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ABSTRACT
Group 2 innate lymphoid cells (ILC2s) are essential for orchestrating type 2 immune responses during 
allergic airway inflammation and infection. ILC2s have been reported to play a regulatory role in tumors; 
however, this conclusion is controversial. In this study, we showed that IL-33-activated ILC2s could boost 
CD8+ T-cell function through direct antigen cross-presentation. After activation by IL-33, ILC2s showed an 
enhanced potential to process antigens and prime CD8+ T cell activation. Activated ILC2s could phago-
cytose exogenous antigens in vivo and in vitro, promoting antigen-specific CD8+ T cell function to 
enhance antitumor immune responses. Administration of OVA-loaded ILC2s induces robust antitumor 
effects on the OVA-expressing tumor model. These findings suggested that the administration of tumor 
antigen-loaded ILC2s might serve as a potential strategy for cancer treatment.
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Introduction

Innate lymphoid cells (ILCs) are tissue-resident lymphocytes 
that sense diverse microenvironmental stress conditions and 
induce immune responses. Type 2 innate lymphoid cells 
(ILC2s) are a subgroup of ILCs that mainly express the tran-
scription factors GATA3 and RORα, and are involved in type 2 
immune responses by secreting the cytokines IL-5 and IL-13.1– 

3 ILC2s are innate immune cells that closely mirror T-helper 
type 2 (Th2) cells.4 Both have been extensively studied in 
parasitic helminth infections and allergic diseases.5

Many studies have demonstrated that ILC2s are present in 
various tumors, including hematological malignancies, pros-
tate cancer, bladder cancer, colorectal cancer, breast cancer, 
melanoma, and lung cancer.6,7 The role of ILC2s in tumors, 
particularly in tumor growth, has been reported to be a double- 
edged sword. With regard to their tumor-promoting effect, 
ILC2s can secrete type 2 cytokine IL-13 and recruit immuno-
suppressive myeloid-derived suppressor cells (MDSCs) to inhi-
bit antitumor immune responses in some tumors, such as acute 
myeloid leukemia, prostate cancer, and bladder cancer.8–10 In 
contrast, to support antitumor immunity, ILC2s secrete cyto-
kine granulocyte-macrophage colony-stimulating factor (GM- 
CSF) to recruit and activate eosinophils to enhance antitumor 

responses11. ILC2s also express PD-1 and anti-PD1 antibody 
therapy can increase CCL5 secretion in ILC2s, recruit dendritic 
cells (DCs), and activate T cells to enhance anti-tumor immune 
responses12. PD-1 blockade on ILC2s can also promote TNF-α 
secretion to inhibit the progression of metastatic melanoma13. 
In addition, IL-9-secreting ILC2s activate CD8+ T cells to 
inhibit tumor growth14. Although a series of reports on the 
functions of ILC2s suggests that ILC2s have a certain function 
in antitumor immunity, the actual regulatory role of ILC2s in 
adaptive immune responses remains unclear. Therefore, 
a mechanistic study that reveals the function of ILC2s in anti-
tumor immunity will provide benefits and aid in the develop-
ment of new cancer treatment strategies.

ILC2s have been shown to form an intricate interaction loop 
with the adaptive immune system15. ILC2s affect the adaptive 
immune system through both direct and indirect mechanisms. 
ILC2-derived cytokines such as IL-5 and IL-13 can regulate the 
differentiation of Th2 cells and limit the immunosuppressive 
function of regulatory T cells (Tregs)1,16,17. ILC2s secrete IL-5 
and IL-6 to regulate B cells and support antibody 
production18,19. ILC2s indirectly activate and prime CD8+ 

T cells via CCL5-recruited DCs, enhancing antitumour 
immune responses12. Conversely, ILC2s can participate in 
immune regulation via crosstalk with adaptive immune cells 
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through surface molecules such as OX40L and inducible costi-
mulatory ligand (ICOS-L) in cell contact-dependent 
interactions20,21. Recently, the function of ILC2s as antigen- 
presenting cells was revealed. By directly interacting with CD4+ 

T cells through MHCII, ILC2s promote Th2 polarization and 
cytokine production in CD4+ T cells5. In addition, ILC2s in the 
human skin can express CD1a, an endogenous lipid antigen- 
presenting molecule on antigen-presenting cells (APCs), to 
directly activate CD1a-reactive T cells and thus contribute to 
skin inflammation22. Thus far, research has predominantly 
focused on the role of ILC2s in the presentation of antigens 
to CD4+ T cells. However, whether ILC2s can present antigens 
to CD8+ T cells remains unknown.

Tumor-infiltrating CD8+ T cells are the central component 
of antitumor immune responses in cancer-specific immunity. 
CD8+ T cells must be activated by APCs presenting tumor- 
specific antigens on MHC-I at the beginning of protective 
immunity to acquire an adequate capacity to kill tumor 
cells23. Generally, intratumoral APCs capture and process 
neoantigens derived from tumor cells and load them onto 
MHC-I complexes on the cell surface. APCs also provide 
costimulatory signaling to induce potent T-cell functions. 
During these interactions, naïve CD8+ T cells become tumor- 
specific CD8+ T cells that are capable of killing target tumor 
cells. Therefore, priming and activation of CD8+ T cells are 
critical for successful antitumor immunity.

We hypothesized that the administration of activated ILC2s 
capable of capturing tumor antigens would be an effective anti- 
tumor biotherapy. We isolated IL-33-activated ILC2s and 
assessed the expression of MHC-I and costimulatory mole-
cules. Activated ILC2s displayed antigen phagocytosis to 
prime CD8+ T cell activation, which was antigen-dependent. 
The antigen-loaded ILC2s administered intravenously induced 
significant antitumor efficacy in antigen-specific murine mod-
els. Together, we conclude that IL-33-activated ILC2s can 
inhibit tumor growth through cross-presenting antigens to 
activate CD8+ T cells.

Results

ILC2s have antigen processing and presentation potential 
after activation

ILC2s can serve as APCs that mediate CD4+ T cell activation via 
MHC-II5. To investigate whether ILC2s have the molecular sig-
nature necessary to process and present antigens to CD8+ T cells, 
we analyzed the transcriptome of naïve and IL-33-activated lung 
ILC2s using RNA sequencing (RNA-seq). Activated ILC2s were 
obtained from IL-33 or papain-induced acute pulmonary inflam-
mation model (Figure S1a,b). Naïve ILC2s from unchallenged 
mice were purified from 6 to 8 weeks C57BL/6 females. Murine 
lung ILC2s were stained according to the surface marker pheno-
type FVS−CD45+Lin−CD90.2+ST2+ (Figure S1c). ILC2 popula-
tions showed purity higher than 99% (Figure S1d). ILC2 
populations were also identified using real-time quantitative poly-
merase chain reaction (qRT-PCR) (Figure S1e,f). Gene set enrich-
ment analysis (GSEA) showed the enrichment of the MHC 
protein complex (Figure 1a). A heatmap of the RNA-seq results 
demonstrated that MHC-I-associated molecules, including light 

chain β2 microglobulin (B2M) and heavy chain highly poly-
morphic genes (H-2K, H-2D, and H-2 L),24 as well as the costi-
mulatory molecules25, were upregulated in activated ILC2s 
(Figure 1b). Activated ILC2s showed similar gene upregulation 
profiles to DCs after LPS stimulation (Figure S1g), which were 
obtained from the published profiles in GSE184976. And the 
enrichment and upregulation of processing-associated genes in 
activated ILC2s were consistent with that of MHC-I-associated 
genes (Figure 1c,d). qRT-PCR data verified that IL-33-activated 
ILC2s exhibited higher levels of MHC-I-associated molecules than 
naïve ILC2s at the transcriptional level (Figure 1e,f). We also 
found that IL-33 stimulation increased the expression of MHC-I 
genes in a time-dependent manner (Figure 1g). The upregulation 
of CD80 and CD86 in activated ILC2s was confirmed at the 
transcriptional level (Figure 1h,j). A certain percentage of ILC2s 
also expressed the costimulatory molecules, CD80 and CD86, at 
the protein level (Figure 1i,k). These results suggested that IL-33 
activated ILC2s had the potential to process and present antigen 
via the MHC-I pathway. We used activated ILC2s for subsequent 
experiments.

ILC2s phagocytose antigens in vitro and in vivo

FITC-dextran was used to evaluate the endocytic activity of the 
murine ILC2s.26 ILC2s were obtained from IL-33-induced murine 
lung tissue. ILC2s were incubated with 0.2 mg/ml FITC-dextran 
for 40 min and then analyzed by flow cytometry to assess phago-
cytosis (Figure 2a). ILC2s incubated without FITC-dextran or 
with FITC-dextran for 40 min at 4°C were set as controls. The 
increased FITC-dextran expression of ILC2s suggested that ILC2s 
had the capacity for phagocytosis. Next, we tested whether ILC2s 
captured antigenic proteins derived from tumor cells. The 
B16F10-SOVA cell line is a variant of B16F10 melanoma cells 
that simultaneously express ovalbumin (OVA) as a tumor antigen 
and the fluorescent protein mCherry as a marker to track antigen 
phagocytosis. ILC2s were cocultured with B16F10-SOVA, and 
mCherry expression on ILC2s was analyzed by flow cytometry. 
ILC2s showed more mCherry positive percentage as time went on 
(Figure 2b). We intravenously injected B16F10-SOVA tumor cells 
to establish a lung metastatic tumor model (Figure 2c). Fourteen 
days after implantation, we profiled the CD90.2+ immune cells in 
the lung by flow cytometry (Figure 2d). mCherry fluorescence in 
immune cells, derived from the tumor, was assessed. 
Approximately 6% of ILC2s (CD45+Lin−CD90.2+ST2+) were 
mCherry+, which was higher than other cell subsets (Figure 2e). 
mCherry loading revealed that ILC2s engulfed tumor-derived 
antigens in vivo. We also confirmed that the proportion of 
mCherry+ ILC2s increased as the tumor grew (Figure 2f), increas-
ing from <1% of ILC2s at the early stage to nearly 20% of ILC2s at 
the late stage (Figure 2g). Besides, ILC2s isolated from B16F10- 
OVA metastases induced OT-I CD8+ T cells expressing CD69 
(Figure 2h). Taken together, ILC2s were able to phagocytose 
antigens in vitro and in vivo.

ILC2s form cell clusters with CD8+ T cells in an 
antigen-dependent manner

To elucidate the interaction between ILC2s and CD8+ T cells, 
we developed a real-time cell imaging co-culture system to 
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monitor CD8+ T cell – ILC2 interactions. IL-33-activated 
ILC2s from Red5 (IL5tdtomato-cre) mice were cocultured with 
OT-I CD8+ T cells with or without OVA protein. A series of 
representative images of T-cell-ILC2 interactions are shown in 
Figure 3a, and movies are shown in Movie S1. There were only 

random collisions in the CD8 alone group, the group treated 
with ILC2s alone, and the group treated with OVA protein 
alone. The T-cell-ILC2 interaction could be detected in the 
presence of exogenous soluble OVA and ILC2s. The numbers 
and relative area ratio of CD8+ T-ILC2 cell clusters per field 

Figure 1. IL-33-activated ILC2s upregulated MHC-I molecules and molecules related to antigen processing and presentation. (a) GSEA enrichment analysis identifying 
the MHC-I protein complex in activated ILC2s. NES, normalized enrichment score; FDR, false discovery rate. (b) Heatmap of the log2-transformed expression of selected 
MHC class I-associated molecules and costimulatory molecules from RNA-sequencing data across populations. (c) GSEA enrichment analysis showing enrichment of the 
antigen processing and presentation of peptide antigen via MHC class I pathway. (d) Heatmap of the log2-transformed expression of selected cathepsin proteins and 
antigen processing-related genes. (e) RT-PCR analysis of the expression of the heavy and light chains of MHC-I: B2M, H2-D1, and H2-K1. (f) RT-PCR analysis of the 
expression of the heavy and light chains of MHC-1 in ILC2s stimulated with IL-33 for 3 days in vitro. (g) the levels of the heavy and light chains of MHC-I in IL-33- 
stimulated ILC2s were analyzed on different days by RT-PCR. (h) the level of CD80 in ILC2s was analyzed by RT-PCR. (i) Representative flow cytometric histogram overlays 
and quantitative analysis of CD80 expression on ILC2s from IL-33-treated mice. (j) the level of CD86 in ILC2s was analyzed by RT-PCR. (k) Representative flow cytometric 
histogram overlays and quantitative analysis of CD86 expression on ILC2s from IL-33-treated mice. For RNA seq and cytometric data, n = 2 mice per group; for RT-PCR, n  
= 2 replicates in each experiment. Data are shown as the means ± SEMs. The p value was determined by one-way ANOVA. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not 
significant.
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increased over time (Figure 3b,c). Therefore, this imaging data 
showed that OT-CD8+ T cells formed cell clusters around 
ILC2s loaded with OVA antigen in vitro.

ILC2s promote CD8+ T-cell proliferation and cytokine 
secretion upon antigen stimulation

Next, we investigated the antigen-presenting and antigen- 
processing functions of ILC2s to CD8+ T cells. Activated ILC2s 
were incubated with CellTrace Violet (CTV)-labeled OVA- 
specific transgenic OT-I CD8+ T cells for 3 days with or without 
an exogenous soluble SIINFEKL peptide (OVA257–264). The 

percentage of proliferating T increased significantly after the 
addition of ILC2s (Figure 4a). In addition, we investigated 
whether ILC2s could prime OT-I CD8+ T-cell proliferation by 
processing and presenting soluble OVA protein. Nearly 60% of 
OT-I CD8+ T cells proliferated when both OVA protein and 
ILC2s were present (Figure 4b). In contrast, CD8+ T cells failed 
to proliferate when they were cultured alone, with only the OVA 
protein, or co-cultured with ILC2s without the OVA protein 
(Figure 4b). ILC2s generally act on other immune cells by secret-
ing effector cytokines such as IL-9 and GM-CSF. We isolated 
OVA-loaded ILC2s and their supernatants, and co-cultured with 
CTV-labeled OT-I CD8+ T cells, respectively. Results showed that 

Figure 2. Ilc2s phagocytosed antigens in vitro and in vivo. (a) Flow cytometric histogram overlays and quantitative analysis depicting in vitro uptake of FITC-dextran by 
ILC2s (n = 3 independent wells). (b) Analysis of tumor-derived mCherry fluorescence in ILC2s cocultured with B16F10-SOVA tumor cells (n = 3 independent wells). (c) 
Schematic showing the strategy for the lung metastasis model. (d) Representative flow cytometry plot and gating of tumor-infiltrating immune cells. (e) Frequency of 
mCherry+ immune cells across tumors (n = 5 mice per group). (f) Representative flow cytometric histograms of tumor-derived mCherry fluorescence within tumor- 
infiltrating ILC2s from day 7 through day 28. (g) Frequency of mCherry+ ILC2s in the tumor over the course of tumor progression (n = 5 mice per group). (h) Flow 
cytometry plot and frequency of CD69+ CD8 were analyzed by flow cytometry (n = 3 independent wells). Data are shown as the means ± SEMs. The p value was 
determined by one-way ANOVA. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not significant.
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only OVA-loaded ILC2s stimulated T-cell proliferation; the 
supernatants failed to promote T-cell proliferation (Figure 4c). 
Next, we used myelin oligodendrocyte glycoprotein-MOG protein 
as a control antigen to test whether MOG-loaded ILC2s could 
promote OT-I CD8+ T cell proliferation. Only OVA-loaded ILC2s 
stimulated OT-I CD8+ T-cell proliferation; the MOG-loaded 
failed to promote OT-I CD8+ T-cell proliferation (Figure 4d). 
And ILC2s promoted cytokine IFN-γ, TNF-α and Granzyme 
B (GZMB) production of OT-I CD8+ T cells with OVA 

stimulation (Figure 4e–g). These data suggested that ILC2s pro-
moted CD8+ T cell proliferation and function with specific anti-
gen stimulation.

Antigen-loaded ILC2s induce robust tumor killing

We examined whether OVA-loaded ILC2s enhance CD8+ T cell 
cytotoxicity against B16F10-OVA cells that express OVA 

Figure 3. ILC2s formed cell clusters with CD8+ T cells in the presence of antigen. (a) the cells showing red fluorescence are ILC2s, whereas those with no fluorescence are 
CD8+ T cells. ILC2s (2 × 104 were cocultured with CD8+ T (6 × 105 cells for 20 hours. Live cell imaging of ILC2–CD8+ T-cell interactions at different time points revealed 
that the cells formed constant cell clusters during the coculture. Scale bar = 50 μm or 5 μm. (b) Statistical analysis of cell cluster number per field (n = 4 views per well). 
(c) Statistical analysis of cell cluster area percentage per field (n = 4 views per well). Data are shown as the means ± SEMs. The p value was determined by two-way 
ANOVA. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not significant.
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antigens. Antigen-loaded ILC2s were cocultured with OT-I 
CD8+ T and B16F10-OVA cells (Figure 5a). We chose MOG as 
another antigen control. The release of LDH in the supernatant 
of OVA-loaded ILC2 significantly increased after 24 h of cocul-
ture compared with CD8+ T cells alone or MOG-loaded ILC2-T 
cell coculture systems (Figure 5b). Moreover, OVA-loaded 
ILC2s drove CD8+ T cells to exhibit robust tumor-killing func-
tion within 3 days, while control MOG-loaded ILC2s did not 
show such phenotype (Figure 5c). These indicated that antigen- 
uploaded ILC2s boost CD8+ T cells tumor killing ability in vitro. 
To test whether OVA-loaded ILC2s could enhance antitumor 
responses in vivo, we generated a subcutaneous mouse model 
using co-transplantation of ILC2s and B16F10-OVA tumor cells 
(Figure 5d). The co-transplantation of ILC2s indeed increased 
the proportion of ILC2s in tumor tissues (Figure S2a). OVA- 

loaded ILC2s delayed significantly tumor growth in vivo 
(Figure 5e), and the tumor size in OVA-loaded ILC2s were 
smaller than that in control group at endpoint (Figure 5f). In 
addition, we observed that the percentage of CD8+ T cells in the 
ILC2-mixed group was significantly higher than that in the 
control group (Figure 5g). And Treg infiltration decreased 
(Figure 5h) and the CD8+ T cell/Treg ratio increased 
(Figure 5i). Thus, these results demonstrated that OVA-loaded 
ILC2s decreased tumor development.

Antigen-loaded ILC2s inhibit B16F10-OVA lung 
metastasis

We next determined whether ILC2s loaded with OVA would 
inhibit B16F10 lung metastasis. OVA-loaded ILC2s were injected 

Figure 4. ILC2s promoted OT-I CD8+ T-cell proliferation and cytokine production with OVA-stimulation. (a) Analysis of CD8+ T-cell proliferation using CTV by flow 
cytometry as described in the Methods. CTV-labeled OT-I CD8+ T cells were cultured with ILC2s in the absence or presence of 10 μM OVA257–264. CD8+ T-cell proliferation 
was measured by flow cytometry, as shown in the histograms. Column chart showing the percentages of proliferating OT-I CD8+ T cells (n = 3 independent wells). (b) 
CTV-labeled OT-I CD8+ T cells were cultured with ILC2s in the absence or presence of soluble OVA protein. CD8+ T-cell proliferation was measured by flow cytometry (n  
= 3 independent wells). (c) After pretreatment with or without the OVA protein, isolated ILC2s and supernatants were separately cultured with CD8+ T cells. CD8+ T-cell 
proliferation was measured by flow cytometry (n = 3 independent wells). (d) CFSE-labeled OT-I CD8+ T cells were cultured with ILC2s in the absence or presence of 
soluble OVA protein or MOG protein. CD8+ T-cell proliferation was measured by flow cytometry(n = 3 independent wells). (e–f) the IFN-γ and TNF-α protein levels in the 
supernatants were detected by ELISA (n = 3 independent wells). (g) the percentage of GZMB+ in CD8+ T cells were detected by flow cytometry(n = 3 independent wells). 
Data are shown as the means ± SEMs. The p value was determined by one-way ANOVA. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not significant.
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intravenously at 1 × 105/injection every other day until endpoint 
(Figure 6a). We observed that the proportion of ILC2s increased in 
ILC2 adoptive transfer group (Figure S2b). OVA-loaded ILC2s 
significantly inhibited the formation of lung metastases from 

B16F10-OVA clones (Figure 6b–d). OVA-loaded ILC2s decreased 
lung weight at the endpoint (Figure 6e)27. Consistent with the 
results in the subcutaneous co-transplanted tumor, OVA-loaded 
ILC2s increased CD8+ T cells percentage and decreased Treg 

Figure 5. OVA-loaded ILC2s increased CD8+ T cells cytotoxicity and delayed antigen-specific tumor growth. (a) Schematic diagram of the experimental design. Activated 
ILC2s were loaded with OVA protein or MOG protein. The ratio of OT-I CD8+T cells to tumor cells was 10:1. (b) Representative data for LDH release from B16F10-OVA cells 
after treatment with OT-I CD8+ T cells induced by ILC2s (n = 3 independent wells). (c) Representative images of B16F10-OVA cells stained with crystal violet after co- 
culture with OT-I CD8+ T cells. Statistical analysis of the areas of living cells at the bottom of the plate was performed (n = 3 views per well). Data are shown as the mean  
± SEMs. The p value was determined using one-way ANOVA. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not significant. (d) B16F10-OVA(2 × 105 mixed with OVA loaded or 
not ILC2s (2 × 105 were inoculated subcutaneously until the maximum tumor reached ~1000 mm3. (e–f) Tumor growth curve and volume in different treatment groups 
(n = 4–6 mice per group). Data are shown as the mean ± SEMs. The p value was determined using a two-way ANOVA. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not 
significant. (g–i) the percentages of CD8+ T cells and Treg cells and cell ratio in the tumors of ILC2- and OVA-loaded ILC2-treated mice and control mice (n = 4–6 mice 
per group). Data are shown as the mean ± SEMs. The p value was determined by one-way ANOVA. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not significant.
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percentage, leading to elevated CD8/Treg ratio in the tumor 
microenvironment (Figure 6f–h). Meanwhile, we analyzed other 
immune cell subsets in B16F10-OVA metastasic lung tissue. The 
proportion of DC, NK, and conventional T cells in CD45+ cells 
showed no obvious variation (Figure S2c–e). In bronchoalveolar 
lavage fluid (BALF), there were no significant changes in the 
percentage of eosinophil, macrophage, and neutrophils in 
CD45+ cells after OVA-loaded ILC2s treatment (Figure S2f–h). 
Taken together, these results indicated that ILC2s loaded with 
OVA significantly inhibited B16F10-OVA metastasis.

Discussion

The function of ILC2s in tumors remains elusive, with these 
cells showing either antitumor or tumor effects, depending on 

the cancer type. Although the fact that ILC2s present antigen to 
CD4+ T cells in inflammatory diseases has been described5, 
whether ILC2s cross-present tumor-derived antigens to CD8+ 

T cells have not yet been explored. In this study, we demon-
strate that ILC2s phagocytose and process antigens to prime 
CD8+ T cell activation and ILC2s loaded with antigen can 
induce robust efficacy in inhibiting tumor growth. Activation 
and function of T cells are initiated by cognate antigens pre-
sented by APCs. ILC2s show upregulated antigen processing 
and presenting gene profiles after IL-33 stimulation, which is 
similar to DCs after LPS stimulation. A previous study demon-
strated that MHC-II and costimulatory CD80 and CD86 
expressed on ILC2s contributed to CD4+ T cell activation and 
then promoted type 2 immune response, which indicated the 
functions of ILC2s as APCs5. We showed that ILC2s 

Figure 6. Adoptive transfer of OVA-loaded ILC2s inhibited B16F10-OVA lung metastasis. (a) Schematic diagram showing strategy for OVA-loaded ILC2s adoptive transfer 
treatment in lung metastasis model. (b) Representative pictures of lung tumor clones. (c) Representative photomicrographs of haematoxylin/eosin(HE)-stained lung 
sections. (d) the metastatic tumor nodules in lung in different treatment group (n = 6 mice per group). (e) the lung weight in different treatment group (n = 3 mice per 
group). (f–h) the percentages of CD8+ T cells and Treg cells and cell ratio in the tumors of ILC2- and OVA-loaded ILC2-treated mice and control mice (n = 3 mice per 
group). Data are shown as the means ± SEMs. The p value was determined by one-way ANOVA. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not significant.
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upregulated MHC class I molecules, costimulatory molecules, 
and gene profiles involved in antigen processing and presenta-
tion after IL-33 activation. The enrichment of costimulatory 
molecules in IL-33-activated ILC2s is consistent with the pre-
vious study that IL-33 promotes costimulatory protein OX40L 
expression on ILC2s to enhance CD8+ T cell-dependent anti-
tumor effects28.

We find that IL-33-activated ILC2s have antigen phagocy-
tosis and then initiate CD8+ T cell activation and proliferation. 
ILC2s take up antigens from the surrounding environment and 
form cell clusters with CD8+ T cells in an antigen-dependent 
manner, which is supposed to be a fundamental factor for 
T cell activation. The OVA-loaded ILC2s induce OT-I CD8+ 

T cell proliferation and cytokine production. This is of parti-
cular importance because antigen-specific CD8+ T cells have 
critical roles in inhibiting tumors. The results of superior 
tumor suppression from coculture systems of OVA-loaded 
ILC2s with OT-I CD8+ T cell and B16F10 tumor cells indicate 
that antigen-specific ILC2-CD8 crosstalk contributes to enhan-
cing antitumor effects. Previous studies have demonstrated 
that ILC2-derived cytokines, like IL-9 and TNF-α, are also 
helpful to antitumor immune responses13,14. It is therefore 
evident that the role of ILC2s in anti-tumor immune response 
is driven by multiple mechanisms.

We demonstrate that OVA-loaded ILC2s have robust anti-
tumor efficacy in both the subcutaneous co-transplantation 
model and lung metastasis tumor model. Previous studies 
have reported that DC and monocyte loaded with antigens 
can be used as a therapeutic cell-based treatment or cancer 
vaccine, which induce strong antigen-specific cytotoxic lym-
phocyte reponses29,30. Activated ILC2s can also be loaded with 
antigen protein, which is similar to that on DC or monocytes. 
Administration of antigen-loaded ILC2s increases the propor-
tions of tumor-infiltrating CD8+ T cells to inhibit tumor 
growth. Preliminary data showed there was no change in the 
proportion of other immune cells in the tumor microenviron-
ment, like DC and NK, after antigen-loaded ILC2s treatment. 
However, whether these immune cells are functionally 
involved in the change of tumor microenvironment is unclear.

Although our study demonstrates that IL-33-activated 
ILC2s have antitumor function by presenting exogenous anti-
gen to CD8+ T cells, whether tumor infiltrating ILC2s have 
endogenous antigen presentation ability has not yet been 
explored. ILC2s and ILC3s can process and present antigens 
to CD4+ T cells through MHC-II and costimulatory 
molecules5,31,32. However, the direct comparison of antigen- 
presenting ability between ILC2s and other classic APCs 
remains unclear. The previous study provides some hints that 
MHC-II expression on IL-33-elicited ILC2s is less than DC and 
B cell, which suggest that the antigen-presenting capacity of 
ILC2s might be lower than DC and B cells5. We assume that 
ILC2s-activated CD8+ T cells via antigen-presenting process 
have a place on antitumor immunity, especially in the ILC2 
resident tissue, such as the lung. The potency of ILC2s deliver-
ing specific antigen signaling to CD8+ T deserves further deep 
exploration. Transportation of tumor antigen by migrating 
DCs is critical to prime antitumor immune responses33. 
Whether ILC2s have a similar migration pattern to classic 
APCs during tumor development is also fascinating to explore. 

IL-33 triggered ILC2s activation is companied by a series of 
molecular and cellular changes, including unexpected antigen 
processing and presenting associated genes and costimulatory 
molecules. Exploring whether there is a difference in antigen- 
presenting gene profile between ILC2s and DC might help 
deepen the understanding of the ILC2-CD8+ T cell axis in the 
tumor microenvironment.

In summary, this study provides a new understanding of the 
crosstalk between ILC2s and CD8+ T cells, which promotes 
antitumor immunity. IL-33-activated ILC2s loaded with anti-
gen induce CD8+ T cell activation and robust antitumor 
responses in mice and have the possibility of potential clinical 
application. Additionally, ILC2s-based cell therapy provides 
the possibility of combining with other immunotherapies, 
such as checkpoint blockade or DC vaccines, to enhance ther-
apeutic efficacy.

Methods

Mice

C57BL/6 mice were purchased from Shanghai Silaike 
Experimental Animal Co. Ltd. (Shanghai, China). Red5 mice 
(IL-5tdtomato-cre) were obtained from the Chinese Academy of 
Sciences (Shanghai, China). All experimental animals used and 
analyzed were female, with an average age of 6–8 weeks. All 
animals were bred and housed in specific pathogen-free (SPF) 
facilities at the Center for Excellence in Molecular Cell Science at 
a constant temperature under a regular 12-hour light/12-hour 
dark cycle. All animal experimental protocols were approved by 
the Institutional Animal Care and Use Committee of the Center 
for Excellence in Molecular Cell Sciences.

Tumour cell lines

The B16F10-OVA cell line was kindly provided by Yong Cang 
(Shanghai Scholar University, Shanghai, China), and the 
B16F10-SOVA cell line was kindly provided by Chenqi Xu 
(Center for Excellence in Molecular Cell Sciences, CAS, 
Shanghai, China), respectively. The B16F10-SOVA cell line is 
a variant of the B16F10 cell line, which stably expresses the 
fluorescent protein mCherry and the specific antigen OVA. All 
tumor cells were cultured in complete DMEM containing 10% 
fetal bovine serum (FBS) and 1% penicillin/streptomycin 
(Gibco). All cells were cultured in a humidified incubator at 
37°C with 5% carbon dioxide.

Tumour challenge and treatment

For lung metastasis mouse models, 2 × 105 B16F10-OVA or 
B16F10-SOVA cells were injected into each mouse via tail vein. 
Mice were intravenously (i.v.) injected with 1 × 105 ILC2s or 
OVA-loaded ILC2s every 2 days beginning on the second day 
after the tumor cell injection. Lungs of mice were removed 
after 14 days. The number of metastatic nodules on the lung 
surface and lung weight were counted. For co-transplantation 
experiments, 2 × 105 B16F10-OVA cells were co-transplanted 
with 2 × 105 ILC2s or OVA-loaded ILC2s. Tumor cells mixed 
with ILC2s at a 1:1 ratio were subcutaneously injected. Tumor 
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size was measured using a digital caliper and tumor volume 
was calculated as length × width × width. Transplanted tumors 
were harvested when the larger masses approximately reached 
~1000 mm3.

Tissue processing

For lung mononuclear cell isolation, the experimental mice 
were euthanized by CO2 asphyxiation and intracardially per-
fused with cold PBS to remove blood from the mouse lungs. 
The lungs were removed, cut into small pieces with scissors, 
and then incubated in dissociation buffer (RPMI-1640 medium 
containing 10% FBS, 1% penicillin/streptomycin, and 0.5 mg/ 
ml collagenase type I) for 30 min at 37°C in a shaking incuba-
tor. After digestion, the tissue suspension was dissociated 
mechanically through a 70-µm filter and centrifuged at 350 ×  
g for 5 min. The supernatant was discarded and the pellet was 
resuspended in 40% Percoll (GE Healthcare). The cell suspen-
sion was then gently layered on top of 80% Percoll solution. 
Lung mononuclear cells were enriched by Percoll gradient 
centrifugation at 600 × g for 20 min and isolated for further 
experiments and analysis. Splenocytes and lymph node cells 
were mechanically dissociated through 70-µm cell strainers 
and washed with RPMI-1640 medium containing 2% FBS. 
For tumor-infiltrating lymphocytes, tumor tissues were 
shredded into ~1-mm-diameter pieces using scissors and 
digested in digestion buffer (RPMI-1640 medium containing 
10% FBS, 1% penicillin/streptomycin, 10 U/ml DNase 
I (Roche), and 25 µg/ml Liberase TL) for 30 min at 37°C in 
a shaking incubator. The tissue suspension was then disso-
ciated mechanically through a 70-µm cell filter and centrifuged 
at 350 × g for 5 min. The supernatant was discarded, and the 
pellet was resuspended in 40% Percoll. The cell suspension was 
then gently layered on top of 80% Percoll solution. The mono-
nuclear cell layer was collected by centrifugation at 600 × g for 
24 min. The cell fraction was washed before further experi-
ments and analyses.

Flow cytometry

The obtained single-cell suspension was first treated with 
Fixable Viability Stain (BD Biosciences) and then incubated 
with an Fc receptor blocker (anti-CD16/CD32, BD 
Biosciences) for 10 min at room temperature. The ILC2 
surface markers were stained with an antibody cocktail at 
4°C for 30 min. Fluorochrome-conjugated antibodies 
included anti-CD3 (clone 2C11, eBioscience), anti-CD5 
(clone 53–7.2, BioLegend), anti-CD45R (clone RA3-6B2, 
BioLegend), anti-CD11b (clone M1/70, eBioscience), anti- 
CD11c (clone N418, eBioscience), anti-NK1.1 (clone 
PK136, BioLegend), anti-Gr1 (clone RB6-8C5, BioLegend), 
anti-TER119 (clone TER119, BioLegend), anti-FcεR1 (clone 
MAR-1, eBioscience), anti-TCR γ/δ (clone UC7-13D5, 
BioLegend), anti-CD45.2 (clone 104, eBioscience), anti- 
CD90.2 (clone 53–2.1, BD Biosciences), and anti-ST2 
(clone DJ8, MD BioProducts). The purity of the sorted 
ILC2s was confirmed using flow cytometry (96%). Mouse 
CD8+ T cells were isolated from the spleen and lymph 
nodes using an EasySepTM Mouse CD8+ T Cell Isolation 

Kit (Stem Cell) and flow cytometry. The resulting single- 
cell suspension was first treated with a Fixable Viability 
Stain and then incubated with the Fc receptor blocker, as 
described above. CD8+ T cell surface markers were stained 
with anti-CD3 (clone 2C11, eBioscience) and anti-CD8 
(clone 53–6.7, Invitrogen) antibodies at 4°C for 30 min in 
the dark. The purity of the sorted CD8+ T cells was con-
firmed by flow cytometry (>99%). For cell proliferation 
detection, the antibodies used were anti-CD69 (clone 
H1.2F3, BioLegend). Antibodies were diluted and used 
according to the manufacturer’s instructions. Cell sorting 
was performed using a FACSAria Fusion Cell Sorter (BD 
Biosciences) or a FACSAria Sorp Cell Sorter (BD 
Biosciences). Samples were acquired on a BD LSRFortessa, 
and the collected data were analyzed using FlowJo V10 
(FlowJo).

ILC2 enrichment and sorting

Naïve ILC2s were obtained from mice that were intratracheally 
challenged with PBS. Activated ILC2s were obtained from 
murine airway inflammation induced by IL-33 or papain. For 
IL-33-induced airway inflammation, recombinant mouse IL- 
33 (50ng per mouse, Biolegend) was intratracheally adminis-
tered on first 4 consecutive days, and mice were sacrificed 
on day 7. For papain-induced airway inflammation, papain 
(5 μg per mouse, Sigma-Aldrich) was intratracheally adminis-
tered on 5 consecutive days, and mice were sacrified on day 6. 
To obtain murine ILC2s, mouse lungs were prepared as 
described in Tissue Processing, and the suspension was 
enriched for ILC2s using EasySepTM Mouse ILC2 Enrichment 
Kit (STEMCELL Technologies) according to the manufac-
turer’s protocols. Purity sort of ILC2s was identified as 
Lineage−, CD90.2+ and ST2+.

FITC-dextran uptake assay

In order to test whether ILC2s have the phagocytic ability, the 
FITC-dextran uptake assay was performed26. Activated-ILC2s 
sorted from IL-33-treated mice were cultured in the complete 
culture medium with or without FITC-dextran (Sigma). 
Incubate ILC2s at 4°C (used as negative control) and 37°C 
for 30 min protected from light. The final concentration of 
FITC-dextran is 0.2 mg/ml. After incubation, cells were washed 
three times using 1×PBS with 2% FBS to remove excess FITC- 
dextran. FITC-dextran-positive cells were analyzed by flow 
cytometry. The left gray-filled histograms represent ILC2s 
incubated with medium only, as negative gate setting; the 
open black curves represent ILC2s incubated with FITC- 
Dextran at 4°C; and the open red curves represent ILC2s 
incubated with FITC-dextran at 37°C. The percentage of FITC- 
dextran positive cells in different were statistically analyzed. 
Data are representative of three independent replicates.

Co-culture of ILC2s with B16F10-SOVA

To test the potential ability of ILC2s to phagocytose antigen 
protein from tumor cells, activated ILC2s form IL-33 treatment 
mice lung tissue were co-cultured with B16F10-SOVA tumor 
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cells, which express both ovalbumin as a neo-tumor antigen 
and fluorescent mCherry protein to track antigen uptake by 
phagocytes34. B16F10-SOVA cells were co-cultured with acti-
vated ILC2s at a ratio of 1:1 in RPMI 1640 medium supple-
mented with IL-2 (100 U/m), IL7 (20 ng/ml), IL-33 (1 ng/ml), 
and 10% FBS. Half medium was replaced with fresh completed 
medium every other day. mCherry proteins expressed by 
tumor cells were tracked. The percentage of mCherry- 
positive ILC2s at different time points was quantified by flow 
cytometry. Data are representative of three independent 
replicates.

In vitro ILC2 culture

Freshly isolated lung ILC2s (CD45+Lin−CD90.2+ST2+) were 
purified from naïve or IL-33-treated C57BL/6J mice using 
flow cytometry. Cells (3× 103−1×104 per well) were plated 
and cultured in 96-well plates in complete RPMI-1640 medium 
containing 10% FBS, 2 mM L-glutamine, 1% penicillin/strep-
tomycin (Gibco), 100 U/ml IL-2 and 20 ng/ml IL-7, with or 
without 1 ng/ml recombinant mouse IL-33 (BioLegend), in 
a humidified 37°C incubator supplied with 5% carbon dioxide. 
When necessary, ILC2s were incubated with 1 mg/ml chicken 
egg OVA (Sigma) or 10 µg/ml OVA peptide 257–264. Cells 
were cultured for 2 or 6 days before the next experiment.

In vitro ILC2 and CD8+ T-cell coculture

For the proliferation assay, OT-I TCR-transgenic CD8+ T cells 
were isolated and purified as described above, and then labeled 
with CellTrace dye. CD8+ T cells were washed with PBS and 
stained with 1 µM CTV dye (Invitrogen) in PBS for 20 min at 
37°C. The dye was removed by washing five times with culture 
medium containing 2% FBS. A fixed number of CTV-labeled 
OT-I CD8+ T cells (5 × 104) were mixed with IL-33 activated 
ILC2s (5 × 103 at an ILC2/T-cell ratio of 1:10 in 96-well plates 
in complete RPMI-1640 medium containing 10% FBS, 2 mM 
L-glutamine, 1% penicillin/streptomycin (Gibco), 100 U/ml IL- 
2, 20 ng/ml IL-7, and 10 ng/ml IL-15 (PeproTech). In some 
experiments, OVA protein (1 mg/ml) or OVA peptide 257–264 
(10 µg/ml) was added to the coculture system. For cytokine 
detection, supernatants from co-cultures of antigen-stimulated 
ILC2-CD8+ T cells were harvested after 72 h of culture. The 
levels of cytokines in the culture supernatants were measured 
by ELISA (mouse IFN-gamma DuoSet ELISA kit, R&D system, 
DY485, mouse TNF-alpha DuoSet ELISA kit, R&D system, 
DY410). And the GZMB production was detected by flow 
cytometry after 72 h of culture (clone NGZB, Invitrogen).

LDH cytotoxicity detection

The LDH Cytotoxicity Assay Kit was purchased from 
Beyotime (C0016, Beyotime). Experiments were performed 
according to the manufacturer’s protocol. Briefly, 1 × 104 

B16F10-OVA tumor cells were seeded in 48-well plates 
1 day prior to establishing the co-culture system. A total 
of 1 × 105 OT-I CD8+ T cells mixed with ILC2s or ILC2s 
previously loaded with OVA were added to adherent tumor 
cells. Simultaneously, OT-I CD8+ T cells alone, ILC2s 

alone, or previously OVA-loaded ILC2s alone were added 
to the tumor cell culture system as controls. After 48 h, the 
culture supernatant was aspirated from each well. The 
reagents in the kit were successively added to the test 
samples as described in the protocols. The absorbance of 
all test samples was measured using a 450-nm filter. The 
results were used to calculate LDH release from tumor cells 
using a standard curve. The relative value was calculated 
based the formula: (Absorbance of sample – Absorbance of 
control sample)/(Absorbance of the maximum enzyme 
activity of the cell-Absorbance of control sample) 
× 100%。

RNA-seq and data analysis

Approximately 5000–20000 ILC2s from different mouse models 
were sorted using TRIzol™ Reagent (Invitrogen) lysis buffer. Total 
RNA was prepared and processed to generate a cDNA library 
using the TruePrepTM DNA Library Prep Kit V2 for Illumina® 
(Vazyme, TD503–01), according to the manufacturer’s protocol. 
RNA-seq libraries were sequenced on the Illumina HiSeq PE150 
platform. Differential gene expression was defined as a twofold 
change and p value < 0.05. GSEA was performed using the GSEA 
software. A public dataset (GEO: GSE184976) was used to inves-
tigate the expression of MHC class I-associated and costimula-
tory molecules in WT DCs after LPS stimulation. FPKM values 
were visualized using the R package pheatmap (1.0.12).

Statistical analysis

Prism v.8 and v.9 (GraphPad Software) were used for 
statistical analysis. Data are represented as mean ± SEM or 
SD. For two-group comparisons, two-tailed unpaired 
Student’s t-test was used. For multiple group comparisons, 
one-way ANOVA was performed. For time-course compar-
isons, two-way analysis of variance (ANOVA) was used. 
Differences were considered significant at *p < 0.05, ** p <  
0.01, *** p < 0.001, and **** p < 0.0001; NS indicates not 
significant.
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