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ABSTRACT: Group 2 innate lymphoid cells (ILC2s) are tissue-resident sentinels pivotal for maintaining
barrier homeostasis and orchestrating type 2 immunity. Upon acute injury, alarmins rapidly activate ILC2s,
which promote tissue repair by secreting amphiregulin, IL-5, and IL-13, driving epithelial proliferation and
migration, anti-inflammatory macrophage polarization, and immune regulation. Under specific conditions,
such as allergen immunotherapy, a subset of ILC2s can be induced to produce IL-10, further enhancing
immune regulation and tissue repair. However, in chronic inflammatory or fibrotic diseases, such as asthma,
atopic dermatitis, pulmonary and liver fibrosis, and cardiovascular disorders, persistent activation skews
ILC2s toward a pathogenic state. Here, excessive cytokine production drives eosinophilia, mucus
hypersecretion, and fibroblast activation, while microenvironmental cues can induce plasticity toward pro-
inflammatory Group 1 innate lymphoid cell (ILC1)-like phenotypes. This review systematically details the
dual, context-dependent roles of ILC2s across major organs, highlighting their function as critical regulators
of the repair-fibrosis axis. We critically examine the sources of functional variability, including differences
in injury models, disease chronicity, species-specific effects, and ILC2 subset definitions that may explain
apparent contradictions in the literature. Where appropriate, we compare ILC2 functions with those of other
immune cell types such as regulatory T cells (Tregs) and macrophages, emphasizing the unique and
overlapping contributions of each population. Finally, we discuss emerging therapeutic strategies that aim
to precisely inhibit pathogenic ILC2 responses or harness their reparative potential, offering promising
avenues for treating a spectrum of chronic inflammatory and fibrotic diseases.
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1. Introduction

Group 2 innate lymphoid cells (ILC2s) are tissue-resident innate lymphocytes that lack antigen-specific
receptors. Their development and maintenance depend on the transcription factors GATA binding protein
3 (GATA3) and retinoic acid receptor-related orphan receptor alpha (RORa), with GATA3 acting as the
master regulator and RORa essential for lineage stability [1-3]. First formally identified around 2010,
ILC2s exhibit a lymphoid morphology and lack lineage markers characteristic of T cells, B cells, or myeloid
cells [4,5]. Prior to the unified nomenclature established in 2013 [6], these cells were described under
various names, including natural helper cells [4] and innate type 2 helper cells [5]. They are predominantly
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located at barrier surfaces, where they function as rapid response “immune sentinels” [ 7] and exhibit distinct
tissue-specific phenotypic and functional adaptations.

The tissue repair process is a conserved, multi-phase cascade that begins immediately after injury and
unfolds over several weeks. This orderly progression includes hemostasis, acute inflammation,
inflammation resolution with debris clearance, and finally tissue regeneration and remodeling [8,9]. Within
this cascade, alarmins such as interleukin-33 (IL-33), IL-25, and thymic stromal lymphopoietin (TSLP) are
released from damaged or stressed cells and serve as critical early signals, bridging initial damage detection
with the orchestration of subsequent immune and regenerative responses [10]. ILC2s are pivotal cellular
targets of alarmins, initially characterized at mucosal barrier surfaces, but research has progressively
revealed their equally important and complex roles within parenchymal organs, where they govern the
delicate balance between regeneration and fibrosis.

In summary, ILC2s act as crucial immune sentinels across diverse tissues, balancing protective
functions in host defense and acute repair against potential pathogenic contributions to chronic
inflammation and fibrosis when their activity becomes dysregulated. To visually summarize this context-
dependent duality, the following sections will systematically detail the dual roles of ILC2s in major organ
systems—including the respiratory, skin, intestinal, hepatic, renal, cardiovascular, and nervous systems—
highlighting their function as critical contextual regulators of tissue fate.

Before discussing organ-specific contexts, it is important to clarify the “dual” role of ILC2s. We have
integrated their core mechanisms in Figure 1. The immunological function and fate of ILC2s are not fixed,
but are dynamically shaped by the nature and duration of tissue injury, the local cytokine milieu, and tissue-
specific niche signals. In acute damage, alarmins such as IL-33, IL-25, and TSLP, together with neural,
microbial, and metabolic cues, generally drive ILC2s toward a reparative program characterized by
amphiregulin production, type 2 cytokine release, and crosstalk with eosinophils, macrophages, and Tregs
to promote inflammation resolution and tissue regeneration. By contrast, under persistent inflammation or
fibrotic conditions, prolonged alarmin exposure, altered stromal signals, and subset imbalance can redirect
ILC2s toward pathogenic states marked by sustained IL-5/IL-13 production, fibroblast activation, mucus
hypersecretion, or even phenotypic plasticity toward ILC1-like cells. Thus, the “duality” of ILC2s refers to
their context-dependent capacity to either preserve tissue integrity and repair or to amplify chronic
inflammation and remodeling, depending on the signals that determine their activation state, subset
composition, and differentiation trajectory.
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The Core Mechanism of ILC2 Activation in Tissue Homeostasis and Disease
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Figure 1. The dual roles of ILC2s in tissue injury, repair, and fibrosis. Upon acute injury, damaged cells release alarmins such
as IL-33 and IL-25, which bind to receptors including ST2 and IL-25R on ILC2s, leading to their activation. Additional signals
such as TSLP and the neuropeptide NMU can also regulate ILC2 function. Activated ILC2s promote tissue repair through a
coordinated secretion of mediators: amphiregulin (AREG) stimulates epithelial proliferation; IL-13 induces goblet-cell
hyperplasia, mucus secretion, and polarization of macrophages toward an anti-inflammatory M2 phenotype; IL-5 recruits
eosinophils that help clear cellular debris; and IL-10 suppresses inflammation, collectively supporting tissue restoration. Under
chronic inflammatory conditions, ILC2 function becomes dysregulated. Excessive IL-13 drives fibroblast-to-myofibroblast
differentiation and collagen deposition, promoting fibrosis. IL-5-mediated recruitment of eosinophils and mast cells amplifies
inflammatory responses, while goblet-cell-derived mucus becomes hypersecreted. Furthermore, in the presence of cytokines
such as IL-12, ILC2s can undergo phenotypic plasticity and convert into IFN-y-producing ILC1-like cells, further exacerbating
tissue damage and pathological remodeling. TSLP, thymic stromal lymphopoietin; NMU, neuromedin U.

2. The Respiratory System: Coordinator of Acute Repair and Driver of Chronic Remodeling

The respiratory system, consisting of both conducting (trachea, bronchi) and respiratory (bronchioles,
alveoli) zones, provides distinct microenvironments for resident ILC2s. Under homeostatic conditions,
murine studies have identified ILC2s as being primarily localized to two key niches: the adventitial
connective tissue surrounding large airways and the interstitial spaces of the alveolar parenchyma [11,12].
This strategic positioning places ILC2s at the forefront of detecting airborne insults. Their activation is
primarily triggered by alarmins, such as IL-33, IL-25, and TSLP, released from damaged airway and
alveolar epithelial cells [13,14]. In addition to tissue-resident populations, the pulmonary ILC2 pool
exhibits considerable dynamic plasticity during inflammation. Following influenza virus infection or
allergen exposure, circulating inflammatory ILC2s (ilLC2s) are recruited to the lungs, where they
collaborate with tissue-resident natural ILC2s (nILC2s) to orchestrate the immune response [15,16]. This
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recruitment emphasizes that ILC2-mediated immunity in the lung is not a static function of resident cells,
but rather a dynamic process involving both local expansion and systemic mobilization.

Upon activation, ILC2s orchestrate a multi-layered repair response [17,18]. The dominant reparative
pathway is the secretion of amphiregulin (AREG), which binds to the epidermal growth factor receptor
(EGFR) on alveolar type II and airway epithelial cells, directly driving their proliferation and migration to
restore barrier integrity. A secondary, immunomodulatory mechanism involves ILC2-derived IL-13, which
polarizes alveolar macrophages toward an anti-inflammatory M2 phenotype, contributing to the resolution
of inflammation. Additionally, IL-5-driven eosinophil recruitment plays an auxiliary role. These
eosinophils do not directly clear debris; rather, they secrete IL-4 and IL-13, which enhance macrophage-
mediated efferocytosis, a more plausible mechanism for tissue cleanup [19].

However, under chronic pathological conditions, persistent exposure to alarmins disrupts these
reparative functions, causing ILC2s to drive pathological remodeling. In such conditions, the role of IL-13
shifts from immune modulation to direct pro-fibrotic activity. Murine models of asthma and idiopathic
pulmonary fibrosis have demonstrated that excessive and sustained IL-13 production by ILC2s directly
activates lung fibroblasts, promoting collagen deposition and airway remodeling [20-22]. Beyond this
functional shift, chronic inflammation can also induce ILC2 plasticity. For example, in a murine model of
silicosis, a mechanosensitive fibroblast niche drives ILC2 transdifferentiation into IFN-y-producing, ILC1-
like cells via the Notch3-IL-18 axis, a conversion that exacerbates tissue damage and fibrotic progression
[23]. The critical role of ILC2 dysregulation in human disease is exemplified by chronic rhinosinusitis with
nasal polyps (CRSwNP). Patient-derived nasal polyp tissues are highly enriched with activated ILC2s
persistently producing IL-5 and IL-13, which drive eosinophil inflammation and tissue remodeling [24].
Allergen immunotherapy demonstrates the inducibility of ILC2 function by promoting the appearance of
IL-10-producing ILC2s in the nasal mucosa. This is correlated with improved epithelial barrier integrity
and better clinical outcomes [25].

In addition to these clinical observations, emerging evidence from murine studies reveals that ILC2
activity is regulated by broader systemic cues. Neural regulation has been supported by findings showing
that agonists of the a7 nicotinic acetylcholine receptor attenuate ILC2 activation and reduce Alternaria-
induced airway inflammation, suggesting the involvement of a cholinergic anti-inflammatory pathway [14].
Regulation by the microbiota is also evident through metabolites such as butyrate, which suppresses ILC2
function via HDAC inhibition. This suggests a gut-lung axis [26]. The functional significance of this
crosstalk is clear: vancomycin-induced intestinal dysbiosis primes lung ILC2s for enhanced cytokine
production, an effect that can be reversed by butyrate supplementation, demonstrating that microbial signals
from distant sites can influence pulmonary ILC2 responsiveness [27]. Hormonal signals within the lung
microenvironment also play a role in fine-tuning ILC2 activity. Studies in mice have shown that
testosterone, a sex hormone present in the pulmonary niche, directly inhibits ILC2 proliferation and
suppresses their secretion of IL-5 and IL-13 [28,29]. This finding offers a potential mechanistic explanation
for sex-based differences in the prevalence of type 2 inflammatory diseases, such as asthma, and highlights
how the local milieu, including structural cells, microbial products, and endocrine signals, shapes ILC2
functional output.

In summary, ILC2s in the respiratory system illustrate a context-dependent duality closely tied to tissue
architecture. In their perivascular and interstitial niches, they act as first responders, with AREG-driven
epithelial repair as the dominant pathway for restoring barrier integrity. However, in the chronically
inflamed lung, persistent alarmin signaling within a fibrotic niche can alter this function, leading ILC2s to
skew toward IL-13-driven fibroblast activation and even transdifferentiation into pro-inflammatory ILC1-
like cells. It is important to note that this mechanistic understanding is primarily derived from murine
models. Although human data confirm the presence and activation of ILC2s in diseases such as CRSWNP,
these findings remain largely correlative [24]. The emerging evidence for inducible IL-10-producing ILC2s
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in humans [25] provides a promising avenue for future therapeutic exploration, though it requires further
functional validation.

3. The Skin: From Acute Wound Healing to Chronic Inflammation and Fibrosis

The skin, as the body’s outermost barrier, possesses unique anatomical structures, including hair
follicles and sebaceous glands, which extend deep into the dermis and create specialized immune niches.
In murine skin, ILC2s are not uniformly distributed; they predominantly reside in the dermis, comprising
5-10% of CD45" leukocytes, and are strategically localized around hair follicles and near sebaceous glands
and blood vessels [30-32]. This perifollicular niche is significant as it exposes ILC2s to hair cycle-
dependent epithelial signals and places them at the interface with the skin microbiota [31,32]. Human
studies have confirmed these findings, demonstrating ILC2 presence in healthy skin and marked enrichment
in the dermis of atopic dermatitis (AD) lesions, where they co-localize with basophils [33].

During homeostasis, dermal ILC2s can interact with local mast cells, suppressing their activity through
IL-13 [31]. Beyond this direct immunoregulatory role, skin ILCs also contribute to microbiota homeostasis
through two distinct mechanisms. First, a specialized subset of RORyt" ILCs, distinct from classical ILC2s,
resides near sebaceous glands within hair follicles, where they constitutively produce TNF and
lymphotoxins to negatively regulate sebaceous gland function via Notch repression, thereby controlling
antimicrobial lipid production and shaping Gram-positive bacterial communities [34]. Second, classical
ILC2s directly sense bacteria through NOD2, responding to skin-resident Staphylococcus species by
inducing IL-6 and IL-8, cytokines involved in barrier maintenance [30].

In response to skin injury, ILC2s transition from homeostatic sentinels to active mediators of repair.
Upon injury, IL-33 released from damaged keratinocytes activates dermal ILC2s in an ST2-dependent
manner, prompting AREG secretion that directly promotes keratinocyte proliferation and migration,
accelerating re-epithelialization and wound closure [32,35]. This AREG-driven pathway represents a
primary, non-redundant role for ILC2s in restoring skin barrier integrity. Following injury, ILC2s
dynamically accumulate in the granulation tissue at wound edges, positioning them to influence
keratinocyte function during re-epithelialization [35] directly.

In chronic inflammatory skin diseases, these protective functions are subverted, leading to tissue
damage. In AD, keratinocyte-derived IL-25 activates ILC2s via IL-25R, driving IL-13 production that
directly downregulates key epidermal barrier proteins such as filaggrin, establishing a vicious cycle of
barrier disruption and sustained inflammation [36]. ILC2-derived IL-5 serves as a secondary amplifier by
recruiting and activating eosinophils and mast cells [31,32,36]. Human studies confirm that ILC2
enrichment in AD lesions correlates with disease severity [33]. In fibrotic diseases such as systemic
sclerosis (SSc), a distinct TGFB-driven mechanism operates: TGF3 downregulates the inhibitory receptor
KLRGI1 on ILC2s, reducing their IL-10 production while enabling sustained IL-13 secretion that directly
activates dermal myofibroblasts, driving excessive collagen deposition and fibrosis [37].

The critical importance of ILC-microbiota dialogue is further underscored by genetic lesions disrupting
this axis. In mice with epidermal ADAMI10 deletion, spontaneous dysbiosis drives inflammation, with
distinct species dictating specific pathologies [38]. In hair follicles, ADAMI10-Notch disruption
downregulates B-defensin 6, allowing C. mastitidis dominance, which triggers IL-7R-/S1PR1-/CCR6-
dependent recruitment of inflammatory ILC2s (co-expressing GATA3/RORyt and producing IL-17/type 2
cytokines) that mediate pyroptotic destruction of hair follicle stem cells, causing irreversible alopecia [38].
These models establish a direct causal chain linking epithelial defects, impaired antimicrobial defense,
dysbiosis, and pathogenic ILC2 activation in the process of tissue destruction.

In summary, skin ILC2s exemplify a context-dependent duality rooted in tissue architecture. In acute
wound healing, AREG-driven epithelial repair constitutes the dominant protective pathway. However, in
chronic inflammatory diseases such as AD and SSc, this function is subverted toward IL-13-driven barrier
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disruption and fibrosis. Importantly, skin ILCs, including RORyt" subsets, also play a homeostatic role in
shaping the microbiota through regulation of the sebaceous glands, and disruptions to this epithelial-ILC-
microbiota dialogue can drive severe inflammatory pathology.

4. The Intestine: A Multi-Signal Integrator in Barrier Maintenance and Inflammatory Regulation

In the intestinal tract, ILC2s are strategically positioned at the frontline of host-environment
interactions. They predominantly reside in the lamina propria of both the small intestine and colon, where
they localize adjacent to intestinal epithelial cells and in close contact with crypt progenitors [39,40]. In the
small intestine, ILC2s are found near tuft cells, forming a functional unit referred to as the “tuft cell-ILC2
circuit”, which serves as a dedicated sensor for helminth infection [41,42]. In addition to the lamina propria,
ILC2s also populate intestinal lymphoid structures such as Peyer’s patches and mesenteric lymph nodes,
where they contribute to the broader mucosal immune network [39].

The intestinal microenvironment exposes ILC2s to a remarkable diversity of signals; the neuronal
peptide neuromedin U (NMU) binds to NMURI on intestinal ILC2s, activating them to secrete type 2
cytokines. This neuro-immune circuit allows ILC2s to respond to local neuronal cues independently of
epithelial alarmins [43]. Additionally, dietary and microbial signals play a critical role in regulating ILC2
function. Murine studies have shown that dietary components, such as inulin fiber, modulate ILC2 function
indirectly via microbiota-derived bile acids [42]. In contrast, microbial metabolites such as butyrate can
directly suppress ILC2 activation, demonstrating a gut microbiota-ILC2 axis that translates nutritional
inputs into immune responses [26].

In response to acute challenges, intestinal ILC2s orchestrate a coordinated, multi-layered response. The
dominant mechanism for helminth defense is the tuft cell-ILC2 circuit. Upon parasite infection, tuft cell-
derived IL-25 activates ILC2s, which in turn secrete IL-13. This ILC2-derived IL-13 drives tuft cell and
goblet cell hyperplasia, creating a feedback loop that amplifies the type 2 response and promotes effective
pathogen expulsion [41,44]. This circuit represents a specialized adaptation of the small intestine to
parasitic threats. Additionally, ILC2s contribute to tissue repair through AREG secretion, which directly
stimulates intestinal epithelial proliferation and supports wound closure, complementing their pathogen-
clearing function by restoring the barrier [45,46].

Beyond epithelial interactions, ILC2s engage with other immune cells to fine-tune the mucosal
environment. ILC2s contribute to macrophage polarization toward an anti-inflammatory M2 phenotype,
creating a pro-repair microenvironment that supports tissue regeneration [45]. Through IL-9 production,
ILC2s may also potentiate regulatory T cell (Treg) function, forming an auxiliary immunoregulatory circuit
that complements epithelial repair pathways [25].

When the finely tuned signal integration is disrupted, intestinal ILC2s can transition from protective
mediators to drivers of pathology. In chronic intestinal inflammation, the “diet-microbiota-metabolite” axis
emerges as a key programming mechanism. Murine studies have demonstrated that inulin fiber, through
modulation of the microbiota-bile acid axis, promotes a pro-inflammatory ILC2 phenotype characterized
by elevated IL-5 and reduced AREG production, exacerbating colitis [42]. In the context of polymicrobial
sepsis, ILC2s’ protective functions can be subverted toward immunosuppression. Both human and murine
studies have shown that intestinal ILC2s activated via the IL-33/ST2 axis can exacerbate injury by
promoting IL-13 release. This IL-13, in turn, stimulates IL-10 production from local immune cells and may
also induce an IL-10-producing ILC2 subset, leading to immunosuppression that impairs bacterial clearance
and worsens outcomes [47].

In summary, intestinal ILC2s serve as central orchestrators, integrating neural, dietary, microbial, and
epithelial signals to regulate mucosal immune balance. In acute settings, they coordinate repair through the
tuft cell-ILC2 circuit and AREG-mediated epithelial regeneration. In chronic conditions, however, they
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become hubs where environmental signals—particularly those from diet and microbiota—dictate
immunological outcomes, driving either inflammation or immunosuppression depending on context.

5. The Liver and Biliary Tract: A Dual-Pronged Role in Repair and Fibrosis

Murine studies have shown that ILC2s localize to the non-parenchymal cell fraction, specifically in the
subcapsular region and around portal tracts [48—51]. Under steady-state conditions, ILC2s make up a small
proportion of hepatic lymphocytes and maintain a naive, non-activated phenotype, with low expression of
KLRG1, CD25, and GATA3 [52]. Following liver injury, ILC2s are recruited to the affected areas and
accumulate in regions of damage [53,54]. In the biliary system, ILC2s infiltrate the subepithelial connective
tissue of the extrahepatic bile ducts, where they localize in close proximity to peribiliary glands [51].
Human studies have confirmed the presence of ILC2s in liver tissue, where they make up 0.03—0.89% of
CD45" lymphocytes, a frequency significantly higher than in peripheral blood. Their activation status (as
indicated by CD69 expression) correlates with the severity of liver fibrosis, suggesting clinical relevance
[50]. In patients with biliary atresia, the balance between nILC2 and iILC2 within the biliary tree is
predictive of clinical outcomes, highlighting the prognostic value of ILC2 subset composition [51].

In immune-mediated hepatitis, such as concanavalin A-induced hepatitis, murine studies have
consistently demonstrated that ILC2s primarily exert a pro-damage effect. Hepatocyte damage releases IL-
33, which activates ILC2s and drives them to produce IL-5 and IL-13. These cytokines subsequently recruit
and activate inflammatory cells, including eosinophils, which in this pro-inflammatory context may
contribute to tissue damage rather than repair. This highlights the context-dependent role of eosinophils in
inflammation [52,53]. The dominant mechanism in this model is IL-13-driven amplification of the T cell-
mediated inflammatory response. A secondary, protective mechanism involves ILC2-derived AREG,
which suppresses ILC2 activation and promotes the induction of ST2" Tregs that produce IL-10, a cytokine
more prominently associated with Tregs than with ILC2s under homeostatic conditions. This offers a
negative feedback loop that modulates inflammation and provides protection [55].

In contrast, in ischemia-reperfusion injury (IRI), a model characterized by innate immune responses,
murine studies have shown that the IL-33/ILC2 axis promotes tissue protection and repair. In this context,
the dominant mechanism shifts to IL-13-mediated macrophage reprogramming toward an anti-
inflammatory M2 phenotype. IL-5-driven eosinophil pathways further contribute to this protective effect,
as eosinophils produce IL-13 and promote anti-inflammatory macrophage polarization [56].

A parallel functional duality is evident in the biliary system, where ILC2s orchestrate epithelial repair
in acute settings but drive pathological remodeling under chronic conditions. In response to biliary injury,
such as in models of biliary atresia, murine studies have shown that ILC2s are recruited to the periductal
region via chemokine cues such as CCL20 [51]. Once localized, they orchestrate epithelial repair through
two complementary mechanisms: AREG directly stimulates cholangiocyte proliferation via EGFR
signaling, while IL-13 modulates the local immune milieu to support regeneration [48,51].

However, within the sustained inflammatory milieu of chronic injury, this reparative program is often
derailed. Persistently activated ILC2s, through sustained IL-13 secretion, not only drive excessive
peribiliary glandular hyperplasia but also directly activate hepatic stellate cells and portal fibroblasts,
leading to pathological fibrosis. In severe cases, this dysregulated repair and proliferative response can even
create a tumor-promoting microenvironment, contributing to the development of cholangiocarcinoma [48].

The functional duality of hepatic ILC2s is underpinned by the plasticity between two distinct subsets:
nILC2s and iILC2s. Murine studies have defined nILC2s by high ST2 expression and responsiveness to IL-
33, while i1ILC2s are characterized by high expression of IL-25R and KLRG1 [51]. These subsets show
functional specialization: nILC2s are primarily responsible for AREG-dependent epithelial repair, while
iILC2s are biased toward inflammatory and pro-fibrotic responses. The relative abundance and stability of
the nILC2 subset are regulated by IL-4Ro/STAT6 signaling. Both human and murine studies have
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demonstrated that the balance between nILC2 and iILC2 subsets predicts clinical outcomes. In biliary
atresia, a higher nILC2-to-iILC2 ratio correlates with better repair outcomes and a more favorable clinical
prognosis, while predominance of iILC2s is associated with progressive fibrosis and worse outcomes [51].

In addition to their immune functions, hepatic ILC2s may also play a role in metabolic regulation.
Murine studies have demonstrated that liver ILC2s contribute to blood glucose homeostasis through IL-13
signaling, suggesting an endocrine-related function that extends beyond tissue repair and inflammation [57].
This discovery opens new avenues for understanding ILC2s as integrators of both immune and metabolic
homeostasis in the liver.

In summary, ILC2s are pivotal regulators of hepato-biliary homeostasis, with their dual capacity for
regeneration and fibrosis governed by the type of injury, the chronicity of the disease, and the plasticity
between subsets. In acute settings, ILC2s can either exacerbate damage or promote repair, depending on
the dominant immune response. In the biliary system, ILC2s promote epithelial repair following acute
injury but drive fibrosis and tumorigenesis under chronic inflammatory conditions. This functional diversity
is further compartmentalized at the subset level, with nILC2s mediating repair and ilLC2s driving
pathology, and the balance between these subsets predicts clinical outcomes in biliary atresia.

These findings must be interpreted in light of several key experimental variables: model specificity, as
the roles of ILC2s differ in Con A hepatitis versus IRI; injury kinetics; and subset definitions, which are
well-defined in murine models but less established in human liver disease. Tissue specificity also plays a
role, as ILC2 functions differ between the liver parenchyma and the biliary system, highlighting the
importance of considering the anatomical context. The mechanistic understanding of hepatic ILC2 function
is largely based on murine models, while human studies have provided critical validation of subset
imbalance and its clinical correlation in biliary atresia [50,51]. Future studies should aim to functionally
validate the roles of specific subsets in human tissues and explore whether therapeutic modulation of the
nILC2/iILC2 balance can shift outcomes from fibrosis toward regeneration.

6. The Kidney: A Model of Acute Repair and Therapeutic Targeting

In the kidney, ILC2s are positioned at the corticomedullary junction and outer medulla. These regions
are particularly vulnerable to ischemic injury due to their high metabolic demand and limited oxygen supply
[58,59]. Parabiosis models have confirmed their tissue-resident nature, showing minimal exchange between
the circulation and the kidney under steady-state conditions, distinguishing them from circulating immune
cells that only infiltrate during injury [59]. Single-cell analysis has identified renal ILC2s through their
expression profile, including CD45", lineage marker-negative, and GATA3" [60]. This anatomical
positioning at the corticomedullary junction places them at the frontline of sensing ischemic damage,
enabling rapid responses to tubular epithelial injury.

Renal ischemia-reperfusion injury (IRI) is an ideal paradigm for delineating the protective roles of
ILC2s in acute kidney injury. Murine studies have demonstrated that renal IRI induces tubular epithelial
necrosis and the rapid release of the alarmin IL-33 [59,60]. IL-33, acting predominantly via its receptor
ST2, recruits and activates both tissue-resident and circulating ILC2s, initiating a reparative program
[59,60]. Once activated, ILC2s promote repair through two complementary mechanisms: direct epithelial
support and immune microenvironment modulation. First, ILC2s secrete AREG, which binds to EGFR on
tubular epithelial cells, promoting their survival and proliferation [58,60,61]. Second, ILC2s release IL-13,
which polarizes macrophages toward an anti-inflammatory M2 phenotype. These M2 macrophages
contribute to inflammation resolution and create a pro-repair environment that supports tubular regeneration
[59,60]. This dual-action mechanism, combining direct epithelial support with indirect immune modulation,
positions ILC2s as central orchestrators of the acute repair response.

This core mechanism underscores the therapeutic potential of targeting ILC2s, with strategies that aim
to amplify or supplement this endogenous response. One approach involves using biomaterial carriers for
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localized IL-33 administration. Murine studies have shown that using biomaterial carriers, such as DNA
nanorafts, enables precise and sustained release of IL-33 at the injury site, effectively expanding the local
ILC2 pool while circumventing the risks associated with systemic administration. The targeted IL-33
delivery activates ILC2s, which in turn promote M2 macrophage polarization and increase local IL-10
production, likely from multiple cellular sources, including macrophages and potentially a subset of ILC2s
induced in this therapeutic context, contributing to the suppression of inflammation and acceleration of
tubular epithelial replacement and functional recovery [62]. An alternative strategy is the adoptive transfer
of ex vivo expanded ILC2s. Murine studies have demonstrated that these pre-activated cells home to the
kidneys and efficiently execute reparative functions [60,62]. Both interventions have been shown to
significantly accelerate renal function recovery, evidenced by rapid declines in serum creatinine and blood
urea nitrogen. They also markedly mitigate histological damage, including reduced tubular injury scores,
diminished tubular epithelial cell apoptosis, and attenuated inflammatory cell infiltration [60,62].

In contrast, during the progression of chronic kidney disease to fibrosis, murine studies have suggested
that persistently activated ILC2s may undergo a maladaptive shift. Through sustained secretion of pro-
fibrotic factors such as IL-13, they can contribute to pathological remodeling and interstitial fibrosis [7].

In summary, the kidney serves as an instructive model for understanding both the therapeutic potential
and inherent risks of ILC2 modulation. Preclinical studies have successfully harnessed this biology through
targeted IL-33 delivery and adoptive ILC2 transfer, demonstrating accelerated functional recovery in
murine models of acute kidney injury [60,62]. However, the transition from acute repair to chronic fibrosis
reveals a critical duality: the same IL-13 that promotes regeneration in acute settings can, when persistently
produced, drive fibroblast activation and interstitial fibrosis [7].

The findings described in this section are derived from murine studies and have not been directly
validated in humans to date. The therapeutic strategies validated in murine models, DNA nanoraft-mediated
IL-33 delivery, and adoptive ILC2 transfer, have not been tested in humans, and their translational relevance
remains uncertain. While direct evidence for butyrate-mediated modulation of renal ILC2s is currently
lacking, the established role of butyrate in suppressing ILC2 function at other barrier sites raises the
possibility of similar regulatory circuits in the kidney.

7. The Cardiovascular System: Disease-Specific Roles—From Plaque Stabilization to Myocardial Repair

In the cardiovascular system, ILC2s occupy multiple distinct anatomical niches, reflecting their
functional specialization in response to various types of insult. In models of atherosclerosis, murine studies
have localized ILC2s to the aorta, periaortic adipose tissue, and periaortic lymph nodes [63—65]. Within the
aorta itself, ILC2s are found in the adventitia and within tertiary lymphoid structures that form around
atherosclerotic plaques, especially in advanced disease, positioning them to directly influence plaque
inflammation and stability [65]. In periaortic adipose tissue, ILC2s are present in fat-associated lymphoid
clusters (FALCs), which also contain T cells, B cells, and plasma cells, suggesting that they play a role in
coordinating local immune responses [64]. Additionally, gonadal white adipose tissue harbors ILC2s with
a natural ILC2 phenotype (KLRG1'ST2"), where they contribute to metabolic homeostasis [66,67]. After
myocardial infarction, murine studies have shown that cardiac ILC2s accumulate specifically in the
infarcted area and border zone during the first week after injury [68,69]. These cells are found in the
myocardial interstitium, not within blood vessels, and also in pericardial adipose tissue, where they reside
within fat-associated lymphoid clusters adjacent to the epicardium [69]. This dual localization, both within
the damaged myocardium and in the adjacent pericardial fat, positions ILC2s to integrate signals from both
the injured tissue and the surrounding adipose microenvironment. While human studies have detected
ILC2s in cardiac tissue, detailed localization data remain limited [70].

In atherosclerosis, ILC2s play a defined protective role through a dual immunomodulatory strategy
that targets lipid clearance and plaque stability. The primary mechanism involves IL-5-mediated
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stimulation of Bla cells. ILC2-derived IL-5 promotes B1la cell production of natural IgM antibodies, which
recognize and facilitate the clearance of oxidized LDL, thereby reducing lipid accumulation and
inflammation within plaques [63,71]. This pathway links ILC and humoral immunity in atherosclerosis. A
secondary, reinforcing mechanism involves IL-13-mediated macrophage modulation. ILC2-derived IL-13
polarizes plaque macrophages toward a stabilizing M2 phenotype, enhancing collagen deposition and
fibrous cap integrity [65,71]. This protection is dynamically regulated, as seen with high-fat diets, which
suppress ILC2 numbers and function [65].

In contrast to the consistent protective role in atherosclerosis, ILC2 function in myocardial injury
shows marked phase dependence, shifting from protection in acute settings to potential harm in chronic
disease. Following acute insults like myocardial infarction (MI), murine studies demonstrate that cardiac
ILC2s help mitigate damage. Core mechanisms include IL-13 secretion to modulate macrophage
polarization and suppress inflammation [72,73], alongside synergistic effects from factors such as bone
morphogenetic protein-7 (BMP-7) or an IL-5-eosinophil axis, in which recruited eosinophils secrete IL-4
and IL-13 to enhance macrophage-mediated repair processes [19,68,74]. This acute protective role is
evident in sepsis-induced cardiac injury, where IL-33-activated ILC2s improve function, a finding
supported by preclinical and preliminary clinical studies [70].

Conversely, the long-term role of ILC2s in chronic cardiac pathologies remains ambiguous and may
become detrimental. In models like doxorubicin-induced cardiotoxicity, increased ILC2s post-injury
suggest a potential pro-fibrotic risk, raising the question of whether chronic ILC2 activation drives
maladaptive remodeling [75]. The same IL-13 that promotes macrophage-mediated repair in acute settings
may, when chronically produced, activate cardiac fibroblasts and promote pathological fibrosis, a
mechanism well-established in other organs but requiring further validation in the heart.

The divergent roles of ILC2s in cardiovascular disease—protective in atherosclerosis and acute
myocardial injury, potentially pathogenic in chronic cardiac conditions—can be attributed to a central
mechanistic paradox: IL-13, the key effector cytokine of ILC2s, exerts context-dependent effects. In
protective contexts, IL-13 promotes M2 macrophage polarization, supporting inflammation resolution,
tissue repair, and plaque stabilization [65,71-73]. In pathogenic contexts, sustained IL-13 production can
activate fibroblasts, driving excessive collagen deposition and maladaptive fibrosis [75]. This fibrotic
potential, well documented in other organs such as the liver, lungs, and skin, likely contributes to adverse
remodeling in chronic cardiac conditions, although direct evidence in the heart remains limited.

In summary, the divergent roles of ILC2s in acute MI versus chronic cardiomyopathy highlight the
influence of injury duration and disease stage [72—75]. Short-term, controlled ILC2 activation appears
beneficial, while persistent activation may promote pathological remodeling. Second, all mechanistic
insights into cardiovascular ILC2 function are derived from murine studies [63—75], with human data
limited to correlative observations such as detection of ILC2s in cardiac tissue and associations with clinical
outcomes [70] without functional validation. Whether the IL-5/IgM axis or IL-13/fibroblast pathways
operate similarly in humans with atherosclerosis or heart failure remains unknown.

8. The Central Nervous System: Emerging Neuro-Immune Regulators and Protectors

In the central nervous system (CNS), ILC2s are strategically localized to areas that enable immune
surveillance while respecting the blood-brain barrier. Studies in mice have shown that ILC2s are primarily
found in the meninges and choroid plexus, which are interfaces between the CNS and the periphery that
are accessible to immune cells [76,77]. In the meninges, ILC2s are concentrated around the dural sinuses
and distributed sparsely throughout the dura mater and spinal meninges [76]. This positioning adjacent to
cerebrospinal fluid (CSF) compartments allows ILC2s to rapidly detect damage-associated molecular
patterns (DAMPs) released from injured brain tissue [78]. Following traumatic brain injury, ILC2s
accumulate in the meninges and CSF, with evidence suggesting bidirectional communication with
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peripheral immune organs through meningeal lymphatic vessels [79]. In the choroid plexus, ILC2s localize
within the stromal compartment, close to the blood-CSF barrier [77]. These cells make up about 50% of
the lymphocytes in the choroid plexus of both aged mice and humans, suggesting their role in lifelong
immune surveillance [77].

Murine studies have now confirmed the existence of resident group 2 innate lymphoid cells within the
meninges and choroid plexus, where they form a unique barrier for immune surveillance [76,78]. In
response to acute CNS insults—such as spinal cord injury or cerebral ischemia DAMPs, including the
alarmin IL-33, promptly activate these tissue-resident [LC2s [78,79].

Activated ILC2s mediate neuroprotection through three complementary mechanisms, with their relative
contributions varying by injury type and stage. First, ILC2-derived IL-13 drives microglial reprogramming:
it suppresses pro-inflammatory microglial activation (reducing TNF-a and IL-1B) while promoting anti-
inflammatory factors, such as IL-10—which may be produced by both microglia and infiltrating ILC2s
[80,81]. This limits secondary tissue damage and creates a pro-repair microenvironment. Second, ILC2s
recruit eosinophils via IL-5; these eosinophils secrete IL-4 and IL-13, further supporting anti-inflammatory
polarization and enhancing efferocytosis, contributing to debris clearance and tissue recovery [19,78]. Third,
ILC2-derived CGRP directly protects neurons from apoptosis and modulates local vascular tone, improving
blood flow to injured areas [78,79]. Beyond these core mechanisms, additional regulatory pathways operate
in specific injury contexts. Following traumatic brain injury, for instance, AMPK activation promotes the
expansion of an IL-10-producing regulatory ILC2 subset that inhibits pro-inflammatory ILC1/ILC3 responses,
further suppressing neuroinflammation and improving long-term neurological outcomes [82]. Importantly,
these protective mechanisms exhibit injury-specific nuances. For example, in intracerebral hemorrhage, the
IL-13/microglial axis appears particularly dominant [81], whereas in spinal cord injury, CGRP-mediated
neuroprotection may play a more prominent role [78]. This context-dependence highlights the importance of
considering injury type when designing ILC2-targeted therapies.

The role of ILC2s in the CNS extends beyond acute injury to include fundamental functions in
neurodevelopment and cognitive maintenance throughout life. During early postnatal stages, ILC2s play a
key role in shaping hippocampal synaptic development. Mice deficient in ILC2s exhibit selective reductions
in inhibitory synapse frequency, which leads to long-lasting impairments in learning and memory tasks [83].
This suggests a previously unrecognized role for ILC2s in neuronal network maturation, likely mediated by
local cytokine production that influences synaptic pruning and stabilization. Additionally, during aging,
ILC2s residing in the choroid plexus help maintain brain homeostasis by suppressing neuroinflammation and
promoting hippocampal neurogenesis in an IL-5-dependent manner [84]. This IL-5-mediated effect recruits
eosinophils and promotes a pro-regenerative environment, mitigating age-associated cognitive decline. These
homeostatic functions position ILC2s as lifelong regulators of CNS health, and their dysfunction may
contribute to neurodevelopmental disorders and accelerated cognitive aging.

In aging and neurodegenerative diseases, ILC2s exhibit a dual trajectory, maintaining resilience in
normal aging but showing deficits in pathological conditions. During normal aging, ILC2s in the brain
resist senescence and retain self-renewal capacity, unlike many other immune cells [84]. Choroid plexus
ILC2s continue to produce IL-5, supporting eosinophil recruitment and hippocampal neurogenesis, which
may explain their role in preserving cognitive function in aged mice [83,84]. In contrast, in models of
Alzheimer’s disease, ILC2s exhibit numerical and functional deficits, potentially exacerbating
neuroinflammation and cognitive decline [84]. The mechanisms underlying this dysfunction remain unclear,
but they may involve chronic amyloid-B-induced inflammation that impairs ILC2 survival or their
responsiveness to IL-33. Whether similar deficits occur in human Alzheimer’s disease patients remains an
unresolved issue, representing a critical gap in translational knowledge. These observations suggest that
while ILC2s are intrinsically equipped to support CNS health throughout life, their dysfunction in disease
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contexts may contribute to pathology, opening the possibility of ILC2-targeted therapies for
neurodegenerative conditions.

In summary, ILC2s in the CNS play protective roles in response to acute injury and contribute to
neurodevelopment and cognitive maintenance. They mediate neuroprotection through IL-13-driven
microglial modulation, IL-5-dependent eosinophil recruitment, and CGRP secretion, with mechanisms
varying depending on injury type. In aging, ILC2s maintain brain health by suppressing neuroinflammation
and promoting neurogenesis, while their dysfunction in neurodegenerative diseases such as Alzheimer’s
disease may contribute to pathology. These findings underscore the potential of ILC2-targeted therapies for
neurodegenerative diseases, although further studies are needed to understand the underlying mechanisms
and translate these findings to human conditions.

9. ILC2s in Other Tissues: Diverse Roles in Homeostasis and Repair

Beyond major organ systems, ILC2s contribute critically to tissue homeostasis and post-injury repair
in several specialized local niches. Murine studies have demonstrated that a resident population of ILC2s
is found in the limbal region. Upon corneal epithelial injury, alarmins, including IL-25, 1L-33, and TSLP,
released from epithelial cells and macrophages activate ILC2s, stimulating their local expansion. Activated
ILC2s then secrete amphiregulin, which directly promotes the proliferation and migration of corneal
epithelial cells, thereby accelerating wound re-epithelialization. Conversely, depletion of ILC2s markedly
impairs this repair process [85]. Within the bone marrow, murine studies have shown that ILC2s can be
stimulated by IL-33 to secrete IL-4 and IL-13. These type 2 cytokines potently inhibit osteoclast
differentiation. In a model of postmenopausal osteoporosis, ILC2s utilize this pathway to exert a net bone-
protective effect by restraining excessive bone resorption [86]. Following acute thymic insults such as
radiotherapy or chemotherapy, murine studies have revealed that intrathymic ILC2s are activated by 1L-33
and IL-25. They promote the regeneration of thymic epithelial cells (TECs) and have a notable effect on
medullary TEC differentiation by secreting AREG and IL-13. This ILC2-mediated repair is vital for
restoring thymic architecture and function, including the re-establishment of central tolerance [87].
Moreover, in the context of islet transplantation for type 1 diabetes, murine studies have demonstrated that
IL-33-induced IL-10-producing ILC2s [88]. These cells migrate to the graft site, where they suppress CD4"
T cell-mediated rejection by secreting IL-10, prolonging allograft survival, and demonstrating a repair
function in an immunologically mediated chronic injury setting [88]. All findings in this section are derived
from murine studies, highlighting the need for translational research in humans.

The Functional Division of ILC2 and Tregs in IL-10 Production

Tregs constitutively produce IL-10, maintaining immune tolerance under steady-state conditions. In
contrast, ILC2s produce IL-10 only in specific contexts—such as following allergen immunotherapy in the
nasal mucosa [25], AMPK activation after traumatic brain injury [82], or IL-33 stimulation during islet
transplantation [88]—forming an inducible, context dependent IL-10 producing subset. In conventional
inflammation models lacking such inductive signals, ILC2-derived IL-10 is undetectable. For instance, in
immune-mediated hepatitis, ST2" Tregs are the major source of protective IL-10, whereas ILC2s do not
directly produce IL-10 but instead regulate inflammation through other mechanisms [55]. Thus, the
functional dichotomy in IL-10 production, constitutive and systemic for Tregs versus inducible and tissue-
specific for ILC2s underpins their distinct roles in immune responses.

10. Integrating ILC2s into the Cellular Network: Lessons from Eosinophils and Macrophages

Eosinophils as a Bridge Between ILC2 and Macrophages. ILC2-derived IL-5 recruits eosinophils to
sites of injury, where they secrete IL-4 and IL-13 to enhance macrophage phagocytic activity and tissue-
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remodeling functions, thereby indirectly promoting repair [17,18]. This IL-5-eosinophil axis operates
across multiple organs: after myocardial infarction, it protects the heart [68,74]; during hepatic ischemia-
reperfusion injury, eosinophils contribute to anti-inflammatory macrophage polarization [56]; yet in
immune-mediated hepatitis, the same axis may exacerbate hepatocyte damage [52,53]. These contrasting
outcomes highlight that eosinophils, as intermediaries, execute functions dictated by the local inflammatory
microenvironment, not solely by ILC2 signals.

Macrophages as Key Effector Partners of ILC2. ILC2-derived IL-13 is a critical signal for polarizing
macrophages toward a pro-repair M2 phenotype [17,18,60]. However, for macrophages to fully execute
repair functions—phagocytosis, growth factor production, and matrix remodeling—they require a second
signal: apoptotic cells. A study demonstrated that IL-4/IL-13 alone induces genes related to pattern
recognition, chemotaxis, and adhesion, but the induction of repair-associated genes requires co-stimulation
with apoptotic cells, a process dependent on the AXL and MERTK receptors [19]. Thus, ILC2-provided
IL-13 is necessary but not sufficient for macrophage-mediated repair; the outcome hinges on the availability
of apoptotic cells in the microenvironment. This may explain variability in observed ILC2 pro-repair effects
across studies: in settings rich in apoptotic cells, ILC2 signals translate effectively into repair; when
apoptotic cells are scarce or rapidly cleared, the same signals may fail to elicit equivalent repair.

11. Translational Prospects

The dual role of ILC2s, protective in acute injury and potentially pathogenic in chronic inflammation,
presents both significant opportunities and challenges for therapeutic development, as summarized in
Figure 2. Current strategies are increasingly focusing on precision targeting. One approach aims to inhibit
pathogenic ILC2 responses by using antagonists that target alarmin pathways, such as IL-33, TSLP, and
IL-25, or the CRTH2 receptor, all of which are relevant in conditions like asthma, atopic dermatitis, and
fibrosis [89]. The complementary strategy seeks to enhance reparative ILC2 functions through local
administration of IL-33 or amphiregulin, metabolic interventions, induction of regulatory ILC210 subsets,
or adoptive ILC2 transfer. These methods are designed to augment endogenous repair mechanisms
following acute injury [60,62].

However, several critical limitations must be considered. The dual nature of ILC2 function inherently
carries risks: systemic inhibition may hinder essential tissue repair, while non-specific activation could
exacerbate fibrosis or allergic inflammation through sustained IL-13 secretion [7,20-22]. Achieving precise
spatiotemporal control to balance these opposing outcomes remains a major technical challenge. Moreover,
each therapeutic approach has its own safety concerns. While IL-33 delivery has shown protective effects
in acute kidney injury, chronic administration may promote fibrosis [59,60]. Adoptive ILC2 transfer,
although effective in preclinical models of renal injury and islet transplantation, faces challenges regarding
cell survival, phenotypic stability, and the risk of maladaptive differentiation within inflammatory
microenvironments [60,62,88]. Similarly, metabolic interventions such as butyrate, which are effective in
suppressing ILC2-driven inflammation, may have off-target effects on other immune populations, raising
concerns about broader immunosuppression [26,27].

Furthermore, significant gaps remain in translating preclinical findings into clinical practice. The
majority of mechanistic insights and therapeutic strategies are based on murine models, with human data
still limited to correlative observations [70]. Key challenges include the lack of functional validation in
human tissues, the absence of standardized protocols for ILC2 identification and manipulation, and a
limited understanding of human ILC2 biology across different tissues and disease states [22,24,55]. To
bridge these gaps, it will be essential to integrate advanced technologies such as single-cell multi-omics
and spatial transcriptomics. These tools will aid in unraveling ILC2 heterogeneity and tissue-specific
regulatory circuits. A deeper understanding of these processes will be crucial for developing precision
immunotherapies that maximize the protective potential of ILC2s while minimizing their pathogenic risks.
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Figure 2. Organ-specific dual roles of ILC2s. Brain: IL-33-activated ILC2s secrete IL-5 and IL-13, suppressing microglial
activation and reducing neuronal apoptosis. AMPK-driven expansion of IL-10-producing regulatory ILC2s (IL-10" ILC2s)
further dampens neuroinflammation by inhibiting pro-inflammatory ILC1/ILC3 responses. Lung: ILC2s promote repair through
secretion of AREG, IL-13, IL-5, and IL-10, which drive epithelial regeneration, M2 macrophage polarization, and eosinophil-
mediated debris clearance. In chronic settings, excessive IL-13 leads to mucus hypersecretion and fibroblast activation,
contributing to airway remodeling and fibrosis. Heart: After myocardial infarction, ILC2s exert acute protection by modulating
macrophage polarization, recruiting eosinophils, and stimulating Bla-cell-derived natural IgM. However, persistent ILC2
activation may promote maladaptive remodeling and chronic fibrosis. Intestine: ILC2-derived IL-13 facilitates pathogen
clearance (“weep-and-sweep”), while AREG enhances epithelial proliferation. IL-9 potentiates regulatory T-cell function,
supporting mucosal homeostasis. Dysbiosis skews ILC2s toward a pro-inflammatory phenotype (high IL-5, low AREG),
exacerbating inflammation. Kidney: IL-33 recruits and activates ILC2s, which secrete AREG to support tubular epithelial
survival and release IL-13 to polarize macrophages toward an M2 phenotype. IL-10 further suppresses inflammation. Therapeutic
strategies such as DNA-nanoraft-mediated 1L-33 delivery accelerate functional recovery, whereas chronic IL-13 secretion may
drive interstitial fibrosis. Liver & Biliary Tract: The ST2" Treg-nILC2 axis promotes repair via IL-10 and AREG. Conversely,
excessive ILC2 activation triggers inflammatory cell recruitment and hepatic stellate-cell activation, leading to hepatitis or
fibrosis. Skin: ILC2s maintain homeostasis through AREG and IL-10. In diseases such as atopic dermatitis, ILC2-derived IL-5
and IL-13 activate eosinophils and mast cells and downregulate barrier proteins (e.g., filaggrin), driving chronic inflammation
and barrier dysfunction.
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