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Introduction: Interleukin-24 (IL-24) is a cytokine belonging to the IL-10 family 
with immunoregulatory properties. It is known to induce cellular responses in 
various disease conditions, including in�ammatory, infectious diseases, and 
cancer, in a receptor-dependent and independent manner. IL-24 is induced by 
both immune and non-immune cells and acts on a vast array of target cells to 
regulate various biological processes. The antitumor and immunoregulatory 
properties of IL-24 support its application as a therapeutic agent in a vast array 
of pathological conditions. Characterizing the molecular events associated with 
its immunomodulatory properties is essential for evaluating its utility in 
cancer immunotherapy. 

Methods: The data related to signaling events induced by IL-24 were then 
manually annotated and cataloged from the literature pertaining to IL-24 
signaling. The cataloged molecular events were then manually drawn based on 
the topology as a signaling pathway map of IL-24. 

Results: Based on the data mined from published literature, we assembled IL-24�
regulated signaling events linked to its immunoregulatory and anti-tumor 
activities. The receptor-ligand interaction of IL-24 regulates multiple 
downstream signaling cascades, leading to antitumor activities alongside 
inducing in�ammatory reactions and anti-infectious processes. We provide a 
signaling pathway map of IL-24 consisting of 433 mRNAs/proteins and their 613 
signaling events. 

Discussion: We believe this map would serve as a knowledge base for reference 
and one-go visualization of the signaling events identi�ed to be induced by IL-24. 
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Moreover, this map is made available (https://ciods.in/il24/) for the researchers to 
explore the role of IL-24 in various pathophysiological conditions through the 
gene set enrichment of transcriptomics or proteomics datasets from various 
disease conditions. 
KEYWORDS 

tumor suppressor cytokine, immune cells, therapeutic agent, immuno-stimulation, 
signaling pathway 
GRAPHICAL ABSTRACT 
1 Introduction 

Interleukin 24 (IL-24) is a multifunctional cytokine belonging to 
the IL-10 subfamily with immunomodulatory functions (1�3). It is also 
known as melanoma differentiation-associated gene-7 (MDA-7), as it 
was �rst isolated from growth-arrested and terminally differentiated 
human melanoma cells using subtractive hybridization (4). It is also 
known as ST16 (suppressor of tumorigenicity-16) and was renamed 
02 
IL-24 after the discovery of cell surface receptors of MDA-7 (5�9). IL�
24, with its unique cytokine properties, has dual functions as a pro- and 
anti-in�ammatory agent and as a tumor suppressor cytokine (10, 11). 
It exhibits the ability to selectively induce cell death in various cancer 
cells (2, 10, 11). It is a pleiotropic cytokine studied in several 
in�ammatory and cancer conditions, known for its characteristics to 
modulate immune cell activity with diverse functions depending on the 
target cell type and disease state (10). This secretory cytokine consists of 
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206 amino acid residues, with 51 amino acids serving as a signal 
peptide (12).  The human  IL-24 gene is located  on  chromosome  1,
within a 195-kb cytokine cluster named the �IL-10 family gene cluster,� 
comprising four genes, IL-10, IL-19, IL-20, and IL-24. IL-24 shares a 
high sequence homology at the amino acid level across the species (9). 

IL-24 is produced by immune cells of both lymphoid and myeloid 
lineages when activated with certain lipopolysaccharides or speci�c 
cytokines and non-immune cells, including melanocytes (1, 12). It 
originates mainly from activated monocytes and T helper 2 cells. IL-24 
functions as a classical cytokine, exerting its effects through its cell-
surface heterodimeric receptor complex (IL-20R1 and IL-20R2; IL-22R1 
and IL-20R2). IL-20R1 and IL-22R1 pair with the IL-20R2 chain to 
form a heterodimeric receptor complex, thereby inducing cell signaling 
events (13, 14). The IL20R1 and IL22R1 expression levels determine the 
quantity of these two receptor complexes. The expression of the three 
subunits was consistent in the majority of the tissues and cellular 
conditions (6, 15). This heterodimeric receptor complex is a part of the 
IL-10 receptor family and is shared among cytokines within this family, 
which displays a 20-30% sequence homology (6�8). The utilization of 
shared receptors is a common mechanism within the cytokine family, 
leading to the cross-talk and precise regulation of cellular response in the 
immune system (9). Moreover, IL-24 may interact differently with type I 
and type II receptor heterodimers, exerting non-redundant and unique 
biological activities (15). In addition to receptor-ligand interaction-
induced signaling events, IL-24 initiates multiple signaling events 
intracellularly, independent of its non-cognate receptors (16, 17). 

IL-24 is a versatile cytokine that can regulate anti-tumor activity, 
immune response, tissue homeostasis, and host defense mechanisms 
(3, 10). This multifunctional protein affects broad  types of cancer and  
has a crucial role in regulating cell proliferation, survival, tumor 
suppression, differentiation, and apoptosis-inducing properties (18, 
19). It is well-known for its multi-pronged indirect anti-tumor 
activities, including the induction of the release of other cytokines, 
resulting in immunomodulatory activities (1, 20, 21). It can also 
regulate the proliferation and activation of CD4+ and CD8+ T cell 
populations (22, 23). Due to its remarkable tumor-suppressing ability, 
IL-24 shows greater potential for advanced targeted cancer therapy. 
Recent reports have demonstrated the immunotherapeutic potential of 
IL-24, with its immunomodulatory activity combined with the 
apoptotic and anti-angiogenic properties, strengthening its utility in 
cancer immunotherapy (24�28). A Phase I clinical trial using an 
adenovirus vector expressing IL-24 (Ad-IL-24) has documented the 
T cell activation and cytokine release for the eradication of tumor cells 
(28�36). The strategic utilization of IL-24 in cancer therapy leads to a 
promising method of precision medicine, navigating toward an 
effective approach in cancer treatment. 

Despite the importance of IL-24-mediated signaling, comprehensive 
information on IL-24-mediated signaling events is currently limited. 
The KEGG and Reactome pathway databases only offer a general 
overview of the signaling modules regulated by IL-24. The potential 
roles of IL-24 as a cytokine in the form of a comprehensive signaling 
pathway map will encourage further investigation into IL-24-mediated 
cellular events. This may lead to unraveling speci�c roles of individual 
molecules and modules in various pathophysiological conditions, 
including cancer, in�ammatory disorders, and other diseases. 
Frontiers in Immunology 03 
Previously, we compiled the signaling events of several other 
cytokines,  including CCL18, CCL19, IL-11, IL-17, IL-19, and  1L-20,
through the documentation of their cell-speci�c functional  roles
attributed to diverse experimental conditions (37�41). Similarly, the 
study-centric molecular reactions of IL-24 were assembled, adding them 
to the compendium of cytokine signaling pathway maps for gene set 
enrichment analyses. 
2 Methods 

2.1 Data curation of IL-24 signaling events 

To create a comprehensive IL-24 signaling pathway map, a 
literature survey was carried out on IL-24 signaling. The search terms 
used were �IL-24 AND Signaling,� and the articles were retrieved from 
PubMed. The abstract of research articles describing the signaling events 
induced by IL-24 was manually screened to select the relevant ones. The 
experimental datasets were limited to the signal transduction events 
induced by IL-24, excluding the knock-out and co-expression studies. 
The curated datasets encompass studies pertaining to diseases such as 
cancer, infectious, and in�ammatory conditions. 
2.2 Functional annotation and assembly of 
the signaling pathway data 

The data related to signaling events induced by IL-24 were then 
manually annotated and cataloged according to the PathBuilder criteria 
(Figure 1) (42).  IL-24-induced  molecular events such as protein-protein  
interactions, protein expression, gene regulation events, activation/ 
inhibition events, enzyme catalysis/post-translational modi�cations 
(PTM), molecular association, and protein translocation were curated 
from the research articles (43). The protein and gene expression events 
were cataloged for overexpressed (fold change >1.3, p-value <0.05) and 
downregulated (fold change <0.76, p-value <0.05) molecules, as devised 
in each of the studies. All possible PTM events, including acetylation, 
ubiquitination, denitrosylation, N-glycosylation, phosphorylation, and 
dephosphorylation, with their site-speci�c information, were annotated 
within the pathway map and are delineated with different colors. 
Further, the translocation events were categorized based on the 
transportation of proteins within the cellular organelles comprising 
the nucleus, plasma membrane, cytoplasm, mitochondria, and Golgi 
complex. The proteins and genes were mapped to their corresponding 
Entrez Gene ID to annotate the data in a standardized format. Besides 
the proteins, the involvement of small molecules or second messengers 
such as reactive oxygen species (ROS), Ca2+, and  cAMP  was  also noted.  
Individual study-centric signaling events and their related disease 
conditions and cell type-speci�c reaction events were documented. 
The data also included the  type  of  experiments performed to detect 
and validate the expression of downstream molecules of IL-24 ligand�
receptor interaction and the cell line/tissue used. The data on the 
synergistic activities of IL-24 were curated using the same data 
annotation strategy and included information on the impact of drugs 
and other molecules of therapeutic potential. 
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2.3 Development of the IL-24 network 
map 

The annotated molecules, reactions, and disease-speci�c 
biological processes were manually drawn based on the topology 
as a signaling pathway map of IL-24 using the PathVisio (version 3) 
tool (44). The topology that represents the spatial order of the 
molecules was devised based on the directionality initiated by the 
IL-24 and its receptor interaction, as determined by studies using 
inhibitors or the established cascade of reactions. 
 

2.4 Omics data integration and PPI 
mapping 

The protein-protein interaction network analysis was 
performed with IL-24, its receptors, and downstream targets. The 
analysis was carried out using the tool STRING database with a 
con�dence score of >0.7 (45). To enrich the functional clusters, the 
network was imported into the Cytoscape tool v 3.10.2, and the 
algorithm Molecular Complex Detection (MCODE) was applied 
(46, 47). MCODE identi�es the clusters based on their local 
neighborhood density and expands from highly connected hubs. 
Additionally, publicly available omics datasets were analyzed to 
provide supporting evidence for the pathway map. The PBMC 
transcriptomic data were retrieved from the NCBI GEO DataSets 
and analyzed using GEO2r to assess the expression of IL-24 across 
various disease conditions. Similarly, differentially expressed 
proteins were obtained from the publicly available proteomic 
Frontiers in Immunology 04
dataset, and the pathway enrichment analysis was performed 
using the Reactome database (48). 
3 Results and discussion 
To develop the IL-24 signaling pathway map, a total of 697 articles 

were screened in PubMed using the search criteria described in the 
methods section. A total of 341 molecules involved in IL-24-mediated 
602 signal transduction events were manually vetted from the 191 
studies. These events include 79 enzyme-substrate reactions, 15 
protein-protein interactions, 76 activation/inhibition reactions, 10 
protein translocation events, 262 protein expressions, and 171 gene 
regulation events identi�ed from the annotations of these selected 
articles. Information on differentially regulated mRNA/proteins 
responding to IL-24 stimulation is also available. Among the 171 
genes, 93 were overexpressed, and 78 were downregulated, whereas in 
262 proteins, 132 were overexpressed, and 130 were downregulated. 
As far as we know, this is the �rst pathway resource that catalogs IL�
24-mediated molecular reactions. The network map depicts the 
molecular events involved in a wide  range of IL-24-induced
processes, including host defense, tissue homeostasis, and 
immunological regulation in various physiological conditions. 

The study-centric molecular reactions of IL-24 in various 
pathological conditions comprising cancer, infection, and other 
diseases were manually annotated, assembled, and represented as 
a comprehensive signaling pathway map (Figure 2). The detailed 
annotated data that were analyzed for building the IL-24 pathway 
map are provided in the Supplementary File S1. As supported by the 
assembled data, the functional role of IL-24 is facilitated either 
FIGURE 1 

A detailed work�ow outlining the methodology for the IL-24 signaling pathway data curation, annotation, and map development. The work�ow 
depicts the sequential steps used to develop the IL-24 signaling pathway map. The literature related to IL-24 signaling in cancer, infectious, and 
in�ammatory disease conditions was manually screened, followed by the curation and annotation of the signaling events according to the NetPath 
criteria. Further, with the annotated data, a detailed signaling pathway map was developed. 
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through the heterodimeric receptor complexes (IL-20R1 and IL�
20R2; IL-22R1 and IL-20R2) or intracellularly, independent of the 
receptors. The receptor-mediated functional role of IL-24 was 
observed to be initiated through both of these receptor complexes 
in the majority of the investigated studies. The IL-24-IL-20R1/IL�
20R2 and IL-24-IL-22R1/IL-20R2 ligand-receptor interactions are 
reported to mediate the cellular responses through multiple 
signaling modules encompassing JAK-STAT, PI3K-AKT, mTOR, 
CHOP, MAPK, PERK, and PKR. This heterodimeric receptor 
complex is also shared within the other IL-10 cytokine family 
members, allowing an overlapping core signaling mechanism, 
particularly involving the IL-22R1 and IL-20R2 and the JAK�
STAT signaling pathway in epithelial cells, keratinocytes, and 
immune cells (49). Even though IL-24 is structurally related to 
Frontiers in Immunology 05 
other IL-10 family members and shares some signaling machinery, 
it is unique in its anti-tumor properties, endoplasmic reticulum 
(ER) stress, and reactive oxygen species (ROS) production that 
induce selective toxicity in cancer cells (11, 50). These intricate 
signaling networks contribute to the diverse physiological effects 
elicited by IL-24 in various biological contexts. 
3.1 Deciphering the role of IL-24 as a 
tumor suppressor cytokine 

The distinctive functions of IL-24 in cancer include tumor-
speci�c killing through an integrated effect of apoptosis, leading to a 
potent �bystander� anti-cancer activity, inhibition of cell 
FIGURE 2 

The schematic representation of IL-24-induced signaling reactions. The signaling pathway map shows molecules associated with ligand-receptor 
interactions and IL-24 downstream molecular events. The pathway comprises the signaling modules such as activation/inhibition, enzyme catalysis, 
protein/gene regulatory events, molecular association, and translocation events induced by IL-24 toward its anti-tumor and immunoregulatory 
properties. These signaling events are represented with a speci�c type of edge and are color-coded as mentioned in the pathway legend. The 
pathway also includes information about the site and residues of post-translational modi�cations. The functions/processes linked to each signaling 
event, as annotated from the curated study, are displayed at the bottom of the pathway. 
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