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Abstract: Interleukin (IL)-24 belongs to the IL-10 family and signals through two receptor complexes,
i.e., IL-20RA/IL-20RB and IL-20RB/IL22RA1. It is a multifunctional cytokine that can regulate
immune response, tissue homeostasis, host defense, and oncogenesis. Elevation of IL-24 is associated
with chronic inflammation and autoimmune diseases, such as psoriasis, rheumatoid arthritis (RA),
and inflammatory bowel disease (IBD). Its pathogenicity has been confirmed by inducing inflam-
mation and immune cell infiltration for tissue damage. However, recent studies also revealed their
suppressive functions in regulating immune cells, including T cells, B cells, natural killer (NK) cells,
and macrophages. The tolerogenic properties of IL-24 were reported in various animal models of
autoimmune diseases, suggesting the complex functions of IL-24 in regulating autoimmunity. In this
review, we discuss the immunoregulatory functions of IL-24 and its roles in autoimmune diseases.
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1. Introduction

Interleukin (IL)-24 is a member of the IL-10 family of cytokines, which also contains
IL-10, IL-19, IL-20, IL-22, IL-26, and three members from the type III interferons, i.e., IL-28A,
IL28B, and IL-29. The IL-24 gene is located in the human chromosome 1q32, with seven
exons and six introns. This region is considered the “IL-10 family gene cluster” as it also
contains the IL-10, IL-19, and IL-20 genes. The open reading frame of the IL-24 gene consists
of 206 amino acid residues, with 51 of them serving as a signal peptide [1]. Mature IL-24
consists of 155 amino acid residues with a molecular mass ranging from 18.3 kDa to 35 kDa,
depending on differences in N-lined glycosylation [2]. IL-24 is broadly expressed by both
immune cells [3] and non-immune cells [3–7] (summarized in Table 1), suggesting that it
acts as a multifunctional cytokine to regulate a wide variety of different cell types. Splice
variants of IL-24 with distinct biological functions have also been reported [7].

IL-24, together with IL-19 and IL-20, are considered IL-20 receptor cytokines because
they signal through the same IL-20 receptor β-subunit (IL-20RB), which can form a het-
erodimeric receptor with either the IL-20 receptor α-subunit (IL-20RA) or the IL-22 receptor
α1-subunit (IL-22RA1)—known as the type I and type II complex, respectively (Figure 1) [7].
While IL-19 is only recognized by the IL-20 receptor type I complex, IL-20 and IL-24 signal
through both receptor complexes. It is not yet clear whether the binding of IL-20 or IL-24 to
these two receptor complexes triggers different signaling pathways and cellular responses,
which future comprehensive studies may elucidate.
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Table 1. The cellular sources of IL-24.

Cellular Sources Ref

Immune Cells

• T cells • [8–14]

• B cells • [15]

• NK cells • [16,17]

• Monocytes and Macrophages • [17,18]

Epithelial Cells
• Keratinocytes

• Reviewed in [3,7]
• Fibroblasts
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and IL-22RA1/IL-20RB. Both receptors signal through the STAT-JAK signaling pathway for the
regulation of gene expression.

IL-24 signaling is mediated through the Janus kinase (JAK)-signal transducer and the
activator of transcription (STAT) pathways—involving STAT1 and STAT3 [19]—and has
diverse impacts on cell differentiation, proliferation, and apoptosis (Figure 1). Because of
the high expression of these receptors in epithelial cells, the role of IL-24 in tissue inflam-
mation and autoimmune diseases has been studied intensively. In addition, recent studies
demonstrated the capacity of IL-24 to regulate different immune cells, including CD4+

and CD8+ T cells [8,20], B cells [15], natural killer (NK) cells [21], and macrophages [22].
However, despite the recent evidence supporting the role of IL-24 in the regulation of
different types of immune cells, its mechanism and involvement in human diseases has yet
to be clearly characterized. In this review, we highlight the recent findings regarding the
function of IL-24 in the regulation of immune cells and its role in autoimmune diseases.

2. Immunobiology of IL-24

IL-24 was discovered by subtractive hybridization from growth-arrested and termi-
nally differentiated human melanoma cells, and was known as melanoma-differentiation-
associated gene 7 (MAD-7) [23]. Subsequent studies further confirmed its function as a tu-
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mor suppressor gene in various tumor models due to its ability to arrest tumor cell growth
and induce apoptosis and autophagy [24]. These include models of breast cancer [25],
prostate cancer [26], lung cancer [27], liver cancer [28], melanoma [29], leukemia [30],
and others [24]. Interestingly, instead of the more commonly seen JAK/STAT signaling
pathway, these tumor suppressive effects can also be mediated via activation of the p38
mitogen-activated protein kinase (MAPK) pathway [29,31,32], suggesting the complexity
of IL-24 signaling in the regulation of cellular responses. Later studies demonstrated that
IL-24 can exert proinflammatory effects and is associated with susceptibility to a number
of autoimmune diseases, such as psoriasis and rheumatoid arthritis (RA) [7]. However,
we and others recently revealed the tolerogenic properties of IL-24 to inhibit the effector
functions of immune cells, suggesting that IL-24 is a multifunctional cytokine with both
pathogenic and tolerogenic properties. In this section, we discuss the role of IL-24 in
the regulation of various immune cells, which may be implicated in the pathogenesis of
inflammatory and autoimmune diseases.

2.1. T Cells

CD4+ helper T cells and CD8+ cytotoxic T cells represent the most dominant effec-
tor cells in adaptive immunity. Loss of T cell tolerance is one of the major causes of
tissue inflammation and autoimmune diseases. IL-24 can be produced by activated T
cells—particularly T helper (Th) 2 cells—and was shown to be capable of regulating their
effector functions. Schaefer et al. reported the expression of IL-24 from Th2 cells, which
required the activation of protein kinase C through TCR signaling and STAT6 through
IL4 receptor signaling [9]. A follow-up mechanistic study determined that the binding
of STAT6 to the IL-24 promoter is facilitated by its interaction with c-Jun—an important
complement of the activator protein-1 (AP-1) complex—for the optimal expression of IL-24
in Th2 cells [10]. In accordance, a chromatin immunoprecipitation-sequencing (ChIP-seq)
study also confirmed activation of the IL-24 gene by STAT6 in Th2 cells [11]. Therefore,
together with the other two IL-20 receptor cytokines, IL-19 and IL-20, IL-24 is considered a
Th2 cytokine. However, unlike IL-19 and IL-20, IL-24 cannot promote Th2 differentiation
from naive CD4+ T cells [33] suggesting that, although they share structural homology
as well as receptors and downstream signaling pathways, they have distinct biological
functions in the regulation of T cell responses.

As one of the Th2 cytokines, IL-24 displays suppressive functions against other T
cell lineages, including the interferon (IFN)-γ producing Th1/Tc1 and IL-17A-producing
Th17/Tc17 cells. Anuradha et al. reported increased expression of IL-24 by CD4+ and
CD8+ T cells in patients with lymphatic filariasis [12], and found that neutralization of
IL-24 from filarial antigen-stimulated whole blood cells of these patients significantly
increased the number of IFNγ–producing Th1/Tc1 and IL17A-producing Th17/Tc17 cells.
Kumar et al. reported a very similar observation in patients with pulmonary tuberculosis,
whose T cells expressed elevated levels of IL-24, and IL-24 limited the expression of IFN-γ
and IL-17A from Th1/Tc1 and Th17/Tc17 cells, respectively [13]. In another study using
naive CD4+ T cells from healthy individuals, Oral et al. demonstrated that IL-24 inhibited
IFN-γ production under anti-CD3/CD28 antibody activation [33]. In contrast to these
observations, IL-24 was found to promote the activation of CD4+ T cells and CD8+ T cells
isolated from colorectal adenocarcinoma with elevated IFN-γ and IL-17A expression [34].
Further investigation is necessary to clarify the effects of IL-24 in regulating the cytokine
profile of T cells from different microenvironments.

The Th17 cell has been studied intensively in autoimmune diseases due to its capacity
to induce inflammation. Its signature cytokines, including IL-17A and IL-17F, promote the
production of proinflammatory molecules from various immune and non-immune cells,
and recruit inflammatory cells—such as neutrophils and macrophages—to the inflamma-
tory site [35]. Recent studies revealed that Th17 cells also express IL-24. An RNAseq-based
analysis of Th17 cells reported the gene expression of IL-24 in the late-differentiation
phase [14]. Subsequently, our group confirmed the expression of IL-24 by induced Th17
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cells in vitro, as well as uveitogenic Th17 cells from the animal model of uveitis, experimen-
tal autoimmune uveitis (EAU) [8]. In addition, we found that IL-24 negatively feedbacks
with Th17 cells for suppression of the Th17 effector cytokines, including IL-17F and GM-
CSF, and hence, resolves the ocular inflammation observed in Th17-mediated EAU [8].
Interestingly, our mechanistic study revealed that IL-24 expression in Th17 cells is induced
by its own IL-17A through nuclear factor kappa-light-chain-enhancer of activated B cells
(NFκB) signaling in an autocrine manner [8]. Taken together, IL-24 in differentiated Th17
cells has a role in regulating the pathogenic Th17 response, and may participate in the
resolution of tissue inflammation and autoimmune diseases.

2.2. B Cells

B cells are another arm of adaptive immunity. They produce antibodies and im-
munoregulatory molecules for tissue inflammation. They are important for the struc-
ture of lymphoid tissue and regulate T cell activation through antigen presentation and
co-stimulation. Maarof et al. reported that follicular B cells—predominantly in CD27+

memory B cells and CD5+ B cells—express high levels of IL-24 upon BCR activation and
CD40–CD40L ligation [15]. In vitro experiments demonstrated that IL-24 promotes CD40L-
induced B cell proliferation, but inhibits the formation of plasma cells, Immunoglobulin
(Ig) G production, and IL-10 expression [15]. However, another study reported that IL-24
mediates B cell apoptosis by inducing the genes of the mitochondrial apoptotic pathway
during the late phase of B cell differentiation, and inhibiting genes that are involved in
DNA replication and metabolism in the early phase [36]. Further studies are required to
characterize the role of IL-24 in regulating B cells.

2.3. NK Cells

NK cells are the third largest lymphocyte population and play an important role in
innate immunity by eliminating transformed cells and virus-infected cells. Recent studies,
including ours, confirmed the role of NK cells in the regulation of adaptive immunity
through expression of immunoregulatory cytokines, including IFN-γ [37,38]. Human NK
cells also express IL-24 with mitogen stimulation [16]. Type 1 IFNs were also demon-
strated to induce IL-24 production in murine NK cells in a STAT6-dependent manner [17].
Although IL-24 is not capable of activating peripheral NK cells [39], Yang et al. demon-
strated that decidual stromal cells (DSCs) produce IL-24 to promote the differentiation
of CD56brightCD16− NK cells with regulatory phenotype that express high levels of the
inhibitory receptors killer-cell immunoglobulin-like receptor (KIR)2DL1 and KIR3DL1, and
inhibitory cytokines including transforming growth factor (TGF)-β, IL-8, and IL-10 [21].

2.4. Macrophages

Macrophages are phagocytes that help to remove pathogens, dead and transformed
cells, and foreign substances. They serve as the effector cells in innate immunity, but are
also involved in regulating adaptive immunity due to their capacity to present antigens
to both T and B cells. They modulate inflammation by producing both pro- and anti-
inflammatory cytokines. Upon LPS and IL-4 stimulation, macrophages express high levels
of IL-24, which require STAT6 activation [17,18]. IL-24 was shown to synergize with
IL-4 in the induction of anti-inflammatory M2 macrophages by inhibiting suppressor of
cytokine signaling 1 (SOCS1) and SOCS3, and promoting the STAT6/PPARγ signaling
pathways [22]. In addition, IL-24 from DSCs induces both apoptosis and proliferation of
decidual macrophages, suggesting its role in promoting the renewal of these cells [40].
Interestingly, IL-24 can also induce human monocytes migration in vitro and recruits
CD11b+ myeloid cells in vivo [41], suggesting its capacity to regulate the immune response
as a chemoattractant.
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3. IL-24 in Inflammatory and Autoimmune Diseases

Inflammatory diseases refer to conditions wherein the immune system attacks the
host’s own tissue. Autoimmune diseases involve a loss of self-tolerance that leads to the
activation of autoreactive T and/or B cells for tissue inflammation. Upregulation of IL-24
has been associated with many of these diseases (Table 2), and as such it is considered a
proinflammatory cytokine. However, recent studies determined that IL-24 has suppressive
functions that may display anti-inflammatory properties in some of these inflammatory
diseases (Table 2).

Table 2. IL-24 in inflammatory and autoimmune diseases.

Diseases Role

Psoriasis
• high expression in skin lesion
• promotes skin inflammation
• activates keratinocytes

RA
• high expression in inflamed joint
• promotes mononuclear cell infiltration

IBD
• highly expressed in inflamed mucosa
• protects and maintains epithelial and mucosal integrity

MS and Uveitis
• IL-24 deficiency leads to overactivation of Th17 cells and

exacerbates both EAE and EAU

Liver inflammation
• reduced expression in severe liver fibrosis
• inhibits hepatic stellate cells and reduces liver

inflammation and fibrosis

3.1. Psoriasis

Psoriasis is a chronic inflammatory disease of the skin resulting from the excessive
proliferation and differentiation of keratinocytes. IL-20 receptor cytokines, including IL-24,
are elevated in the skin lesions of patients with psoriasis [42,43], and genetic overexpression
of these cytokines leads to the development of paresis-like disease in mice [3]. In vivo
studies revealed that tumor necrosis factor (TNF)-α induces IL-24 to drive psoriasis-like
skin inflammation in mice [44]. IL-24 also stimulates the expression of pro-inflammatory
molecules from human keratinocytes, including psoriasin, LCN2, IL-20, CXCL1, CXCL8,
and CCL20 [44]. IL-17A was identified as another pathogenic cytokine in psoriasis [45]. The
IL-23/IL-17 cytokine axis plays an important role in disease pathogenesis [46]. Targeting of
IL-17A and/or its receptor is effective in treating psoriasis [47], and administration of se-
cukinumab resolves plaque histopathology and reduces proinflammatory gene expression
in patients with psoriasis [48]. Xu et al. recently reported that IL-17A directly induces IL-24
expression in skin fibroblasts and keratinocytes [49]. These results support the pathogenic
role of IL-24 in psoriasis and support the hypothesis that its elevated expression may be
driven by IL-17A.

3.2. Rheumatoid Arthritis

RA is caused by an autoimmune response against the synovial joints. It is character-
ized by chronic inflammation with immune cell infiltration and synovial cell activation.
Although the etiology remains unknown, activation of autoreactive B and T cells was
confirmed through the detection of autoantibodies and proinflammatory cytokines. IL-24,
together with IL-20, were found to be increased in plasm from patients with RA and spondy-
loarthropathy [50,51]. In addition, IL-24 was elevated in endothelial and mononuclear cells
from synovial membranes of these patients, and stimulated synovial fluid mononuclear
cells to express the chemoattractant, CCL2 [50]. Blocking of IL-20 receptor cytokines by
IL-20RB-Fc fusion protein was shown to ameliorate the collagen-induced arthritis model in
DBA/1 mice [52].
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3.3. Systemic Lupus Erythematosus

Systemic lupus erythematosus (SLE) is an autoimmune disease that affects many parts
of the body, including the skin, kidneys, joints, lungs, and the vascular and nervous systems.
It is characterized by the production of autoantibodies—including anti-nuclear (ANAs),
anti-double-stranded DNA (dsDNA), anti-Smith antigen (Sm), and anti-ribonucleoproteins
(RNP)—against the self-antigen from cell nuclei. IL-24 serum levels are significantly higher
in patients with SLE compared with healthy individuals, and elevated IL-24 levels are also
associated with disease severity [53]. However, no significant difference in IL-24 serum
levels was observed between SLE patients and healthy controls in two other independent
studies [39,54]. Future studies are required to investigate the association between IL-24
and SLE.

3.4. Inflammatory Bowel Disease

Inflammatory bowel disease (IBD)—including Crohn’s disease (CD) and ulcerative
colitis (UC)—can be described as chronic inflammation of the gastrointestinal (GI) tract.
Several studies confirmed the expression of IL-24 in inflamed mucosa of patients with
IBD [55–57]. IL-24 induced SOCS3 and mucins expression in colonic epithelial cells, which
can help to protect and maintain epithelial and mucosal integrity [55]. Onody et al. also
observed increased expression of IL-24 in the serum and colon samples of children with
IBD. IL-24 treatment stimulated HT-29 cells to produce TGF-β and PDGF-B, and CCD-18Co
cells to express extracellular matrix (ECM)-related genes, suggesting the potential role
of IL-24 in the remodeling of colon tissue [58]. In a follow-up in vivo study, they found
that IL-20 receptor cytokine signaling is pathogenic in the dextran sulfate sodium (DSS)-
induced colitis model, as Il20rb deficiency ameliorates disease development [58]. However,
it was noted that IL20rb deficiency leads to the loss of not only IL-24-, but also IL-19- and
IL-20-mediated signaling; therefore, a more specific study is required to confirm the role of
IL-24 in this animal model.

3.5. Central Nervous System Autoimmune Diseases

The central nervous system (CNS) evolved to limit inflammation in order to protect
delicate structures from irreversible damage. However, the breakdown of this immune
privilege is possible, usually due to host genetic factors and/or environmental factors, and
leads to inflammation, as in multiple sclerosis (MS) and autoimmune uveitis. Little is known
about the role of IL-24 in the context of autoimmune diseases in CNS. IL-24 gene expression
is comparable in the peripheral blood mononuclear cells (PBMCs) of patients with relapsing
or stable MS and healthy controls [59]. Interestingly, our recent study revealed that IL-24
deficiency exacerbates both experimental autoimmune encephalomyelitis (EAE) and EAU
with elevated pathogenic Th17 response [8]. Our mechanistic studies confirmed that IL-24
directly suppresses the production of proinflammatory cytokines, including IL-17F and
GM-CSF, from Th17 cells through the induction of SOCS1 and SOCS3 [8]. This finding
suggests a potential role of IL-24 in the protection of the central nervous system from
inflammation through the regulation of effector T cells.

3.6. Liver Inflammation and Fibrosis

Liver inflammation can be caused by various stimuli, such as viral infection, drugs,
alcohol, and genetic/metabolic disorders. The associated excessive tissue damage and
inflammatory environment activates monocytes, hepatocytes, Kupffer cells, and stellate
cells for the production of proinflammatory molecules and fibrogenic factors [60]. IL-24 was
shown to display anti-tumor effects and inhibit hepatocellular carcinoma metastasis [61,62],
but its role in regulating liver inflammation and fibrosis is yet to be well characterized.
An in vitro study reported that hepatic stellate cells express high levels of IL-24 upon
stimulation [63]. However, its expression was reduced in biopsy specimens from patients
with severe liver fibrosis [64]. An in vivo study demonstrated that administration of
IL-24 significantly reduced liver inflammation and fibrosis after liver injury in mice by
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inhibiting activation of hepatic stellate cells [64]. Taken together, these studies indicate that
IL-24 inhibits hepatic stellate cells in an autocrine manner and limits liver inflammation
and fibrosis.

3.7. Allergic Diseases

IL-24 is considered a Th2 cytokine, and its role in several allergic diseases—including
allergic airway inflammation and allergic skin inflammation—has been well studied. An ele-
vated level of IL-24 was reported in the nasal secretions of patients with allergic rhinitis [65]
and was reduced by allergen-specific immunotherapy [66], suggesting an association
between IL-24 and the pathogenesis of allergic rhinitis.

IL-24 is a crucial mediator of allergic contact dermatitis. It was upregulated in a
mouse model of allergic contact dermatitis induced by 2,4-dinitrofluorobenzene (DNFB)
and patients with phenylenediamine-induced contact hypersensitivity [4]. IL-24 is also
pathogenic in atopic dermatitis, leading to epithelial barrier dysfunction and S. aureus
infection. These studies together suggest the critical role of IL-24 in the pathogenesis of
allergic skin inflammation.

3.8. Therapeutic Potential of Targeting IL-24

Collectively, the current data suggest that IL-24 displays both pro- and anti-inflammatory
properties depending on the type of autoimmunity and the site of inflammation. Its
pathogenic role in psoriasis and allergic skin inflammation is well demonstrated. The over-
expression of IL-24 by genetic modification and the induction of IL-24 by other proinflam-
matory cytokines, i.e., TNF-α and IL-17A, could exacerbate disease development [44,49].
Thus, the neutralization of IL-24 or blocking of its signaling pathway may lead to a resolu-
tion of these skin inflammatory diseases. However, IL-24 seems to play a protective role in
other autoimmune and inflammatory diseases—at least in animal studies, such as IBD, MS,
uveitis, and liver fibrosis. Further studies are required to better characterize the exact role
of IL-24 in these diseases.

4. Conclusions

Numerous studies have focused on the pathological role of IL-24 due to the associa-
tion between its elevation and many inflammatory and autoimmune diseases; however,
mechanistic studies have highlighted its potential function in maintaining homeostasis
through the regulation of both epithelial and immune cells. As such, greater effort should
be made to characterize the complex role of IL-24 in inflammatory and autoimmune dis-
eases. In summary, IL-24 is a multifunctional cytokine; better understanding of its complex
regulatory functions is expected to lead to the development of new therapeutic strategies
for human diseases.
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