VK. Th17 Cell Pathway in Human Immunity: Lessons from Genetics and 
Therapeutic Interventions. Immunity. 2015; 43:1040–1051. [PubMed: 26682981] 

60. Ivanov II, Zhou L, Littman DR. Transcriptional regulation of Th17 cell differentiation. Semin 
Immunol. 2007; 19:409–417. [PubMed: 18053739] 

61. Weaver CT, Harrington LE, Mangan PR, Gavrieli M, Murphy KM. Th17: an effector CD4 T cell 
lineage with regulatory T cell ties. Immunity. 2006; 24:677–688. [PubMed: 16782025] 

62. Korn T, Oukka M, Kuchroo V, Bettelli E. Th17 cells: effector T cells with inflammatory properties. 
Semin Immunol. 2007; 19:362–371. [PubMed: 18035554] 

63. Chen Z, O'Shea JJ. Th17 cells: a new fate for differentiating helper T cells. Immunol Res. 2008; 
41:87–102. [PubMed: 18172584] 

64. Dong C. TH17 cells in development: an updated view of their molecular identity and genetic 
programming. Nat Rev Immunol. 2008; 8:337–348. [PubMed: 18408735] 

65. Huber M, Brüstle A, Reinhard K, Guralnik A, Walter G, et al. IRF4 is essential for IL-21-mediated 
induction, amplification, and stabilization of the Th17 phenotype. Proc Natl Acad Sci U S A. 
2008; 105:20846–20851. [PubMed: 19088203] 

66. Mudter J, Yu J, Zufferey C, Brüstle A, Wirtz S, et al. IRF4 regulates IL-17A promoter activity and 
controls RORγt-dependent Th17 colitis in vivo. Inflamm Bowel Dis. 2011; 17:1343–1358. 
[PubMed: 21305677] 

67. Wong LY, Hatfield JK, Brown MA. Ikaros sets the potential for Th17 lineage gene expression 
through effects on chromatin state in early T cell development. J Biol Chem. 2013; 288:35170–
35179. [PubMed: 24145030] 

68. Liu HP, Cao AT, Feng T, Li Q, Zhang W, et al. TGF-Î2 converts Th1 cells into Th17 cells through 
stimulation of Runx1 expression. Eur J Immunol. 2015; 45:1010–1018. [PubMed: 25605286] 

69. Chaudhry A, Rudra D, Treuting P, Samstein RM, Liang Y, et al. CD4+ regulatory T cells control 
TH17 responses in a Stat3-dependent manner. Science. 2009; 326:986–991. [PubMed: 19797626] 

70. Mathur AN, Chang HC, Zisoulis DG, Stritesky GL, Yu Q, et al. Stat3 and Stat4 direct development 
of IL-17-secreting Th cells. J Immunol. 2007; 178:4901–4907. [PubMed: 17404271] 

71. Sutton C, Brereton C, Keogh B, Mills KH, Lavelle EC. A crucial role for interleukin (IL)-1 in the 
induction of IL-17-producing T cells that mediate autoimmune encephalomyelitis. J Exp Med. 
2006; 203:1685–1691. [PubMed: 16818675] 

72. Lee WW, Kang SW, Choi J, Lee SH, Shah K, et al. Regulating human Th17 cells via differential 
expression of IL-1 receptor. Blood. 2010; 115:530–540. [PubMed: 19965648] 

73. Zielinski CE, Mele F, Aschenbrenner D, Jarrossay D, Ronchi F, et al. Pathogen-induced human 
TH17 cells produce IFN-γ or IL-10 and are regulated by IL-1β. Nature. 2012; 484:514–518. 
[PubMed: 22466287] 

Guo Page 11

J Clin Cell Immunol. Author manuscript; available in PMC 2016 June 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



74. Besnard AG, Togbe D, Couillin I, Tan Z, Zheng SG, et al. Inflammasome-IL-1-Th17 response in 
allergic lung inflammation. J Mol Cell Biol. 2012; 4:3–10. [PubMed: 22147847] 

75. Shaw MH, Kamada N, Kim YG, Núñez G. Microbiota-induced IL-1Î2, but not IL-6, is critical for 
the development of steady-state TH17 cells in the intestine. J Exp Med. 2012; 209:251–258. 
[PubMed: 22291094] 

76. Ikeda S, Saijo S, Murayama MA, Shimizu K, Akitsu A, et al. Excess IL-1 signaling enhances the 
development of Th17 cells by downregulating TGF-Î2-induced Foxp3 expression. J Immunol. 
2014; 192:1449–1458. [PubMed: 24431229] 

77. Basu R, Whitley SK, Bhaumik S, Zindl CL, Schoeb TR, et al. IL-1 signaling modulates activation 
of STAT transcription factors to antagonize retinoic acid signaling and control the TH17 cell-iTreg 
cell balance. Nat Immunol. 2015; 16:286–295. [PubMed: 25642823] 

78. McGeachy MJ, Cua DJ. Th17 cell differentiation: the long and winding road. Immunity. 2008; 
28:445–453. [PubMed: 18400187] 

79. Guo B, Li Z. Endoplasmic reticulum stress in hepatic steatosis and inflammatory bowel diseases. 
Front Genet. 2014; 5:242. [PubMed: 25120559] 

80. Peters A, Lee Y, Kuchroo VK. The many faces of Th17 cells. Curr Opin Immunol. 2011; 23:702–
706. [PubMed: 21899997] 

81. Lee Y, Awasthi A, Yosef N, Quintana FJ, Xiao S, et al. Induction and molecular signature of 
pathogenic TH17 cells. Nat Immunol. 2012; 13:991–999. [PubMed: 22961052] 

82. Tzartos JS, Friese MA, Craner MJ, Palace J, Newcombe J, et al. Interleukin-17 production in 
central nervous system-infiltrating T cells and glial cells is associated with active disease in 
multiple sclerosis. Am J Pathol. 2008; 172:146–155. [PubMed: 18156204] 

83. Marta M. Toll-like receptors in multiple sclerosis mouse experimental models. Ann N Y Acad Sci. 
2009; 1173:458–462. [PubMed: 19758186] 

84. Marta M, Meier UC, Lobell A. Regulation of autoimmune encephalomyelitis by toll-like receptors. 
Autoimmun Rev. 2009; 8:506–509. [PubMed: 19211042] 

85. Grigoriadis N, Tselios T, Deraos S, Orologas A, Deraos G, et al. Animal models of central nervous 
system immune-mediated diseases: therapeutic interventions with bioactive peptides and mimetics. 
Curr Med Chem. 2005; 12:1513–1519. [PubMed: 15974984] 

86. Agrawal SM, Yong VW. Immunopathogenesis of multiple sclerosis. Int Rev Neurobiol. 2007; 
79:99–126. [PubMed: 17531839] 

87. Gyülvészi G, Haak S, Becher B. IL-23-driven encephalo-tropism and Th17 polarization during 
CNS-inflammation in vivo. Eur J Immunol. 2009; 39:1864–1869. [PubMed: 19544494] 

88. Miller SD, McMahon EJ, Schreiner B, Bailey SL. Antigen presentation in the CNS by myeloid 
dendritic cells drives progression of relapsing experimental autoimmune encephalomyelitis. Ann N 
Y Acad Sci. 2007; 1103:179–191. [PubMed: 17376826] 

89. Akira S, Takeda K. Toll-like receptor signalling. Nat Rev Immunol. 2004; 4:499–511. [PubMed: 
15229469] 

90. Fitzgerald KA, Rowe DC, Barnes BJ, Caffrey DR, Visintin A, et al. LPS-TLR4 signaling to 
IRF-3/7 and NF-kappaB involves the toll adapters TRAM and TRIF. J Exp Med. 2003; 198:1043–
1055. [PubMed: 14517278] 

91. Galligan CL, Murooka TT, Rahbar R, Baig E, Majchrzak-Kita B, et al. Interferons and viruses: 
signaling for supremacy. Immunol Res. 2006; 35:27–40. [PubMed: 17003507] 

92. Oganesyan G, Saha SK, Guo B, He JQ, Shahangian A, et al. Critical role of TRAF3 in the Toll-like 
receptor-dependent and -independent antiviral response. Nature. 2006; 439:208–211. [PubMed: 
16306936] 

93. Guo B, Cheng G. Modulation of the interferon antiviral response by the TBK1/IKKi adaptor 
protein TANK. J Biol Chem. 2007; 282:11817–11826. [PubMed: 17327220] 

94. Prinz M, Garbe F, Schmidt H, Mildner A, Gutcher I, et al. Innate immunity mediated by TLR9 
modulates pathogenicity in an animal model of multiple sclerosis. J Clin Invest. 2006; 116:456–
464. [PubMed: 16440059] 

95. Gris D, Ye Z, Iocca HA, Wen H, Craven RR, et al. NLRP3 plays a critical role in the development 
of experimental autoimmune encephalomyelitis by mediating Th1 and Th17 responses. J 
Immunol. 2010; 185:974–981. [PubMed: 20574004] 

Guo Page 12

J Clin Cell Immunol. Author manuscript; available in PMC 2016 June 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



96. Touil T, Fitzgerald D, Zhang GX, Rostami A, Gran B. Cutting Edge: TLR3 stimulation suppresses 
experimental autoimmune encephalomyelitis by inducing endogenous IFN-beta. J Immunol. 2006; 
177:7505–7509. [PubMed: 17114417] 

97. Shinohara ML, Kim JH, Garcia VA, Cantor H. Engagement of the type I interferon receptor on 
dendritic cells inhibits T helper 17 cell development: role of intracellular osteopontin. Immunity. 
2008; 29:68–78. [PubMed: 18619869] 

98. Prinz M, Schmidt H, Mildner A, Knobeloch KP, Hanisch UK, et al. Distinct and nonredundant in 
vivo functions of IFNAR on myeloid cells limit autoimmunity in the central nervous system. 
Immunity. 2008; 28:675–686. [PubMed: 18424188] 

99. Tigno-Aranjuez JT, Jaini R, Tuohy VK, Lehmann PV, Tary-Lehmann M. Encephalitogenicity of 
complete Freund's adjuvant relative to CpG is linked to induction of Th17 cells. J Immunol. 2009; 
183:5654–5661. [PubMed: 19812193] 

100. Borden EC, Sen GC, Uze G, Silverman RH, Ransohoff RM, et al. Interferons at age 50: past, 
current and future impact on biomedicine. Nat Rev Drug Discov. 2007; 6:975–990. [PubMed: 
18049472] 

101. Le Page C, Génin P, Baines MG, Hiscott J. Interferon activation and innate immunity. Rev 
Immunogenet. 2000; 2:374–386. [PubMed: 11256746] 

102. Markowitz CE. Interferon-beta: mechanism of action and dosing issues. Neurology. 2007; 68:S8–
S11. [PubMed: 17562848] 

103. Theofilopoulos AN, Baccala R, Beutler B, Kono DH. Type I interferons (alpha/beta) in immunity 
and autoimmunity. Annu Rev Immunol. 2005; 23:307–336. [PubMed: 15771573] 

104. Kawai T, Akira S. The role of pattern-recognition receptors in innate immunity: update on Toll-
like receptors. Nat Immunol. 2010; 11:373–384. [PubMed: 20404851] 

105. Takeuchi O, Akira S. Pattern recognition receptors and inflammation. Cell. 2010; 140:805–820. 
[PubMed: 20303872] 

106. Meylan E, Tschopp J, Karin M. Intracellular pattern recognition receptors in the host response. 
Nature. 2006; 442:39–44. [PubMed: 16823444] 

107. Lester SN, Li K. Toll-like receptors in antiviral innate immunity. J Mol Biol. 2014; 426:1246–
1264. [PubMed: 24316048] 

108. Burdette DL, Vance RE. STING and the innate immune response to nucleic acids in the cytosol. 
Nat Immunol. 2013; 14:19–26. [PubMed: 23238760] 

109. Konno H, Barber GN. The STING controlled cytosolic-DNA activated innate immune pathway 
and microbial disease. Microbes Infect. 2014; 16:998–1001. [PubMed: 25449752] 

110. Barber GN. STING-dependent cytosolic DNA sensing pathways. Trends Immunol. 2014; 35:88–
93. [PubMed: 24309426] 

111. Barber GN. Innate immune DNA sensing pathways: STING, AIMII and the regulation of 
interferon production and inflammatory responses. Curr Opin Immunol. 2011; 23:10–20. 
[PubMed: 21239155] 

112. Bracci L, Proietti E, Belardelli F. IFN-alpha and novel strategies of combination therapy for 
cancer. Ann N Y Acad Sci. 2007; 1112:256–268. [PubMed: 17567945] 

113. Buttmann M, Rieckmann P. Interferon-beta1b in multiple sclerosis. Expert Rev Neurother. 2007; 
7:227–239. [PubMed: 17341170] 

114. Amre DK, Mack DR, Morgan K, Israel D, Lambrette P, et al. Interleukin 10 (IL-10) gene variants 
and susceptibility for paediatric onset Crohn's disease. Aliment Pharmacol Ther. 2009; 29:1025–
1031. [PubMed: 19210299] 

115. Olszak T, Neves JF, Dowds CM, Baker K, Glickman J, et al. Protective mucosal immunity 
mediated by epithelial CD1d and IL-10. Nature. 2014; 509:497–502. [PubMed: 24717441] 

116. Hunter CA. New IL-12-family members: IL-23 and IL-27, cytokines with divergent functions. 
Nat Rev Immunol. 2005; 5:521–531. [PubMed: 15999093] 

117. Colgan J, Rothman P. All in the family: IL-27 suppression of T(H)-17 cells. Nat Immunol. 2006; 
7:899–901. [PubMed: 16924249] 

Guo Page 13

J Clin Cell Immunol. Author manuscript; available in PMC 2016 June 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



118. Awasthi A, Carrier Y, Peron JP, Bettelli E, Kamanaka M, et al. A dominant function for 
interleukin 27 in generating interleukin 10-producing anti-inflammatory T cells. Nat Immunol. 
2007; 8:1380–1389. [PubMed: 17994022] 

119. Stumhofer JS, Hunter CA. Advances in understanding the anti-inflammatory properties of IL-27. 
Immunol Lett. 2008; 117:123–130. [PubMed: 18378322] 

120. Batten M, Ghilardi N. The biology and therapeutic potential of interleukin 27. J Mol Med (Berl). 
2007; 85:661–672. [PubMed: 17294231] 

121. Li JP, Wu H, Xing W, Yang SG, Lu SH, et al. Interleukin-27 as a negative regulator of human 
neutrophil function. Scand J Immunol. 2010; 72:284–292. [PubMed: 20883313] 

122. Wang J, Wang G, Sun B, Li H, Mu L, et al. Interleukin-27 suppresses experimental autoimmune 
encephalomyelitis during bone marrow stromal cell treatment. J Autoimmun. 2008; 30:222–229. 
[PubMed: 17997278] 

123. Stumhofer JS, Laurence A, Wilson EH, Huang E, Tato CM, et al. Interleukin 27 negatively 
regulates the development of interleukin 17-producing T helper cells during chronic 
inflammation of the central nervous system. Nat Immunol. 2006; 7:937–945. [PubMed: 
16906166] 

124. Apetoh L, Quintana FJ, Pot C, Joller N, Xiao S, et al. The aryl hydrocarbon receptor interacts 
with c-Maf to promote the differentiation of type 1 regulatory T cells induced by IL-27. Nat 
Immunol. 2010; 11:854–861. [PubMed: 20676095] 

125. Batten M, Kljavin NM, Li J, Walter MJ, de Sauvage FJ, et al. Cutting edge: IL-27 is a potent 
inducer of IL-10 but not FoxP3 in murine T cells. J Immunol. 2008; 180:2752–2756. [PubMed: 
18292493] 

126. El-behi M, Ciric B, Yu S, Zhang GX, Fitzgerald DC, et al. Differential effect of IL-27 on 
developing versus committed Th17 cells. J Immunol. 2009; 183:4957–4967. [PubMed: 
19786534] 

127. Neufert C, Becker C, Wirtz S, Fantini MC, Weigmann B, et al. IL-27 controls the development of 
inducible regulatory T cells and Th17 cells via differential effects on STAT1. Eur J Immunol. 
2007; 37:1809–1816. [PubMed: 17549733] 

128. Wang H, Meng R, Li Z, Yang B, Liu Y, et al. IL-27 induces the differentiation of Tr1-like cells 
from human naive CD4+ T cells via the phosphorylation of STAT1 and STAT3. Immunol Lett. 
2011; 136:21–28. [PubMed: 21115047] 

129. Huber M, Steinwald V, Guralnik A, Brüstle A, Kleemann P, et al. IL-27 inhibits the development 
of regulatory T cells via STAT3. Int Immunol. 2008; 20:223–234. [PubMed: 18156621] 

130. Stumhofer JS, Silver JS, Laurence A, Porrett PM, Harris TH, et al. Interleukins 27 and 6 induce 
STAT3-mediated T cell production of interleukin 10. Nat Immunol. 2007; 8:1363–1371. 
[PubMed: 17994025] 

131. McGeachy MJ, Bak-Jensen KS, Chen Y, Tato CM, Blumenschein W, et al. TGF-beta and IL-6 
drive the production of IL-17 and IL-10 by T cells and restrain T(H)-17 cell-mediated pathology. 
Nat Immunol. 2007; 8:1390–1397. [PubMed: 17994024] 

132. Zhang J, Fu S, Sun S, Li Z, Guo B. Inflammasome activation has an important role in the 
development of spontaneous colitis. Mucosal Immunol. 2014; 7:1139–1150. [PubMed: 
24472848] 

133. Fiorentino DF, Bond MW, Mosmann TR. Two types of mouse T helper cell. IV. Th2 clones 
secrete a factor that inhibits cytokine production by Th1 clones. J Exp Med. 1989; 170:2081–
2095. [PubMed: 2531194] 

134. Roncarolo MG, Battaglia M, Gregori S. The role of interleukin 10 in the control of autoimmunity. 
J Autoimmun. 2003; 20:269–272. [PubMed: 12791310] 

135. Maynard CL, Harrington LE, Janowski KM, Oliver JR, Zindl CL, et al. Regulatory T cells 
expressing interleukin 10 develop from Foxp3+ and Foxp3− precursor cells in the absence of 
interleukin 10. Nat Immunol. 2007; 8:931–941. [PubMed: 17694059] 

136. Rudensky AY. Regulatory T cells and Foxp3. Immunol Rev. 2011; 241:260–268. [PubMed: 
21488902] 

Guo Page 14

J Clin Cell Immunol. Author manuscript; available in PMC 2016 June 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



137. Rubtsov YP, Rasmussen JP, Chi EY, Fontenot J, Castelli L, et al. Regulatory T cell-derived 
interleukin-10 limits inflammation at environmental interfaces. Immunity. 2008; 28:546–558. 
[PubMed: 18387831] 

138. Saraiva M, O'Garra A. The regulation of IL-10 production by immune cells. Nat Rev Immunol. 
2010; 10:170–181. [PubMed: 20154735] 

139. Roncarolo MG, Gregori S, Battaglia M, Bacchetta R, Fleischhauer K, et al. Interleukin-10-
secreting type 1 regulatory T cells in rodents and humans. Immunol Rev. 2006; 212:28–50. 
[PubMed: 16903904] 

140. Zheng Y, Rudensky AY. Foxp3 in control of the regulatory T cell lineage. Nat Immunol. 2007; 
8:457–462. [PubMed: 17440451] 

141. Barnes MJ, Powrie F. Regulatory T cells reinforce intestinal homeostasis. Immunity. 2009; 
31:401–411. [PubMed: 19766083] 

142. Battaglia M, Gregori S, Bacchetta R, Roncarolo MG. Tr1 cells: from discovery to their clinical 
application. Semin Immunol. 2006; 18:120–127. [PubMed: 16464609] 

143. Izcue A, Coombes JL, Powrie F. Regulatory T cells suppress systemic and mucosal immune 
activation to control intestinal inflammation. Immunol Rev. 2006; 212:256–271. [PubMed: 
16903919] 

144. Hadis U, Wahl B, Schulz O, Hardtke-Wolenski M, Schippers A, et al. Intestinal tolerance requires 
gut homing and expansion of FoxP3+ regulatory T cells in the lamina propria. Immunity. 2011; 
34:237–246. [PubMed: 21333554] 

145. Zigmond E, Bernshtein B, Friedlander G, Walker CR, Yona S, et al. Macrophage-restricted 
interleukin-10 receptor deficiency, but not IL-10 deficiency, causes severe spontaneous colitis. 
Immunity. 2014; 40:720–733. [PubMed: 24792913] 

146. Shouval DS, Biswas A, Goettel JA, McCann K, Conaway E, et al. Interleukin-10 receptor 
signaling in innate immune cells regulates mucosal immune tolerance and anti-inflammatory 
macrophage function. Immunity. 2014; 40:706–719. [PubMed: 24792912] 

147. Roers A, Siewe L, Strittmatter E, Deckert M, Schlüter D, et al. T cell-specific inactivation of the 
interleukin 10 gene in mice results in enhanced T cell responses but normal innate responses to 
lipopolysaccharide or skin irritation. J Exp Med. 2004; 200:1289–1297. [PubMed: 15534372] 

148. Chaudhry A, Samstein RM, Treuting P, Liang Y, Pils MC, et al. Interleukin-10 signaling in 
regulatory T cells is required for suppression of Th17 cell-mediated inflammation. Immunity. 
2011; 34:566–578. [PubMed: 21511185] 

149. Groux H, O'Garra A, Bigler M, Rouleau M, Antonenko S, et al. A CD4+ T-cell subset inhibits 
antigen-specific T-cell responses and prevents colitis. Nature. 1997; 389:737–742. [PubMed: 
9338786] 

150. Pot C, Jin H, Awasthi A, Liu SM, Lai CY, et al. Cutting edge: IL-27 induces the transcription 
factor c-Maf, cytokine IL-2, and the costimulatory receptor ICOS that coordinately act together 
to promote differentiation of IL-10-producing Tr1 cells. J Immunol. 2009; 183:797–801. 
[PubMed: 19570826] 

151. Piconese S, Pacella I, Timperi E, Barnaba V. Divergent effects of type-I interferons on regulatory 
T cells. Cytokine Growth Factor Rev. 2015; 26:133–141. [PubMed: 25466634] 

152. Pot C, Apetoh L, Awasthi A, Kuchroo VK. Induction of regulatory Tr1 cells and inhibition of 
T(H)17 cells by IL-27. Semin Immunol. 2011; 23:438–445. [PubMed: 21893418] 

153. Corre B, Perrier J, El Khouri M, Cerboni S, Pellegrini S, et al. Type I interferon potentiates T-cell 
receptor mediated induction of IL-10-producing CD4+T cells. Eur J Immunol. 2013; 43:2730–
2740. [PubMed: 23839924] 

154. Roncarolo MG, Gregori S, Bacchetta R, Battaglia M. Tr1 cells and the counter-regulation of 
immunity: natural mechanisms and therapeutic applications. Curr Top Microbiol Immunol. 2014; 
380:39–68. [PubMed: 25004813] 

155. Majchrzak K, Nelson MH, Bailey SR, Bowers JS, Yu XZ, et al. Exploiting IL-17-producing 
CD4(+) and CD8(+) T cells to improve cancer immunotherapy in the clinic. Cancer Immunol 
Immunother. 2016; 65:247–259. [PubMed: 26825102] 

Guo Page 15

J Clin Cell Immunol. Author manuscript; available in PMC 2016 June 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Modulation of Th17 differentiation by IL-10 from innate cells and regulatory T cells
Upon encountering pathogens or endogenous danger signals, innate immune cells induce the 

differentiation of naïve T cells into different T helper subsets including Th17 cells. The 

phenotypes and function of Th17 cells are influenced by inflammatory cytokine milieu and 

tailored to the nature of a particular immune response. Inflammatory cytokines such as IL-1β 

and IL-23 may shift Th17 into more pathogenic types with increased production of GM-CSF 

and IFNγ. The type I IFN may upregulate anti-inflammatory cytokines such as IL-10 and 

IL-27 as a negative feedback mechanism to damp uncontrolled production of inflammatory 

cytokines in both innate and adaptive systems, thereby constraining the development of 

Th17 cells and excessive inflammation in autoimmune conditions. IL-10 produced by both 

macrophages and regulatory T cells promote the generation of Th17 cells with regulatory 

phenotypes.
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