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Type 2 innate lymphoid cells (ILC2s) are critical mediators of type 2 immunity that

play non-redundant context-dependent modulatory functions. Primarily

associated with responses against helminths and allergens via the activation of

a potent epithelial-ILC2 axis, a growing body of evidence also suggests that a

crosstalk between ILC2 and T cells is equally important in maintaining tissue

homeostasis. In barrier tissues and secondary lymphoid organs, ILC2s co-localize

with T cells, forming hubs where bi-directional signals are exchanged. Here, we

describe the diversity of functional interactions between ILC2s and T cells,

detailing known contact-dependent and -independent mechanisms, including

a relatively new and still poorly defined antigen-presenting function during

inflammation. Understanding these complex interactions is necessary to fully

elucidate how this specific crosstalk helps maintain tissue homeostasis and

regulate inflammatory responses. Identifying the spatial and temporal

specificities of these interactions will certainly open new avenues for future

targeting of this axis to improve immune-mediated host protection.
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1 Introduction

The immune system is complex and encompasses a wide range of cell types and tissue

structures, that together, have been evolutionarily selected to provide optimal protection

against pathogen infections and damage to the host (injury, cancer, etc.). Often

dichotomized into innate and adaptive compartments based on antigen-specificity and

the capacity to generate a memory response, a finely tuned interplay between immune cells

is required to mount an effective immune response. Successful cooperation between innate

and adaptive immune cell subsets ultimately dictates the immune outcome. Naïve adaptive
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lymphocytes, such as T and B cells, patrol the body searching for

their cognate antigen. Conversely, innate immune cells, often

considered as the first line of defense, preferentially reside in

tissues, ideally positioned to detect any danger signals (1). They

form a dense network of cells that constantly sense their

environment to detect potential threats. Once they identify a

danger, these tissue-resident immune cells collaborate to amplify

the immune response and orchestrate protective immunity, which

culminate in antigen-specific T cell activation and B cell-derived

antibody production. Among these tissue-resident innate immune

cells, professional antigen presenting cells (APCs) such as dendritic

cells (DCs), which upon capture of and activation from a pathogen,

migrate to the regional tissue-draining lymph node where they

present antigen to naïve T cells (2). Activation of T cells is a key step

in fighting off pathogens and forming long term protection by

creating immunological memory.

Besides professional APCs, innate lymphoid cells (ILCs) emerge

as a family of cells that have the capacity to modulate the adaptive

immune response through contact-dependent and -independent

mechanisms (3–5). These ILCs originate from the common

lymphoid progenitor (CLP) and share functional characteristics

with CD4+ and CD8+ T lymphocytes, but do not express antigen-

specific receptors (6). Despite similarities between ILCs and T cells,

recent studies have shown that they exhibit non-redundant

functions (7–11), though specificities may exist such as in the

context of worm infectious models (12). ILCs express surface and

intracellular receptors to sense their surroundings, enabling them to

get activated by signals they receive from their environment. These

signals include a wide variety of inflammatory mediators, danger

signals, stress ligands expressed by cellular neighbors,

neuropeptides, hormones, neurotransmitters, diet-derived

molecules as well as metabolites which trigger an ILC-mediated

response that impacts inflammation and its resolution. This family

of cells is classified into three main groups and further subdivided

into five subsets based on their developmental trajectories,

transcription factors and cytokines they express (13). Group 1

ILCs (ILC1s) and NK cells parallel CD4+ T helper (Th) 1 cells

and CD8+ T cells, respectively, and confer immunity against

intracellular infections and tumors. ILC1s express the

transcription factor T-box expressed in T cells (T-bet) and

produce type 1 cytokines such as TNFa and IFN-g (13, 14).

Group 2 ILCs (ILC2s) are analogous to Th2 cells and are

regulated by the transcription factor GATA Binding Protein 3

(GATA3). ILC2s are involved in immune responses to allergens

and parasitic infections, through the production of type 2 cytokines

like Interleukin (IL)-5 and IL-13 (15). Group 3 ILCs (ILC3s),

including lymphoid tissue-inducer (LTi) cells, share similarities

with Th17/22 cells and respond to extracellular fungi and bacteria

to fight off pathogens and drive the formation of secondary

lymphoid organs (16).

Over the past decade, seminal studies have shown that ILCs play

a critical role in regulating adaptive immunity, shaping diverse T

cell responses in the periphery, with intestinal ILC3s taking the

center stage (5, 17). Increasing evidence also suggest ILC2s as key

modulators of adaptive immune responses, having the capacity to
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prime and activate both CD4+ and CD8+ T cells. ILC2s and T cells

share common anatomical sites and co-localize in both lymphoid

and non-lymphoid organs, favoring direct interactions (Figure 1).

In addition, ILC2-derived cytokines, chemokines, and soluble

factors, not only influence the activation of nearby T cells, but

also act distally to modulate the activity and function of other cells,

such as eosinophils, which culminate in influencing T cell migration

and effector function (18, 19). Communication is a two-way

exchange of signals and as such, T cells reciprocally influence

ILC2 functions through the expression of surface molecules and

secretion of soluble factors. In this review, we discuss ILC2 and T

cell positioning in tissues, including secondary lymphoid organs,

and how this proximity enables an ILC2-T cell dialogue shaping

immunological responses and tissue protection. We will elaborate

on cell-cell membrane interactions and soluble mediators that

participate in the ILC2-T cell crosstalk, and discuss ILC2s

capacity to uptake, process and present antigens to prime and

activate T cells. Despite the basic understanding of the interplay

between ILC2s and adaptive immune cells, it remains a challenge to

develop tailored targeting strategies to modulate this ILC2-T cell

axis, potentially in a tissue-specific manner, to enable fine tuning of

local inflammation.
2 Discovery, phenotype, and function
of type 2 innate lymphoid cells

ILC2s were first discovered in 2006 (20) and subsequently

redescribed in 2010 (15) as a non-T cell, non-B cell subset,

capable of producing type 2 cytokines in response to the type 2

inducers IL-25 and IL-33, and play a central role in the fight against

helminth infections like Nippostrongylus brasiliensis (15, 20–22).

Based on their phenotype and location, two main subsets of ILC2s

have been described thus far. At steady-state, in lung and adipose

tissues, ‘Natural’ ILC2s (nILC2s) preferentially respond to

interleukin (IL)-33 via high expression of its corresponding

receptor ST2. In contrast, ‘Inflammatory’ ILC2s (iILC2s (23)) in

the small intestine express low levels of ST2 and preferentially

respond to IL-25 stimulation owing to the expression of the IL-25

receptor, IL-17RB. Furthermore, upon activation, ILC2s can

downregulate CD127 and CD90 and upregulate KLRG1

expression. CD25lowST2low/-KLRG1hi iILC2s are also observed in

mesenteric lymph nodes, spleen, liver, and lungs upon IL-25

challenge or helminth infection models like N. brasiliensis and

Tritrichomonas musculis (24, 25). Therefore, ILC2 subsets are not

single, homogeneous entities, but rather are composed of a diverse

array of cells harboring distinct phenotypes associated with specific

cell states. At steady-state, ILC2s are mainly located at the body

barrier surfaces such as lung, skin and small intestine, but can also

be found in other tissues such as peritoneum, liver, bone marrow,

and adipose tissue as well as in secondary lymphoid organs (26)

(Figure 1). ILC2 identification relies on the absence of lineage

markers expression (mouse: CD3, TCRab, TCRgd, CD19, B220,
CD11c, CD11b, F4/80, Gr-1; Human: CD3, TCRab, TCRgd, CD19,
CD20, CD34, CD123, CD11c, CD303, FceR1) together with the
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expression of CD90, CD127 and high expression of GATA3. Other

widely used markers to identify ILC2s in tissues include Sca-1,

KLRG1, IL-17RB, ST2, and CD25, although variation in their level

of expression exists depending on which tissue ILC2s reside in and

their level of activation (15, 27). In humans, ILC2s characterized as

lineage-CD56-CD127+CRTH2+ have been identified in circulation

and within the human adipose tissue, lung, small intestine,

mediastinal and mesenteric lymph nodes and colon (28).

ILC2s are widely recognized as important mediators for type 2

immunity. In the small intestine, ILC2s provide immunity against

helminths and extracellular pathogens (8, 11, 26, 29, 30), while in

the lung, ILC2s are involved in amplifying allergen-driven immune

responses and tissue repair. Both lung and intestinal ILC2s are

activated by canonical type 2 factors like IL-2, IL-25, IL-33 and

thymic stromal lymphopoietin (TSLP). Despite low expression of

some receptors for these cytokines in specific anatomical sites,

ILC2s have demonstrated the capacity to respond to these

stimulatory signals. Upon stimulation, ILC2s express the tissue

repair molecule amphiregulin and the cytokines IL-4, IL-5, IL-9, IL-

13, and Granulocyte-macrophage colony stimulating factor (GM-

CSF) (31, 32). These ILC2-derived cytokines commonly promote
Frontiers in Immunology 03
eosinophilia, macrophage mobilization and suppression of type 1

immune responses, depending on ILC2 localization, their

microenvironment and the inflammatory context.
3 Type 2 innate lymphoid cells –
tissue-resident cells but not immobile

Type 2 ILCs can develop and adapt tissue-specific morphologies

and functions. Despite being primarily tissue-resident, recent

studies have clearly shown that ILC2s are not static. Using

photoconvertible Kaede mice to differentiate between migratory

and resident cells within tissues, Mackley et al. (33) observed that, at

steady-state, intestinal ILC2s are mobile and can migrate from the

intestine to the mesenteric lymph nodes. Since this finding, many

studies have reported the capacity of skin, lung and intestinal

resident ILC2s, among others, to migrate to tissue draining lymph

nodes or to distant organs (34–36). The trafficking potential of these

ILC2s is enhanced following activation and cells can migrate, not

only to the draining lymph node, but also to distant sites, infiltrating

inflamed tissues where they respond to local cues. For example,
FIGURE 1

ILC2 and T cells co-localize in the small intestine, mesenteric lymph nodes and lungs. Confocal images showing IL-5Tom+ cells (red), CD3+ T cells
(cyan) and B220+ B cells (yellow) in the small intestine, mesenteric lymph node and lungs of IL-5tdTomato mice. Top row shows tiled images. Dotted
lines on mesenteric lymph node indicate T cell zone. Arrows indicate IL-5Tom+ cells. Images were obtained at 20X magnifications (scale bar
represents 50mm). The IL-5tdtomiCre/+ (B6(C)-Il5tm1.1(icre)Lky/J; strain 030926) mice were purchased from Jackson Laboratory and have been
previously described (18). Mice were bred and maintained in specific pathogen free conditions at the University of Calgary. Experimental procedures
were approved by the University of Calgary Animal Ethics Committee (#AC23_0054 and #AC23_0003).
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1677358
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Ikra et al. 10.3389/fimmu.2025.1677358
inflammatory KLRG1+ ILC2s (iILC2s) induced by IL-25, or a N.

brasiliensis infection, expressed the sphingosine 1-phosphate (S1P)

receptor which induced the migration of iILC2s from the gut to the

lungs through the lymph (37). In a Tritrichomonas musculis model,

activated ILC2s residing in the small intestine migrate to the lungs

in a S1P receptor 4 (S1PR4) dependent manner, where they are

sustained by IL-2 from T cells, and inducible T cell costimulatory

ligand (ICOSL) from B cells (25). These observations highlight the

capacity of ILC2s to be mobilized when needed and support

inflammatory responses at distant sites when required.
3.1 Skin ILC2s

The immunological composition of the skin is very specific and

is enriched in innate and innate-like immune cells, like ILC2s. Skin

ILC2s, characterized by high expression of IL-18Ra, influence DC
homeostasis (38, 39), eosinophil recruitment and dermal skin-

resident macrophages (40), and contribute to tissue homeostasis

by regulating the skin microbiota (41, 42). At steady-state, skin-

resident ILC2s do not migrate from the skin to the skin-draining

lymph node (43, 44). However, single-cell RNA sequencing analyses

of ILC2s isolated from the skin and skin-draining lymph nodes of

mouse model with atopic dermatitis (IL-33 overexpression; IL-33tg

mice) (45), revealed the existence of two distinct clusters of ILC2s:

one corresponding to cells that preferentially reside in tissues and

one composed of circulating ILC2s. Following photoconversion of

cells in the skin of IL-33tg mice, a small proportion of

photoconverted ILC2s were found in the draining lymph node,

indicating that during inflammation, ILC2s can migrate from the

skin to the closest lymph node (43). However, this observation

might be tied to the IL-33tg mice as topical application of MC903 to

induce skin inflammation failed to mobilize skin-resident ILC2s

and induce their migration from the skin to the draining lymph

node, despite increased ILC2 numbers in the latter (44).
3.2 Lung ILC2s

The lungs are home to tissue resident cells, including ILC2s,

that participate in the maintenance of tissue homeostasis. At steady-

state, lung ILC2s localize in specific niches, close to adventitial

stromal cells (ASCs) that express IL-33 and TSLP, two key cytokines

involved in maintaining ILC2 homeostasis and effector function.

Depletion of ASCs during helminth infection impaired ILC2

accumulation and lung type 2 immune responses (46). In a

separate study, intranasal administration of IL-33 or IL-25

resulted in an increased expression of CXC chemokine ligand 16

(CXCL16) in the lung parenchyma, with IL-33 inducing a more

immediate and long-lasting expression of CXCL16, as compared to

IL-25. Intranasal administration of IL-33 and CXCL16 into the

airways induced the trafficking of CXCR6+ ILC2s from the

peripheral circulation into the lungs. CXCL16 blockade in mice

challenged with IL-33 resulted in decreased migration of ILC2s into

the lungs (47). This revealed a crucial role for IL-33-mediated
Frontiers in Immunology 04
CXCL16 overexpression in promoting an ILC2-driven type 2

immune response in this model of asthma.
3.3 Intestinal ILC2s

To maintain peripheral tolerance to commensal microbiota,

and detect and eliminate potential harmful pathogens, the intestine

contains up to 70% of the body’s immune cells (48). Amongst these

mucosal immune cells, ILC2s localize in the lamina propria,

immediately underlying the epithelial lining, maintain intestinal

homeostasis and protect against pathogens and infections,

particularly helminths. The interplay between tuft cells, a

specialized epithelial cell type, and ILC2s allows for effective

expulsion of helminths and elimination of the parasites from the

intestine. In tuft cell-deficient mice, or in the absence of ILC2s,

increased worm burden was observed (49), highlighting the key role

of the ILC2-tuft cell axis in protecting the host against helminth

infection. Inflammatory intestinal ILC2s also have the capacity to

migrate to distant organs where they can respond to local

inflammatory cues (49). Ricardo-Gonzalez and colleagues (50)

studied the kinetics of ILC2 translocation between blood and the

small intestine, and the resulting phenotypic variation during

infection with N. brasiliensis. Five days after infection, an increase

in the frequency of ILC2s phenotypically similar to those resident in

the lamina propria which express both KLRG1 and IL-17RB but not

ST2 or arginase 1 (Arg1), was observed in the blood. By 12 days

after infection, these cells were replaced by ILC2s phenotypically

similar to those in the lungs which express KLRG1, ST2 and Arg1

but had reduced IL-17RB expression. Fate-mapping analysis, a

technique applied to track and study the developmental origin of

cells using fluorescent dyes that mark cells over their lifespan,

revealed the existence of two waves, a ‘gut wave’ and then a ‘lung

wave’ of ILC2s that circulate in the blood. In line with their tissue of

origin, gut-derived ILC2s were dependent on IL-25 signaling,

whereas lung-derived ILC2s relied on IL-33 signaling. Treating

mice with an antiparasitic drug that abrogates the gut phase of the

helminth infection resulted in a marked decrease in the number of

ILC2s during the “gut wave” in the blood on day 5 after infection,

with no change in the number of ILC2s during the “lung wave” on

day 12 post infection. A similar effect was observed for “lung wave”

ILC2s when the lung affecting phase of the helminth’s life cycle is

circumvented (50). Intestinal ILC2s can respond to IL-33

stimulation despite low ST2 expression. In pancreatic tumors, IL-

33 activated ILC2s from the gut migrate to tumors and form tertiary

lymphoid structures (TLS) that are correlated to improved

prognosis (36). Altogether, migration of ILC2s between the

intestine and distant tissues is a dynamic process necessary to

optimally protect the host against pathogens.

Collectively, these studies show the importance of ILC2s in

influencing tissue homeostasis and orchestrating immune responses

during inflammation. Spatial mapping of ILC2s has revealed ILC2s

are located in specific niches enabling them to receive and respond

to various signals and interact with both immune and non-immune

cells, ultimately shaping their effector function.
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4 Type 2 innate lymphoid cell – T cell
co-localization in tissues

ILC2s are found in all tissues though their proportion and

localization may significantly differ according to the tissue of their

residency (24, 51, 52). For instance, in the lung, brain, gonadal adipose

tissue, liver, and kidney, ILC2s are localized in the perivascular

adventitial cuff structures (PACS) (46). Tissue distribution of other

ILC subsets have been comprehensively reported elsewhere (24, 51, 52)

and is not a major focus of discussion below. Rather, we concentrate on

the ILC2–T cell co-localization and how this proximity enables

contact-dependent and -independent interactions, shaping the

effector functions of both subsets.
4.1 Lymph nodes

Lymph nodes are key structures for both B and T cell activation

and the generation of adaptive immune responses. In lymph nodes,

ILC2s localize in inter-follicular regions, zones of T cell-B cell

interactions (Figure 1). ILC2s interact with T cells (33, 53),

potentially influencing T cell and B cell effector function and fate

(54). During helminth infection, increased interactions between

ILC2s and T cells have been detected at the mucosal barrier

whereas, in lymph nodes, reduced duration of interaction

between T cells and ILC2s was observed (53). The analysis of T

cell deficient mice (Rag-/-, Zap70-/-, Tcra-/-, and Cd3e-/-) has

revealed an accumulation of ILC2s in mesenteric (33, 55) and

peripheral (55, 56) lymph nodes compared to wild-type animals.

Since T cells and ILCs express similar cytokine receptors and rely on

similar pathways for their development, survival and effector

functions, they compete for access to the same signals locally (57)

and as such it is perhaps not entirely surprising that in the absence

of T cells, increased numbers of ILC2s are found in tissues.

Reconstitution of the T cell pool in Cd3e-/- mice lead to a

downregulation of Il33 expression in stromal cells culminating in

reduced ILC2 expansion to levels similar to those found in wild-

type animals (53). Additionally, two receptors namely signaling

lymphocyte-activating molecule (SLAM) family receptors 3

(SLAMF3) and 5 (SLAMF5) expressed on T and B cells inhibit

the growth and maintenance of ILC2s in the mesenteric lymph

node, in an IL-7 dependent manner (58). These findings suggest a

role for T cells in regulating ILC2 homeostasis in lymph nodes and

potentially in other tissues through local modulation of IL-

33 expression.
4.2 Skin

In the skin, ILC2s reside in the dermis and subcutis layers, with

specific phenotypes pertaining to their respective function (59).

ILC2 interaction with T cells in the skin has not been extensively

studied. It has been reported that retinoid-related orphan receptor

(ROR) expression in regulatory CD4+ T cells (Tregs) is required for

repressing ILC2-driven allergic skin inflammation (60). During skin
Frontiers in Immunology 05
inflammation, in a model of atopic dermatitis, Malhotra et al.

showed that the deletion of Rora in Tregs, alleviated Treg-induced

ILC2 suppression in a contact dependent manner, enhancing ILC2-

derived IL-5 expression, eosinophilia, and a type 2 immune

response (60). Following activation through keratinocyte-

mediated IL-25 expression, ILC2-derived IL-13 expression aided

in the recruitment of CD4+ T cells into the inflamed skin, via the

expression of the chemokines CCL17 and CCL22 (61).
4.3 Lungs

Tertiary lymphoid structures called inducible bronchus

associate lymphoid tissues (iBALT) are formed in the lungs

following allergen or viral exposure. These structures house

antigen-specific B and T cells along with DCs leading to localized

inflammation (62). A recent study showed that upon rag weed

pollen (RWP) exposure, ILC2s colocalize with T and B cells in

iBALTs near pulmonary lymphatic vessels (7). Lining the airways

are peribronchial spaces that maintain ILC2s and CD4+ T cells in

close proximity (7). Using a T cell-specific IL-4 and IL-13 knockout

mouse model, Symowski and Voehringer showed that Th2-derived

IL-4 and IL-13 expression are vital for ILC2 expansion in the lungs

following N. brasiliensis infection (63). During the infection, STAT6

signaling in ILC2s not only induced ILC2 proliferation and Major

Histocompatibility Complex (MHC) class II (MHC II) expression,

but also promoted migration of ILC2s to the lungs (63). In a house

dust mite-induced allergic reaction, ILC2 proliferation and

activation is dependent on Th2 activation and the expression of T

cell-derived cytokines IL-2 and IL-21 (64). In contrast, ILC2-

derived IL-13 is required for the priming of naïve T cells and

their differentiation into Th2 cells in papain-induced lung asthma

model (65). During the course ofN. brasiliensis infection, a crosstalk

between ILC2s and CD4+ T cells in the lungs, involving the

interaction of PD-1 expressed on T cells with its ligand PD-L1

expressed on ILC2s, sustains a robust type 2 immune response,

resulting in improved parasite expulsion (66).
4.4 Intestine

Using intravital imaging techniques, Lok et al. tracked ILC2s in

the small intestine and Peyer’s patches and found that ILC2s co-

localized with T cells in the mucosa of the small intestine at steady-

state, similar to our observations (Figure 1). During helminth

infection, a proportion of mucosal ILC2s interact with

neighboring T cells, maintaining prolonged cell-cell interactions,

to an extent similar to that required for antigen presentation (67).

Together, the mapping of ILC2s and T cells in tissue barriers

and lymph nodes has revealed a close spatial proximity between

these two cell types, suggesting robust ILC2-T cell crosstalk that

influence each other’s subsets and effector functions. While our

understanding of this ILC2-T cell crosstalk remains limited, recent

studies have revealed reciprocal ILC2-T cell interactions that

involve both contact-dependent and -independent mechanisms,
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ultimately shaping the breadth and magnitude of the immune

response during inflammation.
5 ILC2 - T cell crosstalk

A well-coordinated immune response requires immune cells to

interact with each other. Direct interactions involve physical

proximity and cell-cell contact that imply the engagement of cell

surface receptors and ligands, and the exchange of soluble factors

such as chemokines and cytokines. Indirect interactions typically

occur between spatially distant cells and involve the release of

soluble factors which act on target cells that express the

corresponding receptors. Effective immune responses require

optimal communication between immune cells. These notably

include interactions that occur between ILC2s and T cells.
5.1 Direct modulation of T cell function

5.1.1 Antigen presentation and CD4+ and CD8+ T
cell priming

Professional APCs such as DCs process and present antigens to

naïve CD4+ and CD8+ T cells ultimately priming and activating these

key lymphocyte subsets. This process involves the recognition of a

specific peptide- MHC class I (MHC I) or II (MHC II) complex by

the T cell receptor (TCR), the binding to co-stimulatory molecules,

and the production of polarizing cytokines. MHC I is expressed on all

nucleated cells and have the ability to present endogenous antigens to

CD8+ T cells, allowing the detection and elimination of potentially

infected or mutated cells. Besides DCs, other professional and non-

professional antigen presenting cells have been described, having the
Frontiers in Immunology 06
capacity to prime naïve T cells or influence T cell effector responses in

an antigen-specific manner. Among them, B cells and macrophages

are well known antigen presenting cells (68, 69).While the expression

of MHC II is more restricted and remains limited to specific immune

cell subsets, other cells can express or acquire peptide-loaded MHC II

molecules, for example, through trogocytosis (70), that confers

antigen-presenting functions. These MHC II+ cells include B cells,

macrophages and other myeloid cell subsets, stromal cells and ILCs

(2, 5, 68). Often referred as to non-professional APCs as opposed to

dendritic cells which are considered as professional APCs, increasing

evidence suggest that they can shape the breadth and depth of the T

cell response, particularly CD4+ T cells. In the intestine, the recent

discovery of RORgt+ APCs that direct the differentiation of CD4+ T

cells into microbiota-specific peripheral Tregs that express both

Foxp3 and RORgt highlights the role of non-DCs in CD4+ T cell

priming and differentiation. MHC II+ cells present extracellular

antigens to naïve or already primed CD4+ T cells enabling

controlled polarization of the immune response. Recent findings

indicate that ILC2s exhibit all the required features for antigen

presentation with the expression of the necessary antigen

processing machinery along with the expression of MHC I, MHC

II and other MHC proteins such as CD1a, enabling them to uptake,

process and present antigens to CD8+ and CD4+ T cells (71, 72)

(Figure 2). In addition, ILC2s also express co-stimulatory molecules

such as inducible T cell costimulator (ICOS) and its ligand, ICOS-L,

as well as OX40L, CD80, CD86, all of which having distinct but

complementary roles in inducing and amplifying T cell-mediated

immune responses (72).

5.1.1.1 MHC II expression and CD4+ T cell priming

ILC2s express MHC II molecules enabling them to present

antigens to CD4+ T cells. At steady-state, lung ILC2s express high
FIGURE 2

Direct interactions between ILC2s and T cells. Direct interactions between ILC2s and CD4+ or CD8+ T cells include antigen presentation through
engagement of T cell receptor (TCR) and Major Histocompatibility Complex Type I or II (MHC I or II) loaded with peptide, co-stimulatory molecules,
and polarizing cytokines.
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levels of MHC II and its blockade in in vitro co-culture system with

antigen-specific T cells results in reduced cytokine production by

ILC2s. Ovalbumin-pulsed ILC2s induced CD4+ T cell proliferation,

an effect that was lost following co-culturing ILC2s and OT-II cells

with a neutralizing anti-MHC II antibody. Furthermore, IL-2

produced by CD4+ T cells directly amplifies ILC2 cytokine

expression (73), leading to the expression of high levels of the

type 2 cytokines IL-4, IL-5, IL-9 and IL-13. This effect was

suppressed by the addition of MHC II neutralizing antibodies,

implicating a direct involvement of MHC II and antigen

presentation in promoting ILC2-derived cytokine expression. Not

only lung ILC2s but also ILC2s from the small intestine and

lymphoid tissues express MHC-II (74). MHC II expression and

subsequent activation of CD4+ T cells results in an IL-13-dependent

Th2 response and clearance of helminth infection. The expression

of MHC II is conserved between mouse and human ILC2s,

highlighting the importance of this pathway in ILC2 biology and

type 2 immune responses (72). It remains to ascertain whether

MHC II+ ILC2s are capable of direct priming of naïve CD4+ T cells,

not only in vitro, but also in vivo. It is also possible that rather than

priming de novo naïve T cells, ILC2s modulate the effector functions

of already primed effector T cells in a TCR cognate manner through

peptide-MHC II interaction and expression of co-stimulatory

molecules as an evolutionary mechanism to amplify T cell

response at the site of inflammation.

5.1.1.2 MHC I expression and CD8+ T cell priming

Cross-presentation of extracellular antigens to CD8+ T cells is a

process that remains restricted to type 1 conventional dendritic cells.

Intriguingly, in a lung cancer model, Wen and colleagues (75) recently

described the ILC2s capacity to cross-present antigen to CD8+ T cells.

They found that IL-33-activated ILC2s expressed genes encoding for

MHC Imachinery and costimulatorymolecules. The gene signature of

IL-33-activated ILC2s was similar to the gene signature of DCs

activated by LPS stimulation and the expression of many of the

genes related to antigen presentation has been confirmed at the

protein level. Importantly, IL-33-activated ILC2s have also been

shown to have the capacity to phagocytose antigenic proteins (76),

highlighting the cross-presentation potential of extracellular antigens

to CD8+ T cell. Using the widely employed OT-I cells, a model used to

study specific CD8+ T cell responses to ovalbumin, the co-culture of

ILC2s and CD8+ T cells in the presence of the full-length ovalbumin

protein or an ovalbumin-derived peptide induced T cell proliferation

and activation. In addition, co-culture of lung ILC2s with naïve T cells

resulted in increased proliferation, effector function, and cytotoxic

potential of CD8+ T cells in a contact-dependent manner (76).

Activated ILC2s in the lung also express MHC I, a phenotype that

is more pronounced following co-culture with CD8+ T cells. The

capacity of lung ILC2s to cross-present antigens, prime, and activate

CD8+ T cells increases CD8+ T cell cytotoxicity in the tumor

microenvironment and reduces tumor burden (77).

5.1.1.3 Expression of costimulatory molecules

The expression of either MHC I or MHC II molecules along

with peptide presentation is not sufficient to effectively prime and
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activate T cells. Full T cell activation requires additional signals

often referred to as second and third signals. ILC2s express a wide

range of costimulatory molecules which are able to bind to their

corresponding ligands or receptors expressed on T cells. Similar to

DCs, ILC2s express CD80 and CD86, both of which bind to CD28

expressed on naïve T cells. ILC2s also express both ICOS and its

ligand, ICOS-L (67, 72, 78). ICOS binds to ICOS-L, which induces

the production of IL-4 and IL-13 by CD4+ Th2 cells (79, 80). ILC2s

also express OX40 ligand (OX40L), a co-stimulatory molecule that

has been involved in the activation of OX40+ T cells and their

differentiation into Th2 cells during N. brasiliensis infection, leading

to efficient helminth expulsion (81). In a type 2 inflamed niche,

OX40L expression by ILC2s associated with ILC2-derived CCL1

secretion mediate the recruitment and accumulation of GATA3high

Tregs expressing OX40 and CCR8. This ILC2-Treg interaction

directly impairs the expansion of effector Th2 cells by limiting

OX40L bioavailability thus preventing excessive type 2

inflammation which might result, if uncontrolled, in irreversible

tissue damage (82). Butyrophilin 2a2 (Btn2a2) is another

costimulatory molecule, previously defined on T cells, that is

expressed on ILC2s at steady-state (83). Using both in vitro and

in vivo models, Frech et al. found that the expression of Btn2a2 on

ILC2s impaired CD4+ T cell response against helminth infections

while the adoptive transfer of Btn2a2-deficient ILC2s along with

antigen-specific CD4+ T cells into Ragyc-/- mice resulted in

increased frequency of CD4+ T cells as well as IL-4 and IL-13

expression in CD4+ T cells and ILC2s (83).
5.1.2 Modulation of T cell function through
soluble factors expressions
5.1.2.1 Cytokines

Cytokines produced by ILC2s after activation influence T cell

activity and effector function. In an ILC2-CD4+ T cell co-culture

system, ILC2-derived IL-4 expression promotes the production of

IL-5 and IL-13 by CD4+ T cells (84). In a papain-induced lung

inflammatory model, the production of IL-13 by ILC2s promotes

CD4+ T cell activation and Th2 polarization (65) while in an HDM-

mediated airway inflammatory model, the activation of T cells

precedes that of ILC2s and T cell-derived IL-2 and IL-21

expression promote ILC2 activation (64). Wan and colleagues

(85) found that the secretion of IL-9 by ILC2s in vitro activate

CD8+ T cells favoring T cell-mediated killing of CT26 cancer cells.

In vivo, the neutralization of IL-9 using a blocking antibody resulted

in increased CT26 tumor growth. While blocking ILC2s in nude

mice that are deficient for T cells has no effect on tumor burden,

adoptive T cell transfer into ILC2-depleted mice resulted in

increased tumor burden compared to ILC2-sufficient animals.

These observations suggest a direct crosstalk between ILC2s and

T cells requiring IL-9 signaling for T cell-mediated cancer cell

killing (85). In addition, IL-2 production by activated CD4+ T cells

modulates ILC2-derived IL-5, IL-9, and IL-13 expression (73, 86).

In contrast, the presence of type 1 cytokines such as IFN-y and type

1 IFN inhibits ILC2 activity (87). In the liver, IFN-y directly

counteracts IL-33-mediated ILC2 proliferation and IL-5 and IL-

13 production, whereas blocking IFN-y restores the frequency of
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1677358
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Ikra et al. 10.3389/fimmu.2025.1677358
ILC2s which express IL-5 and IL-13 (78). Amphiregulin (AREG) is

a soluble factor that was shown to modulate the crosstalk between

ILC2s and T cells. IL-33 stimulated ILC2s express AREG (88)

which, on binding to the epidermal growth factor receptor

(EGFR) expressed on Tregs, induces the flip of the integrin aV to

the outer membrane leading to the release of active TGF-b from

latent complexes that accumulate in the local environment (89, 90),

thereby increasing Treg suppressive functions (87, 91–93). In a lupus

nephritis model, ILC2-derived AREG in the kidney suppresses

inflammatory T cell signals locally, which prevents T cell

activation and disease progression (94). Further investigations are

warranted to further identify the relative contribution of ILC2-

derived AREG expression to Treg suppressive effector functions,

particularly relative to macrophages, mast cells, or other immune

cell-derived AREG expression (89, 93, 95), in models of

inflammation, infection or carcinogenesis.
5.2 Indirect modulation of T cell effector
function through the engagement of a
third partner

In addition to direct interactions, ILC2s can interact with T cells

indirectly through the engagement of other cell types to amplify the

immune response (Figure 3). ILC2-derived IL-4, IL-5, IL-9, and IL-13

production, not only influence T cell effector functions, but also shape
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the activity of other immune and non-immune cells such as stromal

cells and antigen presenting cells which in turn affect T cell responses.

5.2.1 Stromal cells
Using a reporter mouse model, Dahlgren and colleagues found

that ILC2s colocalize with adventitial stromal cells (ASCs), Tregs,

and DCs. These ASCs express Tslp, Ccl11 and Il33, all of which play

an important role in type 2 immunity while the latter is a major

stimulatory cytokine for ILC2s. IL-33 and TSLP derived from lung

ASCs promote the survival and proliferation of ILC2s, both in vitro

and during helminth infectious models (46).

5.2.2 Myeloid cells
During papain-induced lung inflammation, ILC2-derived IL-13

production promotes the recruitment of antigen presenting DCs to

the lymph nodes, where they prime naïve CD4+ T cells to induce

Th2 cell differentiation and type 2 immunity (96). In lungs, liver,

and kidneys, ILC2s are positioned near CD11c+ MHC II+ dendritic

cells, indicating that adventitial perivascular niches are locations for

DC-ILC2 interactions (46). Activated DCs produce IL-33, TSLP,

and tumor necrosis factor-like ligand 1A that activates ILC2s. Once

activated, ILC2s release IL-13 which further promotes DC

trafficking into lymph nodes to amplify a type 2 immune

response through CD4+ T cell priming (97). In cancer, ILC2-

derived IL-13 production promotes the recruitment of myeloid-

derived suppressor cells (MDSCs) into tumors, inhibiting T cell
FIGURE 3

Indirect interactions between ILC2s and T cells. Known indirect interactions involve the expression of cytokines and chemokines that impact stromal
cells (in the lungs), eosinophils (in the lungs and skin), dendritic cells (in the lymph nodes, lung, liver and kidney) and myeloid-derived suppressor
cells (in tumors) activity, culminating in ILC2 and or T cell activation.
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effector function, culminating in tumor growth and disease

progression (98). One of the significant functions of ILC2s is their

ability to promote eosinophilia. Eosinophils have been shown to

express CCL5, CXCL9, CXCL10 thereby helping in T cell

recruitment into the tumor microenvironment (99). PD-1 is

expressed by ILC2s and has been shown to drive ILC2 pro-

tumorigenic function (100). The blocking of PD-1 promotes

ILC2-derived CCL5 expression which recruits DCs, leading to the

accumulation of intratumoral antigen-specific T cells (101).
6 Concluding remarks

Primarily recognized for their ability to orchestrate type 2

immunity, growing evidence also suggests a key role for ILC2s in

influencing type 1 immune responses. Amongst the myriads of

signals that influence ILC2 function, the cytokines IL-33 and IL-25

are prime activating factors for ILC2s. At steady-state, ILC2s

primarily interact with other tissue resident cells, including some

subsets of tissue resident T cells, helping to maintain proper tissue

function locally. During inflammation, ILC2s capacity to promote T

cell recruitment and activation as well to possibly T cell priming

through direct or indirect means, directly contribute to influencing

the inflammatory response. Given that ILC2 functions are largely

dependent on the local tissue milieu, their interactions with immune

and non-immune cells in different organs present an interesting

direction to explore as to modulating local inflammation in a tissue-

specific manner. In cancer, for instance, an increasing number of

studies have highlighted the critical roles that ILC2s play in

modulating the tumor microenvironment (102) with new evidence

suggesting that ILC2s could directly influence T cell effector function

through direct interactions. While further studies are warranted, if

proven true, this would open up a new avenue into using ILC2s to

influence the anti-tumorigenic capacity of T cells.
7 Future perspectives

The capacity of immune cells other than DCs to prime de novo

naïve T cells remains a matter of debate. While some evidence suggest

the induction of T cell responses in the absence of DCs, albeit

significantly reduced compared to DC competent animals or

individuals, how these T cell responses are mounted remain to be

fully elucidated. Not only the breadth but also the quality of this

response needs to be evaluated. For instance, in the presence of a bi-

allelic mutation in IRF8 with complete cDC1 deficiency, despite the

presence of effector CD8+T cells, these T cells have impaired IFN-g
production and CXCR3 expression, suggesting a dramatic effect on

type 1 immunity. In addition, the capacity of non-DC immune cells to

express MHC II or acquire peptide-loaded MHC II molecules at their

surface may contribute to CD4+ T cell reactivation or polarization

through the expression of key cytokines; for instance, IL-4 expression

from mast cells or IL-6 production from B cells promote the

differentiation of helper T cells into Th2 or Tfh cells through the

induction of Gata3 or Bcl6 expression, respectively (103–105). ILC2s,
Frontiers in Immunology 09
as discussed above, seem to be equipped with the necessary machinery

to directly activate T cells through peptide-MHC-TCR interactions.

They also express co-stimulatory molecules and key polarizing

cytokines such as IL-9 or IL-13. Despite displaying critical antigen-

presenting cell features, including the capacity to migrate to secondary

lymphoid organs and co-localize with T cells, formal definitive in vivo

evidence of their capacity to prime T cells is still missing. Ultimately, a

better understanding of these cellular interactions, including the

possibility of ILC2s to prime T cells may provide an alternative path

to modulate T cell effector functions.

In this review, known interactions between T cells and ILC2s

are described, both at steady-state and in context of inflammation

and disease. However, further investigations are warranted to

properly elucidate the nuances of this interaction. Although

increasing evidence suggest that ILC2s function beyond the

regulation of type 2 immunity, several key questions remain.
• The relative contribution of ILC2s to CD8+ T cell priming,

particularly in comparison to professional antigen presenting

cells, are not yet fully understood. Future studies will need to

evaluate the capacity of ILC2s to prime CD8+ T cells in the

context of ILC2 deficiency but cDC1 competent animals. The

extent and quality of the T cell response will need to be

compared, side-by-side, to cDC1-deficient but ILC2-

sufficient mice and to fully immunocompetent animals. In

this setting, the stimulatory effect of ILC2s on DCs, as

previously shown by our group and others, ultimately

influencing DC-mediated T cell responses, may be a

confounder and will need to be carefully evaluated in a

context-dependent manner.

• It remains unclear whether ILC2-mediated T cell priming or

re-activation occurs within tissues or requires migration to

lymph nodes. As such we propose to block the migration of

tissue resident ILC2s to lymph nodes by deleting key

chemokine receptors at their surface that would prevent

them from trafficking to secondary lymphoid organs.

Additionally, the use of photoconvertible mouse models

could help define the kinetics of the response and through

the use of imaging approaches, to decipher the relative

preference of tissue-specific activated ILC2s (photoconverted

cells) that have migrated to the secondary lymphoid organs for

T cell interactions compared to non-photoconverted cells.

Additionally, the use of fluorescent dyes or trackers could

also aid in determining the capacity of ILC2s to migrate from

the site of inflammation to the draining lymph node and

positioning close to T cells.

• It is also not known whether T cell priming by ILC2s is

comparable to that mediated by dendritic cells, especially

with respect to the signals delivered to T cells. ILC2s have

been shown to possess the machinery required for antigen

uptake and processing, but the implications of this system

for ILC2s and their maturation including signaling

pathways involved in this remain to be understood. In

this context, IL-33 may play a major role in ILC2

activation and the potential induction of this machinery.
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The analysis of ST2-/- ILC2s using conditional knock out

mice should shed light on the role of this pathway in

influencing ILC2-T cell interactions. Additionally, in light

of the recent findings from Halim et al., Wen et al. and Kim

et al., it has become increasingly important to identify the

receptors and pathways involved in antigen uptake,

processing, and presentation (72, 75, 77, 81).

• While a growing body of research is describing the non-

redundant roles of ILCs and T cells in various contexts, the

overall impact of ILC2s on T cell immune responses has not

been studied extensively. ILC2s form a bridge between the

innate and adaptive immunity, with characteristic features

that allow them to play a role in both type 1 and type 2

responses. A disease model like the dengue virus infection,

where ILC2s have been implicated in regulatory role in type

1 immunity (106), would be ideal to study ILC2s role in

antigen cross-presentation and T cell activation. Since

ILC2s are permissive for the dengue virus, specifically

deleting MHC I or MHC II on ILC2s and studying how

that affects the T cell repertoire and function, would

delineate capacity of ILC2s to affect T cell priming

through antigen presentation.
Together, further studies are needed to shed light on the

prospect of ILC2s as additional regulators of T cell-based

functions in order to establish long-term protective immunity.
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