? frontiers ‘ Frontiers in Immunology

@ Check for updates

OPEN ACCESS

EDITED BY
Ming Xian Chang,
Chinese Academy of Sciences (CAS), China

REVIEWED BY
Zhitao Qi,

Yancheng Institute of Technology, China
Fuguo Liu,

Massachusetts Institute of Technology,
United States

Sidra Islam,

Case Western Reserve University,

United States

*CORRESPONDENCE

Yang Dong
loyalyang@163.com

Ya Ning
ningya0428@126.com

"These authors have contributed
equally to this work

RECEIVED 27 February 2025
ACCEPTED 13 May 2025
PUBLISHED 30 May 2025

CITATION

Wang W, Li D, Luo K, Chen B, Li X, Hao T,
Guo D, Dong Y and Ning Y (2025)
Evolutionary insights into Interleukin-12
family targets across 405 species.

Front. Immunol. 16:1584460.

doi: 10.3389/fimmu.2025.1584460

COPYRIGHT

© 2025 Wang, Li, Luo, Chen, Li, Hao, Guo,
Dong and Ning. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Immunology

TvPE Original Research
PUBLISHED 30 May 2025
po110.3389/fimmu.2025.1584460

Evolutionary insights into
Interleukin-12 family targets
across 405 species

Weibin Wang'*, Dawei Li*, Kaiyong Luo? Baozheng Chen?,
Xuzhen Li? Tingting Hao?, Dazhong Guo?,
Yang Dong®* and Ya Ning™**

tCollege of Science, Yunnan Agricultural University, Kunming, Yunnan, China, 2Yunnan Provincial Key
Laboratory of Biological Big Data, Yunnan Agricultural University, Kunming, Yunnan, China, *Pain
Management, The Second Affiliated Hospital of Kunming Medical University, Kunming, Yunnan, China

The Interleukin-12 (IL-12) family ligand subunits (IL-12s) and receptor subunits
(IL-12Rs) constitute pivotal regulators of immune homeostasis, with direct
implications in autoimmune pathologies and oncogenesis. Through
phylogenetic reconstruction, synteny analysis, and sequence alignment across
400+ animal species, we delineated the evolutionary trajectories and functional
diversification of these immune mediators. Phylogenetic analysis revealed IL-
12Rs originated prior to the mollusk era (514-686.2 million years ago, Mya), while
ligand subunits p19/p28 emerged during the mammalian and avian epoch (180-
225 Mya). Structural characterization identified three evolutionarily invariant
signature motifs within the fibronectin type Il (fn3) domain essential for
receptor-ligand interface stability. Furthermore, phylogenetically ultra-
conserved residue and motif configurations were mapped, revealing candidate
therapeutic epitopes. These findings establish an evolutionary framework
explaining functional conservation/divergence in IL-12 signaling components.
The identified ancient receptor architectures coupled with derived ligand
innovations provide a blueprint for cross-species immunotherapy design
targeting conserved interaction interfaces. The conserved molecular signatures
offer dual utility in developing precision therapies and interspecies disease
management strategies, particularly for translational applications across human
medicine, agriculture, and aquaculture.
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1 Introduction

Cytokines of the IL-12 family are homodimeric or heterodimeric complexes with a
four-oi-helix bundle structure, similar to the IL-6 family. They are involved in autoimmune
disorders and cancer progression, making them interesting therapeutic targets (1). In
humans, these complexes consist of three o-subunits (p19, p28, and p35) and two f3-
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subunits (p40 and EBI3) (Figure 1). The currently identified dimeric
members in humans include IL-12 (p35 + p40), IL-23 (p19 + p40)
(2), IL-27 (p28 + EBI3) (3, 4), IL-35 (p35 + EBI3), and the recently
revealed IL-39 (p19 + EBI3) (5), as well as artificially synthesized IL-
Y (p28 + p40) (6). The IL-12 family receptor dimer is composed of
subunits WSX-1 (IL-27Ra), gp130, IL-23R, IL-12RP1, and IL-
12RB2 (6-9). The known receptor dimers and receptor-ligand
pair combinations are shown in Figure 1.

Cytokines in the IL-12 family, despite sharing the JAK-STAT
signaling pathway, exhibit distinct biological roles. IL-12 and IL-23 are
primarily pro-inflammatory cytokines that enhance the immune
response. IL-12, produced mainly by antigen-presenting cells
(APCs) (10), bridges innate and adaptive immunity by regulating T
cells and natural killer (NK) cells, inducing IFN-y production, and
promoting Th1 differentiation (11). IL-23, also derived from APCs
such as dendritic cells and macrophages, acts in both innate and
adaptive immunity (2). It facilitates Th17 differentiation, activates
JAK2 and TYK2, and induces STAT3/STAT4 phosphorylation (12-
14). While IL-12 binds to IL-12RB1/IL-12RB2, IL-23 binds to IL-
12RPB1/IL-23R, and IL-12RP2 is critical for IL-12 signaling (Figure 1).
IL-27, a heterodimer of p28 and EBI3 produced by APCs, IL-27
exhibits dual pro- and anti-inflammatory properties and promotes
Thl responses during bacterial and parasitic infections (15-18). It
signals through the WSX-1/gp130 receptor complex, often associated
with the IL-6 family, and synergizes with IL-12 to enhance Thl
polarization (15). In contrast, IL-23 supports Th17 development by
inducing IL-17 expression and stabilizing the Th17 phenotype,
although it does not directly initiate Th17 differentiation (10).
Preclinical studies suggest that IL-23 promotes tumor growth and
poor cancer prognosis, highlighting its potential as a therapeutic target
(19). IL-35 produced by regulatory T (Treg) and B (Breg) cells has
immunoregulatory functions (20-22). It signals through gp130/IL-
12RB2, with unique signaling occurring via gp130/gp130 and IL-
12RP2/IL-12RPB2 homodimers (10) (Figure 1). IL-39, a recently
discovered cytokine secreted by LPS-activated B cells, exhibits
proinflammatory properties, including neutrophil proliferation and
BAFF production, linking it to autoimmune diseases such as systemic
lupus erythematosus (SLE) (23). EBI3, a component of IL-27, IL-35,
and IL-39, features conserved cysteine residues (24). Finally, IL-Y, a
synthetic cytokine that was created to investigate autoimmune
illnesses and is based on fictitious IL-12 family component
combinations, is not well known (6).

Comparative immunology and phylogenetics provide powerful
tools for identifying universal cancer mechanisms and therapeutic
targets by analyzing high-dimensional datasets and tracing cancer
evolution (25, 26). However, little is known about the origin,
distribution, and evolutionary features of the IL-12 receptors and
ligand subunits (IL-12s and IL-12Rs) in animals. There is still much
to learn about the evolutionary forces causing these variations and
whether whole-genome duplication events have resulted in the
amplification of IL-12s and IL-12Rs family genes (27, 28).
Current therapeutic options targeting human IL-12s and IL-12Rs
are limited, including ustekinumab and briakinumab targeting p40
and risankizumab, guselkumab, tildrakizumab, and mirikizumab
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targeting IL-23p19 (29-31). Known drugs and site-targeting ligands
are even rarer, particularly for economically important animals
such as fish and livestock, where research has primarily focused on
recombinant IL-12 (32), anti-IL-12 antibodies (33), and receptor
antagonists (33, 34). This scarcity hinders advancements in cancer
therapy, agriculture, fisheries, and the livestock industry.
Combining IL-12 with immune checkpoint inhibitors, such as
anti-PD-1 monoclonal antibodies, significantly enhances
antitumor effects (35). IL-12 can also overcome resistance to
immune checkpoint blockade by providing a third signal for T-
cell activation, thereby enhancing T-cell activity (36). Although
checkpoint inhibitors have revolutionized cancer treatment, they
face challenges related to resistance mechanisms, patient selection,
and combination strategies, which parallels the evolving landscape
of IL-12 cytokine-targeted therapies (37). Therefore, exploring the
potential targets of IL-12s and IL-12Rs across species and
elucidating their evolutionary patterns and interspecies differences
could provide universal strategies for immune interventions in
livestock and fisheries. In humans, this could lead to the
development of precision immunotherapies, enhancing antitumor
and anti-infection efficacy, improving autoimmune and chronic
inflammatory conditions, and reducing the systemic toxicity of
traditional drugs.

Evolutionary research has led to the concept of protein and gene
families, in which individuals are classified into specific families
based on their shared ancestral genes. Proteins with similar
functions but no common ancestors were included in this
definition (38-40). Although IL-12s and IL-12Rs do not believe
they originate from a distinct gene and do not belong to the same
family, they are regularly grouped as a family because of their
shared structural and functional properties. In this study, sequences
from more than 400 species were used in a thorough phylogenetic
study of IL-12s and IL-12Rs to clarify their evolutionary trajectory
and functional divergence. This comparative immunological and
phylogenetic analysis sheds light on their conservation and
adaptability by revealing the molecular underpinnings of the
functional variations and evolutionary patterns of these cytokines.

2 Methods
2.1 Construction of the species tree

Databases such as NCBI, Ensembl, CNCB, and Macgenome
were the main sources of the genomes of 518 individual animals
(Supplementary Table 1), including GFF annotation files. These
datasets were released before June 30, 2023, and contained complete
annotation information for 246, 265, 6, and 1 individuals,
respectively. mammalia_odb10 (https://busco-data.ezlab.org/v5/
data/lineages/) was used as the database, and the GPA (https://
github.com/ypchan/GPA) script was used to evaluate genome
assembly quality and extract informative statistics from the
Benchmarking Universal Single-Copy Orthologs (BUSCO) (41)
ortholog (protein) sequences. Species with C (Complete) > 2.4%,
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S (Single-copy) = 0.60%, D (Fragmented) > 0.10%, F (Fragmented)
> 0.50%, and M (Missing) < 97.00% were retained, and those for
which the CDSs could not be extracted from the GFF files were
excluded. Single-copy orthologous sequences were aligned using
MAFFT v7.525 (42) with specific parameters (-genafpair -
maxiterate 1000) to optimize alignment accuracy. The aligned
sequences were trimmed using trimAl v1.5 (43) to remove poorly
aligned positions and highly divergent regions (-gt 0.85 -cons 30).
Trimmed alignments were used to construct a phylogenetic tree
using IQtree v2.3.6 (44), and maximum-likelihood phylogenies
were constructed using the JTT + F + R10 substitution model with
1,000 bootstrap replicates. Multiple phylogenetic trees were merged
using Astral v5.7.8 (45) to generate a species tree. Sphagnum
magellanicum was retained as the outgroup for animal
phylogenetic analysis.

2.2 Preparation of genome and annotation
files

The formats of the genome and GFF files were universally
standardized. The AGAT Toolkit (46) was used to extract the
longest isoform of the candidate species for genome and
annotation file preprocessing. The GFF3 files that satisfied the
requirements were sorted by processing the GFF files, and the
script agat_convert_sp_gxf2gxf.pl was used to identify and correct
errors and missing information in the GFF files. The longest
isoform was preserved via the agat_sp_keep_longest_isoform.pl.
All the CDS and protein sequences of the candidate species were
extracted in batches via GffRead v0.12.7 (47). Finally, the CDS and
protein sequences of the candidate species were combined into a
single file.

2.3 ldentification and phylogenetic analysis
of the IL-12s and IL-12Rs

To identify IL-12s and IL-12Rs, we used ten query sequences of
human IL-12s and IL-12Rs and their key domains (Table 1). A
database was built by pfam_scan-1.6 (48) with default parameters,
based on the combined protein file as indicated above, and
members of distant species protein families were discovered using
HMMER-3.3.2 (49). To identify protein sets that contained several
key domains (Table 1), the intersection of the search results for each
key domain was considered. To obtain more precise protein family
information, we employed the BLASTp (50) identification method
with an E-value threshold of le-5 to identify homologous
sequences. The intersection of the Pfam and BLASTp
identification results was used to determine the final identified
protein set. Finally, IL-12s and IL-12Rs family trees were created
using the same strategy as the species tree described above. To
obtain conservative sequence information for the candidate
sequence, R-script was used to extract domain and gene structure
information from the Pfam search results and gene location in the
GFF file.
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2.4 Protein family clustering and
classification

All data visualization was performed using R 4.4.1, and dgfr
v0.0.0.9 (51) was used to determine the ideal number of k-means
clustering groups for protein sequences (min_clust = 6, max_clust =
11) and to calculate the mean/median similarity within each cluster.
Ggtree v3.12 (52) and ggtreeExtra v1.14 (53) were used to enhance
the aesthetics of the phylogenetic trees. Gggenes v0.5.1 (54) was
used to visualize motifs, domains, and gene structures. MSA v1.36.1
(55), with the multiple sequence alignment (MSA) algorithm
MUSCLE (56), was used to visualize the sequence alignment.
Protein subfamilies with evident structural traits were grouped
after they were found and thoroughly clustered using k-means
clustering and motif, domain, and gene structure characteristics.

2.5 Analysis of the IL-12s and IL-12Rs
Variants

Weblogo v3.7.12 (57) was used to perform SeqLogo analysis of
the sequences of various groups. ESMfold (https://github.com/
facebookresearch/esm), a high-precision protein structure
prediction tool, was utilized for the structural prediction of
regrouped protein sequences based on the pre-trained model
esm2_t48_15B_UR50D (58). US-align was used for universal
structure alignments of predicted structures across all redefined
groups (59). Finally, UCSF ChimeraX v1.9 (60) was employed for
the visualization and aesthetic appeal of the structure
alignment results.

TABLE 1 Query sequences and their domains used for the identification
of IL-12s and IL-12Rs.

S name. | Domain (Prar)
Q8NEV9 1L27 p28* -
Q14213 EBI3 EBI3 PF00041.26 (fn3)
P29459 IL12A p35* PF03039.19 (IL12)
P29460 IL12B p40* PF10420.14 (IL12p40_C)
QO9NPF7 IL23A p19* PF16649.10 (IL23)
Q5VWK5 IL23R IL-23R -
Q6UWB1 IL27RA WSX-1 -
P42701 IL12RB1 IL-12RB1 PF00041.26
PF00041.26;
Q99665 IL12RB2 IL-12RB2 PF06328.16
(Lep_receptor_Ig)
P40189 IL6ST epl30* PF00041.26; PF06328.16;

PF09240.15 (IL6Ra-bind)

(*) For clarity, those proteins are designated using the consensus subunit name (-). Query
sequences that did not possess Pfam domains were assigned to subfamilies exclusively based
on BLASTp identification.
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2.6 Synteny and origin analysis of IL-12s
and IL-12Rs

We performed a site query for IL-12s, IL-12Rs, and other
neighboring genes based on the Ensembl database, which includes
the following species: human (Homo sapiens, GRCh38.p14), mouse
(Mus musculus, GRCm39), rabbit (Oryctolagus cuniculus,
OryCun2.0), pig (Sus scrofa, Sscrofall.l), chicken (Gallus gallus,
bGalGall.mat.broiler. GRCg7b), and zebrafish (Danio rerio,
GRCz11). This is because traditional synteny gene analysis is no
longer sensitive enough to detect animal species with large
evolutionary distances (61). Furthermore, we created a
phylogenetic tree with a timescale and estimated the evolutionary
period for the six species listed above, as well as S. magellanicum
and Caenorhabditis elegans, based on the fossil evidence currently
available in the Timetree (http://www.timetree.org/) (62).

3 Results

3.1 Identification and distribution of IL-12s
and IL-12Rs in various animal Class

We constructed a phylogenetic tree spanning approximately
1,290 million years, encompassing 491 individual animals (https://
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github.com/ka3533/Family_IL-12s_Rs), including 480 animal
species and an outgroup of S. magellanicum. The selected species
ranged from higher to lower taxa, including Mammalia, Aves,
Actinopteri, Lepidosauria, and Reptilia. After obtaining the
intersection of the protein sets identified via the Pfam and BLASTp
methods, we acquired a phylogenetic tree of 1,634 IL-12s-like protein
sequences from 410 individuals (405 species) (Figures 2A, C) and a
phylogenetic tree of 1,396 IL-12Rs-like protein sequences from 396
individuals (391 species) (Figures 2D, F).

To obtain a clear classification, we also performed PCA
clustering on the IL-12s, combining their homology with human
IL-12s, homologous protein categories, and unrooted trees to
categorize them into different Group I-V (Figure 2C). Apart from
EBI3 homologs, other IL-12s did not show significant overlap in the
phylogenetic tree, with each forming an independent cluster.
However, EBI3 homologs are highly similar to CNTFR
(Figure 2A), and a few EBI3 homologs also exhibit homology
with IL-11RA and IL-6R. Since these proteins seem to be very
ancient (Figure 3C: cluster 5), mostly found in a few ancient lineages
in Actinopteri, Aves, and Reptilia, and nearly nonexistent in
Mammalia, they may be ancient forms of EBI3 homologs
(Figure 2H). p28 homologs are predominantly found in
Mammalia (98.1%), with an identity higher than 47.03%, and
most of them have an identity above 70%. In Lepidosauria and
Actinopteri, only four extremely low-identity (27.03%-27.36%)
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The evolutionary relationship and distribution of IL-12s and IL-12Rs in more than 400 animal species. For ease of identification, HGCN's gene symbol

naming standard was used in this figure rather than protein names (corres
12Rs across over 400 animal species, with different colored tip points repr
representing homologous proteins (Supplementary Table 1), with the dept

ponding to Figure 1; Table 1). (A, D) Phylogenetic tree of IL-12s and IL-
esenting different clusters and different colored rings outside the tree
h of color corresponding to the identity (%) of query sequences. Darker

hues indicate greater identity. The relationships between IL-12s and IL-12Rs are depicted in these figures, with reference to human IL-12s and IL-
12Rs, respectively. (B, E) PCA showing the total number of clusters detected in IL-12s and IL-12Rs. These clusters exhibited significant differences in
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genes. (G, H) Distribution of IL-12s and IL-12Rs at the Class level. The distribution of genes in green exclusively represents the distribution of

homologous proteins with IL-12s or IL-12Rs; it does not represent the dist

proteins were detected in Denticeps clupeoides, Pantherophis
guttatus, and Python bivittatus. In addition, all other p28
homologs belonged to cluster 1 (Figures 2A, C), indicating low
sequence polymorphism and evolutionary conservation, divided
into Group V. In conclusion, it seems that p28 homologs are
specific to Mammalia (Figure 2H). pl9 homologs are widely
distributed in Mammalia (85.23%) and Aves (11.81%), with a
small presence in Reptilia (2.11%) and Lepidosauria (0.84%),
found only in clusters 3, 4, and 10, categorized as Group IV. The
same phenomenon occurs with p35 homologs as well. These
proteins were broadly distributed in Mammalia (66.04%), Aves
(21.5%), Actinopteri (10.59%), and Reptilia (1.87%) and were found
only in clusters 8, 9, and 11, which were categorized into Group III.
This showed that teleosts might not have p19 homologs, which
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ribution of all homologous proteins in the species.

gradually became enriched in the later stages of avian evolution. p35
homologs, on the other hand, are the opposite (Figure 2H). p40 and
EBI3 homologs are the most widely distributed proteins and are
present in most animal categories. Unlike other ligand subunits, the
-subunits p40 and EBI3 homologs are abundantly present in
Actinopteri (Figures 2G, H), which is the oldest form of IL-12s.
For IL-12Rs, we employed the same clustering and grouping
strategies. gp130 homologs are widely present in Aves (44.12%) and
Mammalia (42.94%), being the most extensively distributed IL-12s
in Aves (28.91-61.45%), which is found only in clusters 4 and 7 of
Group III, with its identity gradually decreasing from Mammalia to
Chondrichthyes. This suggests that despite the paucity of available
Aves genomic data, it is undeniable that gp130 homologs are crucial
to the immune system of Aves and that their functions may be too
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Distribution of IL-12s and IL-12Rs gene counts across over 400 animal species. (A, D) Distribution of the IL-12s gene in 410 individuals (405 species), and
the distribution of the IL-12Rs gene in 396 individuals (391 species). The tip points in cyan represent species individuals retained following BUSCO
assessment, whereas the red points indicate the species that were filtered out; however, this does not mean that the filtered species were absent, but rather
that the overall data did not meet the standards. (B, E) Gene counts of IL-12s and IL-12Rs homologs at the Class level after grouping. (C, F) The distribution
heatmap of PCA clustering of IL-12s and IL-12Rs at the Class level before grouping; the abscissa represents the cluster number, corresponding to Figure 2.

homologs were quite similar; WSX-1 homologs were more
concentrated in Mammalia (76.72%), being the most abundant
IL-12Rs gene in Mammalia, followed by IL-12RB1 homologs
(70.68%). IL-12RP1 homologs can be linked back to the

dissimilar from those of Mammalia. Other IL-12s are most
extensively distributed in Mammalia; however, IL-12R32
homologs are far more abundant in Aves (59.74%) than in IL-
12RB1(Figures 2G, H). The distributions of IL-23R and WSX-1
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TABLE 2 The oldest traceable IL-12s and IL-12Rs genes/proteins across over 400 animal species.

Longest isoform ID

Identity

Homologue gene Homologue protein

Ancient animal

ENSECRT00000020045 29.85% IL12B p40 Erpetoichthys calabaricus = Cladistia Group I

ENSCMIT00000045986 39.39% EBI3 EBI3 Callorhinchus milii Chondrichthyes = Group II
ENSECRT00000011998 31.79% IL11RA IL1I1IRA Erpetoichthys calabaricus | Cladistia Group II
ENSECRT00000011998 60.26% CNTFR CNTFR Erpetoichthys calabaricus = Cladistia Group II
ENSDART00000145103 29.58% IL6R IL6R Danio rerio Leptocardii Group II
ENSLOCT00000004429 29.70% IL12A p35 Lepisosteus oculatus Actinopteri Group III
XM_034413038.1 35.25% IL23A p19 Pantherophis guttatus Lepidosauria Group IV
ENSDCDT00000036795 27.27% 1L27 p28 Denticeps clupeoides Actinopteri Group V
ENSDCDT00000070609 27.27% 1L27 p28 Denticeps clupeoides Actinopteri Group V
ENSLOCT00000001699 25.56% IL12RB1 IL-12RP1 Lepisosteus oculatus Actinopteri Group I

ENSCMIT00000011517 26.67% IL27RA WSX-1 Callorhinchus milii Chondrichthyes = Group II
ENSCMIT00000011517 24.34% IL23R IL-23R Callorhinchus milii Chondrichthyes = Group II
XM_037888031.2 26.48% IL7R IL7R Chelonia mydas Reptilia Group 1I
ENSCMIT00000047827 32.26% IL31RA IL31RA Callorhinchus milii Chondrichthyes = Group III
ENSCMIT00000047827 24.36% IL12RB2 IL-12RB2 Callorhinchus milii Chondrichthyes = Group IIT
ENSCMIT00000047827 39.87% IL6ST gp130 Callorhinchus milii Chondrichthyes = Group IIT
ENSCMIT00000037583 33.33% IL23R IL-23R Callorhinchus milii Chondrichthyes = Group IV

Actinopteri period, but the homologous genes of p28, IL-23R, and
IL-12RB2 are widespread and most likely date back to the
Chornichthyes period with Callorhinchus milii (Table 2).

Among the oldest ancient species (traceable only in this study),
the identified IL-12 and IL-12 receptor (IL-12R) sequences showed
relatively low identity with their query sequences (Table 2).
However, these ancestral proteins retained the canonical
structural and sequence features that are characteristic of IL-12s
and IL-12Rs signaling components (see below). Notably, these
species, particularly C. milii and E. calabaricus, represent valuable
models for reconstructing the evolution of early immune systems.
In conclusion, IL-12Rs and IL-12s (apart from p28-like proteins)
have comparatively ancient origins that predate the emergence of
Chornichthyes. The ancient innate immune system, composed of
these receptors and ligands, may have gradually expanded its range
of function during the emergence of Aves.

3.2 Evolutionary patterns of IL-12s and IL-
12Rs across several groups

To explore the evolutionary patterns of genes encoding IL-12s
and IL-12Rs, we mapped the distribution of quantities on the
species tree, which revealed that both IL-12s and IL-12Rs
underwent minor quantitative changes from ancient animals to
today’s immune system-developed mammals (Figures 3A, D). This
is particularly prominent in Mammalia, where the gene number of
IL-12s and IL-12Rs mostly exceeds five, with a few species reaching
seven, making them the most abundant Class in the IL-12s and IL-
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12Rs (Figures 3A, D). Unlike Mammalia, Aves, with a slightly
greater number of IL-12Rs than IL-12s, a few Aves species can have
as few as two IL-12s or IL-12Rs genes, a situation that is very rare in
Mammalia. Most interestingly, in Actinopteri, which is mainly
composed of teleosts, the numbers of IL-12s and IL-12Rs showed
the opposite trend, with the ligand number being far greater than
the receptor number. Most species had more than three IL-12s
genes, whereas the receptor genes were mostly maintained at two
(Figure 3D). The primary cause of these phenomena is the
duplication of the IL12B and EBI3 genes, as well as their long-
term retention following duplication events.

The number of genes encoding receptors and ligands in certain
species, as well as the distribution of IL-12s and IL-12Rs across
species, both reflect their ancient origins. Even among ancient
teleosts, as shown in Figures 3A, D, some species had more than
four receptor genes, especially when considering ligand genes,
which are far more common than receptor genes. This further
supports the idea that the IL-12 immune system is an ancient
immune system. However, it was not until terrestrial creatures
appeared that receptor diversification took place, peaking
in Mammalia.

3.3 Conserved characteristics of 1L-12s and
IL-12Rs across several groups

The IL-12 family is divided into five groups: Group I contains

an IL12p40_C domain (sometimes preceded by Ig-like domains),
Group II has fn3 (occasionally with Ig-like domains), Group III and
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IV consists of single IL12 or IL23 domains, while Group V includes
only five sequences with CNTF, the rest being p28-like.
Consequently, the IL-27 family lacks a seed alignment with
broad-spectrum characteristics that can effectively identify p28-
like proteins. Among IL-12Rs, most contain fn3 domains—Group I
has a single fn3, Group II has 1-2 fn3 at the C-terminus, Group III
features Lep_receptor_Ig followed by fn3 (sometimes with IL6Ra-
bind or EpoR_lig-bind), Group IV primarily has IL6Ra-bind (rarely
followed by fn3), and Group V mostly contains Lep_receptor_Ig
with 2 fn3 (some with IL6Ra-bind) (Supplementary Table 2). The
prevalence of fn3 (except in Group IV) highlights its potential in
biomedical applications owing to its role in cell adhesion and
migration. In conclusion, animal IL-12Rs do not always have Ig-
like and fn3 domains as is generally assumed. Moreover, the
number of sequences possessing this domain in Group II and IV
is extremely limited, indicating that in current research, the
subfamilies corresponding to WSX-1 and IL-12R2 have not been
fully characterized at the sequence level. In addition, some animal
IL-12s still had domains similar to those of Ig-like, such as Group I
(Supplementary Table 2).

Protein sequences in each group were subjected to MSA,
trimming, and SeqLogo analysis, which revealed that Group I and
II sequentially contain three highly conserved motif structures (“F-
I-KPDPP”, “W-P-W-P-F-L-K/F”, “V-A-S-WS”) at the C-terminal
end, with “-” representing intervals of one or more amino acids. We
found that these three signatures (Figures 4, 5A) were distinct
characteristic sequences within the fn3 domain. The key amino
acids, Y265 and Y318 in earlier research (63), which are crucial
parts of the 3 subunits in animal IL-12s, are covered by these three
conserved structures.

In contrast, owing to the limited characterization of existing Pfam
seed files, we did not detect fn3 in the interval of Group I, but we
found that the C-terminus after IL12p40 in Group I is also an fn3-like
domain (Figures 4, 5B). Therefore, our analysis using SeqLogo of
homologous proteins from over 400 animal species provides a greater
representation, and we located the confirmed key sites based on
sequence features (Figure 4). Despite the low overall identity
between Group I and II, both groups share similar motif structures
in the C-terminal portion of their proteins (Figures 4, 5A). The gene
coding for the p35 homologous protein is found in Group III, which is
the only group not enriched in tryptophan (W), but it has an ultra-
conserved cysteine (C), similar to Group I, II, and IV. Few reports exist
regarding conserved amino acids and motifs. Multiple-species
sequence alignment of p35 homologous proteins revealed that the
conserved regions of Group III were concentrated in the four o-helical
regions of p35 (Figures 4, 5A). In this structure, only a few key residues
have been studied and validated, such as Y189 (63). Additionally, we
have identified several conserved residues and motifs across species
that may play roles in maintaining protein structure and function,
including C98, C119, C157, C230, “EETDHEDIT”, “IYEDL”, and the
highly conserved C-terminal region (Figure 4: Group III). The non-
conserved regions exhibited species-specific characteristics (except for
the N-terminus), with a large number of similar species-specific
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peptide segments. Group IV also exhibits ultra-conserved structural
features, with its non-conserved region mainly concentrated at the N-
terminus, which is in direct contrast to the non-conserved region of
Group V. This group exhibits a long-ultra-conserved sequence
architecture in MSA, even before trimming, demonstrating
remarkably low polymorphism. This evolutionary pattern suggests
functional uniformity, consistent with its characterization as a
mammalian-specific ligand subunit with singular biological activity.
Notably, numerous critical C-terminal residues have been identified,
including W156, L160, V175, A177, and R178 (63). Exceptions are
observed in certain carnivoran species (Neogale vison, Lontra
canadensis, Lutra lutra, Mustela erminea, and Mustela putorius) and
primate lineages (Macaca thibetana and Symphalangus syndactylus).
These taxa encode typical p19-like proteins containing substantial
insertions, resulting in pronounced species-specific structural
divergence from the canonical protein architecture. Group V, which
represents the p28 protein family, is the most conserved among all IL-
12 family members (Figures 2A, C) and possesses the richest
tryptophan amino acids, which are almost exclusively distributed
among Mammalia (Figure 2H). This implies that the p28-like
protein, a component of the IL-12 family of proteins that only
manifests during the mammalian phase, maybe the most
structurally and functionally stable in Mammalia. However, current
research on the critical functional sites of this family remains limited.
This indicates that the four-helix structure has been preserved
throughout the long evolutionary process of animal p19, p28, and
p35 homologous genes, and their three-dimensional structure is
essentially the same, even if their sequences vary significantly. This
implies that the three-dimensional structure of the alpha subunit is
essential for the IL-12Rs recognition mechanism.

All animal IL-12Rs-like protein sequences exhibited a distinct
and recognizable “WSXWS” motif feature (Supplementary
Figure 1), with a significant number of conserved cysteines at the
N-terminus that may help maintain the receptor’s three-
dimensional structure by forming disulfide bonds. In contrast,
groups II and IIT possess highly conserved overall sequence
structures, particularly at the C-terminus, whereas the other
groups demonstrate conservation only in specific regions and
display species-specific characteristics. Currently, little
information is available on the key IL-12Rs residues. The
identification of key regions is severely limited, although we
disclosed their conserved sequence characteristics (Supplementary
Figure 1). Consequently, additional experimental data are required
to identify their primary target locations. However, the conserved
sequence features that we have identified can serve as a useful guide
for IL-12Rs target screening in a variety of species.

3.4 Key targets of IL-12s

As illustrated in Figure 4, most of the conserved sites identified in
homologous proteins across various groups play crucial roles in drug
development and are located predominantly within key structural
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identified based on the sequence features surrounding the key residues. The figures reveal potential therapeutic targets within the various groupings
of 405 animal IL-12s, particularly focusing on the residues within the loop regions and domains that significantly affect protein structure.

domains in more than 400 animal species (Figures 4, 5). Notable
examples include the C-terminal Y265 and Y318 (63) and the amino
acid cluster 254-260 (64) in Group I, as well as the N-terminal cluster
of amino acids 30-39 (65); the Y189 in the IL12 domain of Group III
(63); and the W156, L160 (63), and V175, A177, R178 (63) in the
IL23 domain of Group IV (Figure 4). However, reports on drug
targets or key amino acids corresponding to Groups II, III, and V of
IL-12s are limited, and IL-12Rs are even more so (Supplementary
Figure 1). Through cross-species MSA, we have annotated potential
key residues and motifs that may influence the structure and function
of IL-12s, particularly three signature regions within the fn3 domain
(Figures 4, 5A). These regions may serve as critical amino acid targets
for broad-spectrum drug development, especially considering the
evolutionarily conserved residues across Group I, II, and III species.
However, regarding IL-12Rs’ key sites, which are limited by current
sparse research data, exceptionally long protein sequences

Frontiers in Immunology

09

(Supplementary Figure 1), and complex spatial structures, this
study refrains from further elaboration.

3.5 Origin of IL-12s and IL-12Rs

Our findings suggest that the EBI3, IL12B, CNTFR, IL11RA,
and IL6R genes may share a common evolutionary origin
(Figure 2C). However, current evidence remains insufficient to
support a common evolutionary origin, as the synteny analysis
results do not provide conclusive support for this hypothesis
(Supplementary Figure 2A). Its genesis might be extremely
ancient, and we hypothesize that it might have existed before the
mollusk era (Figure 5C). Among the five groups of IL-12s, Group I,
II, and III are widely distributed in Actinopteri, Aves, and
Mammalia, especially in teleosts, with clear third or fourth whole-
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The evolutionary trajectory of IL-12s and their ultra-conserved spatial structures were maintained during evolution. (A) Spatial structure comparison
results of the proteins in each subgroup of IL-12s. The top is the structure of the unique proteins of the subgroup, and the bottom is the spatial
structure comparison result of US-align. The protein type is represented by the gene symbol that corresponds to the longest transcript. The non-
conserved spatial structure region was set to 100% transparency. SeqLogo is shown in Figure 4. The gene symbol font color depth indicates the
broad distribution of the main homologous protein types in the groups, which are represented by gene symbols that match human homologous
genes. The general characteristics of the B-subunits of animal IL-12s are shown in this figure. The o.-subunits, on the other hand, only preserve their
conserved three-dimensional structure; the unified sequence features of these three groups are very weak. (B) Redefined domain characteristics
were preserved during the evolution of IL-12s and IL-12Rs across different subgroups, with domains accounting for less than 1% of the total
proportion filtered out. (C) The evolutionary trajectory of IL-12 family receptor-ligand complexes, where solid stars indicate precisely estimated time
points of receptor-ligand complex emergence and hollow stars represent roughly estimated time points.

genome duplication (WGD) traces (Figure 3B). The Group I and V
subgroups of receptors likewise exhibit this situation (Figure 3E).
However, both CNTFR and IL11RA are found on 9p13.3, and their
gene positions are adjacent in teleosts and Aves, with no other genes
in between; only in the evolution to Mammalia do they gradually
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become separated by other genes, such as GALT, SIGMARI,
ARID3C, DCTN3, and RPP25L. The linear arrangement order of
genes in this region is highly consistent across species, suggesting
that CNTFR and IL11RA may have a common ancestor and may
have been the product of an ancestral gene duplication event.
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According to synteny analysis, which revealed that IL12RB2 is
nearly always adjacent to the IL23R from zebrafish to humans
and that the majority of proteins similar to IL-23R are also similar
to IL-12RB2 (Figure 2D), these pieces of evidence suggest that the
homologs of IL27RA, IL23R, and IL12RB2 may be among the older
three types of IL-12Rs. IL23R and IL12RB2 may have come from an
ancient gene duplication event. Comparative analysis suggests that
IL-12Rs may have originated earlier than IL-12s, as genes encoding
various IL-12Rs subtypes are widely distributed across nearly all
animal species. Notably, most of these receptors contain
evolutionarily ancient domains such as fn3 (66), implying that the
fn3 domain likely emerged in its primitive form during early
vertebrate evolution. Supporting this hypothesis, our rough
BLAST searches identified only ancestral fn3 and Ig-like genes in
nematodes, which may represent the prototypical precursors of
modern cytokine receptors.

Based on available fossil evidence, we reconstructed a time-
calibrated phylogenetic tree of model species. Combined with
synteny analysis, our results demonstrate that the genes encoding
IL-12 ligands and receptors have maintained remarkable
evolutionary conservation throughout vertebrate history. Even in
ancient species, their surrounding genes are comparable to that of
higher animals (Supplementary Figure 2). Aside from the p28 and
p19 homologous genes, other IL-12s and IL-12Rs may have already
appeared as early as the distant Nematoda period (~686.2 million
years ago, Mya) and can at least be traced back to the
Chondrichthyes period (~429.0 Mya). The origin of IL-12Rs can
even be traced back to earlier, and we speculate that their embryonic
form occurred during the mollusk period, which is ~514.0 Mya (67).
These findings are in line with the distribution of IL-12s and IL-12Rs
genes across species. The p28 ancestor genes, on the other hand,
emerged in significant quantities during the mammalian epoch
(~225 Mya), however, their actual origin may have been as early
as the reptile period (Figure 5C). In the IL-12 family, the protein
subunits of Group I to III (p40, EBI3, p35) are relatively ancient, as
they are widely distributed among fish species. In contrast, the newly
evolved ligand subunits of Group IV to V became abundant only
after the emergence of avian species—for instance, p19. Notably, p28
is unique as it is exclusively found in mammals (Figures 3B, C:
cluster 1). Among the heterodimeric IL-12 family protein ligands,
IL-23 and IL-39 gradually increased in abundance after the rise of
birds, whereas IL-27 represents a mammalian-specific immune
system innovation. Conversely, IL-12 and IL-35 have much older
evolutionary origins, likely predating even the Chondrichthyes
period (Figure 3C: clusters 2, 5, 8). Regarding IL-12Rs, nearly all
subtypes exhibit ancient origins, possibly predating IL-12s
themselves, given their near-universal presence across animal
species (Figure 3E). However, extensive duplication occurred
exclusively in mammals, as seen in clusters 2, 3, 5, and 6
(Figures 2F, 3F). Since IL-12Rs are evolutionarily ancient, we can
infer the origins of the IL-12 receptor-ligand system based on the
emergence of IL-12s—particularly for the newly discovered IL-35
and IL-39. The formation and initial function of the IL-27/WSX-1/
gp130 complex coincides with the origin of mammals (~225 Mya).
In contrast, the IL-23/IL-12RB1/IL-23R complex predates
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mammals, originating around the early evolution of birds (~180
Mya). The assembly of IL-12/IL-12RB1/IL-12RB2 and IL-35-type
ligand-receptor complexes dates back to approximately ~686.2 Mya.

4 Discussion

4.1 Evolutionary insights and ancient
origins

Higher animals have an advantage over other creatures in part
because of the complexity of their IL-12 immune systems. Other
cytokine families may likewise exhibit a similar pattern. Class I
cytokine receptors diverged mostly between the urochordate-
vertebrate split (~794 Mya) and the ray-/lobe-finned fish
divergence (~476 Mya), with little further diversification (68).
Then vertebrate animals evolved from invertebrates some 500
Mya through two rounds of WGD (2R) (69, 70). Chondrichthyes
separated from a common ancestor with other vertebrates roughly
450 Mya (71, 72). Since the advent of jawed vertebrates, the
tripartite subdivision of lymphocytes bearing altered receptors
into B cells and T cells has been retained. This step is considered
the founding stage of the animal adaptive immune system (73, 74).
There was a subsequent teleost-specific WGD (3R, ~300 Mya), with
numerous distinct lineages having additional WGD events, such as
salmonids (4R, ~95 Mya) and carp (4R, 5.6-11.3 Mya) (69, 70). Our
research has indicated that the number of IL-12s and IL-12Rs genes
does not increase exponentially due to WGD (Figure 3). Instead,
gradual and subtle changes in gene numbers have occurred
throughout evolution. Despite these minor numerical changes,
their impact on the evolutionary history of animals has been
significant. Apart from mammalian-specific p28 homologs and
p19, other IL-12s and IL-12Rs likely emerged as early as the
Nematoda period (~686.2 Mya) and can be traced back at least to
the Chondrichthyes period (~429.0 Mya) (Figure 5C). The genomic
arrangement of these genes and their neighboring genes is highly
conserved, though some genes exhibit clear duplication events, such
as IL11RA and CNTFR, IL31RA and IL6ST, and IL23R and
IL12RB2 (Supplementary Figures 2A, B).

From an evolutionary perspective, the origin and functional
diversification of these molecules reflect the progression of the
immune system from simplicity to complexity. By comparing IL-
12s and IL-12Rs among different species, we have identified
evolutionarily conserved residues, motifs, and domains that likely
play pivotal roles in immune regulation. These conserved features
may serve as potential therapeutic targets for developing precision
immunotherapies applicable across multiple species. Furthermore,
understanding species-specific structural and functional variations
could facilitate the design of tailored immunomodulators for
specific animals, enhancing health and productivity in livestock
while offering novel strategies for agriculture and aquaculture
(Figure 6). Thus, multispecies studies not only illuminate the
evolutionary trajectory of the immune system but also provide
critical insights for cross-species drug development and
disease control.

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1584460
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wang et al.

4.2 Significance of IL-12 family in immune
regulation

IL-12s and IL-12Rs are associated with a variety of human and
other animal diseases, such as psoriasis (75), Crohn’s disease (CD)
(76), rheumatoid arthritis (RA) (77), diabetic retinopathy (DR)
(78), pancreatic cancer (PC) (79), central nervous system (CNS)
autoimmune diseases (80), and tumor immunotherapy (81), among
many other immune-related disorders. However, current effective
treatments for these diseases remain limited, and challenges extend
beyond receptor-ligand affinity, receptor-ligand inhibitors, and
targeted drug screening and validation. Exploring potential
therapeutic targets based on the conserved or nonconserved
features of IL-12s and IL-12Rs across various animal groups may
facilitate the development of treatments for these diseases.

For instance, IL-23p19 inhibitors such as risankizumab,
guselkumab, tildrakizumab, and mirikizumab demonstrate a
favorable risk-benefit ratio in patients with moderate-to-severe
psoriasis (75) and are more effective than ustekinumab (which is
widely approved in multiple countries for CD treatment) (76, 82,

10.3389/fimmu.2025.1584460

83). These inhibitors significantly improve psoriasis symptoms, and
selective targeting of IL-23p19 may help avoid adverse events
associated with biologics employing other mechanisms, exhibiting
good safety profiles (75, 84, 85). IL-23p19 inhibitors also hold
potential for development in inflammatory bowel disease (IBD)
treatment (86). Currently, IL-23 or IL-23 receptor targeting has
been proposed as a potential therapeutic strategy for RA, but further
clinical research and target validation are needed to confirm efficacy
and safety (77, 87). IL-35 provides critical insights into the
application of autoregulatory B and T cells in treating human
diseases and shows potential clinical value in central nervous
system autoimmune disease therapy (80). However, the current
understanding of the immunobiology of IL-35 and its subunits
remains limited, necessitating further research to clarify its specific
roles and applications in disease treatment. IL-27 can stimulate
cytotoxic T-cell activity and may play a role in tumor
immunotherapy (81). Currently, therapeutic strategies targeting
p28 are still in the research phase. IL-39 plays a key role in the
pathogenesis of chronic graft-versus-host disease (cGVHD) and
may serve as a potential therapeutic target for cGVHD prevention.
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It also holds diagnostic potential in RA (88), ankylosing spondylitis
(AS) (89), type 2 diabetes mellitus (T2DM) (90), breast cancer (BC)
(91), and periodontitis (92). Additionally, IL-39 may function as an
inflammatory mediator in active IBD and could emerge as a novel
treatment option (93). EBI3 may contribute to the anti-tumor
effects of IL-27, though further research and clinical validation
are required to determine its specific applications in tumor
immunotherapy (81).

Research on IL-12Rs-related diseases is notably scarce
compared to that on ligands. For example, in the MRL/lpr mouse
model of systemic lupus erythematosus (SLE), overexpression of
WSX-1 significantly ameliorated autoimmune phenotypes (94).
This finding suggests that enhancing the IL-27 signaling pathway
may be a potential strategy for treating autoimmune diseases like
SLE and could also improve immune responses in chronic viral
infections (95). gp130 is one of the receptors closely associated with
tumors (96). Studies indicate that the gpl30-mediated signaling
network plays a crucial role in the progression of various cancers. Its
inhibitors effectively suppress tumor cell viability, migration, and
promote apoptosis, while also inhibiting tumor growth in xenograft
models (97). This discovery provides a new direction for developing
anti-tumor drugs targeting gp130. Additionally, in tuberculosis
(TB) patients, increased numbers of IL-12RB2*, WSX-1*, and
gp130" cells have been observed (98), suggesting that the IL-
12RPB2 and WSX-1/gp130 signaling pathways may play important
roles in the immune response to TB, offering potential targets for
novel therapeutic strategies.

This study not only establishes a comprehensive theoretical
framework for elucidating the fundamental functions and
mechanisms of these molecules across biological systems, but also
provides critical scientific foundations for identifying more
promising IL-12-related drug targets, developing precision
immunotherapies, and advancing cross-species drug design.
Furthermore, our findings highlight the importance of validating
these targets in diverse species—a crucial step to ensure drug
efficacy and safety across different biological systems. These
insights may lead to breakthroughs in treating the
aforementioned diseases while simultaneously offering novel
strategies and directions for agriculture, aquaculture, and
wildlife conservation.

4.3 Conservation and functional
divergence

IL-12s and IL-12Rs exhibit remarkable evolutionary
conservation across species, particularly in their key features
including fn3 domains, Ig-like domains, and the three signature
motifs. These conserved structural elements are essential for
maintaining functional integrity and biological activity,
underscoring their central role in immune regulation. Notably,
despite these conserved structural characteristics, significant
functional divergence has been observed, most prominently in the
distribution and sequence conservation of IL-27p28 homologs. As a
crucial component of the IL-27 cytokine, IL-27p28 is
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predominantly found in mammals where it displays exceptionally
high sequence conservation. This restricted phylogenetic
distribution suggests that IL-27p28 likely emerged relatively late
in evolution compared to other IL-12 family members, potentially
as an adaptive response to mammalian-specific immunological
challenges. The evolutionary timing of IL-27p28’s emergence
coincides with the development of more sophisticated adaptive
immune systems in higher vertebrates. In this context, IL-27p28
may have evolved to fine-tune immune responses in
these organisms.

4.4 Potential therapeutic targets and drug
development

IL-12RB1 binds to the IL-12p40 through its N-terminal fn3
domain (1). A study identified D36, W37, and T38 as key amino
acids for the interaction between p40 and IL-12RB1, particularly the
W37K mutation, which significantly compromised IL-23-induced
signaling and binding to IL-12RB1 (65) (Figure 4). Another study
used bioinformatics analysis and site-directed mutagenesis to replace
the basic amino acids arginine (R) and lysine (K) in the mouse IL-
12p40 subunit cluster of amino acids 254-260 (RKKEKMK) with a
neutral nonpolar alanine (A) (Figure 4), generating a mutant fusion
protein named AAAEAMA. This mutant lacked heparin-binding
activity but retained antigen-binding capacity and IL-12 biological
activity (64). IL-12RP2 primarily interacts with the IL-12p35 subunit
through its N-terminal Ig-like domain (1). The Y185R in mouse IL-
12p35 and the YI89R in human IL-12p35 (Figure 4) can block
binding to IL-12RB2 across species (63). These findings indicate that
Y185 (mice) and Y189 (humans) are critical amino acids for the
binding of IL-12p35 to IL-12RB2. In summary, these evolutionarily
conserved residues and motifs across species have been demonstrated
to critically influence receptor-ligand binding and complex activity,
making them effective therapeutic targets for various immune
disorders. The underlying mechanism lies in their essential role in
modulating the structure and function of IL-12 family receptors,
ligands, and receptor-ligand complexes, with particular emphasis on
the pivotal contributions of these key amino acid residues and
structural motifs.

Structural variations in IL-12 family members and their
receptors significantly influence immune function and disease
susceptibility. Certain single-nucleotide polymorphisms (SNPs) in
IL12RBI1, such as the R214-T365-R378 allele, are associated with
increased tuberculosis risk (99), highlighting how receptor variants
alter IL-12 signaling. Similarly, engineered IL-12 partial agonists
retain the ability to induce IFNy in CD8" T cells while suppressing
NK cell cytokine production (12). This cell-biased activity was
confirmed in vivo, where such agonists triggered antitumor
immunity against MC-38 adenocarcinoma without NK-mediated
toxicity (12), showcasing the potential for structure-guided immune
modulation. In autoimmune diseases like rheumatoid arthritis,
structural variations in IL-12 family cytokines (e.g., IL-23-driven
IL-17 cascade) disrupt the immune balance, affecting leukocyte
migration, bone erosion, and angiogenesis, while IL-12, IL-27, and
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IL-35 exert counter-regulatory effects (100). In cancer, SNPs in
IL12A and IL12B may alter protein expression or function,
contributing to immune dysregulation and increased oncogenic
risk (101). Combining these findings with our SeqLogo results
(Figure 4), it is evident that, with their conserved cross-species
sequence and spatial structural properties, these key amino acids are
primarily found in the conserved structures that we have identified.
The evidence above suggests that the key amino acid sites or
structural features of IL-12s and IL-12Rs are widely conserved
across animals, while some species-specific variations also exist.
This implies that designing targeted drugs tailored to specific
animal groups—primarily distinguished by Class—is feasible.
Additionally, studying specific clusters of IL-12s and IL-12Rs
proteins represents a promising new direction, as each cluster
exhibits distinct characteristics from groups based on protein
sequence features (Figures 3C, F).

4.5 Challenges and future directions

While this study provides valuable insights, several key
challenges remain: (i) Cross-species analyses present substantial
difficulties due to high genomic diversity (particularly in avian and
piscine species) and limited data availability, complicating both
ortholog identification and synteny analysis. (ii) Functional
validation of conserved structural features requires genetic
manipulation (e.g., knockout/overexpression) in appropriate
animal models, yet the complexity of immune systems poses
significant barriers to translating computational predictions into
in vivo verification. (iii) Clinical translation faces bottlenecks as
potential therapeutic strategies demand rigorous clinical trials—a
time- and resource-intensive process requiring multidisciplinary
collaboration. There is an urgent need to develop evolutionarily
ancient model organisms (Table 2) that trace IL-12s and IL-12Rs
origins, offering both cost-effective and ethically unconstrained
research platforms. (iv) Structural prediction limitations persist;
despite advances like ESMfold (58), the absence of crystallographic
data for IL-12 family proteins (notably their four-helix bundles with
fn3/Ig-like domains) in basal species introduces prediction artifacts.

Future priorities should focus on: (i) developing advanced
bioinformatic tools for cross-species ortholog analysis, (ii)
establishing functional validation models using CRISPR/Cas9-based
genome engineering, (iii) prioritizing preclinical studies to bridge basic
and clinical research, and (iv) exploiting ancient model organisms to
circumvent ethical constraints while reducing costs. In summary,
transitioning from evolutionary insights to clinical applications
requires overcoming technical, validation, and translational hurdles,
with the ultimate goal of developing novel immunotherapies.

Data availability statement
The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Frontiers in Immunology

14

10.3389/fimmu.2025.1584460

Ethics statement

The manuscript presents research on animals that do not
require ethical approval for their study.

Author contributions

WW: Conceptualization, Data curation, Formal Analysis,
Methodology, Software, Visualization, Writing - original draft,
Writing - review & editing. DL: Data curation, Formal Analysis,
Software, Writing — review & editing. KL: Investigation, Software,
Validation, Writing - review & editing. BC: Investigation, Software,
Visualization, Writing - review & editing. XL: Investigation,
Validation, Writing - review & editing. TH: Investigation,
Writing - review & editing. DG: Investigation, Writing - review
& editing. YD: Conceptualization, Methodology, Project
administration, Resources, Writing - review & editing. YN:
Investigation, Supervision, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported
by the Yunnan Provincial Key Laboratory of Biological Big
Data (202205AG070035).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1584460/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1584460/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1584460/full#supplementary-material
https://doi.org/10.3389/fimmu.2025.1584460
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wang et al.

References

1. Chen H, Ge X, Li C, Zeng ], Wang X. Structure and assembly of the human IL-12
signaling complex. Structure. (2024) 32:1640-1651.e5. doi: 10.1016/j.5tr.2024.07.010

2. Oppmann B, Lesley R, Blom B, Timans JC, Xu Y, Hunte B, et al. Novel p19 protein
engages IL-12p40 to form a cytokine, IL-23, with biological activities similar as well as
distinct from IL-12. Immunity. (2000) 13:715-25. doi: 10.1016/s1074-7613(00)00070-4

3. Collison LW, Workman CJ, Kuo TT, Boyd K, Wang Y, Vignali KM, et al. The
inhibitory cytokine IL-35 contributes to regulatory T-cell function. Nature. (2007)
450:566-9. doi: 10.1038/nature06306

4. Niedbala W, Wei X, Cai B, Hueber AJ, Leung BP, McInnes IB, et al. IL-35 is a
novel cytokine with therapeutic effects against collagen-induced arthritis through the
expansion of regulatory T cells and suppression of Th17 cells. Eur ] Immunol. (2007)
37:3021-9. doi: 10.1002/€ji.200737810

5. Wang X, Wei Y, Xiao H, Liu X, Zhang Y, Han G, et al. A novel IL-23p19/Ebi3 (IL-
39) cytokine mediates inflammation in Lupus-like mice. Eur J Immunol. (2016)
46:1343-50. doi: 10.1002/€ji.201546095

6. Flores RR, Kim E, Zhou L, Yang C, Zhao J, Gambotto A, et al. IL-Y, a synthetic
member of the IL-12 cytokine family, suppresses the development of type 1 diabetes in
NOD mice. Eur ] Immunol. (2015) 45:3114-25. doi: 10.1002/eji.201445403

7. Trinchieri G, Pflanz S, Kastelein RA. The IL-12 family of heterodimeric cytokines:
new players in the regulation of T cell responses. Immunity. (2003) 19:641-4.
doi: 10.1016/51074-7613(03)00296-6

8. Collison LW, Vignali DAA. Interleukin-35: odd one out or part of the family?
Immunol Rev. (2008) 226:248-62. doi: 10.1111/j.1600-065X.2008.00704.x

9. Jones LL, Chaturvedi V, Uyttenhove C, Van Snick J, Vignali DAA. Distinct
subunit pairing criteria within the heterodimeric IL-12 cytokine family. Mol Immunol.
(2012) 51:234-44. doi: 10.1016/j.molimm.2012.03.025

10. Vignali DAA, Kuchroo VK. IL-12 family cytokines: immunological playmakers.
Nat Immunol. (2012) 13:722-8. doi: 10.1038/ni.2366

11. Heufler C, Koch F, Stanzl U, Topar G, Wysocka M, Trinchieri G, et al.
Interleukin-12 is produced by dendritic cells and mediates T helper 1 development
as well as interferon-y production by T helper 1 cells. Eur ] Immunol. (1996) 26:659-68.
doi: 10.1002/¢ji.1830260323

12. Glassman CR, Mathiharan YK, Jude KM, Su L, Panova O, Lupardus PJ, et al.
Structural basis for IL-12 and IL-23 receptor sharing reveals a gateway for shaping
actions on T versus NK cells. Cell. (2021) 184:983-999.e24. doi: 10.1016/
j.cell2021.01.018

13. Bloch Y, Bouchareychas L, Merceron R, Sktadanowska K, Van Den Bossche L,
Detry S, et al. Structural activation of pro-inflammatory human cytokine IL-23 by
cognate IL-23 receptor enables recruitment of the shared receptor IL-12rf1. Immunity.
(2018) 48:45-58.¢6. doi: 10.1016/j.immuni.2017.12.008

14. Sun R, Abraham C. IL23 promotes antimicrobial pathways in human
macrophages, which are reduced with the IBD-protective IL23R R381Q variant. Cell
Mol Gastroenterol Hepatol. (2020) 10:673-97. doi: 10.1016/j.jcmgh.2020.05.007

15. Pflanz S, Timans JC, Cheung J, Rosales R, Kanzler H, Gilbert J, et al. IL-27, a
heterodimeric cytokine composed of EBI3 and p28 protein, induces proliferation of
naive CD4+ T cells. Immunity. (2002) 16:779-90. doi: 10.1016/s1074-7613(02)00324-2

16. Hunter CA, Kastelein R. Interleukin-27: balancing protective and pathological
immunity. Immunity. (2012) 37:960-9. doi: 10.1016/j.immuni.2012.11.003

17. Diveu C, McGeachy M]J, Boniface K, Stumhofer JS, Sathe M, Joyce-Shaikh B,
et al. IL-27 blocks RORc expression to inhibit lineage commitment of Th17 cells. J
Immunol. (2009) 182:5748-56. doi: 10.4049/jimmunol.0801162

18. Villarino AV, Stumhofer JS, Saris CJM, Kastelein RA, De Sauvage FJ, Hunter CA.
IL-27 limits IL-2 production during Th1 differentiation. ] Immunol. (2006) 176:237-47.
doi: 10.4049/jimmunol.176.1.237

19. Mirlekar B, Pylayeva-Gupta Y. IL-12 family cytokines in cancer and
immunotherapy. Cancers (Basel). (2021) 13:167. doi: 10.3390/cancers13020167

20. Collison LW, Delgoffe GM, Guy CS, Vignali KM, Chaturvedi V, Fairweather D,
et al. The composition and signaling of the IL-35 receptor are unconventional. Nat
Immunol. (2012) 13:290-9. doi: 10.1038/ni.2227

21. Shen P, Roch T, Lampropoulou V, O’Connor RA, Stervbo U, Hilgenberg E, et al.
IL-35-producing B cells are critical regulators of immunity during autoimmune and
infectious diseases. Nature. (2014) 507:366-70. doi: 10.1038/nature12979

22. Wang R-X, Yu C-R, Dambuza IM, Mahdi RM, Dolinska MB, Sergeev YV, et al.
Interleukin-35 induces regulatory B cells that suppress autoimmune disease. Nat Med.
(2014) 20:633-41. doi: 10.1038/nm.3554

23. LuZ,Xu K, Wang X, Li Y, Li M. Interleukin 39: a new member of interleukin 12
family. Cent Eur ] Immunol. (2020) 45:214-7. doi: 10.5114/ceji.2020.97911

24. Devergne O, Birkenbach M, Kieff E. Epstein-Barr virus-induced gene 3 and the
p35 subunit of interleukin 12 form a novel heterodimeric hematopoietin. Proc Natl
Acad Sci. (1997) 94:12041-6. doi: 10.1073/pnas.94.22.12041

25. Wang E, Albini A, Stroncek DF, Marincola FM. New take on comparative
immunology: relevance to immunotherapy. Immunotherapy. (2009) 1:355-66.
doi: 10.2217/imt.09.10

Frontiers in Immunology

15

10.3389/fimmu.2025.1584460

26. Somarelli JA, Ware KE, Kostadinov R, Robinson JM, Amri H, Abu-Asab M, et al.
PhyloOncology: Understanding cancer through phylogenetic analysis. Biochim Biophys
Acta (BBA) - Rev Cancer. (2017) 1867:101-8. doi: 10.1016/j.bbcan.2016.10.006

27. Gao H, LiK, Ai K, Geng M, Cao Y, Wang D, et al. Interleukin-12 induces IFN-
v secretion and STAT signaling implying its potential regulation of Th1 cell response
in nile tilapia. Fish Shellfish Immunol. (2023) 140:108974. doi: 10.1016/
j.£51.2023.108974

28. Wang X, Zhang A, Qiu X, Yang K, Zhou H. The IL-12 family cytokines in fish:
molecular structure, expression profile and function. Dev Comp Immunol. (2023)
141:104643. doi: 10.1016/j.dci.2023.104643

29. Pugliese D, Privitera G, Fiorani M, Parisio L, Calvez V, Papa A, et al. Targeting
IL12/23 in ulcerative colitis: update on the role of ustekinumab. Therap Adv
Gastroenterol. (2022) 15:17562848221102283. doi: 10.1177/17562848221102283

30. Vuyyuru SK, Shackelton LM, Hanzel ], Ma C, Jairath V, Feagan BG. Targeting
IL-23 for IBD: rationale and progress to date. Drugs. (2023) 83:873-91. doi: 10.1007/
540265-023-01882-9

31. Verstockt B, Salas A, Sands BE, Abraham C, Leibovitzh H, Neurath MF, et al.
Alimentiv Translational Research Consortium (ATRC). IL-12 and IL-23 pathway
inhibition in inflammatory bowel disease. Nat Rev Gastroenterol Hepatol. (2023)
20:433-46. doi: 10.1038/s41575-023-00768-1

32. Yue T, Zheng X, Dou Y, Zheng X, Sun R, Tian Z, et al. Interleukin 12 shows a
better curative effect on lung cancer than paclitaxel and cisplatin doublet
chemotherapy. BMC Cancer. (2016) 16:665. doi: 10.1186/s12885-016-2701-7

33. Vandenbroeck K, Alloza I, Gadina M, Matthys P. Inhibiting cytokines of the
interleukin-12 family: recent advances and novel challenges. J Pharm Pharmacol.
(2004) 56:145-60. doi: 10.1211/0022357022962

34, Visser L, Melief M-J, van Riel D, van Meurs M, Sick EA, Inamura S, et al.
Phagocytes containing a disease-promoting Toll-like receptor/Nod ligand are present
in the brain during demyelinating disease in primates. Am J Pathol. (2006) 169:1671—
85. doi: 10.2353/ajpath.2006.060143

35. Agarwal Y, Milling LE, Chang JYH, Santollani L, Sheen A, Lutz EA, et al.
Intratumourally injected alum-tethered cytokines elicit potent and safer local and
systemic anticancer immunity. Nat BioMed Eng. (2022) 6:129-43. doi: 10.1038/s41551-
021-00831-9

36. Xue D, Moon B, Liao J, Guo J, Zou Z, Han Y, et al. A tumor-specific pro-IL-12
activates preexisting cytotoxic T cells to control established tumors. Sci Immunol.
(2022) 7:eabi6899. doi: 10.1126/sciimmunol.abi6899

37. Mustafa M, Habib S, Tantry IQ, Islam S. Addressing the challenges of PD-1
targeted immunotherapy in cancer treatment. J Clin Exp Immunol. (2024) 9:1-3.
doi: 10.33140/JCEL09.01.03

38. Britten RJ, Kohne DE. Repeated sequences in DNA. Hundreds of thousands of
copies of DNA sequences have been incorporated into the genomes of higher
organisms. Science. (1968) 161:529-40. doi: 10.1126/science.161.3841.529

39. Tatusov RL, Koonin EV, Lipman DJ. A genomic perspective on protein families.
Science. (1997) 278:631-7. doi: 10.1126/science.278.5338.631

40. Sims JE, Smith DE. The IL-1 family: regulators of immunity. Nat Rev Immunol.
(2010) 10:89-102. doi: 10.1038/nri2691

41. Manni M, Berkeley MR, Seppey M, Simédo FA, Zdobnov EM. BUSCO update:
novel and streamlined workflows along with broader and deeper phylogenetic coverage
for scoring of eukaryotic, prokaryotic, and viral genomes. Mol Biol Evol. (2021)
38:4647-54. doi: 10.1093/molbev/msab199

42. Katoh K, Standley DM. MAFFT multiple sequence alignment software version 7:
improvements in performance and usability. Mol Biol Evol. (2013) 30:772-80.
doi: 10.1093/molbev/mst010

43. Capella-Gutiérrez S, Silla-Martinez JM, Gabaldon T. trimAl: A tool for
automated alignment trimming in large-scale phylogenetic analyses. Bioinformatics.
(2009) 25:1972-3. doi: 10.1093/bioinformatics/btp348

44. Minh BQ, Schmidt HA, Chernomor O, Schrempf D, Woodhams MD, Von
Haeseler A, et al. IQ-TREE 2: New models and efficient methods for phylogenetic
inference in the genomic era. Mol Biol Evol. (2020) 37:1530-4. doi: 10.1093/molbev/
msaa015

45. Zhang C, Rabiee M, Sayyari E, Mirarab S. ASTRAL-III: Polynomial time species
tree reconstruction from partially resolved gene trees. BMC Bioinf. (2018) 19:153.
doi: 10.1186/s12859-018-2129-y

46. Dainat J, Herentt D, Pucholt P. AGAT: Another gff analysis toolkit to handle
annotations in any GTF/GFF format. Zenodo. (2020) 431. doi: 10.5281/zenodo.3552717

47. Pertea G, Pertea M. GFF utilities: gffRead and gffCompare. FI000Research.
(2020) 9:304. doi: 10.12688/f1000research.23297.1

48. Mistry J, Chuguransky S, Williams L, Qureshi M, Salazar GA, Sonnhammer ELL,
et al. Pfam: The protein families database in 2021. Nucleic Acids Res. (2021) 49:D412-9.
doi: 10.1093/nar/gkaad13

49. Eddy SR. Accelerated profile HMM searches. PloS Comput Biol. (2011) 7:
€1002195. doi: 10.1371/journal.pcbi.1002195

frontiersin.org


https://doi.org/10.1016/j.str.2024.07.010
https://doi.org/10.1016/s1074-7613(00)00070-4
https://doi.org/10.1038/nature06306
https://doi.org/10.1002/eji.200737810
https://doi.org/10.1002/eji.201546095
https://doi.org/10.1002/eji.201445403
https://doi.org/10.1016/s1074-7613(03)00296-6
https://doi.org/10.1111/j.1600-065X.2008.00704.x
https://doi.org/10.1016/j.molimm.2012.03.025
https://doi.org/10.1038/ni.2366
https://doi.org/10.1002/eji.1830260323
https://doi.org/10.1016/j.cell.2021.01.018
https://doi.org/10.1016/j.cell.2021.01.018
https://doi.org/10.1016/j.immuni.2017.12.008
https://doi.org/10.1016/j.jcmgh.2020.05.007
https://doi.org/10.1016/s1074-7613(02)00324-2
https://doi.org/10.1016/j.immuni.2012.11.003
https://doi.org/10.4049/jimmunol.0801162
https://doi.org/10.4049/jimmunol.176.1.237
https://doi.org/10.3390/cancers13020167
https://doi.org/10.1038/ni.2227
https://doi.org/10.1038/nature12979
https://doi.org/10.1038/nm.3554
https://doi.org/10.5114/ceji.2020.97911
https://doi.org/10.1073/pnas.94.22.12041
https://doi.org/10.2217/imt.09.10
https://doi.org/10.1016/j.bbcan.2016.10.006
https://doi.org/10.1016/j.fsi.2023.108974
https://doi.org/10.1016/j.fsi.2023.108974
https://doi.org/10.1016/j.dci.2023.104643
https://doi.org/10.1177/17562848221102283
https://doi.org/10.1007/s40265-023-01882-9
https://doi.org/10.1007/s40265-023-01882-9
https://doi.org/10.1038/s41575-023-00768-1
https://doi.org/10.1186/s12885-016-2701-7
https://doi.org/10.1211/0022357022962
https://doi.org/10.2353/ajpath.2006.060143
https://doi.org/10.1038/s41551-021-00831-9
https://doi.org/10.1038/s41551-021-00831-9
https://doi.org/10.1126/sciimmunol.abi6899
https://doi.org/10.33140/JCEI.09.01.03
https://doi.org/10.1126/science.161.3841.529
https://doi.org/10.1126/science.278.5338.631
https://doi.org/10.1038/nri2691
https://doi.org/10.1093/molbev/msab199
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/bioinformatics/btp348
https://doi.org/10.1093/molbev/msaa015
https://doi.org/10.1093/molbev/msaa015
https://doi.org/10.1186/s12859-018-2129-y
https://doi.org/10.5281/zenodo.3552717
https://doi.org/10.12688/f1000research.23297.1
https://doi.org/10.1093/nar/gkaa913
https://doi.org/10.1371/journal.pcbi.1002195
https://doi.org/10.3389/fimmu.2025.1584460
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wang et al.

50. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment
search tool. ] Mol Biol. (1990) 215:403-10. doi: 10.1016/S0022-2836(05)80360-2

51. Almeida LV, Reis-Cunha JL, Bartholomeu DC. dgfr: an R package to assess
sequence diversity of gene families. BMC Bioinf. (2024) 25:207. doi: 10.1186/s12859-
024-05826-2

52. Yu G, Smith DK, Zhu H, Guan Y, Lam TT-Y. ggtree: An r package for
visualization and annotation of phylogenetic trees with their covariates and other
associated data. Methods Ecol Evol (2017) 8:28-36. doi: 10.1111/2041-210X.12628

53. XuS$, Dai Z, Guo P, Fu X, Liu S, Zhou L, et al. ggtreeExtra: Compact visualization
of richly annotated phylogenetic data. Mol Biol Evol. (2021) 38:4039-42. doi: 10.1093/
molbev/msab166

54. Wilkins D. gggenes: Draw gene arrow maps in “ggplot2.” (2023). Available online
at: https://wilkox.org/gggenes/ (Accessed May 21, 2025).

55. Bodenhofer U, Bonatesta E, Horejs-Kainrath C, Hochreiter S. msa: An R package
for multiple sequence alignment. Bioinformatics. (2015) 31:3997-9. doi: 10.1093/
bioinformatics/btv494

56. Edgar RC. MUSCLE: A multiple sequence alignment method with reduced time
and space complexity. BMC Bioinf. (2004) 5:113. doi: 10.1186/1471-2105-5-113

57. Crooks GE, Hon G, Chandonia J-M, Brenner SE. WebLogo: a sequence logo
generator. Genome Res. (2004) 14:1188-90. doi: 10.1101/gr.849004

58. Lin Z, Akin H, Rao R, Hie B, Zhu Z, Lu W, et al. Evolutionary-scale prediction of
atomic-level protein structure with a language model. Science. (2023) 379:1123-30.
doi: 10.1126/science.ade2574

59. Zhang C, Shine M, Pyle AM, Zhang Y. US-align: universal structure alignments
of proteins, nucleic acids, and macromolecular complexes. Nat Methods. (2022)
19:1109-15. doi: 10.1038/s41592-022-01585-1

60. Meng EC, Goddard TD, Pettersen EF, Couch GS, Pearson ZJ, Morris JH, et al.
UCSF ChimeraX: tools for structure building and analysis. Protein Sci: Publ Protein Soc.
(2023) 32:€4792. doi: 10.1002/pro.4792

61. Wang Y, Tang H, Wang X, Sun Y, Joseph PV, Paterson AH. Detection of
colinear blocks and synteny and evolutionary analyses based on utilization of
MCScanX. Nat Protoc (2024) 19:2206-29 doi: 10.1038/s41596-024-00968-2

62. Kumar S, Suleski M, Craig JM, Kasprowicz AE, Sanderford M, Li M, et al.
TimeTree 5: an expanded resource for species divergence times. Mol Biol Evol. (2022)
39:msacl74. doi: 10.1093/molbev/msac174

63. Esch A, Masiarz A, Mossner S, Moll JM, Grétzinger ], Schroder J, et al.
Deciphering site 3 interactions of interleukin 12 and interleukin 23 with their
cognate murine and human receptors. J Biol Chem. (2020) 295:10478-92.
doi: 10.1074/jbc.RA120.013935

64. Luria-Pérez R, Candelaria PV, Daniels-Wells TR, Rodriguez JA, Helguera G,
Penichet ML. Amino acid residues involved in the heparin-binding activity of murine
IL-12 in the context of an antibody-cytokine fusion protein. Cytokine. (2019) 120:220-
6. doi: 10.1016/j.cyt0.2019.04.004

65. Georgy J, Arlt Y, Moll JM, Ouzin M, Weitz HT, Gremer L, et al. Tryptophan (W) at
position 37 of murine IL-12/IL-23 p40 is mandatory for binding to IL-12RB1 and subsequent
signal transduction. J Biol Chem. (2021) 297:101295. doi: 10.1016/j.jbc.2021.101295

66. Adams JC, Chiquet-Ehrismann R, Tucker RP. The evolution of tenascins and
fibronectin. Cell Adh Migr. (2015) 9:22-33. doi: 10.4161/19336918.2014.970030

67. Zhang G, Parry LA, Vinther J, Ma X. A Cambrian spiny stem mollusk and the
deep homology of lophotrochozoan scleritomes. Science. (2024) 385:528-32.
doi: 10.1126/science.ado0059

68. Liongue C, Ward AC. Evolution of Class I cytokine receptors. BMC Evol Biol.
(2007) 7:1-14. doi: 10.1186/1471-2148-7-120

69. Macqueen DJ, Johnston IA. A well-constrained estimate for the timing of the
salmonid whole genome duplication reveals major decoupling from species
diversification. Proc R Soc B (2014) 281:20132881. doi: 10.1098/rspb.2013.2881

70. Wang J-T, Li J-T, Zhang X-F, Sun X-W. Transcriptome analysis reveals the time
of the fourth round of genome duplication in common carp (Cyprinus carpio). BMC
Genomics. (2012) 13:96. doi: 10.1186/1471-2164-13-96

71. Inoue JG, Miya M, Lam K, Tay B-H, Danks JA, Bell J, et al. Evolutionary origin
and phylogeny of the modern holocephalans (Chondrichthyes: Chimaeriformes): a
mitogenomic perspective. Mol Biol Evol. (2010) 27:2576-86. doi: 10.1093/molbev/
msq147

72. Irisarri I, Baurain D, Brinkmann H, Delsuc F, Sire J-Y, Kupfer A, et al.
Phylotranscriptomic consolidation of the jawed vertebrate timetree. Nat Ecol Evol.
(2017) 1:1370-8. doi: 10.1038/s41559-017-0240-5

73. Hayday AC. v cells: a right time and a right place for a conserved third way of
protection. Annu Rev Immunol. (2000) 18:975-1026. doi: 10.1146/annurev.immunol.18.1.975

74. Kasahara M. Genome duplication and T cell immunity. Prog Mol Biol Transl Sci.
(2010) 92:7-36. doi: 10.1016/S1877-1173(10)92002-4

75. Crowley JJ, Warren RB, Cather JC. Safety of selective IL-23p19 inhibitors for the
treatment of psoriasis. ] Eur Acad Dermatol Venereol. (2019) 33:1676-84. doi: 10.1111/
jdv.15653

76. Marafini I, Angelucci E, Pallone F, Monteleone G. The IL-12/23/STAT axis as a
therapeutic target in inflammatory bowel disease: mechanisms and evidence in man.
Dig Dis. (2015) 33 Suppl 1:113-9. doi: 10.1159/000437106

Frontiers in Immunology

10.3389/fimmu.2025.1584460

77. Rong C, Hu W, Wu F, Cao X, Chen F. Interleukin-23 as a potential therapeutic
target for rheumatoid arthritis. Mol Cell Biochem. (2012) 361:243-8. doi: 10.1007/
s11010-011-1109-6

78. Wang D, Liu R. The IL-12 family of cytokines: pathogenetic role in diabetic
retinopathy and therapeutic approaches to correction. Naunyn Schmiedebergs Arch
Pharmacol. (2025) 398:125-33. doi: 10.1007/s00210-024-03360-9

79. Yi P, Yu W, Xiong Y, Dong Y, Huang Q, Lin Y, et al. IL-35: new target for
immunotherapy targeting the tumor microenvironment. Mol Cancer Ther. (2024)
23:148-58. doi: 10.1158/1535-7163.MCT-23-0242

80. Egwuagu CE, Yu C-R, Sun L, Wang R. Interleukin 35: critical regulator of
immunity and lymphocyte-mediated diseases. Cytokine Growth Factor Rev. (2015)
26:587-93. doi: 10.1016/j.cytogfr.2015.07.013

81. Waldner MJ, Neurath MF. Gene therapy using IL 12 family members in
infection, auto immunity, and cancer. Curr Gene Ther. (2009) 9:239-47.
doi: 10.2174/156652309788921099

82. Papp KA, Blauvelt A, Bukhalo M, Gooderham M, Krueger JG, Lacour J-P, et al.
Risankizumab versus ustekinumab for moderate-to-severe plaque psoriasis. N Engl |
Med. (2017) 376:1551-60. doi: 10.1056/NEJMoal607017

83. Jefremow A, Neurath MF. All are equal, some are more equal: targeting IL 12 and
23 in IBD &ndash; a clinical perspective. ImmunoTargets Ther. (2020) 9:289-97.
doi: 10.2147/1TT.S282466

84. Gaffen SL, Jain R, Garg AV, Cua DJ. The IL-23-IL-17 immune axis: from
mechanisms to therapeutic testing. Nat Rev Immunol. (2014) 14:585-600. doi: 10.1038/
nri3707

85. Bridgewood C, Watad A, Cuthbert R], McGonagle D. Spondyloarthritis: new
insights into clinical aspects, translational immunology and therapeutics. Curr Opin
Rheumatol. (2018) 30:526-32. doi: 10.1097/BOR.0000000000000529

86. Kashani A, Schwartz DA. The expanding role of anti-IL-12 and/or anti-IL-23
antibodies in the treatment of inflammatory bowel disease. Gastroenterol Hepatol (N
Y). (2019) 15:255-65.

87. Moschen AR, Tilg H, Raine T. IL-12, IL-23 and IL-17 in IBD: immunobiology
and therapeutic targeting. Nat Rev Gastroenterol Hepatol. (2019) 16:185-96.
doi: 10.1038/s41575-018-0084-8

88. Ying L, Gong L, Meng S, Wu X, Li M, Li Y. Circulating interleukin-39 as a
potential biomarker for rheumatoid arthritis diagnosis. Clin Biochem. (2023)
119:110616. doi: 10.1016/j.clinbiochem.2023.110616

89. Jaber AS, Ad’hiah AH. A novel signature of interleukins 360, 37, 38, 39 and 40
in ankylosing spondylitis. Cytokine. (2023) 162:156117. doi: 10.1016/
j.cyto.2022.156117

90. Nussrat SW, Ad’hiah AH. Interleukin-39 is a novel cytokine associated with type
2 diabetes mellitus and positively correlated with body mass index. Endocrinol Diabetes
Metab. (2023) 6:e409. doi: 10.1002/edm2.409

91. Khaliefa AK, Desouky EM, Hozayen WG, Shaaban SM, Hasona NA. miRNA-
1246, HOTAIR, and IL-39 signature as potential diagnostic biomarkers in breast
cancer. Noncoding RNA Res. (2023) 8:205-10. doi: 10.1016/j.ncrna.2023.02.002

92. Sari A, Dogan S, Nibali L, Koseoglu S. Evaluation of IL-23p19/Ebi3 (IL-39)
gingival crevicular fluid levels in periodontal health, gingivitis, and periodontitis. Clin
Oral Investig. (2022) 26:7209-18. doi: 10.1007/s00784-022-04681-w

93. Fonseca-Camarillo G, Furuzawa-Carballeda J, Barreto-Zuniga R, Martinez-
Benitez B, Yamamoto-Furusho JK. Increased synthesis and intestinal expression of
IL-39 in patients with inflammatory bowel disease. Immunol Res. (2024) 72:284-92.
doi: 10.1007/s12026-023-09432-x

94. Sugiyama N, Nakashima H, Yoshimura T, Sadanaga A, Shimizu S, Masutani K,
et al. Amelioration of human lupus-like phenotypes in MRL/Ipr mice by overexpression
of interleukin 27 receptor alpha (WSX-1). Ann Rheum Dis. (2008) 67:1461-7.
doi: 10.1136/ard.2007.077537

95. Harker JA, Wong KA, Dallari S, Bao P, Dolgoter A, Jo Y, et al. Interleukin-27R
signaling mediates early viral containment and impacts innate and adaptive immunity
after chronic lymphocytic choriomeningitis virus infection. J Virol. (2018) 92:€02196-
17. doi: 10.1128/JV1.02196-17

96. Xu S, Neamati N. gp130: a promising drug target for cancer therapy. Expert Opin
Ther Targets. (2013) 17:1303-28. doi: 10.1517/14728222.2013.830105

97. Song D, Yu W, Ren Y, Zhu J, Wan C, Cai G, et al. Discovery of bazedoxifene
analogues targeting glycoprotein 130. Eur ] Med Chem. (2020) 199:112375.
doi: 10.1016/j.ejmech.2020.112375

98. Esimova IE, Urazova OI, Ignatova MS, Novitskii VV, Kolobovnikova YV.
Molecular factors of cytokine-dependent activation of T cells in pulmonary
tuberculosis. Bull Exp Biol Med. (2015) 159:390-2. doi: 10.1007/s10517-015-
2971-0

99. Akahoshi M, Nakashima H, Miyake K, Inoue Y, Shimizu S, Tanaka Y, et al.
Influence of interleukin-12 receptor betal polymorphisms on tuberculosis. Hum Genet.
(2003) 112:237-43. doi: 10.1007/s00439-002-0873-5

100. Pope RM, Shahrara S. Possible roles of IL-12-family cytokines in rheumatoid
arthritis. Nat Rev Rheumatol. (2013) 9:252-6. doi: 10.1038/nrrheum.2012.170

101. Yuzhalin AE, Kutikhin AG. Interleukin-12: clinical usage and molecular
markers of cancer susceptibility. Growth Factors. (2012) 30:176-91. doi: 10.3109/
08977194.2012.678843

frontiersin.org


https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1186/s12859-024-05826-2
https://doi.org/10.1186/s12859-024-05826-2
https://doi.org/10.1111/2041-210X.12628
https://doi.org/10.1093/molbev/msab166
https://doi.org/10.1093/molbev/msab166
https://wilkox.org/gggenes/
https://doi.org/10.1093/bioinformatics/btv494
https://doi.org/10.1093/bioinformatics/btv494
https://doi.org/10.1186/1471-2105-5-113
https://doi.org/10.1101/gr.849004
https://doi.org/10.1126/science.ade2574
https://doi.org/10.1038/s41592-022-01585-1
https://doi.org/10.1002/pro.4792
https://doi.org/10.1038/s41596-024-00968-2
https://doi.org/10.1093/molbev/msac174
https://doi.org/10.1074/jbc.RA120.013935
https://doi.org/10.1016/j.cyto.2019.04.004
https://doi.org/10.1016/j.jbc.2021.101295
https://doi.org/10.4161/19336918.2014.970030
https://doi.org/10.1126/science.ado0059
https://doi.org/10.1186/1471-2148-7-120
https://doi.org/10.1098/rspb.2013.2881
https://doi.org/10.1186/1471-2164-13-96
https://doi.org/10.1093/molbev/msq147
https://doi.org/10.1093/molbev/msq147
https://doi.org/10.1038/s41559-017-0240-5
https://doi.org/10.1146/annurev.immunol.18.1.975
https://doi.org/10.1016/S1877-1173(10)92002-4
https://doi.org/10.1111/jdv.15653
https://doi.org/10.1111/jdv.15653
https://doi.org/10.1159/000437106
https://doi.org/10.1007/s11010-011-1109-6
https://doi.org/10.1007/s11010-011-1109-6
https://doi.org/10.1007/s00210-024-03360-9
https://doi.org/10.1158/1535-7163.MCT-23-0242
https://doi.org/10.1016/j.cytogfr.2015.07.013
https://doi.org/10.2174/156652309788921099
https://doi.org/10.1056/NEJMoa1607017
https://doi.org/10.2147/ITT.S282466
https://doi.org/10.1038/nri3707
https://doi.org/10.1038/nri3707
https://doi.org/10.1097/BOR.0000000000000529
https://doi.org/10.1038/s41575-018-0084-8
https://doi.org/10.1016/j.clinbiochem.2023.110616
https://doi.org/10.1016/j.cyto.2022.156117
https://doi.org/10.1016/j.cyto.2022.156117
https://doi.org/10.1002/edm2.409
https://doi.org/10.1016/j.ncrna.2023.02.002
https://doi.org/10.1007/s00784-022-04681-w
https://doi.org/10.1007/s12026-023-09432-x
https://doi.org/10.1136/ard.2007.077537
https://doi.org/10.1128/JVI.02196-17
https://doi.org/10.1517/14728222.2013.830105
https://doi.org/10.1016/j.ejmech.2020.112375
https://doi.org/10.1007/s10517-015-2971-0
https://doi.org/10.1007/s10517-015-2971-0
https://doi.org/10.1007/s00439-002-0873-5
https://doi.org/10.1038/nrrheum.2012.170
https://doi.org/10.3109/08977194.2012.678843
https://doi.org/10.3109/08977194.2012.678843
https://doi.org/10.3389/fimmu.2025.1584460
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Evolutionary insights into Interleukin-12 family targets across 405 species
	1 Introduction
	2 Methods
	2.1 Construction of the species tree
	2.2 Preparation of genome and annotation files
	2.3 Identification and phylogenetic analysis of the IL-12s and IL-12Rs
	2.4 Protein family clustering and classification
	2.5 Analysis of the IL-12s and IL-12Rs Variants
	2.6 Synteny and origin analysis of IL-12s and IL-12Rs

	3 Results
	3.1 Identification and distribution of IL-12s and IL-12Rs in various animal Class
	3.2 Evolutionary patterns of IL-12s and IL-12Rs across several groups
	3.3 Conserved characteristics of IL-12s and IL-12Rs across several groups
	3.4 Key targets of IL-12s
	3.5 Origin of IL-12s and IL-12Rs

	4 Discussion
	4.1 Evolutionary insights and ancient origins
	4.2 Significance of IL-12 family in immune regulation
	4.3 Conservation and functional divergence
	4.4 Potential therapeutic targets and drug development
	4.5 Challenges and future directions

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


