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Abstract

Interleukin-22 (IL-22) is an IL-10 family cytokine member that was recently discovered to be

mainly produced by Th17 cells. Previous studies have indicated the importance of IL-22 in host

defense against Gram-negative bacterial organisms (in gut and lung). Recently, there is emerging

evidence that IL-22 is involved in the development and pathogenesis of several autoimmune

diseases, such as systemic lupus erythematosus (SLE), rheumatoid arthritis (RA), multiple

sclerosis (MS), Sjögren’s syndrome (SS) and psoriasis. Therapeutics targeting IL-22 therefore

may have promise for treating various autoimmune diseases. In this review, we discuss the recent

progression of the involvement of IL-22 in the development and pathogenesis of autoimmune

diseases, as well as its clinical implications and therapeutic potential.
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1. Introduction

Unregulated T-cell responses or overwhelming cytokines secreted by T cells and other cell

sources are associated with many autoimmune diseases such as systemic lupus

erythematosus (SLE), rheumatoid arthritis (RA), multiple sclerosis (MS), Sjögren’s
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syndrome (SS) and psoriasis. Interleukin-22 (IL-22) is a cytokine produced by several

different cellular sources including Th17 cells [1, 2], natural killer (NK) 22 cells [3], and

Th22 cells [4, 5]. Recently, numerous studies regarding the role of IL-22 in autoimmune

diseases are emerging, and several reports suggest that IL-22 plays a critical role in the

inflammation and proliferation cascade of various autoimmune diseases like SLE [6–11],

RA [12–16], MS [17–19], SS [20, 21] and psoriasis [22, 23]. In this review, we summarize

our current understanding of the involvement of IL-22 in the development and pathogenesis

of autoimmune diseases, as well as its clinical implications and therapeutic potential.

2. IL-22 and IL-22R

IL-22 is an IL-10 family cytokine member, being initially recognized as IL-10-related T-

cell-derived inducible factor (IL-TIF) [24]. It is induced in mouse T lymphoma cells by IL-9

and has 22% amino acid identity with IL-10 [25]. IL-TIF does not appear to have the effects

on the proliferation of T cells or mast cells; however, it does activate STAT3 in mesangial

cells [25]. Human IL-22 protein is 146 amino acids in length and has 80.8% identity with

murine IL-22. Like other IL-10 family members, IL-22 also has an α-helical secondary

structure [26]. The IL-22 receptor (IL-22R) belongs to the class II cytokine receptor family

and consists of two subunits, IL-22R1 and IL-10R2 (also called IL10RB) [26, 27]. IL-22R1

expression is present in a variety of nonimmunetissues: skin, lung, kidney, pancreas, etc.,

while IL-10R2 is widely expressed on immune cells (T, B and NK cells) [27]. There is also

a soluble IL-22R called IL-22-binding protein (IL-22BP), which is encoded by another gene,

and this protein has been shown to counteract IL-22 binding in vitro [26, 27]. The affinity of

IL-22 to IL-22BP is at least four times higher than that of IL-22 to IL-22R1 [28].

3. Cellular sources of IL-22

A broad variety of lymphocytes secrete IL-22 (Table 1). IL-22 was originally thought to be a

Th1-associated cytokine, it is now recognized that IL-22 is highly expressed by IL-17-

producing cells, called Th17 cells [2]. However, the optimal conditions for secretion of

IL-17A or IL-22 by Th17 cells are different, as do the transcription factors involved. Unlike

IL-17A expression, which requires both TGF-β and a secondary inflammatory stimulus

including IL-6, IL-21 or IL-23, IL-22 expression can be induced solely by IL-6 [23].

Furthermore, increasing levels of TGF-β that allow for high IL-17A expression lead to a

reduction in IL-22 levels [23, 29]. This divergence is partly explained by the recent

discovery of the transcription factor aryl hydrocarbon receptor (AHR), whose ligands

enhance Th17 cytokine production, but have more robust effects on IL-22 secretion

compared with IL-17A [30]. Most importantly, AHR is essential for IL-22 expression, but

not for the expression of IL-17A and other Th17 cytokines. In addition to Th17 cells, IL-22

is also expressed by other immune cell subsets. Th22 cells, a subset of CD4 T cells that

specifically expresses IL-22 and is mainly found in tissues, produce IL-22 in response to

IL-6 and tumor necrosis factor α (TNF-α), particularly in the skin [31]. Th22 T-cell clones

appear to be very stable; when cultured in Th1-, Th2-, Th17- or Treg-polarizing conditions,

the Th22 clones continue to express IL-22 but not the other cytokines associated with these

Th subsets [32]. γδT cells, a subset of T-cells which expresses a γδTCR, produce IL-22 in

response to IL-23, IL-22- expressing γδT cells are particularly important in pulmonary
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immune responses [33]. NK cells produce IL-22 in response to IL-12 and IL-18 or IL-23 [3,

34, 35]. In addition, Retinoic acid-related orphan receptor γt-positive (RORγt+) innate

lymphoid cells, including lymphoid tissue inducer (LTi) and LTi-like cells also express

IL-22, LTi-like cells express low constitutive levels of IL-22 that are highly induced upon

activation by IL-23 stimulation [36, 37]. (Table 1)

4. Signaling pathways of IL-22

IL-22 binds as a homodimer at a receptor complex composed of the IL-10R2 and the

IL-22R1. IL-22BP acts as a natural, soluble antagonist. IL-22 binding to IL-22R complex

induces a cascade of downstream signaling pathways [38]. The initial studies using a murine

kidney cell line demonstrated that IL-22R ligation induced STAT3 phosphorylation, and to a

lesser extent, STAT5 phosphorylation [25], while other studies reported the phosphorylation

of STAT1, STAT3 and STAT5 in a human kidney cell line [39]. A latter study further

revealed that IL-22 signaling utilizes Jak1 and Tyk2 to propagate downstream

phosphorylation signals, including MAPK signaling pathways (ERK1/2, MEK1/2, JNK, and

p38 kinase), STAT1, STAT3, and STAT5 [40]. Although STAT3-mediated signaling is a

common pathway shared by the IL-10 cytokine family members, IL-22 signaling exhibits

several distinct properties. For instance, compared with IL-10 stimulation that induces

phosphorylation of tyrosine residues on STAT3, IL-22 stimulation induces STAT3

phosphorylation on both tyrosine and serine residues, and also strongly activates the ERK1/2

pathway [40]. Because both IL-22 and IL-10 utilize IL-10R2, Jak1, and Tyk2, the

differences in signal transduction pathways may be attributed to differences between

IL-22R1 and IL-10R1 [41]. The phosphorylation of STAT3 is an essential pathway in

mediating the effects of IL-22 on epithelial cells at barrier surfaces, as phosphorylation of

STAT3 in intestinal epithelial cells following chemical-induced colitis is IL-22-dependent;

additionally, conditional deletion of epithelial-intrinsic STAT3 from intestinal epithelial

cells mimicked that in IL-22 deficient mice during chemical-induced colitis, implicating a

requirement for STAT3 in IL-22-mediated signaling in vivo [42]. All these studies above

suggest that similar to other members of the IL-10 cytokine family, IL-22 utilizes Jak–STAT

signaling, mainly through STAT3; however, several differences also exist between IL-22

and other IL-10 family members, including differential activation of MAPK pathways and

phosphorylation of STAT3 on tyrosineand serine residues (Fig. 1). [40][40] The IL-22

signaling pathways affect multiple molecular processes in autoimmune diseases [43–47],

therefore, manipulation of IL-22 and its signaling pathways may have the potential to

provide treatments for autoimmune diseases.

5. IL-22 in autoimmune diseases

Autoimmune diseases are characterized by the impaired function and the destruction of

tissues that are caused by an immune response in which abnormal antibodies are produced

and attacked the body’s own cells and tissues. Although there is significant progress in the

development of new treatment modalities, the long-term outcome is often poor for many of

the affected patients [48, 49]. Therefore, a better understanding of the pathogenesis of the

autoimmune diseases is needed. The spectrum of autoimmune diseases includes a large

variety of diseases such as SLE, RA, MS, SS and psoriasis displaying different clinical
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features. Besides the significant clinical differences, there are also many clinical features

and pathogenic mechanisms overlaps among these autoimmune diseases. For example, SLE,

RA, SS, and psoriasis share chronic inflammatory joint disease, and SLE and SS share

comparable cardiac pathologies [50].

Studies have revealed that many inflammatory cytokines and chemokines are involved in the

pathogenesis of these autoimmune diseases. It is well established that in the presence of the

common inflammatory cytokine IFN-γ, local antigen-presenting cells (APCs) produce IL-12

leading to differentiation of CD4+ T cells into IFN-γ-secreting Th1 cells. In contrast, in the

presence of IL-4, CD4+ T cells preferentially develop into IL-4-, IL-5-, and IL-13-producing

Th2 cells. Th1 dominant immune responses have been commonly considered to be

pathological in autoimmune diseases via the induction of inflammatory reaction. However,

recently, there is compelling evidence for the pathogenic role of Th17 in autoimmunity [51].

Th17 cells produce IL-17, a cytokine not produced by either Th1 or Th2 CD4+ T cells [52].

It has been confirmed that IL-17 is associated with inflammation, autoimmunity and host

defense against some bacteria. Nonetheless, IL-17 has been implicated in many chronic

autoimmune diseases including SLE [53], RA [54], MS [55], SS [56] and psoriasis [57].

Similar to IL-17, IL-22 is also highly expressed by Th17 cells. Recent findings have

revealed that IL-22 is implicated in several autoimmune diseases. For example, IL-22 is

differentially expressed in many autoimmune diseases [6, 7, 14]; IL-22 gene knockout or

inhibition of IL-22 proteins could considerably ameliorate autoimmune diseases in many

murine models [58, 59]. However, most of these data do not determine whether IL-22 is

mediating the inflammation itself, or is a by-product of the inflammation [60].

5.1 SLE

Systemic lupus erythematosus (SLE) is a systemic autoimmune disease, characterized by a

multitude of autoantibody production, complement activation and immune-complex

deposition, which causes tissue and organ damage. The etiology and pathogenic mechanisms

of SLE have not yet been clearly elucidated. Cytokines produced by abnormal T-helper (Th)

cells have been shown to be involved in the pathogenesis of SLE [51]. Although increased

serum IL-22 production also has been found in several autoimmune diseases such as

psoriasis and Crohn’s disease (CD) [61, 62], in SLE patients, decreased serum and plasma

IL-22 levels were observed by our groups and Cheng et al, respectively [6, 7]. The reason

for this phenomenon is not known. Ziesché et al [8] have previously demonstrated that

glucocorticoid dexamethasone (DEX) can suppress IL-22 production of plasma and PBMCs

in the context of acute bacterial infections. This result may partially explain the decreased

levels of serum IL-22 in SLE patients. However, McKinley et al [9] reported that IL-22

production were not sensitive to DEX treatment at any doses tested. Ziesché et al [8] suggest

that those disparate observations may reflect diverse molecular mechanisms directing IL-22

production in the context of innate and adaptive immunity. The last result is in consistent

with report by Cheng et al [7] in which it was reported that the cytokine levels were not

associated with glucocorticoid treatment. However, in a later study, we found that the

frequencies of IL-22-secreting CD4+ T cells were positively associated with glucocorticoid

treatment. In addition, our data also displayed a similar relationship between glucocorticoid

treatment and SLE disease activity index (SLEDAI) scores. There are several possible
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explanations for this phenomenon: first, the patients with duration of diagnosis for less than

2 months occupied a larger proportion, suggesting that these patients did not receive a long-

term glucocorticoid treatment; second, patients with higher SLEDAI scores may receive a

larger doses of glucocorticoids [10]. Furthermore, our data demonstrated that the increased

frequencies of IL-22-positive CD4+ T cells have a positive correlation with SLEDAI score

and lupus nephritis in patients with SLE, suggesting that this cytokine may be implicated in

the pathogenesis of this disease. However, further studies are needed to clarify the precise

mechanisms. More recently, a study by Yu et al reported that genetic variations in IL-22

copy numbers contribute to the risk of SLE, implicating that IL-22 in SLE risk might help to

identify new targets for therapy. In addition, information about copy number variation

(CNV) of this gene may help to define populations with high susceptibility to SLE [11].

Nevertheless, the exact mechanism of the role of IL-22 in the development and pathogenesis

of SLE has not yet been elucidated. Therefore, further studies are needed to confirm these

findings, and to explore the potential mechanisms involved and the therapeutic potential of

IL-22 in SLE.

5.2 RA

Rheumatoid arthritis (RA) is a chronic, inflammatory, systemic autoimmune disorder that is

characterized by symmetric inflammation of synovial joints, which leads to progressive joint

destruction. Although RA has been the subject of innumerable investigations, the etiology

and pathogenesis of the disease remain incompletely understood. It is clear, however, that

cytokines play a key role in driving the synovial cell activation that leads to joint

destruction. In RA, IL-22 is mainly expressed in synovial fibroblasts and macrophages, but

only RA synovial fibroblasts, and not RA macrophages, have IL-22 receptor type I in the

synovium. IL-22 promotes the proliferation of synovial fibroblasts and the production of

monocyte chemoattractant protein 1 [12]. Geboes et al have investigated the role of IL-22 in

collagen-induced arthritis (CIA), an animal model which shares many features with RA, and

their results showed that IL-22−/− mice were less susceptible to CIA than were wild-type

mice, as evidenced by their decreased incidence of arthritis and reduced pannus formation.

Remarkably, the less severe form of arthritis in IL-22−/−mice was associated with increased

production of type II collagen (CII)-specific and total IgG antibodies, whereas cellular CII

responses were unchanged. In vitro, IL-22 was found to promote osteoclastogenesis, a

process that might contribute to its proinflammatory activity in CIA [13]. In human RA,

IL-22 is elevated in the serum of patients with established RA. Elevated serum IL-22 allows

discrimination between patients with different clinical and laboratory measures and

radiographic progression, indicating the potential of IL-22 as an additional tool for

assessment of activity in RA, particularly in patients with RF antibodies and long-term

disease [14, 15]. Kim et al indicated that IL-22 promotes osteoclastogenesis in RA through

induction of receptor activator of nuclear factor kappa-B ligand (RANKL) in human

synovial fibroblasts [16].

5.3 MS

Multiple sclerosis (MS) is a chronic inflammatory demyelinating disorder of the central

nervous system of unknown etiology, and represents the most common cause of non-

traumatic neurological disability in young adults. Cytokine and cytokine receptor genes,
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including IL-2RA, IL-7R, IL-12A, etc. are appeared to be risk factors for MS [17].

However, disease heterogeneity and low tissue accessibility hinder functional studies of

established MS risk genes. For this reason, the MS model experimental autoimmune

encephalomyelitis (EAE) is often used to study neuroinflammatory disease mechanisms.

Through a combined approach including genetic and immunological investigation in an

animal model and large-scale association studies of MS patients, Beyeen et al established

IL-22RA2 as an MS risk gene [18]. However, another study by Kreymborg et al showed that

IL-22 is expressed by Th17 cells in an IL-23-dependent fashion, but is not required for the

development of EAE [19]. Therefore, this divergence needs to be further clarified.

5.4 Psoriasis

Psoriasis is a common chronic autoimmune skin disease of unknown cause that involves

dysregulated interplay between immune cells and keratinocytes. IL-22 is a cytokine

produced by the Th1, Th17, and Th22 subsets that are functionally implicated in the

psoriatic pathology. Therefore, IL-22 might play an important role in psoriasis. Transgenic

mice engineered to over-express IL-22 have an aberrant skin phenotype that resembles

psoriasis [22]. The IL-22 transgenic pups are born with shiny and stiff skin and die several

days post-birth. Histological analysis of the skin reveals epidermal thickening and that the

dermal layer contains infiltrating macrophages. Using IL-22-deficient mice, Zheng et al

showed that in the absence of IL-22, IL-23-mediated dermal inflammation was reduced [23].

Another group has also shown that IL-22 is inflammatory in a T-cell-mediated model of

psoriasis. A very recent study also showed that IL-22 is required for psoriasis-like lesions in

the mouse imiquimod model. In spite of its functional importance, IL-22 is probably not

sufficient in triggering psoriasis by itself. In fact, IL-22 synergizes with other cytokines to

form a cytokine network that orchestrates the progression of many different pathogenic

features of psoriasis [63].

5.5 SS

SS is an autoimmune disease targeting the exocrine glands resulting in xerostomia/

keratoconjunctivitissicca. Lavoie et al examined the levels and clinical associations of IL-22

in SS. Results indicated that serum levels of IL-22 were significantly elevated in patients

with SS compared to controls. In addition, the serum levels of IL-22 showed significant

correlations with hyposalivation, anti-SSB, anti-SSA/SSB combined,

hypergammaglobulinemia and rheumatoid factor. These data suggest that IL-22 plays a

critical role in the development of SS, and further study is needed to examine its function in

human SS [20]. Ciccia et al investigated the IL-22 expression in the salivary glands of

patients with primary Sjögren’s syndrome (pSS), their results showed that IL-22, IL-23 and

IL-17 were significantly increased at both protein and mRNA levels in the inflamed salivary

glands of patients with pSS. STAT3 mRNA and the tyrosine phosphorylated corresponding

protein were also significantly increased in pSS, suggesting that, together with IL-17 and

IL-23, IL-22 may play a pro-inflammatory role in the pathogenesis of pSS [21]. These two

aforementioned studies provide important clues concerning the role of IL-22 in SS,

however, further studies (such as the gene knockout approach) will be needed to determine

the exact physiological and immunological impact of IL-22 on this disease.
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6. IL-22, a double-edged sword

In contrast to its inflammatory role in autoimmune diseases, IL-22 also plays a protective

role in inflammation in other diseases. Several previous studies have shown that IL-22 is

protective during hepatitis [64, 65]. In hepatitis, the immune system is responsible for

damaging hepatocytes leading to reduced liver function. IL-22-deficient mice are highly

sensitive to this damage, which can be ameliorated by transfer of IL-22-expressing Th17

cells [64]. This suggests that IL-22 could serves as a protective molecule to counteract the

destructive nature of the immune response to limit tissue damage. In a recent study by Feng

et al [66], they demonstrated wild-type and IL-22 knockout mice were equally susceptible to

cerulein-induced acute and chronic pancreatitis, whereas liver-specific IL-22 transgenic

mice were completely resistant to cerulein-induced elevation of serum digestive enzymes,

pancreatic necrosis and apoptosis, and inflammatory cell infiltration. Treatment of wild-type

mice with recombinant IL-22 or adenovirus IL-22 significantly attenuated the severity of

cerulein-induced acute and chronic pancreatitis. Mechanistically, they showed that the

protective effect of IL-22 on pancreatitis was mediated via the induction of Bcl-2 and Bcl-

X(L), which bind to Beclin-1 and subsequently inhibit autophagosome formation to

ameliorate pancreatitis. In summary, their results suggest that IL-22 attenuates cerulein-

induced pancreatitis by inhibiting the autophagic pathway, IL-22 thus could be a promising

therapeutic drug to treat pancreatitis. Wolk et al have investigated the possible role of

systemic IL-22 in Crohn’s disease (CD), a common, chronic, inflammatory bowel disease

characterized by intestinal infiltration of activated immune cells and distortion of the

intestinal architecture. In their studies, they administered IL-22 to healthy mice and found an

up-regulation of LPS-binding protein (LBP), with blood levels reaching concentrations

known to neutralize LPS. This systemic up-regulation was associated with increased hepatic

but not renal or pulmonary LBP mRNA levels. IL-22 also enhanced the secretion of LBP in

human primary hepatocytes and HepG2 hepatoma cells in vitro. This increase was mainly

transcriptionally regulated and synergistic with that of other LBP inducers. In addition,

elevated LBP levels were detected in CD patients and the mouse colitis model. Their data

suggest that systemic IL-22 may contribute to the prevention of systemic inflammation

provoked by LPS present in the blood of CD patients through its induction of hepatic LBP

[28].

7. IL-22 as a potential therapeutic for autoimmune diseases

Due to its crucial roles in inflammation and proliferation cascade, IL-22 may have promise

as a potential therapeutic for autoimmune diseases. Understanding molecular mechanisms

driving IL-22, together with knowledge on the capacity of current immunosuppressive drugs

to target this process, may open an avenue to novel therapeutic options. Experimental

delivery of IL-22 in animal models has produced promising results for several autoimmune

diseases. Using an autoimmune psoriasis model, Ma et al reported that the neutralization of

IL-22 activity by IL-22antibodiesreduces the expression of inflammatory mediators by

epithelial cells and keratinocytes as well as the recruitment and maintenance of

inflammatory Th17 cells at the tissue site, indicating that IL-22 antagonism represents a

promising therapeutic approach for the treatment of Th17-mediated inflammatory skin

disorders in humans [67]. Another recent study also assessed the role of IL-22 in a mouse
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model with psoriasi form skin inflammation. At the macroscopic level, scaly skin lesions

induced by daily applications of imiquimod in wild-type mice were almost totally absent in

IL-22-deficient mice or in mice treated with a blocking anti-IL-22 antibody. At the

microscopic level, IL-22-deficient mice showed a dramatic decrease in the development of

pustules and a partial decrease in acanthosis. At the molecular level, the absence or

inhibition of IL-22 strongly significantly decreased the expression level of chemotactic

factors such as CCL3 and CXCL3 [68]. Similarly, using neutralizing anti-IL-22 antibodies,

Marijnissen et al evaluated the potential for IL-22 depletion in an experimental arthritis

model using mice deficient in the IL-1 receptor antagonist (IL-1Ra−/−), and their results

showed that anti-IL-22 treatment of IL-1Ra−/−mice significantly reduced the inflammation

and bone erosion [69]. Anti-cytokine vaccination is an innovative strategy of targeted, active

immunotherapy with potential application in autoimmune diseases [58]. Administration of

an IL-22 DNA vaccine to rodents provides protection during experimental autoimmune

myocarditis or hepatitis [70, 71]. Ke et al reported that administration of small doses of

IL-22 to experimental autoimmune uveitis (EAU) -susceptible mice significantly reduced

the severity of EAU. In addition, mice treated with IL-22 generated decreased numbers of

IFN-γ(+) and IL-17(+) uveitogenic T cells, but increased numbers of Foxp3(+) regulatory T

cells [59]. All these results suggest IL-22 as a potential therapeutic for autoimmune diseases.

8. Conclusion

Although much remains to be explored about roles of IL-22 in autoimmune diseases, a solid

basis of data from in vitro and in vivo models is now accumulating to support the

therapeutic potential of IL-22 in autoimmune diseases. With findings obtained in eventual

studies, development of recombinant IL-22 engineered to last long in vivo, discovery of

small chemical compounds that mimic IL-22 signaling for immunosuppression, and

establishment of antagonistic as well as agonistic antibodies will contribute to the

development of novel therapeutic approaches to manage autoimmune diseases. However, it

should be noted that IL-22 has the pleiotropic function, in particular it has dual pro-

inflammatory and anti-inflammatory nature, which is the biggest obstacle to developing

therapeutics based on this molecule. Therefore, further studies are required, especially in

human systems, to comprehensively explore the role of IL-22 in autoimmune diseases.

Further understanding the function and regulation of IL-22 would certainly be beneficial in

the future in treatment of autoimmune diseases.
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Figure 1. Signaling pathways of IL-22
IL-22 binds as a homodimer at a receptor complex composed of the IL-10R2 and the IL-22R1. IL-22BPacts as a natural, soluble

antagonist. Receptor signaling induces the phosphorylation of Jak-1 and Tyk-2, which activates the transcription factor STAT1,

and depending on the cell type, also STAT3 and STAT5. MAPKpathway (including MEK1/2, ERK1/2, JNK, and p38) are also

activated through a distinct pathway.
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Table 1

The main cell resource of IL-22

Cell type Transcription factor Stimulating cytokine

Th17 RORC(Human) RORγt(Mouse) IL-6

Th22 AHR IL-6 and TNF-α

γδT cells RORγt(Mouse) IL-23

NKT ROR IL-12 and IL-18 or IL-23

LTi RORC IL-23
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