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Abstract

Neurodegenerative diseases (NDs) such as Alzheimer’s disease (AD), Parkinson’s disease (PD), multiple sclerosis (MS),
and amyotrophic lateral sclerosis (ALS) are characterized by progressive neuronal loss and chronic neuroinflammation.
Increasing evidence highlights the interleukin-12 (IL-12) cytokine family—including IL-12, IL-23, IL-27, and IL-35—as
central regulators of immune responses in the central nervous system (CNS). IL-12 and IL-23 predominantly promote pro-
inflammatory pathways by driving Th1/Th17 activity, microglial activation, and neurotoxicity, whereas IL-27 and IL-35
exert anti-inflammatory and neuroprotective effects through IL-10 induction and expansion of regulatory immune subsets.
This review synthesizes disease-specific expression patterns and experimental findings, underscoring the dual pathogenic
and protective roles of these cytokines. Therapeutic strategies targeting IL-12 family signaling have shown promise in
preclinical and clinical contexts. In AD, blockade of IL-12/IL-23 reduced amyloid burden and improved cognition, while
agents such as tadalafil and bergapten enhanced IL-27-mediated neuroprotection via PI3K/Akt, Wnt/pB-catenin, and cGMP/
PKG pathways. In MS, approaches including p40 blockade (ustekinumab, ABT-874), interferon-f} therapy, hematopoietic
stem cell transplantation, and B-cell depletion (ocrelizumab) variably suppressed IL-12/IL-23 and augmented IL-27/IL-35,
influencing relapse rates and progression. Natural compounds such as curcumin, berberine, and vitamin D further highlight
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metabolic and dietary opportunities for cytokine modulation. In PD, combinatorial regimens combining herbal formula-
tions with anti-inflammatory agents dampened IL-12-driven macrophage activation and supported dopaminergic neuron
survival. Taken together, IL-12 family cytokines emerge as both biomarkers and therapeutic targets in NDs. However,
context-dependent activity, blood—brain barrier constraints, and incomplete understanding—particularly of IL-35—pose

translational challenges warranting further investigation.
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Introduction
NDs, including AD, PD, and Huntington’s disease (HD),

are recognized as major medical challenges of the twenty-
first century. This is largely due to their increased incidence,
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progressive and disabling symptoms, and the absence
of effective cures (Rosser et al. 2022; Van Schependom
and D’haeseleer 2023). While traditional research has
focused on protein misfolding and aggregation, such as
amyloid-p, tau, and a-synuclein, recent findings suggest that
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neuroinflammation may play a central, rather than merely
secondary, role in driving neuronal damage. Within this con-
text, the interleukin-12 (IL-12) family cytokines (compris-
ing the heterodimeric cytokines IL-12, IL-23, IL-27, and
IL-35) has gained attention as a critical link between periph-
eral immune responses and CNS homeostasis (Vignali and
Kuchroo 2012; Gatecka et al. 2021; Mortada et al. 2021).
Although cytokines of the IL-12 family exploit a shared
JAK-STAT signaling pathway, they produce a wide range
of effects ranging from pro-inflammatory (IL-12 and IL-23)
to immunoregulatory (IL-27 and IL-35) based on factors,
such as receptor expression and cellular environment (Liu
et al. 2020a, b, c; Mirlekar and Pylayeva-Gupta 2021; Ye
et al. 2021). In the peripheral immune system, IL-12 facili-
tates the differentiation of Thl cells and stimulates IFN-y
production, while IL-23 plays a key role in maintaining
Th17 cell populations (Ullrich et al. 2020; Schinocca et al.
2021). Conversely, IL-27 and IL-35 are generally involved
in dampening inflammatory responses. Recent evidence
indicates that these cytokines also directly affect cellular
function, including microglia, oligodendrocytes, and neu-
ronal viability, thereby contributing to the progression or
resolution of neuropathological conditions (Stumhofer and
Hunter 2008; Ye et al. 2021; Kennedy and Silver 2022).
IL-12 is significantly upregulated in the brains of individu-
als with AD, contributing to neurodegeneration by affecting
both oligodendrocyte and neuronal signaling pathways. In
murine models of AD, genetic deletion of IL-12 receptors
led to the restoration of myelin structure, improved survival
of interneurons, and enhanced microglial phagocytic activity
(Ano et al. 2020; Schneeberger et al. 2025a, b; Shateri et al.
2025a, b). These findings are corroborated by elevated IL.-12
levels in human AD brain tissue, highlighting the transla-
tional potential of targeting this cytokine. Collectively, these
discoveries position IL-12 as a compelling therapeutic tar-
get, shifting the focus of the IL-12 family cytokines from
its traditional role in peripheral immunity to a central role
in neurodegenerative disease intervention (Yang et al. 2022;
Schneeberger et al. 2025a, b).

Supporting these preclinical findings, recent biomarker
analyses have detected increased levels of plasma IL-12p70
in individuals with AD and PD, often accompanied by
heightened concentrations of other inflammatory markers,
including IL-1a, IL-1p, and TNF-a. This systemic inflam-
matory profile reinforces the concept of peripheral-to-CNS
communication in driving neurodegenerative processes,
implying that circulating IL-12 is not simply a byprod-
uct of disease but may play an active, pathogenic role in
its progression (Winston and Rissman 2023; Shateri et al.
2025a, b). Within the AD brain, exposure to IL-12 and IL-23
drives microglia toward a dysfunctional, pro-inflammatory
state that hampers the clearance of amyloid-p and intensi-
fies neuronal damage. These pathogenic microglia exhibit

increased production of inflammatory cytokines alongside
reduced phagocytic capacity, a profile that mirrors broader
findings linking neuroinflammation to key processes under-
lying demyelination and neurodegeneration (Chen et al.
2024; Bhardwaj et al. 2025). Experimental studies have
demonstrated that IL-12, especially in combination with
IL-18, initiates robust neuroinflammatory responses char-
acterized by activated microglia, infiltration of peripheral
immune cells, and neuronal injury. These inflammatory pro-
cesses mirror human neurodegenerative disorders, such as
synaptic degradation, loss of myelin, and cognitive or behav-
ioral impairments, underscoring the value of IL-12-driven
inflammation in replicating disease mechanisms within
model systems (Gaviglio et al. 2022a, b; Nikolopoulos et al.
2023). In summary, the IL-12 cytokine family, particularly
IL-12, emerges as a significant contributor to the pathol-
ogy of neurodegenerative diseases. Their ability to exert
both neuroprotective and neurotoxic effects underscores the
complex and context-dependent nature of cytokine signal-
ing (Luo et al. 2021; Nitsch et al. 2021; Schneeberger et al.
2025a, b). Targeted inhibition of IL-12, such as by block-
ing the p40 subunit it shares with IL-23, has demonstrated
promising outcomes in preclinical studies, including reduced
amyloid plaque accumulation, decreased neuroinflammation,
and improved neural function (Eede et al. 2020; Nitsch et al.
2021). Nonetheless, translating these findings into effec-
tive clinical therapies remains challenging, with obstacles
such as achieving efficient CNS drug delivery, maintaining
essential immune functions, and minimizing unintended side
effects. Therefore, the aim of this study is to explore the rela-
tionship between IL-12 family cytokines and neurodegenera-
tive diseases, with the goal of identifying their potential as
therapeutic targets (Nortey et al. 2022; Krueger et al. 2024;
Schneeberger et al. 2025a, b; Stacchiotti et al. 2025).

The IL-12 family cytokines: structure, receptors,
and function

The IL-12 family cytokines represent a distinct class of
heterodimeric cytokines that are central to the regulation
of both innate and adaptive immune responses. This group
consists of IL-12, IL-23, IL-27, and IL-35, each formed by
the combination of two subunits, which may be covalently or
non-covalently associated. Despite sharing several structural
components, including common subunits and receptor ele-
ments, these cytokines exert diverse immunological effects
(Mirlekar and Pylayeva-Gupta 2021; Wang et al. 2023a, b).
IL-12 is formed by the combination of two subunits: p35
(IL-12A) and p40 (IL-12B). The p40 subunit also partners
with p19 (IL-23A) to create IL-23. In a similar fashion,
IL-27 consists of p28 (IL-27A) paired with Epstein—Barr
virus-induced gene 3 (EBI3), whereas IL-35 is composed
of p35 and EBI3 (Cassatella et al. 2020; Ullrich et al. 2020).
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Each cytokine in the IL-12 family exerts its effects through a
receptor complex composed of two transmembrane chains,
each linked to Janus kinases (JAKSs). Upon ligand binding,
these kinases trigger phosphorylation cascades that activate
specific STAT (signal transducer and activator of transcrip-
tion) proteins (Yadav et al. 2025). IL-12 signals via a recep-
tor composed of IL-12Rp1 and IL-12Rp2, predominantly
activating STAT4, a pathway critical for IFN-y production
and the differentiation of Thl cells (Gao et al. 2023). In
contrast, IL-23 utilizes IL-12Rp1 paired with IL-23R, lead-
ing mainly to STAT3 activation, thereby supporting the per-
sistence and pathogenic activity of Th17 cells (Schinocca
et al. 2021). IL-27 engages a receptor consisting of WSX-1
(IL-27Ra) and gp130, activating both STAT1 and STATS3,
which supports early Th1 differentiation while also inducing
IL-10 production, thus exerting anti-inflammatory effects
(Xiong et al. 2022; An et al. 2025). IL-35, a heterodimer
composed of p35 and EBI3 subunits, exerts its immuno-
suppressive effects through receptor complexes that include
gp130 and IL-12Rp2, which may form either homodimeric
or heterodimeric assemblies. These receptor interactions
activate STAT1 and STAT3 signaling pathways, depending
on the receptor combination and the responding cell type.
In classical regulatory T cells (Tregs), which rely on the
transcription factor Foxp3 to maintain their identity and sup-
pressive function, IL-35 enhances their regulatory capacity.
Notably, IL-35 also drives the development of a unique and
recently described Treg subset known as iTr35 cells. Unlike
conventional Tregs, iTr35 cells function independently of
Foxp3 and gain their suppressive properties through IL-
35-driven autocrine signaling. In parallel, IL-35-producing
regulatory B cells (i35-Bregs), an emerging Breg subset,
contribute to immune regulation by promoting the expan-
sion of both Foxp3* Tregs and iTr35 cells, thereby inhibiting
pro-inflammatory Th17 responses and reinforcing periph-
eral tolerance during autoimmune inflammation (Choi and
Egwuagu 2021; Ye et al. 2021).

The IL-12 family cytokines play a pivotal role in shap-
ing immune responses, particularly by influencing T cell
differentiation and regulating the balance between inflam-
mation and tolerance. IL-12, the first member identified, is
renowned for its ability to drive Th1 polarization by promot-
ing IFN-y production from both T cells and natural killer
(NK) cells (Mehrotra et al. 2020; Tuzlak et al. 2021). It is
essential for host defense against intracellular pathogens,
such as Mycobacterium tuberculosis and Toxoplasma gondii,
and serves as a key “third signal” in T cell priming, effec-
tively bridging innate and adaptive immunity (Mahmoudza-
deh et al. 2021; Wang et al. 2025). However, IL-23 exerts
distinct immunological effects. Rather than promoting Th1
responses, it supports the stabilization and expansion of
Th17 cells, which secrete IL-17 and IL-22, cytokines cru-
cial for neutrophil recruitment and maintaining epithelial
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barriers (Schinocca et al. 2021; Pavlidis et al. 2022). How-
ever, dysregulation of the IL-23/Th17 axis has been strongly
implicated in the pathogenesis of several autoimmune dis-
eases, including psoriasis, multiple sclerosis, and inflam-
matory bowel disease (Sewell and Kaser 2022; Sharma
et al. 2022). IL-27 exhibits both pro- and anti-inflammatory
effects, depending on the immune environment and target
cells. Composed of the EBI3 and p28 subunits, it signals
through a receptor complex made up of WSX-1 (IL-27Ra)
and gp130, activating downstream JAK/STAT1 and STAT3
pathways. In autoimmune conditions such as spondyloar-
thritis, IL-27 acts predominantly as an anti-inflammatory
mediator by suppressing Th17 cell differentiation, down-
regulating RORYt, and promoting IL-10-producing Trl
regulatory T cells. However, under conditions like preterm
labor, IL-27 enhances inflammation by upregulating IFN-
v, IL-6, TNF-a, and CXCL10 through the ERK signaling
pathway, particularly in fetal membrane and uterine cells.
This context-dependent function positions IL-27 as a key
immunoregulatory cytokine capable of modulating both
protective and pathological immune responses (Huang et al.
2021; Jouhault et al. 2023). IL-35, a heterodimeric cytokine
from the IL-12 family, exerts powerful immunosuppressive
effects by orchestrating both innate and adaptive immune
responses. In sepsis, its serum levels rise significantly dur-
ing the acute phase and show strong correlations with clini-
cal severity, forming an interactive network with other key
cytokines, such as IL-6, IL-10, IL-17A, TNF-a, and IFN-
v. Experimental models demonstrate that administering
recombinant IL-35 suppresses pro-inflammatory cytokine
production, reduces effector T cell activity, and enhances the
expansion of Tregs) and iTr35, leading to reduced inflam-
mation and improved outcomes. In the tumor microenvi-
ronment, IL-35 similarly establishes an immunosuppressive
landscape by limiting cytotoxic T cell responses, driving T
cell exhaustion, and inducing both regulatory T and B cell
populations that sustain IL-35 expression through a positive
feedback mechanism. Collectively, these immunomodula-
tory properties allow IL-35 to undermine effective immune
surveillance, promote disease progression, and contribute
to immune escape in both infectious and oncologic settings
(Liu et al. 2021; Wu et al. 2022).

Together, the IL-12 family cytokines including IL-12,
IL-23, IL-27, and IL-35 exhibit considerable promise as
therapeutic targets across both cancer and cardiovascular
diseases due to their roles in modulating immune responses.
In the context of cancer, these cytokines can either enhance
anti-tumor immunity or contribute to immune suppression
and tumor progression, depending on the tumor microen-
vironment and cytokine context. IL-12 and IL-27 primar-
ily stimulate cytotoxic and pro-inflammatory responses,
while IL-23 and IL-35 are more often linked to immuno-
suppressive and tumor-promoting functions. Conversely, in
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cardiovascular conditions, IL-12 and IL-23 are generally
associated with pathogenic inflammation and disease exac-
erbation, whereas IL-35 exerts protective, anti-inflammatory
effects. These dual and context-dependent roles underscore
the need for tailored strategies when targeting IL-12 family
members in immunotherapy (Ye et al. 2020; Mirlekar and
Pylayeva-Gupta 2021) (Fig. 1).

Therapeutic targeting of IL-12 family cytokines

IL-12 is an effective cytokine with the potential to enhance
antitumor immunity by stimulating cytotoxic T lymphocytes
and NK cell activation and thus emerging as a promising
candidate for anticancer immunotherapy (Mirlekar and
Pylayeva-Gupta 2021; Xu et al. 2024a, b). Tumor-specific
IL-12 therapies in clinical trials have shown preliminary
antitumor effects and acceptable safety profiles in advanced
solid cancers, including ovarian cancer and multiple mye-
loma, by local enhancement of immunity with minimal sys-
temic toxicity (Dong et al. 2024; Nash et al. 2025). New
delivery methods, e.g., IL-12 gene therapies targeted to

Fig. 1 Structure, receptor

tumors, also are augmenting therapeutic indices (Livingston
et al. 2024). Furthermore, IL-12 family cytokines, such as
IL-12, regulate inflammatory diseases like psoriasis, IBD,
and autoimmune CNS disease, highlighting their oncology-
cum-therapeutic significance (Bastian et al. 2019; Moschen
et al. 2019). IL-23, comprising the unique p19 subunit and
the shared p40 subunit with IL-12, is essential for Th17
cell differentiation and is a key driver of chronic inflamma-
tion and autoimmune disorders, including IBD, psoriasis,
and arthritis (Moschen et al. 2019). Selective blockade of
IL-23 signaling, particularly targeting the p19 subunit, has
emerged as a relevant therapeutic approach, with several
monoclonal antibodies such as guselkumab, risankizumab,
brazikumab, and mirikizumab demonstrating efficacy and
safety (McDonald, Dyer et al. 2022; Bourgonje et al. 2024).
Compared to first-generation therapies like ustekinumab that
block IL-12/23 p40, second-generation IL-23p19-specific
inhibitors may offer improved efficacy with fewer off-tar-
get effects. Biomarker-driven approaches, including base-
line serum IL-22 levels, may guide patient selection for
IL-23-targeted treatments to optimize clinical outcomes
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(Bourgonje et al. 2024). IL-27 can induce Th1 differentiation
but also suppress immune responses through IL-10 induc-
tion and Th17 suppression, thereby maintaining immune
homeostasis. IL-27 is explored as a therapeutic target for
autoimmune diseases, infections, and cancer due to its dual
roles (Gong et al. 2013; Yoshida and Hunter 2015). Cancer
immunotherapy, IL-27 exhibits potent antitumor activities by
enhancing CD8 + T and NK cell function and anti-angiogen-
esis with no apparent side effects, but with protumorigenic
activity by inducing immunosuppressive molecules such
as PD-L1 and CD39 on Tregs (Yoshida and Hunter 2015;
Yasmin-Karim et al. 2018). Therapeutic strategies include
IL-27 gene therapy with adeno-associated virus (AAV) vec-
tors to enhance antitumor immunity by eliminating Tregs
and enhanced response to immune checkpoint inhibitors (Hu
et al. 2020; Liu et al. 2020a, b, ¢). Neutralizing IL-27 in the
tumor microenvironment can diminish immunosuppression
and enhance immunotherapy effectiveness (Papargyris et al.

2 4

Gene Therapy

IL-35 inhibition
to BOOST
immunotherapy

‘ IL-23 1 e
BOOST ; mition o

unotherapy

2024). IL-35 has also been implicated in regulating autoim-
munity and cancer progression through TME regulation by
modulating immunosuppressive activities that are support-
ive of tumor development and metastasis (Choi et al. 2015;
Yi et al. 2024). IL-35-targeting therapies aim to block its
production or activity as to enhance antitumor immunity
and manage autoimmune reactions. Due to its immunosup-
pression activity, IL-35 is a promising candidate for cancer
immunotherapy and has the potential to overcome resistance
to existing immune checkpoint therapies (Liu et al. 2021)
(Fig. 2)(Table 1).

Mechanisms of neuroinflammation
in neurodegenerative diseases

Neuroinflammation is a core mechanism driving the onset
and progression of neurodegenerative disorders. Rather
than serving solely as a secondary response to neural injury,

Monoclonal
antibodies targeting

(AAV

Gene therapy
yectors)

Fig.2 Therapeutic targeting of IL-12 family cytokines. Created with BioRender.com
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Table 1 Therapeutic potential and clinical targeting of IL-12 family cytokines

Cytokine Immune role Target diseases

Therapeutic strategies Clinical status

1L-12 Immune activator, induces Thl
and IFN-y like IBD, MS

IL-23 Promotes Th17, chronic Psoriasis, IBD, arthritis
inflammation

IL-27 Context-dependent role (pro- Cancer, autoimmune diseases,
and anti-inflammatory), infections
induces IL-10

IL-35 Immunosuppressive, elevates ~ Cancer, autoimmune diseases

Treg/Breg populations like MS

Cancers, inflammatory diseases IL-12 gene therapy, tumor-

Clinical trials demonstrate prom-

specific immunotherapy

Monoclonal antibodies target-
ing p19, such as Guselkumab

ising early efficacy
Approved for some diseases;
second-gen agents more selec-

and Risankizumab

IL-27 gene therapy (AAV
vectors), IL-27 inhibition in
TME to enhance immuno-
therapy

Inhibit IL-35 production/activ-
ity, increase immunotherapy

tive than anti-p40
Preclinical; promising in animal
models

In development; preliminary data
but promising potential

The information presented in this table is primarily synthesized from the narrative review outlined in the section Therapeutic targeting of IL-12

family cytokines, with full citations provided throughout the main text

inflammation within the CNS actively contributes to neu-
ronal dysfunction and eventual cell death. Conditions such
as AD, PD, multiple sclerosis (MS), and ALS are character-
ized by sustained inflammatory activity, largely mediated by
activated glial cells most notably microglia and astrocytes
(Kwon and Koh 2020; You et al. 2023). While acute inflam-
mation may offer short-term protection, chronic inflamma-
tory signaling has deleterious effects, leading to synaptic
degradation, oxidative damage, and neurodegeneration (Ley-
ane et al. 2022; Soliman and Barreda 2022).

Microglia, the resident immune sentinels of the CNS,
are rapidly activated in response to pathological aggre-
gates such as amyloid-f in AD and a-synuclein in PD
(Gerrits et al. 2021; Wang et al. 2023a, b). Microglia act
as the brain’s primary immune sentinels and are rapidly
activated in response to damage-associated or pathogen-
derived signals through receptors such as TLR4. Once
activated, they release inflammatory cytokines like IL-1p
and TNF-a, which contribute to neuronal injury and drive
astrocytes into a reactive Al state. These Al astrocytes
then amplify the inflammatory cascade by producing com-
plement factors, such as Clq and C3, matrix metallopro-
teinases, and additional cytokines, thereby exacerbating
neuronal dysfunction and compromising the integrity of
the blood-brain barrier (BBB). Astrocytes, due to their
strategic anatomical positioning and abundance, can inten-
sify this immune response. In toxin-induced models such
as 1,2-dichloroethane exposure, astrocytes may become
activated before microglia via ROS-dependent signal-
ing pathways, including p38 MAPK, NF-kB, and AP-1.
In turn, activated astrocytes release IL-1p, TNF-a, and
nitric oxide, which in turn polarize microglia toward a pro-
inflammatory M1 phenotype. However, if the pathological
environment shifts, microglia and astrocytes can transition
to anti-inflammatory M2 and A2 phenotypes, respectively,
marked by the production of IL-10 and transforming
growth factor-beta (TGF-), supporting tissue repair and

neuronal survival. This reciprocal, cytokine-driven com-
munication between glial cells shapes the progression or
resolution of neuroinflammation (Kwon and Koh 2020,
Liu, Liu et al. 2020a, b, c, Wang et al. 2021).

Central to this neuroinflammatory process is the complex
network of IL cytokines, which orchestrate both innate and
adaptive immune responses in the CNS. Among the most
prominent are IL-1f, IL-6, IL-17, and IL-18, all of which
are elevated in the brain tissue and cerebrospinal fluid of
patients with neurodegenerative diseases (Milovanovic et al.
2020; Gautam, Pulivarthi et al. 2023). IL-1f, predominantly
secreted by activated microglia, acts as an early trigger of
inflammatory cascades and is implicated in both tau hyper-
phosphorylation and amyloid accumulation in AD (Van Zel-
ler et al. 2021). IL-6, produced by both microglia and astro-
cytes, promotes acute phase reactions and has been linked
to impaired synaptic transmission and neurogenesis (Benar-
roch 2024). IL-17, derived from Th17 cells that infiltrate the
CNS, is a key mediator in autoimmune neuroinflammation
such as MS, and also plays a role in neurodegenerative dam-
age in AD and PD (Fu et al. 2022).

Within this broader cytokine milieu, the IL-12 family
stands out for its multifaceted regulatory influence on CNS
immunity (Chen et al. 2024; Yadav et al. 2025). IL-12, a
major promoter of Thl immune responses, induces IFN-y
secretion, enhancing the cytotoxic functions of immune
cells and contributing to inflammation-driven neurotoxicity.
Although essential in fighting infections, dysregulated IL-12
signaling is associated with CNS autoimmunity and MS-
related pathology (Dias de Sousa et al. 2022). IL-23 supports
the expansion of Th17 cells and drives the production of
IL-17 and IL-22, which are highly neurotoxic in demyeli-
nating diseases. The IL.-23/Th17 axis has been firmly estab-
lished as a pathogenic mechanism in experimental models of
MS and increasingly, in other neurodegenerative conditions
(Jadidi-Niaragh and Mirshafiey 2011; Pourgholaminejad and
Tahmasebinia 2025).
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IL-27 plays a complex role in CNS inflammation by
activating the JAK-STAT and p38 MAPK signaling path-
ways through its receptor on immune cells, contributing to
both pro- and anti-inflammatory responses. Although orig-
inally recognized as a promoter of Thl-mediated immune
responses, it is now recognized to exert anti-inflammatory
effects by inducing IL-10 production and enhancing the
function of regulatory T cell activity. Due to this dual
function, IL-27 has attracted interest as a therapeutic target
in neuroinflammatory and autoimmune CNS conditions,
with emerging treatments showing promising results in
experimental models (Shahi et al. 2020; Mei et al. 2022).
Experimental evidence suggests that IL-27 expression
in microglia can dampen harmful immune activity and
protect against neurodegeneration in MS models (Kawa-
nokuchi et al. 2013; Povroznik and Robinson 2020). IL-35,
an immunosuppressive cytokine within the IL-12 family,
contributes to CNS protection by inhibiting Th1 and Th17
inflammatory responses while promoting the expansion
of regulatory cell types, such as iTr35 T cells and IL-
10-producing Bregs. Its protective effects in the CNS are

thought to stem from its ability to suppress proinflamma-
tory cytokines, enhance regulatory immune pathways, and
shift macrophage activity toward an anti-inflammatory M2
phenotype (Zhu and Shan 2020; Soltani et al. 2022).

In conclusion, members of the IL-12 family cytokines
play diverse and context-specific roles in regulating CNS
inflammation, facilitating tissue repair, and maintaining
immune balance. Depending on the cellular and molec-
ular context, these cytokines can either exacerbate neu-
roinflammatory damage or facilitate immune regulation
and tissue repair (Kang et al. 2020; Schneeberger et al.
2025a, b). The wide-ranging functions of these cytokines
highlight their promise not only as indicators of disease
activity, but also as viable therapeutic targets for influenc-
ing the course of neurodegenerative disorders. Continued
investigation into their signaling pathways is anticipated to
provide essential knowledge for developing targeted strat-
egies aimed at reducing harmful neuroinflammation and
enhancing neural protection (Sun et al. 2015; Andreadou
et al. 2023)(Fig. 3).

PN
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feedback
Activated . S Reactive
microglia l Al astrocyte
IL-1B l
C3
l NO
TNF-a l
IL-1B
v
e D Neuroinflammation
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Fig.3 Microglia—astrocyte crosstalk in CNS neuroinflammation. This
illustration shows two-way inflammatory communication between
activated microglia and A1 type reactive astrocytes within the central
nervous system. Activated microglia, via pattern recognition recep-
tors like TLR4, secrete pro-inflammatory cytokines IL-1f and TNF-
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a. These stimulate astrocytes to become Al phenotype neurotoxic,
which secrete complement factor C3, nitric oxide (NO), and addi-
tional IL-1p to exacerbate neuronal injury. The subsequent favorable
assessment loop sustains recurrent neuroinflammation and induces
neurodegenerative advancement. Created with BioRender.com
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IL-12 family cytokines in specific neurodegenerative
disorders

IL-12 family cytokines, including IL-12, IL-23, IL-27, and
IL-35, play significant roles in the immune response regula-
tion and are implicated in the pathogenesis and progression
of neurodegenerative diseases, especially those involving
the central nervous system, inflammation such as multiple
sclerosis (Avarachan et al. 2021).

Alzheimer’s disease

IL-12 signaling plays a central role in AD pathology primar-
ily through the mechanism of neuroinflammation. Elevated
IL-12 protein expression is found in human AD brains com-
pared to controls, most strongly correlating with late Braak
stages indicative of severe disease. In AD-like mouse mod-
els, IL-12 receptors are predominantly found on neurons and
oligodendrocytes, not microglia, with IL-23 receptor expres-
sion being low. Conditional deletion of the IL-12 receptor
in neuroectodermal cells reduces amyloid-f (Af) burden
by about 50%, increases mature oligodendrocyte survival,
restores myelin homeostasis, and rescues parvalbumin-pos-
itive interneurons that are responsible for cognition. IL-12
acts via JAK-STAT signaling, activating phosphorylated
STAT4, which mediates cell death and neuronal and oligo-
dendrocyte dysfunction. In vitro, IL-12 treatment of human
oligodendrocyte-like cells stimulates pro-inflammatory
cytokine secretion, validating their functional receptiveness.
IL-12 signaling also disturbs gene expression by neurons
that is linked to memory and synaptic plasticity, further
disturbing neuronal homeostasis. Management of IL-12
signaling is a promising therapeutic technique for enhanc-
ing AD pathology, supported by reduced amyloid deposition
and improved microglial phagocytic activity upon inhibi-
tion of IL-12 (Schneeberger et al. 2025a, b). IL-23 is also
p40 shared with IL-12, but is not otherwise involved in AD
pathology. IL-23 receptor mRNAs are barely traceable in
neurons and oligodendrocytes in AD models and in human
brains. Conditional deletion of IL.-23 receptors in neuroecto-
dermal cells has no effect on amyloid burden, myelin integ-
rity, or cellular changes related to cognition in AD mouse
models. However, IL-23 can induce peripheral immune
responses that worsen AD, for example, by promoting Th17
cell differentiation and IL-17 production that disrupt A
clearance. However, in the CNS resident cells, IL-12, rather
than IL-23, is the primary neuroinflammatory player (Obst
2017; Chen et al. 2024). IL-27 regulates neuroinflamma-
tion and neuronal survival, inducing mainly neuroprotective
and anti-inflammatory effects. It is secreted largely by anti-
gen-presenting cells and triggers the JAK-STAT pathway,
inducing mainly STAT1 and STAT3 activation in microglia,
macrophages, and astrocytes. IL-27 and the expression of

its receptor are upregulated in CNS inflammatory disorders,
such as multiple sclerosis and AD. IL-27 promotes produc-
tion of the anti-inflammatory cytokine IL-10, suppresses
pro-inflammatory cytokine production (TNF-a, IL-6, IL-12,
and IL-23), inhibits inflammasome activation, and induces
transcriptional regulators that maintain immune homeo-
stasis. In neurons, IL-27 has been demonstrated to directly
enhance survival pathways and inhibit apoptosis. Although
some pro-inflammatory or pro-apoptotic activities have been
reported in specific contexts, the overall effect of IL-27 is
toward neuroprotection, making it a target for regulation of
neuroimmune responses in AD. Direct studies on IL-27 in
AD remain limited compared to other cytokines (Nortey
et al. 2022). IL-35, comprising EBI3 and p35 subunits, is
the sole IL-12 family cytokine possessing purely immu-
nosuppressive activity. It is mainly secreted by Tregs and
B cells and inhibits pro-inflammatory Th1 and Th17 cells
while inducing anti-inflammatory responses. In AD, IL-35
levels and IL-35-producing cells are increased, suggesting a
compensatory anti-inflammatory role. A recent experimen-
tal study demonstrated that IL-35 may reduce Ap load and
cognitive impairment in AD mouse models by inhibiting
BACEI transcription in neurons through the SOCS1/STAT1
pathway. The findings illustrate the therapeutic potential of
IL-35 as a neuroprotective cytokine which can counteract
the detrimental roles of IL-12 and IL-23 in AD (Chen et al.
2024) (Table 1).

Parkinson’s disease

IL-12 is largely accountable for differentiating naive
CD4 +T cells into IFN-y-producing Thl cells, while
IL-23 is involved in the expansion and sustainability of
IL-17-producing Th17 cells, which orchestrate inflamma-
tion. Although the search results did not address exactly the
roles of IL-12 and IL-23 in PD, these cytokines are gener-
ally characterized as pro-inflammatory mediators that can
exacerbate neuroinflammation in neurodegenerative disor-
ders. High levels of IL-23 have been associated with pro-
inflammatory profiles under disease conditions with immune
activation. IL-12 and IL-23, therefore, can be involved in
the chronic inflammatory milieu in PD, regulating progres-
sion through T-cell-mediated mechanisms (Dzamko 2023;
Sun et al. 2024). IL-27 and its receptor are expressed on
most immune cells, including macrophages, microglia, den-
dritic cells, and neurons and glia within the CNS. IL-27
signals through the JAK-STAT pathway, mainly STAT1 and
STATS3, to regulate immune responses and promote neuronal
survival. IL-27 has been shown to enhance neuronal survival
through regulation of pro- and anti-inflammatory cytokines,
reducing inflammasome activation, oxidative stress, and
apoptosis. It promotes the generation of anti-inflammatory
cytokine IL-10, additionally suppressing neuroinflammation.
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Studies in animals indicate that IL-27 potentially reduces
neuroinflammation and protects neurons from loss in CNS
models of damage. IL-27 is overexpressed in inflammatory
CNS cells in disease, suggesting a compensatory protective
role (Nortey et al. 2022). Clinical research demonstrated PD
patients to have lower levels of serum IL-27 compared to
controls, with the levels correlating inversely with disease
severity. This diminishment can impair the anti-inflamma-
tory role, leading to enhanced neurodegeneration. Other
studies, however, reported increased IL-27 correlating with
cognitive impairment in PD, indicating multifaceted dynam-
ics that may be dependent on disease stage or inflammatory
context (Kouchaki et al. 2018; Nortey et al. 2022; Wan et al.
2024). No marked differences in plasma IL-35 levels have
been found in PD patients compared with controls, suggest-
ing a limited or complex role at early or untreated stages of
disease. The reports indicate that there is a decrease in some
regulatory immune populations in untreated PD patients
like Tregs, Bregs, CDS8 regulatory T cells, and tolerogenic
dendritic cells, which may impair immune suppression.
Although IL-35 is part of the regulatory cytokine milieu,
direct evidence for its contribution to PD pathogenesis is
inadequate owing to limited data (Alvarez—Luquin et al.
2019) (Table 1).

Multiple sclerosis

IL-23 is a major regulator of the pathogenic Th17 phenotype
in experimental autoimmune encephalomyelitis (EAE), an
animal model for MS, and MS lesions (Yang et al. 2011).
IL-23 messenger RNA is increased in MS lesion tissues and
cerebrospinal fluid and correlates with disease activity (Li
et al. 2007; Wen et al. 2012; Ghaffari et al. 2017). IL-23
activates IL-23 receptor to signal activation of pathogenic
Th17 and other type 17 immune cells, leading to local tis-
sue inflammation by cytokines, including IL-17A, IL-17F,
IL-22, and GM-CSF (Krueger et al. 2024). Yet, clinical
efforts at treating MS through targeting IL-12/IL-23 have
failed in the face of promising preclinical outcomes. Treat-
ments with antibodies to the shared p40 subunit (inhibiting
both IL-23 and IL-12) failed to show efficacy in chronic
MS (Longbrake and Racke 2009). Such clinical failure to
thrive could reflect the heterogeneity and stage-dependent
roles of IL-23 and IL-12 in MS disease and limitations of
antibody penetration and timing in therapy (Krueger et al.
2024). IL-12 also has a neuroprotective role. IL-12 induces
Th1 differentiation, and IL-23 enhances Th17 responses, and
both Th1 and Th17 cells contribute to MS lesion formation
as well as to neuroinflammation (Clénet et al. 2021).

IL-27 is a member of the IL-12 family that suppresses
Th17 differentiation and inflammation and plays an overall
anti-inflammatory or regulatory role in MS (Sawant et al.
2015). IL-27 is a heterodimer of the EBI3 and IL-27p28
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subunits and acts through the IL-27 receptor complex
(Xu et al. 2024a, b). IL-27 expression is upregulated in
MS patients, particularly in immune cells and astrocytes,
whereby it modulates immune responses by downregulating
pathogenic Th17 cytokines and promoting IL-10 production
(Sénécal et al. 2016; Barac et al. 2023a, b). It modulates
immune functions of various CNS cells, including astro-
cytes, and suppresses inflammation processes linked with
demyelination. IL-27 activates regulatory T-cell function,
inhibits Th17 cell proliferation, and regulates proinflamma-
tory cytokine gene expression in monocytes, macrophages,
dendritic cells, and T cells by STAT1/STAT3 and NF-xB
pathways (Xu et al. 2024a, b). Regulatory effects of IL-27
may offer regulation of autoimmune neuroinflammation and
protection of neurons, suggesting therapeutic potential in MS
(Yazdanpanah et al. 2024). Its specific activity can neverthe-
less be microenvironment-dependent, showing pro- and anti-
inflammatory activity based on the setting (Xu et al. 2024a,
b). Studies show that IL-35 suppresses pathogenic Th1l and
Th17 responses, increases the function of Treg cells, and
mitigates autoimmune neuroinflammation in EAE, propos-
ing a potential protective role in MS. Clinical investigations
have shown decreased levels of serum IL-35 in patients with
relapsing—remitting MS compared to healthy subjects, which
reflects that production of regulatory cytokine is reduced
during active disease. IL-35’s action is regulating immune
cell proliferation and cytokine generation, but its intracel-
lular signaling pathways are not yet completely understood.
The cytokine is a promising therapeutic target for reconsti-
tuting immune tolerance and inhibiting inflammation in MS
(Moghadam et al. 2017; Dufty 2018)(Table 1).

Amyotrophic lateral sclerosis

The IL-12 family cytokines of IL-12 and IL-23 cytokines
have also been implicated in ALS-induced neuroinflamma-
tion. IL-23 concentrations are significantly elevated within
the CSF of ALS patients when compared to control subjects,
indicating the existence of a pro-inflammatory environment
causing motor neurodegeneration. IL-12, similarly, has been
shown to exist at elevated concentrations within the patient
group, indicating immune pathway activation potentially
leading to sustained neuronal damage. These cytokines pro-
vide crosstalk between innate and adaptive immunity that
promotes pathogenic T cell responses that cause neurodegen-
eration. IL-23 of the IL-12 family cytokines is reported to be
involved in inflammatory processes in ALS. Higher IL-23
in CSF is associated with enhanced neuroinflammation and
disease worsening. It is a facilitator in the expansion and
proliferation of Th17 cells, which produce pro-inflammatory
cytokines that enable motor neuron injury. The rising levels
of IL-23 suggest it could be used as a biomarker of disease
activity and as a therapeutic target (Jiang et al. 2022; Mimic
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et al. 2023). IL-27 is a pleiotropic cytokine with anti-inflam-
matory and pro-inflammatory functions and acts via the
JAK-STAT pathway. It is expressed by antigen-presenting
cells and present in several CNS cells, including microglia,
astrocytes, neurons, and macrophages. IL-27 could promote
neuronal survival through the modulation of inflammation,
oxidative stress, apoptosis, autophagy, and epigenetic modi-
fications. It induces anti-inflammatory cytokines like IL-10
and suppresses pro-inflammatory cytokines like TNF-a and
IL-6, potentially limiting neuronal injury. However, IL-27's
function in ALS is complicated: under different situations,
it activates inflammatory processes, and its levels in ALS
have offered inconsistent correlations with disease intensity.
Thus, IL-27 is both a potential biomarker and a potential
therapeutic target for regulating neuroinflammation in ALS
(Jiang et al. 2022; Nortey et al. 2022). IL-35 is a newly dis-
covered immune regulatory cytokine with anti-inflammatory
function. Though less characterized, IL-35 is also a member
of the neuroinflammatory network in ALS and takes part
in the regulation of immune responses. IL-35, along with
other regulatory cytokines like IL-10 and TGF-f, has been
implicated by recent research in limiting ALS-associated
inflammation and motor neuron damage, but additional stud-
ies must be carried out to determine its precise role and
therapeutic potential (Stacchiotti et al. 2025) (Table 1).

Huntington’s disease

IL-12 is an inflammatory cytokine primarily secreted by anti-
gen-presenting cells (APCs), such as macrophages, monocytes,
and dendritic cells. IL-12 levels are increased in HD, show-
ing an activated innate immune response and neuroinflam-
mation. The activation of microglia and macrophages in HD
produces IL-12 and other cytokines, which are components of
the proinflammatory profile in both CNS and peripheral tis-
sue. This cytokine induces Th1 cell differentiation and IFN-y
production, which may allow for neurodegenerative events to
worsen in HD (Collison and Vignali 2008; Ellrichmann et al.
2013). There is no direct evidence of IL-23 involvement in HD
in the literature; its role in autoimmune diseases and chronic
inflammation suggests that it would be a likely candidate to be
involved with HD’s inflammatory aspects (Garcia-Dominguez
2025; Goleij et al. 2025). IL-23 stimulates the production of
IL-19, IL-20, and IL.-24 via the IL-20R2 receptor, potentially
indirectly influencing neurodegeneration (Chan et al. 2006).
IL-27 is a pleiotropic cytokine that is primarily expressed by
APCs with pro- and anti-inflammatory functions (Nortey et al.
2022). IL-27-induced inflammatory modulation is defined by
the suppression of proliferation and apoptosis of monocytes,
macrophages, dendritic cells, and B cells, whose modulation
could regulate immune cell behavior in HD (Xu et al. 2024a,
b). Although direct evidence for IL-27 in HD is limited, its
immunoregulatory function predicts that it could modulate

inflammatory processes in the disease (Collison and Vignali
2008). IL-35 is a relatively recently identified cytokine of the
IL-12 family, differentiated mainly by its immunosuppressive
activity, and most highly produced by regulatory Tregs. IL-35
suppresses T-cell proliferation and possibly regulates immune
responses in autoimmune and inflammatory conditions (Col-
lison and Vignali 2008). Direct studies on IL-35 in HD do
not exist, but owing to the inflammatory environment in HD,
IL-35 may play a part in regulating excessive proinflammatory
cytokine activity (Jia et al. 2022; Rocha, Furr-Stimming et al.
2025) (Table 1).

Frontotemporal dementia

IL-12 levels are reduced in the cerebrospinal fluid of FTD
and patients, suggesting that dysregulated IL-12-mediated
immune responses, play a part in FTD (Rentzos et al. 2006;
Lok et al. 2023). Peripheral inflammation in behavioral vari-
ant FTD patients showed elevations in the concentrations
of IL-12p70, a biologically active species of IL-12, and IL-
17A, another cytokine in the IL-23 downstream pathway,
implicating the IL-12/IL.-23 axis in bvFTD (Chu et al. 2023).
IL-23 microglia expression and neuroinflammatory role have
been extensively characterized in other dementias like AD,
but direct evidence is scarce in FTD. Nevertheless, shared
neuroinflammatory pathologies suggest the IL-23 family
cytokines are implicated in FTD pathogenesis (Bright et al.
2019). IL-27 and IL-27p28 subunits, a member of the IL-12
family with pro- and anti-inflammatory potential depending
on context. IL-27 has been shown to modulate neuroinflam-
mation by the suppression of proinflammatory cytokines,
such as TNF-a and inducible nitric oxide synthase (iNOS)
in microglia, which may signify an anti-inflammatory neu-
roprotective mechanism in neurodegenerative disease (Rich
et al. 2004). Though the direct investigation on IL-27 in FTD
is restricted, its noted modulatory action on neuroinflam-
mation and microglial activation puts IL-27 in the spotlight
for further investigation on FTD immune dysregulation
(Andres-Martin et al. 2024; Xu et al. 2024a, b; Erichsen
et al. 2025). Research examining IL-35 polymorphisms
reported that no evidence for significant association with
cognitive impairment in coronary heart disease patients was
detected over a 2-year period, indicating minimal direct evi-
dence of an association between IL-35 gene polymorphisms
and dementia-related cognitive impairment, but these results
do not preclude a role for IL-35 in neuroinflammation (Shi
et al. 2020) (Table 2).

Targeting IL-12 family in neurodegenerative
diseases: current therapeutic approaches

The IL-12 cytokine family, encompassing IL-12,
IL-23, IL-27, and IL-35, plays a pivotal role in the
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Table 2 (continued)

Therapeutic implication

Key mechanism

Cytokine Role (pro/anti-inflammatory)

Disease

Candidate biomarker

Reduced CSF IL-12 but higher peripheral IL-

Dysregulated

Frontotemporal dementia 1L-12

12p70 indicates complex immune dysfunction

Could be prospective therapeutic target

Scant direct evidence but implicated through

Pro-inflammatory

1L-23

shared pathways with AD

Promising neuroprotective target

Inhibits microglial pro-inflammatory activation

Anti-inflammatory
/

1L-27
IL-35

Scarce data

Potentially supports regulatory pathways

The information here is derived from the narrative review outlined in IL-12 family cytokines in specific neurodegenerative disorders, with full citations detailed in the primary body of the text

immunopathology of neurodegenerative diseases. Therapeu-
tic strategies aimed at modulating these cytokines have been
extensively studied in preclinical models and clinical trials,
revealing diverse mechanisms and variable efficacy across
diseases, such as AD, multiple sclerosis (MS), PD, and ALS.

Alzheimer’s disease

In AD, targeting IL-12 and IL-23 signaling pathways has
shown promising results in reducing neuroinflammation and
amyloid pathology. Using the APPPS1 transgenic mouse
model, genetic deletion of IL-12 and IL-23 subunits (p35,
p19, and the shared p40) or administration of anti-p40 anti-
bodies (20 pg intracerebroventricular) effectively inhibited
IL-12/IL-23 signaling. This blockade led to a reduction in
microglial inflammatory responses and a significant decrease
in cerebral amyloid load and soluble Af species, accompa-
nied by improved cognitive performance (Berg et al. 2012).

Similarly, in a streptozotocin-induced AD mouse model,
combined treatment with tadalafil (20 mg/kg) and bergapten
(25 mg/kg), administered daily for 21 days, significantly
reduced IL-27 and IL-23 serum levels. These treatments sup-
pressed NF-kB expression by approximately 62% and 61%,
respectively, while activating neuroprotective signaling cas-
cades, including PI3K/Akt, Wnt/p-catenin, AMPK/mTOR,
and cGMP/PKG pathways. This was further evidenced by
upregulation of phosphorylated Akt and GSK-38, beclin-1,
methylated PP2A, cyclin D1, and brain-derived neurotrophic
factor (BDNF), alongside decreased p-catenin and mTOR
expression. Functionally, these molecular changes translated
to attenuated hippocampal neurodegeneration, 79% and 89%
reductions in A deposition, 60% and 61% decreases in tau
hyperphosphorylation, and improved memory and histologi-
cal outcomes, underscoring the potential of IL-27-associated
anti-inflammatory neuroprotection in AD (Salem et al. 2021)
(Table 3).

Multiple sclerosis

MS is the most extensively studied neurodegenerative dis-
ease regarding IL-12 family-targeted therapies. Various
strategies aim either to inhibit pro-inflammatory cytokines
IL-12 and IL-23 or enhance anti-inflammatory cytokines
IL-27 and IL-35.

Clinical studies in patients with relapsing—remitting
(RRMS), secondary progressive (SPMS), primary progres-
sive (PPMS), and progressive-relapsing MS (PRMS) have
shown that conventional treatments such as interferon-f3 and
methylprednisolone increase serum IL-35 levels by stimu-
lating CD4 4+ FOXP3 +regulatory T cells, thus promoting
immunosuppressive functions and modulating autoimmun-
ity. These treated patients exhibited significantly elevated
IL-35 compared to untreated patients and healthy controls.

@ Springer
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drug-naive MS patients, daily supplementation with Cal-
trate D and weekly high doses of 50,000 IU vitamin D for
elevated iPTH patients over 12 months led to reductions in
pro-inflammatory cytokines IL-12 and IFN-y. This shifted
the cytokine balance toward an anti-inflammatory profile,
increasing IL-4, IL-5, and IL-10 levels, potentially reduc-
ing relapse rates (Al-Shammiri et al. 2025). Contrastingly,
in RRMS patients receiving lower doses (2000 IU/day or
15,960 IU/month for 6 months), vitamin D supplementation
resulted in increased levels of pro-inflammatory cytokines
IL-4, IL-6, IL-17A, IL-22, IL-23, and TNF-a, while IL-10
decreased, indicating the dose was insufficient to modulate
inflammation effectively (Lis et al. 2024).

Additional immunomodulatory therapies include IFN-f3
treatment (30 mcg intramuscular weekly) in RRMS patients,
which downregulated IL-23A and upregulated FOXP3 in
CD4+T cells, suggesting enhancement of regulatory T cell
function and suppression of pro-inflammatory IL-23A. In
CD25+T cells, FOXP3 increased over time, while IL-10
expression decreased, indicating differential regulation
among T cell subsets. These effects reflect early therapeutic
modulation of Th17 immunity (Gezmis et al. 2021; Gaviglio
et al. 2022a, b).

Antisense oligonucleotides targeting IL.-23 subunits (p19
and p40) have been employed ex vivo to transfect monocyte-
derived dendritic cells from MS patients. This approach
suppressed IL-12 and IL-23 gene expression, reduced
pro-inflammatory cytokine production (TNF-a), increased
IL-10 secretion, and decreased dendritic cell allostimulatory
capacity, highlighting potential for immune modulation in
MS (Vaknin-Dembinsky et al. 2006).

Ocrelizumab, a B-cell depleting monoclonal antibody
administered at 600 mg intravenously every 6 months, effec-
tively suppressed IL-12p70 levels in RRMS and primary
progressive MS (PPMS) patients. After 6 and 12 months,
100% of RRMS and 75% of PPMS patients achieved no
evidence of disease activity, reflecting the drug’s efficacy
in modulating cytokine-mediated inflammation (Beckers
et al. 2024).

In the EAE mouse model, cucurbitacin B administered
intraperitoneally at 0.5 and 1 mg/kg every other day from
day O of induction inhibited STAT3 activation and sup-
pressed the IL-23/IL-17 axis. This intervention decreased
microgliosis and neuroinflammation while increasing mye-
lin basic protein and oligodendrocyte transcription factor
Olig-2 expression, resulting in improved motor function and
reduced disease severity (Reiszadeh-Jahromi et al. 2022)
(Table 3).

Parkinson’s disease

In PD models, combined treatment with Gagam—Sipjeon-
daebo-Tang and ibuprofen administered orally via gavage

daily for 5 days reduced IL-12 p70 expression in LPS-stim-
ulated RAW264.7 macrophages and decreased macrophage
activation markers, including iNOS, COX-2, IL-1p, IL-6,
and MCP-1. This synergistic effect led to reduced neuroin-
flammation, enhanced dopaminergic neuron survival, and
improved behavioral outcomes in MPTP-induced mice (Won
et al. 2021) (Table 3).

Conclusions and future perspectives

The IL-12 family cytokines, which include IL-12, IL-23,
IL-27, and IL-35, exhibit complex and often contradictory
roles in the context of neurodegenerative disorders. These
cytokines can act either as inducers of inflammation or as
modulators of immune suppression, depending on the spe-
cific cellular environment and disease stage. IL-12 and IL-23
typically aggravate neuroinflammatory responses by promot-
ing Thl and Th17 cell activity, which in turn contribute to
neuronal damage and demyelination. Conversely, IL-27 and
IL-35 are more frequently associated with neuroprotective
effects via the inhibition of pro-inflammatory signaling and
the support of regulatory immune networks.

Given their diverse immunomodulatory functions, IL-12
family members are increasingly recognized as viable
therapeutic targets for conditions like AD, MS, and ALS.
Approaches that inhibit pro-inflammatory cytokines (such
as [L-12/1L.-23 via p40 blockade) or boost the action of anti-
inflammatory mediators (such as IL-27 or IL-35 mimetics)
may afford considerable therapeutic potential. These strate-
gies not only aim to attenuate disease progression but also
strive to re-establish immune equilibrium within the central
nervous system.

Therapeutic targeting of the IL-12 cytokine family has
shown disease-specific promise in neurodegenerative disor-
ders. In Alzheimer’s disease, blockade of IL-12/IL-23 sign-
aling (via genetic deletion or anti-p40 antibodies) reduced
microglial activation, amyloid burden, tau pathology, and
improved cognition, while agents such as tadalafil and ber-
gapten further highlighted IL-27-associated neuroprotective
pathways. Multiple sclerosis is the most extensively studied
condition, where approaches including anti-IL.-12/23 mono-
clonal antibodies (ustekinumab, ABT-874), vitamin D sup-
plementation, IFN-f, ocrelizumab, and antisense oligonucle-
otides have variably modulated IL-12 family members, with
natural compounds like curcumin and berberine enhancing
IL-27/IL-35 while suppressing pro-inflammatory cytokines.
Autologous hematopoietic stem cell transplantation has
also demonstrated durable suppression of IL-12/23-driven
inflammation. In Parkinson’s disease models, combination
therapies such as Gagam—Sipjeondaebo—Tang with ibu-
profen reduced IL-12p70 and downstream inflammatory

@ Springer



5252

P. Goleij et al.

mediators, preserving dopaminergic neurons and improv-
ing behavioral outcomes.

Nonetheless, key challenges remain. The biologi-
cal functions of several cytokines, especially IL-35, have
yet to be defined in PD and HD, underscoring the need
for further mechanistic exploration and clinical studies.
Moreover, obstacles such as limited drug delivery across
the blood-brain barrier, individual variability in immune
responses, and the multifaceted nature of cytokine signaling
pose significant hurdles to therapeutic translation.

Although our understanding of IL-12 family cytokines in
neurodegenerative disorders has advanced, numerous critical
questions remain unresolved. Future investigations should
focus on uncovering the context-specific roles of these
cytokines, particularly the mechanisms by which individual
members such as IL-27 and IL-35 exert opposing effects,
ranging from neuroprotection to neurotoxicity, depending on
the immune milieu or disease stage. Longitudinal studies in
human subjects, especially those utilizing single-cell tran-
scriptomic and spatial proteomic technologies, hold promise
in delineating cell-specific responses and disease progres-
sion patterns. Nonetheless, the translation of preclinical find-
ings into effective clinical interventions continues to face
substantial hurdles, including limited penetration of the
blood-brain barrier, unintended immunosuppressive effects,
and inter-individual differences in cytokine expression
profiles. Tailored immunotherapies, guided by cytokine-
based biomarker panels, such as IL-12p70, IL-23, IL-27,
and IL-35, may enable patient stratification and improve
therapeutic precision. Furthermore, combining cytokine-
targeted interventions with established neuroprotective or
anti-amyloid treatments could produce enhanced synergistic
outcomes. Ultimately, the IL-12 family cytokines hold con-
siderable potential not only as a therapeutic focus but also
as a biomarker platform for early detection and treatment
monitoring in neurodegenerative disease.
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