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Cxxc finger protein 1 maintains homeostasis 
and function of intestinal group 3 innate 
lymphoid cells with aging

Xin Shen1,2,3,4,13, Xianzhi Gao1,3,4,5,6,13, Yikai Luo    7,8,13, Qianying Xu3, Ying Fan9, 
Shenghui Hong9, Zhengwei Huang3, Xiaoqian Liu1,3, Qianqian Wang9, 
Zuojia Chen10, Di Wang    3, Linrong Lu3, Chuan Wu10 , Han Liang    7,8,11   
& Lie Wang    1,3,4,5,9,12 

Aging is accompanied by homeostatic and functional dysregulation of 
multiple immune cell subsets. Group 3 innate lymphoid cells (ILC3s) 
constitute a heterogeneous cell population that plays pivotal roles in 
intestinal immunity. In this study, we found that ILC3s in aged mice exhibited 
dysregulated homeostasis and function, leading to bacterial and fungal 
infection susceptibility. Moreover, our data revealed that the enrichment  
of the H3K4me3 modification in effector genes of aged gut CCR6+ ILC3s  
was specifically decreased compared to young mice counterparts. 
Disruption of Cxxc finger protein 1 (Cxxc1) activity, a key subunit of H 3K 4  
m et hyltransferase, in ILC3s led to similar aging-related phenotypes. An 
integrated analysis revealed Kruppel-like factor 4 (Klf4) as a potential 
Cxxc1 target. Klf4 overexpression partially restored the differentiation and 
functional defects seen in both aged and Cxxc1-deficient intestinal CCR6+ 
ILC3s. Therefore, these data suggest that targeting intestinal ILC3s may 
provide strategies to protect against age-related infections.

The functional deterioration of systemic immunity with aging is 
termed immune-senescence, which ultimately leads to poor vacci-
nation responses, persistent low-grade inflammation and increased 
infection susceptibility1–3.

T lymphocytes enter a stage of terminal differentiation with 
aging, resulting in a biased lineage differentiation and, therefore, a 
lack of plasticity, which, in turn, impairs the capacity of cells to combat 

neoantigens4. Additionally, a reduction in T cell receptor (TCR) diver-
sity and expansion of memory over naive T cells may lead to the accu-
mulation of senescent T cells, which are in a pro-inflammatory state 
that sustains inflammation1,5. Peripheral B cells produce excessive 
tumor necrosis factor (TNF) during aging, increasing the potential to 
affect both the regeneration of B lymphocytes and humoral immune 
responses6. Regarding innate immunity, aging not only alters the 
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Results
Homeostasis of ILC3s is dysregulated in the intestine of aged 
mice
We first compared the number of ILC3s in the small intestine lamina 
propria (siLP) of young (6–8 weeks old) and aged (18 months old) mice. 
We observed that male aged mice exhibited markedly elevated propor-
tion and numbers of ILC3s and a longer small intestine (Extended Data 
Fig. 1a–c). When analyzing the subsets of ILC3s, we found reductions 
in the proportion and total numbers of CCR6+ ILC3s in the Lin−RORγt+ 
ILC3 population and an increase in NKp46+ ILC3s compared to the num-
ber in the control group (Fig. 1a,b). Moreover, the proportion of both 
CD4− and CD4+ cell subsets in the CCR6+ ILC3s was reduced, with the 
latter showing a more profound reduction. In addition, the number 
of DN ILC3s increased nearly two-fold in aged mice, although the per-
centage of these cells remained constant. To rule out the influence of 
sex, we analyzed the phenotype of the ILC3s in female aged mice and 
found results similar to those of the male (Extended Data Fig. 2a–d). In 
addition, the number and size of the Peyer’s patches (PPs) in the small 
intestine were indistinguishable from those in young mice (Extended 
Data Fig. 1d,e).

Next, we intended to determine whether the homeostasis of aged 
intestinal ILC3 subsets was due to an intrinsic cellular mechanism. 
CD45.2+ bone marrow cells from either young or aged mice were mixed 
with CD45.1+ wild-type bone marrow cells at a 1:1 ratio and injected 
into sublethally irradiated recipient mice carrying CD45.1+ cells. Gut 
lamina propria lymphocytes (LPLs) were isolated 8 weeks later, and 
analysis revealed no evident difference in total ILC3s of bone marrow 
chimeras (Extended Data Fig. 1f,g). A decrease in the number of CCR6+ 
ILC3s of chimeric mice that received aged bone marrow cells, espe-
cially CCR6+CD4+ ILC3s, was observed, verifying that the maintenance 
of CCR6+ ILC3s was endogenously regulated by aging (Fig. 1c–f). In 
contrast to the aforementioned findings, NKp46+ and DN ILC3s from 
aged donor cells were not increased. Previous studies showed that the 
CCR6− ILC3 subset exhibited phenotypic and functional plasticity13. DN 
ILC3s are potential precursors of NKp46+ ILC3s and express NKp46 and 
IFN-γ in a reversible process that is regulated by T-bet12,18. Notch can 
regulate the NKp46+ ILC3 phenotype transition, whereas transforming 
growth factor-β (TGF-β) is an inhibitor38,39. CCR6+ ILC3s were found to 
be relatively stable and exhibited notable differences in chromatin 
accessibility as well as different transcriptional levels16,40. The reduction 
in CCR6+ ILC3s in aged mice more likely involves molecular regulation 
than environmental factors.

ILC3 function declines with age, leading to susceptibility to 
microbes
We wondered whether the observed changes in aged intestinal 
ILC3s were related to functional changes. IL-22-producing ILC3s play  
crucial roles in tissue homeostasis and host defense against microbes 
by regulating gut epithelial barrier functions41–43. Citrobacter rodentium  
infection has been proven to be a valid model to study intestinal inflam-
mation44,45. After infection with C. rodentium, aged mice exhibited 
obviously shorter colon lengths (Fig. 2a,b), increased the number of  
C. rodentium colony-forming units (CFUs) in feces (Fig. 2c) and rapidly 
lost body weight compared to the young controls (Fig. 2d). The histolog-
ical data demonstrated that aged mice presented clear epithelial injury, 
obvious crypt hyperplasia and increased infiltration of inflammatory 
cells (Fig. 2e). In accordance with these pathological manifestations, 
IL-22+CCR6+ ILC3s were four-fold more abundant in young mice than 
in aged mice, and a two-fold decrease in IL-22-producing DN ILC3s was 
identified (Fig. 2f,g). In comparison, the percentage of IL-22+NKp46+ 
ILC3s in the aged gut remained the same. However, we observed an 
obvious decline in IL-22 expression in all populations (Fig. 2h). We next 
examined whether ectopic expression of IL-22 could rescue aged mice 
from infection. We infected both young and aged mice with C. rodentium  
and administred a plasmid expressing IL-22 or a control empty 

relative abundance of natural killer cells, macrophages, neutrophils 
and dendritic cells but also affects their respective functions (for exam-
ple, cytotoxicity, phagocytosis and antigen presentation abilities)1,7,8. 
Recently, the accumulation of group 2 innate lymphoid cells (ILC2s) in 
the choroid plexus has been discovered in aged mice and humans, and 
the activation of ILC2s has been shown to alleviate aging-associated 
cognitive decline9.

As a complex organ system with multiple immune cell types, the 
intestine shows homeostatic and functional decline with aging, but the 
underlying mechanisms are still incompletely understood. Retinoic 
acid receptor–related orphan receptor γt (RORγt)-expressing group 3 
ILCs (ILC3s) localize predominantly to the intestinal lamina propria10. 
ILC3s can be primarily classified into three heterogeneous categories 
based on the expression of the chemokine receptor CCR6 and natural 
cytotoxicity-triggering receptor (NCR), including CCR6+ lymphoid 
tissue inducer (LTi)-like ILC3s, NKp46+ ILC3s and CCR6− NKp46− double-
negative (DN) ILC3s11–13. Moreover, LTi cells persist after birth and play 
an essential role in promoting secondary lymphoid tissue organo-
genesis, such as cryptopatches and isolated lymphoid follicles14,15.  
A proportion of CCR6+ ILC3s can also express CD4, and these cells 
are considered to be more stable than CCR6+CD4− ILC3s16,17. Moreo-
ver, CCR6−CD4− ILC3s can undergo diversification to yield terminally  
differentiated NKp46+ ILC3s18. Intestinal ILC3s are essential for protec-
tion against commensal microbiota and maintaining the epithelial 
barrier integrity, largely because they produce IL-22 and IL-17A10,19,20.

Epigenetic regulation, a hallmark of aging, is a vital mechanism 
underlying the deteriorated cellular functions observed during aging 
and in aging-associated diseases21,22. DNA methylation presents clear 
age-related reorganization in human classical monocytes, which have 
the potential to alter the antigen-presenting function of these cells23, 
and its pattern changes in naive CD4+ T cells with aging may be a rea-
sonable explanation for increased autoimmunity24. Increasing experi-
mental evidence indicates that aging is accompanied by changes in 
histone acetylation and methylation states, such as global increases in 
histone H4K16 acetylation and H4K20 trimethylation, whereas H3K9 
methylation and H3K27 trimethylation are decreased during aging22,25. 
Moreover, trimethylation of lysine 4 on histone H3 (H3K4me3) is closely 
related to aging26,27. Aged murine hematopoietic stem cells (HSCs) 
display broader H3K4me3 peaks across HSC identities and stem cell 
self-renewal, which induces HSC dysfunction28.

CXXC finger protein 1 (Cfp1, encoded by the Cxxc1 gene) is a 
conserved subunit of the SET1 H3K4 methyltransferase, which, in 
complex with Setd1b, binds to DNA via its CXXC finger domain and 
recruits Setd1 to most CpG islands (CGIs) through its SID domain29,30. 
Recent studies showed that a lack of Cxxc1 led to impaired oocyte and 
thymic T cell development31–33. Other notable roles played by Cxxc1 
include efficient murine hematopoiesis34, Th17 cell differentiation35 and  
GM-CSF-derived macrophage phagocytic and bactericidal activity36. 
The altered expression of Cxxc1 and its reduced protein level in ovarian 
cells may adversely influence oocyte quality, which has been linked 
with female fertility loss in advancing maternal age37.

In this study, we found that aged mice exhibited impaired homeo-
stasis in intestinal ILC3s, which was characterized by aberrant ILC3 cell 
subset proportions and functions, leading to increased susceptibility 
to bacterial and fungal infection. Moreover, effector genes of aged 
gut CCR6+ ILC3 displayed decreased H3K4 trimethylation compared 
to that of young mice. To confirm these observations, the deletion of 
Cxxc1 in ILC3s caused aging similar phenotypic changes, including a 
reduction in CCR6+ ILC3s, especially the CD4+ cell subset, as well as their 
attenuated ability to secrete IL-22 and IL-17A. An integrated analysis 
of single-cell RNA sequencing (scRNA-seq) revealed an analogous 
transcriptional landscape of ILC3s in Cxxc1-deficient and aged mice. 
Moreover, Kruppel-like factor 4 (Klf4), a direct target of Cxxc1, partially 
restored the differentiation and functional defects seen both in aged 
intestinal and Cxxc1-deficient CCR6+ ILC3s.
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plasmid to them by hydrodynamic injection. We demonstrated that 
the increased pathology of aged mice in C. rodentium infection could 
be rescued with exogenous IL-22, as manifested by longer colon lengths, 
a lower fungal burden in feces, slower body weight loss and less severe 
inflammation and colon pathology compared to control mice without 
IL-22 administration (Extended Data Fig. 3a–e).

ILC3s were previously found to be essential for IL-17-dependent 
protection against Candida albicans46. Therefore, we infected young 
and aged mice with C. albicans by gavage. After inoculation, the aged 
mice developed more severe intestinal inflammation, as manifested by 

shorter colon lengths, a higher fungal burden in feces and more severe 
weight loss than colon pathology (Extended Data Fig. 4a–e). Seven 
days after inoculation, fewer IL-17A+ ILC3s were present in the small 
intestines of the aged mice compared to the young controls (Extended 
Data Fig. 4f,g). In addition, we tested IFN-γ secretion levels in aged gut 
NKp46+ ILC3s and found that they remained roughly unchanged after 
ex vivo stimulation (Extended Data Fig. 4h).

However, efficient control of pathogenic microbial infection in 
mice requires synergy between the innate and adaptive immune sys-
tems45. To rule out the effects of the acquired immune system in vivo, 
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Fig. 1 | Intestinal CCR6+ ILC3s are numerically compromised with aging. 
a, Flow cytometry of ILC3 subsets isolated from the siLP of young (6–8 weeks 
old, male) and aged (18 months old, male) mice. ILC3 subsets were gated as 
Lin−RORγt+ and then CCR6+NKp46−, CCR6−NKp46+ or CCR6−NKp46− (upper). 
The CD4+ ILC3 subset among the CCR6+ ILC3s was analyzed (below). The lineage 
cocktail included TCRγδ, CD3ε, CD19, CD5, Gr-1 and Ter119. b, The percentages 
and total cell numbers of three subsets were compared (n = 8 or 9 young, n = 9 
or 11 aged). The percentages and total cell numbers of two subsets within CCR6+ 
ILC3s were compared (n = 8 or 9 young, n = 9 or 11 aged). c–f, Bone marrow 

chimeras. c, The expression of CD45.1 and CD45.2 in CCR6+ ILC3s (left), NKp46+ 
ILC3s (middle) and DN ILC3s (right) isolated from the siLP of reconstituted 
mice. d, The expression of CD45.1 and CD45.2 showing CCR6+CD4− ILC3s (left) 
and CCR6+CD4+ ILC3s (right). e, The percentages of donor-derived cells shown 
in c (CD45.2/CD45.1) were compared (n = 11). f, The percentages of donor-
derived cells shown in d (CD45.2/CD45.1) were compared (n = 11). Bar graphs 
are presented as mean ± s.e.m. A two-tailed Student’s t-test was performed 
for comparisons. The data are representative of at least three independent 
experiments (a–f). FSC-A, forward scatter-area.

http://www.nature.com/nataging


Nature Aging

Article https://doi.org/10.1038/s43587-023-00453-7

we performed adoptive transfer of gut ILC3s purified from either 
young or aged mice into NCG mice, in which neither ILCs nor T/B cells 
are produced. Control NCG mice were injected with an equal volume 
of PBS. Twenty-four hours after adoptive transfer, recipient NCG mice 
were orally inoculated with C. rodentium. Nine days later, the colon 

length of the mice injected with aged intestinal ILC3s was found to be 
shorter than that of the mice receiving young intestinal cells but longer 
than that of the mice that received PBS (Fig. 2i,j). ILC3s derived from 
aged mice lost their protective capability, manifested by increased 
CFUs (Fig. 2k), faster weight loss and more severe intestinal injury 
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Fig. 2 | Defective ILC3 function in aged mice compromises host  
defense against C. rodentium infection. a–h, C. rodentium infection model.  
a, Representative colon lengths of young and aged mice after oral inoculation 
with C. rodentium on day 7. b, Summary of colon lengths in infected mice (n = 7 
young, n = 6 aged). c, C. rodentium CFUs in feces 7 d after infection (n = 7).  
d, Body weight changes of young and aged mice after infection at the indicated 
timepoints (n = 9). e, Representative images (×100 and ×200) of colons from 
infected mice stained with H&E. f, Flow cytometric analysis of IL-22 expression 
in CCR6+ ILC3s (left), NKp46+ ILC3s (middle) and DN ILC3s (right) isolated from 
the siLP 7 d after infection. g, The percentages of IL-22+ cells in the indicated cell 
populations were compared (n = 6). h, Mean fluorescence intensity (MFI) of IL-22 

in the indicated cells (n = 6). i–m, ILC3s (Lin−CD127+CD27−KLRG1−) from young 
and aged mice were adoptively transferred into NCG mice with C. rodentium 
infection. i,j, Measurements and statistical analysis of the colon lengths from 
NCG recipients (n = 3 control, n = 5 young transferred, n = 6 aged transferred). 
k, CFUs in the feces of NCG recipients 9 d after infection (n = 3 control, n = 5 
transferred group). l, Changes in body weight were recorded at the indicated 
timepoints (n = 3 control, n = 5 transferred group). m, Histological analysis 
of colonic tissues by H&E staining. Bar graphs are presented as mean ± s.e.m. 
A two-tailed Student’s t-test was performed for comparisons. The data are 
representative of three (a–h) and two (i–m) independent experiments.
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than young intestinal ILC3s (Fig. 2l,m). Similar results were observed in 
NCG mice infected with C. albicans, and mice receiving aged intestinal 
ILC3s exhibited more severe inflammation (Extended Data Fig. 4i–m). 
In conclusion, the exacerbation of pathogenic microbial infection in 
aged mice was mediated in a cell-intrinsic manner.

ILC3 effector genes are modified with decreased H3K4me3 
during aging
To assess dynamic changes in the transcriptional levels of ILC3s during 
senescence, we sorted ILC3s (Lin−KLRG1−CD27−CD127+) obtained from 
young and aged mice and analyzed by scRNA-seq (BD Rhapsody). Low-
quality and contaminating cells expressing mitochondrial transcripts 
were excluded from further analysis. The total number of recovered 
cells was 8,972, with a reasonable median gene count, 1,287. Based on 
the expressions of canonical ILC3 state markers, we identified all three 
well-established clusters, namely CCR6+, NKp46+ and DN, plus a fourth 
cluster characterized by high proliferation activity (Fig. 3a,b). The MHC-II 
chaperone Cd74 and the transcription factor Zfp36 are enriched in CCR6+ 
cells. In contrast, Ikzf3 encoding a zinc-finger protein and Ifngr1 encod-
ing a major interferon receptor are enriched in NKp46+ cells (Fig. 3c).

We next investigated the alterations of cell lineage abundance 
driven by aging. In concordance with our flow cytometry data, CCR6+ 
ILC3s were depleted in the gut of aged mice (accounting for ~20% versus 
~50% of all ILC3s in young mice), whereas aged gut NKp46+ cells saw an 
increase (accounting for ~70% compared to ~30% of all ILC3s in young 
mice). The abundance of DN cells or proliferative cells did not show a 
change during aging (Fig. 3d). These patterns were confirmed using an 
unbiased differential abundance testing approach, Milo, which showed 
a prominent concentration of aged mice gut ILC3s in the NKp46+ domain 
and young mice gut ILC3s in the CCR6+ domain (Fig. 3e).

Increasing evidence indicates that multiple histone modifications 
through established epigenetic mechanisms modulate the deteriora-
tion in cellular functions observed during aging47,48. Among these epi-
genetic modifications, H3K4me3 has attracted much interest because 
it varies in a plethora of cell types and organisms during aging. In this 
study, we found a downward shift of the expression levels of genes 
encoding H3K4 regulators (including methyltransferases, Setd1a, Mll1, 
Mll2 and Mll4; ref. 49) in ILC3s from young mice to aged mice (Fig. 3f). 
This trend is consistent across the lineages, indicating a pan-ILC3 dys-
function of H3K4me3 machinery (Fig. 3f). Moreover, Cxxc1 expression 
was downregulated at both the RNA and protein levels in aged intesti-
nal ILC3s (Extended Data Fig. 5a). Therefore, we sought to determine 
whether the epigenetic profiles of gut ILC3s are altered during aging. 
We performed cleavage under targets and tagmentation (CUT&Tag) 
to characterize the genome-wide profiles of the H3K4me3 modifica-
tion. Among the differentially H3K4me3-modified regions in aged gut 
CCR6+ ILC3s, most of them were on the downregulated side. Compared 
to CCR6+ ILC3s, NKp46+ ILC3s or DN ILC3s showed minimal H3K4me3 
alterations, suggesting that the H3K4me3 modification in CCR6+ ILC3s 
plays a role in senescence (Fig. 3g). Moreover, effector signature genes 
in aged gut CCR6+ ILC3s showed less H3K4me3 occupancy than those in 

young mice, and the modification of signature genes related to NKp46+ 
ILC3s also decreased but to a much lesser extent (Fig. 3g,h). In aged gut 
CCR6+ ILC3s and DN ILC3s, signature genes, such as Ccr6, Cd4 and Il17a, 
exhibited a reduced activating histone methylation (H3K4me3) pattern 
at promoter regions compared to that in the young group, whereas no 
difference in H3K4me3 marks was observed in NKp46+ ILC3s (Fig. 3i). In 
contrast, the abundance of the H3K4me3 modification in genes such as 
Il22 and Il17f in three subsets of aged gut ILC3s was decreased. Except 
for the ILC marker gene, KEGG analyses of top 100 genes with down-
regulated H3K4me3 modification regions in aged mice showed enrich-
ment in signaling pathways related to aging and cancer (Extended Data 
Fig. 5b,c). Most of these genes showed decreased histone methylation 
pattern in aged gut CCR6+ ILC3s when compared to NKp46+ ILC3s 
or DN ILC3s (Extended Data Fig. 5d). In summary, our results indi-
cated that the senescence of ILC3s was accompanied by changes in 
H3K4me3 abundance, and the most notable changes of H3K4me3 depo-
sitions in aged gut ILC3s preferentially occurred at genes related to  
CCR6+ ILC3s.

Cxxc1 deletion in ILC3s leads to homeostatic dysregulation
We crossed Cxxc1flox/flox mice with Rorc-cre mice to delete Cxxc1 
in RORγt+ ILC3s50. Phenotypic analysis of intestinal RORγt+ ILC3s 
showed that the percentage and absolute number of these cells were 
not markedly changed in Cxxc1f/f Rorccre mice compared to littermate 
controls (Extended Data Fig. 6a,b). Similar to the phenotypes of aged 
mice, a two-fold reduction in the proportion and number of CCR6+ 
ILC3s was observed in Cxxc1f/f Rorccre mice, although NKp46+ ILC3s 
remained largely unchanged. Moreover, the percentage of DN ILC3s 
increased, and the total number remained stable. Among CCR6+ ILC3s, 
the reduction in CCR6+CD4+ ILC3s was more pronounced than that in 
CCR6+CD4− ILC3s (Fig. 4a,b). ILC3s are derived from common lym-
phoid progenitors (CLPs), which arise from fetal liver or bone marrow 
HSCs, and sequentially progress through αLP/CHILP/ILCP stages51–53. 
We observed that the frequencies and absolute numbers of CLPs, 
αLPs, CHILPs and ILCPs from the Cxxc1f/f Rorccre mice were identical 
to those in their littermate control mice (Extended Data Fig. 6c,d). 
Additionally, Cxxc1-deficient mice exhibited normal PP distribution, 
and PPs were similar, both in number and size, to those in wild-type mice  
(Extended Data Fig. 6e–g).

Next, mixed bone marrow chimeras of CD45.2+ Cxxc1f/f or 
Cxxc1f/f Rorccre with CD45.1+ wild-type bone marrow cells illustrated 
a cell-intrinsic role for Cxxc1 in regulating CCR6+ ILC3 homeostasis  
(Fig. 4c–f). The small intestinal lamina propria reconstituted with 
Cxxc1f/f Rorccre bone marrow contained a lower percentage of CCR6+ 
ILC3s than that in mice transplanted with Cxxc1f/f bone marrow. 
Although the percentage of CCR6+CD4− ILC3s was reduced, that of 
CCR6+CD4+ ILC3s was almost absent in Cxxc1f/f Rorccre bone marrow 
chimeras. Similarly, no apparent alterations in NKp46+ ILC3 or DN ILC3 
numbers were observed in Cxxc1f/f Rorccre chimeras. Taken together, 
these data indicate that Cxxc1 deletion in ILC3s led to dysregulated 
homeostasis similar to that in aged mice.

Fig. 3 | Transcriptome profile of ILC3s from young and aged mice at the 
single-cell level. a,b, UMAP plots visualizing cell state annotations (a) and 
marker gene expressions (b) in ILC3 cells from young and aged mice. c, Bubble 
plot showing the expressions of marker genes across cell states with the dot 
size indicating the percentage of marker-positive cells and the color indicating 
average expression level. d, Box plots displaying the differences in each of the 
four cell state fractions between young and aged mice (n = 2). The middle line 
in the box is the mean; the bottom and top of the box are the first and third 
quartiles; and the whiskers extend to the 1.5× interquartile range of the lower 
and the upper quartiles, respectively. Two-sided Student’s t-test was used to 
calculate the P values. e, UMAP plots showing Milo differential abundance testing 
results. Nodes are neighborhoods, colored by their log fold change between 
aged (right) and young (left) mice. Node sizes correspond to the number of cells 

in each neighborhood. f, Bubble plots depicting the expressions of H3K4me3-
related epigenetic regulators in CCR6+ (left), NKp46+ (middle) and DN (right) 
ILC3s of young and aged mice. Details are the same as in c. g, Volcano plots of 
H3K4me3 differentially modified genes in CCR6+ (left), NKp46+ (middle) and 
DN (right) ILC3s between young and aged mice. Substantially changed genes 
(false discovery rate (FDR) < 0.05) and the signature genes of CCR6+ and NKp46+ 
ILC3s are highlighted. Wald test implemented in the R package DESeq2 was used 
to calculate the P values. h, Gene set enrichment analysis (GSEA) of CCR6+ and 
NKp46+ ILC3 signature gene sets enriched in H3K4me3-hypo-modified genes  
in the CCR6+ and NKp46+ ILC3s of aged mice, respectively. i, Genome track view 
of representative gene loci showing H3K4me3 peaks. FC, fold change;  
NES, normalized enrichment score.
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Cxxc1-deficient ILC3s show defective cytokine profile
We next evaluated effector cytokine expression in Cxxc1- 
deficient ILC3s. Compared to control mice, Cxxc1f/f Rorccre mice  
exhibited an attenuated ability to control C. rodentium infection, 
as characterized by shortening of the colon (Fig. 5a,b). Knockout  
mice harbored a higher bacterial level in their feces (Fig. 5c) and did 
not regain their initial body weight (Fig. 5d). Furthermore, histologi-
cal analysis revealed chronic infiltration of inflammatory cytokines  
in the Cxxc1f/f Rorccre mice (Fig. 5e). We also determined that, in the 
absence of Cxxc1, CCR6+ and DN ILC3s showed reduced secretion of 
IL-22 (Fig. 5f,g).

We also constructed a C. albicans infection model in the Cxxc1-
deficient mice. The pathological findings that we obtained were in line 
with the C. rodentium infection model, implying insufficient clearance 
of C. albicans (Extended Data Fig. 7a–e). All subsets of ILC3s exhibited 
decreased production of IL-17A in the absence of Cxxc1 except for the 
NKp46+ ILC3s (Extended Data Fig. 7f,g). Our data suggest that ILC3s 
in Cxxc1f/f Rorccre mice failed to protect the host from fungal infection 
because of diminished IL-17A production. Following an unchanged 
NKp46+ ILC3 phenotype in the absence of Cxxc1, no difference was 
observed in IFN-γ secretion after in vitro stimulation or Salmonella 
typhimurium infection (Extended Data Fig. 7h,i).
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Fig. 4 | Cxxc1 is required to maintain ILC3 homeostasis. a, Flow cytometry of 
ILC3 subsets isolated from the siLP in Cxxc1f/f Rorccre (KO) mice and their Cxxc1f/f 
(WT) littermates. ILC3 subsets were gated as Lin−RORγt+ and then CCR6+NKp46−, 
CCR6−NKp46+ or CCR6−NKp46− (upper). The CD4+ ILC3 subset among the CCR6+ 
ILC3s was analyzed (below). The lineage cocktail included TCRγδ, CD3ε, CD19, 
CD5, Gr-1 and Ter119. b, The percentages and total cell numbers of three subsets 
were compared (n = 7 or 9 WT, n = 8 or 10 KO). The percentages and total cell 
numbers of two subsets within CCR6+ ILC3s were compared (n = 7 or 9 WT, n = 8 

or 10 KO). c–f, Bone marrow chimeras. c,e, Flow cytometry analysis of CD45.1 
and CD45.2 expression in the indicated ILC3 subsets isolated from the siLP of 
reconstituted mice. d,f, The percentages of donor-derived cells in the indicated 
ILC3 subsets (CD45.2/CD45.1) were compared (n = 8). Bar graphs are presented as 
mean ± s.e.m. A two-tailed Student’s t-test was performed for comparisons.  
The data are representative of three independent experiments (a–f).  
KO, knockout; WT, wild-type.
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To specifically examine the effector function of ILC3s dur-
ing infection, we sorted intestinal ILC3s from Cxxc1f/f or Cxxc1f/f  
Rorccre mice and adoptively transferred these cells into NCG mice 
and then generated a C. rodentium infection model. Nine days after 

infection, the NCG mice receiving Cxxc1-deficient ILC3s developed 
more severe infection than mice that received Cxxc1f/f-ILC3 cells. 
Specifically, the colon length of the Cxxc1-deficient NCG mice was 
shorter (Fig. 5h,i); the C. rodentium colony count was higher (Fig. 5j); 
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Fig. 5 | Defective ILC3 function in Cxxc1-deficient mice compromises host 
defense against C. rodentium infection. a–g, C. rodentium infection model. 
a,b, Colon lengths of Cxxc1f/f and Cxxc1f/f Rorccre mice (n = 7). c, Bacterial counts 
in feces (n = 7 WT, n = 8 KO). d, Body weight changes were monitored at the 
indicated timepoints (n = 9). e, H&E staining of colon tissue sections.  
f,g, Representative flow plots and quantification of IL-22 production by CCR6+ 
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lengths of the NCG mouse recipients (n = 4 control, n = 5 transferred group).  
j, Bacteria counts in feces 9 d after infection (n = 4 control, n = 6 WT transferred, 
n = 5 KO transferred). k, Body weight changes at the indicated timepoints (n = 7 
control, n = 9 WT transferred, n = 10 KO transferred). l, Representative H&E 
staining of colon sections. Bar graphs are presented as mean ± s.e.m. A two-tailed 
Student’s t-test was performed for comparisons. The data are representative of 
five (a–g) and two (h–l) independent experiments. KO, knockout; WT, wild-type.
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their body weight decreased faster (Fig. 5k); and the damage to the 
colon epithelial barrier was more pronounced (Fig. 5l). Additionally, 
NCG mice transferred with Cxxc1-deficient ILC3s displayed more 
severe pathological conditions when inoculated with C. albicans, 

implying a poor clearance of fungus (Extended Data Fig. 7j–n).  
In summary, these data suggest that the increased sensitivity to  
C. rodentium and C. albicans infection in Cxxc1-deficient mice occurs in a  
cell-intrinsic manner.

a b

d

f

c

Aged
Young

0

20

40

60

80

100

Pr
op

or
tio

n 
(%

)

UMAP1

U
M

AP
2

Cxxc1f/f Rorccre

Cxxc1f/f Rorccre

Cxxc1f/f Rorccre

Proliferative
CCR6+ DN 
NKp46+

GO biological process

0 1 2 3 4

Interleukin-17-mediated signaling pathway (GO:0097400)
Cellular response to interleukin-17 (GO:0097398)

Calcium-mediated signaling (GO:0019722)
Second-messenger-mediated signaling (GO:0019932)

Regulation of fat cell di�erentiation (GO:0045598)
Cytokine-mediated signaling pathway (GO:0019221)

Positive regulation of osteoclast di�erentiation (GO:0045672)
Regulation of osteoclast di�erentiation (GO:0045670)
Cellular response to cytokine stimulus (GO:0071345)

Positive regulation of myeloid leukocyte di�erentiation (GO:0002763)

0 1 2 3

Regulation of cytosolic calcium ion concentration (GO:0051480)

Positive regulation of cytosolic calcium ion concentration (GO:0007204)

Dendritic cell migration (GO:0036336)

Dendritic cell chemotaxis (GO:0002407)

Calcium-mediated signaling (GO:0019722)

Second-messenger-mediated signaling (GO:0019932)

Positive regulation of mononuclear cell migration (GO:0071677)

Cell chemotaxis (GO:0060326)

0 1 2

Positive regulation of cytokine production (GO:0001819)
Positive regulation of chemokine production (GO:0032722)

Positive regulation of cytokine production involved in inflammatory response (GO:1900017)
Positive regulation of osteoclast di�erentiation (GO:0045672)

Negative regulation of blood vessel morphogenesis (GO:2000181)
Cytokine-mediated signaling pathway (GO:0019221)

Positive regulation of mononuclear cell migration (GO:0071677)
Cellular response to cytokine stimulus (GO:0071345)

Regulation of angiogenesis (GO:0045765)
Negative regulation of angiogenesis (GO:0016525)

–log10(adjusted P value)

–6

–4

–2

0

2

4

6

0

0.2

0.4

0.6

C
el

l t
yp

e 
fr

ac
tio

n P = 0.17

P = 0.06

P ≤ 0.01

P = 0.43

log
2 FC

DN

Prolife
rat

ive

CCR6
+

NKp46
+

Young

21

Young

21 21

AgedCxxc1f/f

Rorccre
Mice:

CCR6+

DN 

NKp46+

−5 0 5

–6

–4

–2

0

2

4

6
Rs = 0.49

–5 0

–6

–4

–2

0

2

4

6
Rs = 0.36

–5 0 5

–6

–4

–2

0

2

4

6
Rs = 0.36

Ag
ed

  v
s.

 y
ou

ng
 lo

g 2F
C

CCR6+ DN NKp46+
e

5

Cxxc1f/fRorccre vs. young log2FC

Ccr1

Ccrl2

Il17a

Il17f

Il22

–2.5

0

2.5

Ex
pr

es
si

on
 z

-s
co

re

29
449

13

2 18

18

Cell state

Mouse condition Young Aged

g h

CCR6+ NKp46+

DN 

CCR6+ DN NKp46+

Cxxc1f/fRorccre

http://www.nature.com/nataging


Nature Aging

Article https://doi.org/10.1038/s43587-023-00453-7

Similar transcriptional landscape of Cxxc1-deficient and aged 
ILC3s
To elucidate the mechanism by which Cxxc1 induces ILC3 lineage 
maintenance, we performed scRNA-seq on Cxxc1-deficient ILC3s and 
compared the results to those obtained from young or aged gut ILC3s  
(Fig. 6a). Phenocopying aging-induced suppression of CCR6+ ILC3s, 
Cxxc1-deficient mice showed a markedly decrease in CCR6+ ILC3 
proportion compared with young mice, similar to the aging-induced 
suppression (Fig. 6b,c). Accordingly, there was an increase of NKp46-
specific ILC3s and DN cells in Cxxc1-knockout mice (Fig. 6b,c). An 
unbiased graph-based differential abundance testing confirmed the 
depletion of Cxxc1-deficient gut ILC3s in the CCR6+ area (Fig. 6d).

In addition to the analogous switches of ILC3 subpopulations in 
terms of their abundance, we also observed a strong positive correla-
tion between the transcriptome-perturbing effect of aging and that of 
Cxxc1 loss of function. We performed a differential expression analysis 
on the pseudo-bulks of each combination of an ILC3 lineage and a 
mouse condition to obtain robust statistical significance based on real 
biological replicates. This analysis showed that gene expressions were 
similarly modulated by aging and by Cxxc1 knockout across lineages 
(Fig. 6e). When searching for biological functions characterized by 
these common differentially expressed genes, we noticed a conver-
gence across subpopulations of co-downregulated genes in showing 
enrichment in signaling pathways related to immune activation, such as 
‘cellular response to cytokine stimulus’, ‘cytokine-mediated signaling 
pathway’ and ‘cell chemotaxis’ (Fig. 6f).

A closer examination of these co-downregulated genes showed 
that 18 of them overlapped among the lineages and contained key 
effector mediators, such as Il17f and Ccr1 (Fig. 6g). They demonstrated 
consistently diminished expressions in aged and Cxxc1-deficient ILC3s 
across populations and biological replicates (Fig. 6h), suggesting a 
common theme of ILC3sʼ dysfunctions being the suppression of their 
ability as immune activators. Together, our simultaneous single-cell 
profiling of young, aged and Cxxc1-deficient gut ILC3s enabled an 
in-depth comparative analysis that pointed to a similarity between 
aging and H3K4me3 inhibition when it comes to being an underlying 
force of ILC3 anergy.

Combined analysis identified Klf4 as a potential target of 
Cxxc1
We sought to determine whether the epigenetic profile was altered 
in Cxxc1-deficient ILC3s. Of all the ILC3 subsets, a reduction in Cxxc1 
occupancy was observed within 3 kilobases (kb) of transcription start 
sites (TSSs) and transcription end sites (TESs) across the whole genome 
in ILC3s (Fig. 7a,b and Extended Data Fig. 8a,b). An analysis of genome-
wide peak distribution revealed that most Cxxc1-binding sites were 
enriched at promoters (within 1 kb), distal intergenic regions and other 
introns (Extended Data Fig. 8c). Moreover, H3K4me3 enrichment at 
all promoters of CCR6+ ILC3s and DN ILC3s was reduced, whereas it 
was largely unchanged in NKp46+ ILC3s (Fig. 7c,d and Extended Data 
Fig. 8d,e). Genome-wide H3K4me3 marks were identified, with more 
than three-quarters of the H3K4me3 modification sites located in 
promoter regions (Extended Data Fig. 8f). To correlate H3K4me3 
modifications with gene expression and identify the ILC3-relevant 
genes that may be directly regulated by Cxxc1, we examined putative 
Cxxc1-binding sites and compared them pairwise with those in genes 
that exhibited decreased H3K4me3 signal intensities among the ILC3 
subsets (Fig. 7e and Extended Data Fig. 8g,h). More than half of the 
downregulated Cxxc1-binding peaks were associated with reduced 
H3K4me3 abundance in the three subsets, especially in the Cxxc1-
deficient CCR6+ ILC3s. Then, the compromised enrichment of Cxxc1 
and H3K4 trimethylation was visualized at representative genome 
browser tracks of effector genes in ILC3s (Fig. 7f). We found marked 
Cxxc1-binding peaks on key signature genes encoding transcrip-
tion factors, such as Cxxc1, Klf4 and Ahr. Ablation of Cxxc1 in those 
genomes reduced H3K4me3 modification levels in Cxxc1-deficient 
CCR6+ ILC3s and DN ILC3s (Fig. 7f). Similar Cxxc1-binding peaks were 
observed in effector genes such as Il22, Il17a and Il17f, and lower densi-
ties of H3K4me3 marks at these genes were observed in Cxxc1-deficient 
ILC3s. The factor Ahr, which contributed to IL-22 secretion54, was also 
found to be decreased in ILC3s of both aged and Cxxc1-deficient mice  
(Extended Data Fig. 8i,j).

Next, we investigated the expression of Klf4 within ILC3 subsets 
from Cxxc1f/f and Cxxc1f/f Rorccre mice by capillary western immuno-
assay (Fig. 7g,h). The analysis showed that the expression of Klf4 was 

Fig. 7 | Genome-wide chromatin sequencing and rescue experiments revealed 
that Klf4 is a potential target of Cxxc1 in CCR6+ ILC3. a, Heat map showing 
the genome-wide distribution of Cxxc1-binding signals at peak centers in CCR6+ 
ILC3s sorted from control and Cxxc1-deficient mice by CUT&Tag. b, Occupancy 
of Cxxc1 at all gene promoter regions (±3 kb of the TSS). Each line represents the 
average read coverage over all gene promoter regions. c, Heat maps illustrating 
enrichment of H3K4me3 CUT&Tag signals at all gene promoters (±3 kb of TSSs) 
in CCR6+ ILC3s. d, Average methylation (H3K4me3) levels at the promoters (±3 kb 
of TSSs) of all genes in CCR6+ ILC3s. e, Venn diagram showing genes with reduced 
enrichment of Cxxc1 and H3K4me3 modification (chi-squared test was used to 
calculate the P values). Adjusted absolute log2 fold change > 0.5 and adjusted 
P < 0.05. f, Genome track view of representative gene loci showing Cxxc1-binding 
(upper) and H3K4me3 (below) peaks at the indicated loci in ILC3 subsets  
(CCR6+ ILC3s are black, DN ILC3s are blue and NKp46+ ILC3s are red).  

g, Immunoblot images showing Klf4 protein in ILC3 subsets sorted from  
Cxxc1f/f and Cxxc1f/f Rorccre mice. h, The relative protein content was normalized to 
that of β-actin (n = 3). i–l, Rescue experiments. i, Flow cytometry of CD45.2+GFP+ 
ILC3 subsets isolated from the siLP in the indicated recipient mice. j, The 
percentages of the indicated subsets were compared (n = 4 WT+PMX, n = 5 or 
7 KO+PMX, n = 6 or 7 KO+Klf4). k, Cytokine production in siLP CD45.2+GFP+ 
ILC3s from the indicated recipient mice. l, The percentages of IL-22+ ILC3s were 
compared (n = 6 WT or KO+PMX, n = 7 KO+Klf4). The percentages of IL-17A+ 
ILC3s were compared (n = 6 WT+PMX, n = 7 KO+PMX, n = 6 KO+Klf4). Bar graphs 
are presented as mean ± s.e.m. A two-tailed Student’s t-test was performed 
for comparisons. The data are representative of at least three independent 
experiments (i–l). FSC-A, forward scatter-area; KO, knockout; WT, wild-type; 
PMX, PMX-GFP retrovirus.

Fig. 6 | Single-cell profiling reveals similarities in the transcriptional 
landscape between Cxxc1-deficient and aged gut ILC3s. a, UMAP plots 
visualizing group conditions in ILC3 cells from young, aged and Cxxc1f/f Rorccre 
mice. b, Stacked bar plot depicting cell state proportions across scRNA-seq 
samples. c, Box plots displaying the differences in each of the four cell state 
fractions between young and Cxxc1f/f Rorccre mice (n = 2). The middle line in the 
box is the mean; the bottom and top of the box are the first and third quartiles; 
and the whiskers extend to the 1.5× interquartile range of the lower and the upper 
quartiles, respectively. One-sided Student’s t-test was used to calculate  
the P values. d, UMAP plot showing Milo differential abundance testing results. 
Nodes are neighborhoods, colored by their log fold change between young 
and Cxxc1f/f Rorccre mice. Node sizes correspond to the number of cells in each 

neighborhood. e, Density plots of correlations across cell states between the 
gene-wise log2 fold changes in the comparison of Cxxc1f/f Rorccre mice against 
young mice and those in the comparison of aged mice against young mice. Genes 
of substantial changes (P < 0.05) in both comparisons are highlighted in red. 
Spearman’s correlation test was used to calculate the P values. Rs, Spearman’s 
correlation coefficient. f, Bar plots showing enriched Gene Ontology (GO) 
biological processes for co-downregulated genes matching results of each cell 
state in g, respectively. g, Venn plot displaying the overlap of co-downregulated 
genes between cell states. h, Heat map visualizing the gene-wise z-scores of 
pseudo-bulk expression levels of five key immune response genes across  
scRNA-seq samples. Cell states and mouse conditions of each pseudo-bulk are 
annotated in the top panel. FC, fold change.

http://www.nature.com/nataging


Nature Aging

Article https://doi.org/10.1038/s43587-023-00453-7

higher in CCR6+ ILC3s and decreased in Cxxc1-deficient mice. To further 
explore the role played by Klf4 in Cxxc1-deficient ILC3s, we infected 
CLPs from Cxxc1f/f Rorccre mice with Klf4− retroviral vectors, providing 
long-term modulation of Klf4 expression in infected cells and their 

progeny55. Retrovirus-transfected CLPs were transferred into suble-
thally irradiated CD45.1+ recipient mice that were sacrificed 2 weeks 
later for analysis. The results showed that the overexpression of Klf4 
potently increased the percentage of CCR6+ ILC3s relative to that in 
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mock-transfected control (Fig. 7i,j). In addition, the overexpression of 
Klf4 restored CCR6+CD4− and CCR6+CD4+ ILC3s populations. Notably, 
Cxxc1-deficient ILC3s derived from mock-transfected CLPs produced 
minimal IL-22 and IL-17A, whereas transfection with Klf4 led to high 
levels of production (Fig. 7k,l).

Additionally, we found that aged intestinal CCR6+ ILC3s showed 
lower Klf4 expression than young mice (Extended Data Fig. 9a,b). 
The percentage of CCR6+ ILC3s in the recipient mice that received 
Klf4-overexpressing CLPs from aged mice was higher than that in the 
control mice, and, similarly, the percentage of CCR6+CD4+ ILC3s was 
higher (Extended Data Fig. 9c,d). The overexpression of Klf4 increased 
the expression of IL-22 and IL-17A compared to that in ILC3s developed 
from mock-transfected CLPs in aged mice (Extended Data Fig. 9e,f).

Discussion
In the small intestine, we show that aging leads to deleterious effects 
on the homeostasis and function of ILC3s. LTi cells play a pivotal role 
in facilitating the formation of lymph nodes and PPs56,57, and the 
possible role played by CCR6+ ILC3s is evident only in early develop-
ment, and its number and function decline with aging. In 2-week-
old mice, NKp46+ ILC3s start to populate12,58, and many factors are 
involved in this period, including the microbiota59, the Notch signal-
ing pathway18 and IL-23 production12. The ratio of CCR6−NKp46− ILC3s, 
which are considered to contain precursors of NKp46+ ILC3s, remains 
unchanged in aged gut. Based on the data showing that NKp46+ ILC3s 
from aged donor cells remain largely unchanged, a hypothesis that 
the expansion of NKp46+ ILC3s in aged mice is caused by environmen-
tal elements or metabolic alterations is reasonable. The secretion of 
IL-22 and IL-17A was impaired in ILC3s of aged mice, and the expres-
sion of AHR ligands that activate IL-22 release was also decreased. 
The recognition of AHR is a key regulator of homeostatic processes 
at barrier sites in the gut. Increasing evidence has revealed that AHR 
affects a wide array of tissue homeostasis functions and plays an 
important role in aging60.

Multiple studies have suggested that histone modifications are 
the essential components of epigenetic regulation during aging61–63. 
In both human and mouse HSCs, the abundance of heterochroma-
tin-related repressive histone mark H3K9me3 decreases with age64. 
The abundance of H4K20me3 increases with age in rat livers and 
senescent cells65,66. Among ILC3s, the differences in H3K4me3 abun-
dance were predominantly found in CCR6+ ILC3s, along with fewer 
H3K4me3 marks at most effector signature genes. Therefore, we 
propose that loss of Cxxc1-induced H3K4me3 marks contributes to 
cellular senescence in a cell-context-specific and a cell-type-specific 
manner. In addition, the histone H3K36 methyltransferase Setd2 
was identified as critical for the maintenance and function of ILC3s 
because it supports CCR6 expression and restrains the generation of  
NKp46+ ILC3s67.

Klf4 was identified to function in the regulation of enhancer net-
works in cell fate transitions68, including the epithelial-to-mesenchymal 
transition69, monocyte cell differentiation70 and the self-renewal and 
maintenance of the undifferentiated state of embryonic stem cells 
(ESCs)71. Recent reports have revealed that Klf4 was a key mediator 
in circadian immune regulation, as suggested by the ablation of Klf4 
expression abolishing diurnal rhythms in phagocytic activity, indicat-
ing an association with age-dependent susceptibility to death caused 
by bacterial infection in aged macrophages72.

In summary, our study reveals that epigenetic regulator Cxxc1 
maintains H3K4me3 modification on genes, which is important for 
the homeostasis and function of ILC3s during aging.

Methods
Mice and ethics statement
The Cxxc1f/f mouse strain was described previously33. The Rorccre mice 
( JAX, 022791) were kindly provided by Ju Qiu (Shanghai Institutes for 

Biological Sciences, Chinese Academy of Sciences). Cxxc1f/f mice were 
crossed to Rorccre mice to generate respective conditional knockout 
mice. NOD Prkdcem26Cd52Il2rgem26Cd22/Nju (NCG, T001475) mice were 
purchased from Nanjing Biomedical Research Institute of Nanjing 
University. Mice were used at 6–8 weeks of age and kept co-housed 
after weaning. Young (6–8 weeks old) and aged (18 months old) mice 
of C57BL/6J background were obtained from Zhejiang University 
Laboratory Animal Center, as well as CD45.1 mice (2 months old). All 
mice were bred and maintained under specific pathogen-free condi-
tions at the Zhejiang University Laboratory Animal Center, and all 
procedures involving animals were approved by the Zhejiang Uni-
versity Animal Care and Use Committee (approval no. ZJU20230177). 
The mice had free access to clean water and food. Animals were 
assigned experimental groups at random. Mice at 6–8 weeks of age 
were used for all experiments unless otherwise noted. The num-
bers and gender of mice per experimental group are indicated in 
the figure legends. All experiments were performed in accordance 
with the guidelines from the Animal Research and Ethics Boards of  
Zhejiang University.

Isolation of intestinal LPLs
LPLs were isolated from the small intestine as previously described73. 
In brief, small intestines were dissected, and fat tissues and PPs were 
removed. Intestines were dissected longitudinally and subsequently 
cut into 5mm-long pieces, followed by washing with DMEM. The intes-
tinal pieces were then incubated in DMEM containing 3% FBS, 0.2% 
Hanks, 0.5 M EDTA and dithiothreitol (0.145 mg ml−1) for 10 min with 
constant agitation by droppers. The tissues were then digested with 
DNase I (Sigma-Aldrich, 50 mg ml−1) and collagenase II (Worthington-
Biochem, 145 mg ml−1) in DMEM at 37 °C for 5 min. The dissociated 
cells were filtered with a 100-µm cell strainer and harvested from the 
interphase of an 80% and 40% Percoll (GE Healthcare) gradient. After 
being washed with PBS and resuspended, LPLs were collected for  
further analysis.

Cell stimulation and flow cytometry
Cell stimulation was conducted as previously described74.To evaluate 
cytokine expression, ex vivo LPLs were resuspended in DMEM with 
50% FBS and then stimulated for 4 h at 37 °C with IL-23 (PeproTech, 
40 ng ml−1) and IL-1β (PeproTech, 20 ng ml−1) for IL-22 production or 
with PMA (Sigma-Aldrich, 50 ng ml−1) and ionomycin (Sigma-Aldrich, 
1 mg ml−1) for IL-17A and IFN-γ production. Then, 0.5 h after initiation 
of stimulation, a protein transport inhibitor, brefeldin A (BFA, 1000×, 
Invitrogen), was added to block cytokine secretion.

Dead cells were labeled with Fixable Viability Dye (eBioscience). 
Fc receptor blockade was performed using anti-CD16/32 (clone 93,  
BioLegend). For assessing bone marrow precursor cells, lineage stain-
ing included antibodies against TCRγδ, CD3ε, CD19, B220, NK1.1, CD11b, 
CD11c, Gr-1 and Ter119. For identifying peripheral ILCs, the lineage 
cocktail included TCRγδ, CD3ε, CD19, CD5, Gr-1 and Ter119. When 
intracellular transcription factor or cytocine staining was carried out, 
the cells were fixed and permeabilized with an Foxp3/transcription 
factor staining buffer set according to the manufacturer’s instruc-
tions (Invitrogen) after staining for surface markers. Flow cytometry 
was performed with a BD Fortessa (BD Biosciences). Data were ana-
lyzed with FlowJo 10 software. Cells were sorted by an FACSAria II flow  
cytometer.

The following antibodies were purchased from eBioscience,  
Invitrogen, BD Biosciences or BioLegend: CD4 (RM4-5), IL-17A 
(TC11-18H10), CD27 (LG.7F9), CD25 (PC61.5), NK1.1 (PK136), IL-22 
(IL22JOP), PLZF (9E12), CD45.2 (104), Ki67 (B56), RORgt (Q31-378), 
Flt3 (A2F10), IFN-γ (XMG-1.2), NKp46 (29A1.4), KLRG1 (2F1), CD127 
(A7R34), CD117 (2B8), CCR6 (29-2L17), B220 (RA3-6B2), Sca-1 (D7), 
Isotype (P3.6.2.8.1), α4β7 (DATK32), CD45.1 (A20), AHR (4MEJJ)  
and streptavidin.
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Bone marrow chimeras
CD45.2+ bone marrow cells from young, aged, Cxxc1f/f or Cxxc1f/f Rorccre 
mice were mixed in a 1:1 ratio with CD45.1+ wild-type bone marrow cells, 
respectively75. The mixture was intravenously injected into sublethally 
irradiated CD45.1+ wild-type recipient mice. Eight weeks after cell 
transfer, we analyzed the intestinal ILC3s derived from CD45.2+ donor 
cells by FACS.

S. typhimurium infection
S. typhimurium infection was conducted as previously described73. 
Cxxc1f/f and Cxxc1f/f Rorccre mice were fasted for 4 h and received 20 mg 
of streptomycin per mouse by oral gavage before being infected. 
Twenty hours later, they were orally inoculated with 1 × 109 CFUs of  
S. typhimurium (SL1344, SB300). All mice were sacrificed on day 4.  
Frequencies of NKp46+ ILC3s from siLP were measured by flow 
cytometry.

C. rodentium infection
As previously described74, Cxxc1f/f and Cxxc1f/f Rorccre mice (or young 
and aged mice) were orally inoculated with 5 × 109 CFUs of C. rodentium  
(DBS100) after being treated with ABX (autoclaved water supple-
mented with antibiotics: ampicillin 1 g L−1, gentamicin 1 g L−1, metro-
nidazole 1 g L−1 and vancomycin 0.5 g L−1) for 1 week. Body weight was 
monitored for 7 d, and all mice were sacrificed on day 7. Feces was 
collected to be weighed and plated on MacConkey agar plates to deter-
mine the colonies. The small intestines were used to isolate intestinal 
lymphocyte cells and analyzed for IL-22 production. The colons were 
measured for lengths and fixed for 24 h in 4% methanol for hematoxylin 
and eosin (H&E) staining.

C. albicans infection
As previously described74, C. albicans strain SC5314 was grown 
in YPD (yeast nitrogen base with 2% glucose, 100 µg ml−1 ampicil-
lin, 0.01 mg ml−1 vancomycin, 0.1 mg ml−1 centamicin). C. albicans 
(1 × 108 CFUs) was administered to Cxxc1f/f and Cxxc1f/f Rorccre mice 
(or young and aged mice) by gavage after 3-d ABX-1 (autoclaved water 
supplemented with streptomycin 2 mg ml−1, fluconazole 0.2 mg ml−1 
and gentamicin 0.2 mg ml−1l) treatment. ABX-I was replaced with  
ABX-II (streptomycin 2 mg ml−1, gentamicin 0.2 mg ml−1 and ampicillin 
2 mg ml−1) on day 3 and lasted until the end of the model. Body weight 
changes were monitored in the following 7 d, and all mice were sacri-
ficed on day 11. Subsequent steps were consistent with the C. rodentium 
model, except for the identification of IL-17A expression.

Cell adoptive transfer into NCG mice
As previously described74, NCG mice were adoptively transferred with 
80,000 intestinal ILC3s (Lin−CD127+CD27−KLRG1−) sorted from Cxxc1f/f 
and Cxxc1f/f Rorccre mice (or young and aged mice) or PBS as control 
after treated with ABX for 1 week. ILC3s were stimulated with IL-23 
and IL-1β for 30 min before being injected into NCG mice through the 
tail vein. NCG mice were orally inoculated with C. rodentium 24 h after 
adoptive transfer. Body weight was monitored for 9 d, and all mice were 
sacrificed for further analysis on day 9.

NCG mice were adoptively transferred with 80,000 intestinal ILC3s 
sorted from Cxxc1f/f and Cxxc1f/f Rorccre mice (or young and aged mice) 
or PBS as control after 3-d ABX-1 treatment. ILC3s were stimulated with 
PMA and ionomycin for 30 min before injected to NCG mice through 
the tail vein. ABX-I was replaced with ABX-II at day 3 and lasted until the 
end of the model. C. albicans was administered to NCG mice by gavage 
24 h after adoptive transfer. Body weight changes were monitored for 
9 d, and all mice were sacrificed for further analysis at day 9.

Hydrodynamic gene delivery of IL-22
Plasmid DNA was introduced into mice using a hydrodynamic tail 
vein injection-based gene transfer technique76,77. In brief, 10 µg of  

DNA/mouse was diluted in 1.5–2.0 ml of TransIT-EE Hydrodynamic 
Delivery Solution (MIR 5340, Mirus) at 0.1 ml g−1 body weight. The DNA 
solution was injected into mice through the tail vein using a 27-gauge 
needle within a time period of 5–10 s.

Histology
Colons were removed intact, fixed in 4% paraformaldehyde and  
embedded in paraffin, followed by sectioning and staining with H&E 
according to standard laboratory procedures.

Gene function of ILCs for in vivo analysis using retroviral 
transfection
Retroviruses were generated by transfection of pMX-IRES-GFP plasmids  
containing the indicated genes into Plat-E cells using PolyJet (SignaGen).  
Media were replaced 12/18 h after transfection, and retroviral super-
natants were collected after 48 h. Then, 48-well plates were coated 
with RetroNectin (TaKaRa, 25 µg ml−1) overnight at 4 °C. After blocking 
with BSA and washing, 1 ml of supernatant was added and followed by 
centrifugation for 2 h at 1,500g at 32 °C.

The bone marrow from Cxxc1f/f and Cxxc1f/f Rorccre mice (or young 
and aged mice) was aspirated to create a single-cell suspension55. CLPs 
(Lin−CD127+c-KitintSca-1intFlt3+) were enriched by Dynabeads Biotin 
Binder (Invitrogen) after lineage staining and then superficially stained 
and sorted. We resuspended CLPs in CLP medium (αMEM medium 
containing 10% FBS, penicillin–streptomycin, 1× non-essential amino 
acids, 1 mM sodium pyruvate, 2 mM l-glutamine, 20 mM HEPES and 
50 µM β-ME) and added 100,000 cells per well in the presence of IL-7 
(20 ng ml−1), IL-6 (10 ng ml−1), SCF (100 ng ml−1), Flt3L (20 ng ml−1), 
TPO (10 ng ml−1) and polybrene (Merck, 5 µg ml−1). Ten hours later, 
retrovirus-transfected CLPs were collected and adoptively transferred 
into sublethally irradiated CD45.1+ wild-type recipient mice through 
intravenous tail vein injection. Transduced cells were transferred with 
CD45.1+ wild-type bone marrow cells to help the engraftment of the 
CLPs. After 2 weeks, recipient mice were sacrificed, and organs were 
collected for analysis.

Capillary western immunoassay
Protein extracts from 30,000 sorted CCR6+ ILC3s (Lin−CD127+CD27−KL
RG1−CCR6+NKp46−), NKp46+ ILC3s (Lin−CD127+CD27−KLRG1−CCR6−NK
p46+) and DN ILC3s (Lin−CD127+CD27−KLRG1−CCR6−NKp46−) were pre-
pared using cell lysis buffer (20% glycerol, 20 mM Tris-HCl pH 7.4, 0.5% 
NP40, 1 mM MgCl2, 0.15 M NaCl,1 mM DTT, 1 mM EDTA, 1% SDS, 1 mM 
EGTA) with the addition of 1 mM PMSF and protein inhibitor cocktail. 
Protein concentration can be detected using the Qubit Protein Assay 
Kit (Invitrogen). Primary and secondary antibodies were diluted with 
Antibody Diluent II provided in the ProteinSimple kit (WM-W004-1). 
Immunoassay was performed using the Wes Simple Western method 
with the anti-rabbit detection module (ProteinSimple) according to 
the manufacturer’s instructions. Protein expression was measured by 
the Compass for Simple Western program (ProteinSimple). Proteins 
were detected with the following primary antibodies: Cxxc1 (ab56035, 
Abcam) and Klf4 (PA5-23184, Invitrogen).

CUT&Tag and analysis
H3K4me3 and Cxxc1 Chip of three subsets of ILC3s were both  
performed on 100,000 cells as previously described with modifications 
according to the protocol of Hyperactive In-Situ ChIP Library Prep Kit 
for Illumina (TD 901, Vazyme)78,79. In brief, sorted CCR6+ ILC3s, NKp46+ 
ILC3s and DN ILC3s were washed with 500 µl of wash buffer contain-
ing 1× protease inhibitor cocktail (5056489001, Sigma-Aldrich). Cell 
pellets were resuspended in wash buffer. After two washes with bind-
ing buffer, Concanavalin A-coated magnetic beads were added and 
incubated at room temperature. Bead-bound cells were resuspended 
in 50 µl of antibody buffer. Then, 1 µg of H3K4me3 antibody (39016, 
Active Motif) and Cxxc1 antibody (ab198977, Abcam, provided by 
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Hengyu Fan, Institute of Life Sciences, Zhejiang University) was added 
and incubated overnight at 4 °C with slow rotation. After removing 
the primary antibody, the secondary antibody (goat anti-rabbit IgG, 
SAB3700883, Sigma-Aldrich) diluted in 50 µl of Dig-wash buffer at a 
ratio of 1:100 was added and incubated at room temperature. The cells 
were then incubated with 0.04 µM Hyperactive pG-Tn5 Transposase 
diluted in Dig-300 buffer at room temperature for 1 h with slow rota-
tion. Finally, the cells were resuspended in tagmentation buffer and 
incubated at 37 °C for 1 h. DNA was purified using phenol-chloroform-
isoamyl alcohol extraction and ethanol precipitation after terminating 
tagmentation. DNA library amplification was performed according to 
the instructions and washed with VAHTS DNA Clean Beads (Vazyme). 
Libraries were sequenced on an Illumina NovaSeq platform, and 150-bp 
paired-end reads were generated.

All raw sequence data were quality trimmed using fastp (ver-
sion 0.19.7) and aligned to the mm10 mouse genome using Bowtie2 
(version 2.3.5.1) with options ‘–local–very-sensitive-local–no-unal–
nomixed–no-discordant–phred33 -I 10 -X 700’. PCR duplicates were 
removed using Picard MarkDuplicates (version 2.25.0). Peaks were 
called using MACS2 (version 2.2.7.1) with options ‘q 0.05’. DeepTools2 
software (version 3.5.1) was used to create the peaks density plot and 
heat map graph. Visualization of peak distribution along genomic 
regions of interested genes was performed with IGV. Genomic anno-
tation was assigned using ChIPSeeker (version 1.28.3). Promoters 
were defined as follows: within 3,000 bp around the TSS. Differential 
expression analysis of two groups was performed using DESeq2 
(version 1.30.1).

scRNA-seq
In total, 300,000 sort-purified ILC3s from Cxxc1f/f and Cxxc1/f Rorccre  
(or young and aged mice) siLP were resuspended in BD Pharmingen 
Stain Buffer (FBS) (554656). The cells were labeled with sample tags 
using a BD Mouse Immune Single-Cell Multiplexing Kit (633793). Single-
cell capture and cDNA synthesis were performed by the BD Rhapsody 
Single-Cell Analysis System. scRNA-seq libraries were constructed 
using a BD Rhapsody WTA Amplification Kit (633801) following a stand-
ard protocol provided by the manufacturer.

scRNA-seq data analysis
The fastq files were processed using the BD Rhapsody Targeted Analysis 
Pipeline on Seven Bridges. First, the read pair was removed if the mean 
base quality score was less than 20. Next, the filtered R1 reads were 
analyzed to identify the cell label sequences and unique molecular 
identifiers (UMIs). R2 reads were aligned to the mouse genome (mm10) 
using Bowtie2 (version 2.3.5.1)80. Then, valid reads were collapsed into 
a single raw molecule based on the same cell label, UMI sequence and 
gene. Recursive substation error correction (RSEC) was applied to cor-
rect sequencing and PCR errors of raw UMI counts. The RSEC-adjusted 
molecule matrices were used for downstream analysis. For quality 
control, cells with less than 25% mitochondrial UMI counts or fewer 
than 200 genes detected were filtered out.

We followed the Scanpy workflow81 for downstream analyses. 
Specifically, we (1) applied the log1pCP10K normalization to the raw 
counts; (2) selected highly variable genes; (3) regressed out the effects 
of the total count per cell and the percentage of mitochondrial gene 
count; (4) calculated the first 50 principal components; (5) applied 
Harmony82 to remove sample-level batch effects; (6) reduced the data 
dimension through uniform manifold approximation and projection 
(UMAP)83; (7) clustered the single cells using an unsupervised graph-
based clustering algorithm, Leiden84; (8) identified cluster-specific 
marker genes using Student’s t-test; and (9) annotated the clusters 
for their major cell type identities based on the expression patterns 
of literature-derived marker genes.

Finally, ILC3s were extracted from the integrated atlas by 
searching for the subset positive for Rorc but negative for Cd3d. 

Data of ILC3s were then reprocessed from the raw counts and sub-
clustered to identify fine cell states, namely Ccr6+, NKp46+, DN  
and proliferative.

Differential abundance testing
To test for ILC3 cell state abundance differences between differ-
ent mouse groups in an unbiased manner, we performed differen-
tial abundance analysis on single cells derived from young, old and 
Cxxc1f/f Rorccre mice using the milopy package (version 0.0.999)85. 
Specifically, cell neighborhoods were first defined on a k-nearest 
neighbors graph, and differential abundance testing was then per-
formed for each neighborhood using a negative binomial general linear  
model framework.

Pseudo-bulk analysis
To suppress false-positive discoveries in differential expression (DE) 
analyses using single cells as data points for statistical testing, we 
employed a pseudo-bulk alternative86. In brief, for cells of a specific 
combination of a cell state and a mouse group, we first aggregated 
reads across biological replicates, transforming a genes-by-cells 
matrix to a genes-by-replicates matrix using matrix multiplication. 
Then, we ran DESeq2 (version 1.30.1)87, which used a Wald test of 
the negative binomial model coefficients to compute the statistical 
significance.

Statistics and reproducibility
Statistical parameters, including the exact value of n, the definition 
of center, dispersion and precision measures and statistical signifi-
cance, are reported in the figures and figure legends. P values less than 
0.05 were considered significant. Data from these experiments are 
presented as mean values ± s.e.m. A two-tailed Student’s t-test was 
performed for comparisons between two groups. All statistical analyses 
were performed using GraphPad Prism software (version 8, GraphPad  
Software). The same samples were not repeatedly measured, and no 
data points were excluded from the analysis. The confidence interval 
was set at 95% for statistical analysis. No statistical methods were used 
to predetermine sample sizes, but our sample sizes are similar to those 
reported in previous publications73,74. No randomization method was 
used to allocate animals to experimental groups. Data distribution 
was assumed to be normal, but this was not formally tested. Data col-
lection and analysis were not performed blinded to the conditions of 
the experiments.

For animal experiments, no statistical methods were used to pre-
determine sample sizes, although sample sizes were consistent with 
those from previous studies42,79. No explicit randomization method 
was used to allocate animals to experimental groups, and mice were 
tested and data were processed by an investigator blinded to animal 
treatment identity.

Reporting summary
Further information on research design is available in the Nature  
Portfolio Reporting Summary linked to this article.

Data availability
This original data presented in the study can be found on the Gene 
Expression Omnibus—scRNA-seq (GSE208733, GSE210195, GSE210193 
and GSE209592) and CUT&Tag (GSE211017 and GSE210194)—and are 
available from the corresponding authors upon reasonable request. 
Source data are provided with this paper.

Code availability
The scRNA-seq code used in this study is available in the GitHub reposi-
tory at https://github.com/anjin8023/wanglab.git. The CUT&Tag code 
used in this study is available in the GitHub repository at https://github.
com/anjin8023/wanglabCUTTag.git.
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Extended Data Fig. 1 | Phenotype of ILC3s in the intestine of aged mice. 
 (a) Flow cytometry of Lin−RORγt+ ILC3s isolated from the siLP of young and aged 
mice. (b) The percentages (n = 8) and total numbers of ILC3s were compared 
(n = 10 young, n = 8 aged). (c) Summary of small intestine lengths in young and 
aged mice (n = 10 young, n = 11 aged). (d, e) The numbers and size of Peyer’s 
patches in the small intestine of young and aged mice were compared (n = 5). 

(f) Flow cytometric analysis of CD45.1 and CD45.2 expression in ILC3s. (g) The 
percentages of donor-derived cells shown in (f) (CD45.2/CD45.1) were compared 
(n = 11). Bar graphs are presented as mean ± SEM. A two-tailed Student’s t-test 
was performed for comparisons. The data are representative of at least three 
independent experiments (a-g).

http://www.nature.com/nataging


Nature Aging

Article https://doi.org/10.1038/s43587-023-00453-7

Extended Data Fig. 2 | Phenotype of aged gut CCR6+ ILC3s is not affected by 
gender. (a) Flow cytometry of ILC3s from the siLP of young (6- to 8-week-old,  
female) and aged mice (18-month-old, female). All data showed above gated 
out Lin+ cells in advance. (b) The percentages and total numbers of ILC3s 
were compared (n = 8). (c) The Lin−RORγt+ ILC3s shown in (a) were further 

characterized based on their CCR6 and NKp46 expression (upper). The CD4+ 
ILC3 subset among the CCR6+ ILC3s was analyzed (below). (d) The percentages 
and total numbers of all subsets were (n = 8). Bar graphs are presented as mean ± 
SEM. A two-tailed Student’s t-test was performed for comparisons. The data are 
representative of four independent experiments (a-d).
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Extended Data Fig. 3 | Ectopic expression of IL-22 protects aged mice from 
C. rodentium infection. (a-e) young (6- to 8-week-old, male) and aged mice 
(18-month-old, male) were infected with C.rodentium. Six hours after infection, 
IL-22-expressing plasmid (pRK-mIL-22) or control vector (pRK) was administered 
into the mice via hydrodynamic injection. (a, b) Colon lengths of young and aged 
mice (n = 9 young, n = 4 aged). (c) Bacterial counts in faeces (n = 9 young, n = 4 

aged). (d) Body weight changes were monitored at the indicated time points 
(n = 3 aged+vector and aged+IL-22, n = 4 young+vector, n = 5 young+IL-22). 
(e) H&E staining of colon tissue sections. Bar graphs are presented as mean ± 
SEM. A two-tailed Student’s t-test was performed for comparisons. Data are 
representative of two independent experiments (a-e).
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Defective ILC3 function in aged mice compromises 
host defense against C. albicans infection. (a-g) C. albicans infection model. 
(a) Representative image of colons in young and aged mice after C. albicans 
infection on day 7. (b) Colon lengths were counted and plotted in infected mice 
(n = 5 young, n = 6 aged). (c) Colonies of C. albicans in the faeces were counted 
by serial dilution (n = 4 young, n = 5 aged). (d) Body weight changes (n = 6). (e) 
H&E-stained sections of representative colons. (f) Flow cytometric analysis 
of IL-17A expression in the indicated subsets 7 days after infection. (g) The 
percentages of IL-17A+ cells were compared (n = 6 young, n = 5 aged). (h) Flow 
cytometric analysis of IFN-γ expression in NKp46+ ILC3s after stimulation with 
PMA and ionomycin (left); right, quantification (n = 8 young, n = 9 aged). (i-m) 
ILC3s (Lin−CD127+CD27−KLRG1−) from young and aged mice were adoptively 

transferred into NCG mice with C. albicans infection. (i-j) Measurements and 
statistical analysis of the colon lengths from NCG recipients (n = 5 control 
and aged transferred, n = 6 young transferred). (k) CFUs in the faeces of NCG 
recipients 9 days after infection (n = 5 control and aged transferred, n = 6 
young transferred). (l) Changes in body weight were recorded at the indicated 
time points (n = 5 control, n = 7 young transferred, n = 8 aged transferred). 
(m) Histological analysis of colonic tissues by H&E staining. The data are 
representative of two independent experiments. Bar graphs are presented 
as mean ± SEM. A two-tailed Student’s t-test was performed for comparisons. 
The data are representative of three independent experiments (a-h) and two 
independent experiments (i-m).

http://www.nature.com/nataging


Nature Aging

Article https://doi.org/10.1038/s43587-023-00453-7

Extended Data Fig. 5 | Protein level of Cxxc1 and differentially H3K4me3 
modified genes of intestinal ILC3s in aged mice. (a) Immunoblot images 
showing Cxxc1 protein in ILC3s sorted from young and aged mice (left). The 
relative protein content was normalized to β-Actin (right) (n = 3). (b-d) Anti 
H3K4me3 CUT&Tag in young mice versus aged mice. (b) Table showing top 100 
genes with down−regulated H3K4me3 modification regions in aged mice.  

(c) KEGG pathway enrichment analysis performed by using DAVID. The top 10 
highly enriched KEGG pathways are presented. (d) IGV visualizing keys genes 
related to pathways shown in (c). Bar graphs are presented as mean ± SEM. 
A two-tailed Student’s t-test was performed for comparisons. The data are 
representative of three independent experiments (a).
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Extended Data Fig. 6 | Development of ILC progenitor in the bone marrow 
and formation of Peyer’s patches are not affected in Cxxc1f/f RorcCre mice. 
(a) Flow cytometry of ILC3s from the siLP in Cxxc1f/f RorcCre and Cxxc1f/f mice. All 
data showed above gated out Lin+ cells in advance. (b) The percentages (n = 9) 
and total numbers (n = 8) of ILC3s were compared. (c) Flow cytometric analysis 
of common lymphoid progenitors (CLPs, Lin−CD127+c-KitintSca1intFlt3+); α4β7+ 
lymphoid progenitors (α-LPs, Lin−CD127+c-Kit+α4β7+); common helper-like 
innate lymphoid progenitors (ChILPs, Lin-CD127+α4β7+CD25−Flt3−) and common 
ILC precursors (ILCPs, Lin−CD127+α4β7+PLZF+) in bone marrow in Cxxc1f/f RorcCre 
mice and their wild-type Cxxc1f/f littermates. The lineage cocktail  
included TCRγδ, CD3ε, CD19, B220, NK1.1, CD11b, CD11c, Gr-1 and Ter119.  

(d) The percentages of CLPs, α-LPs, ChILPs, and ILCPs were compared. 
CLP (n = 6 WT, n = 8 KO), α-LP (n = 8 WT, n = 7 KO), ChILP (n = 8 WT, n = 8 KO),  
and ILCP (n = 7 WT, n = 6 KO). The cell numbers were compared. CLP (n = 7 WT, 
n = 9 KO), α-LP (n = 8 WT, n = 8 KO), ChILP (n = 6 WT, n = 6 KO), and ILCP (n = 8 WT, 
n = 8 KO). (e) Representative images of Peyer’s patches (red arrows) in the small 
intestine from Cxxc1f/f RorcCre mice and their wild-type Cxxc1f/f littermates.  
The numbers (f) and size (g) of Peyer’s patches in the small intestine from Cxxc1f/f 
RorcCre and Cxxc1f/f mice were compared (n = 10). Bar graphs are presented as 
mean ± SEM. A two-tailed Student’s t-test was performed for comparisons.  
The data are representative of at least two independent experiments (a-g).
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Defective ILC3 function in Cxxc1-deficient mice 
compromises host defense against C. albicans infection. (a-g) C. albicans 
infection model. (a, b) Colon lengths of Cxxc1f/f and Cxxc1f/f RorcCre mice (n = 4). 
(c) Fungal burden in faeces (n = 5). (d) Body weight changes (n = 5 WT, n = 8 KO). 
(e) H&E histological analysis of representative colons in infected mice. (f, g) 
Representative flow plots and quantification of IL-17A production by CCR6+ ILC3s 
(left), NKp46+ ILC3s (middle), and DN ILC3s (right) isolated from the siLP (n = 7 
WT, n = 9 KO). (h-i) Cytokine production in siLP ILC3s from Cxxc1f/f and Cxxc1f/f 
RorcCre mice. (h) Flow cytometric analysis of IFN-γ expression in NKp46+ ILC3s 
after stimulation with PMA and ionomycin (left); right, quantification (n = 4 WT, 
n = 5 KO). (i) S. typhimurium infection model. Representative flow cytometric 

profiles (left); right, quantification (n = 4). ( j-n) Cxxc1f/f or Cxxc1f/f RorcCre ILC3s 
(Lin−CD127+CD27−KLRG1−) were adoptively transferred into NCG mice with C. 
albicans infection. Measurements ( j) and statistical analysis (k) of the colon 
lengths from NCG recipients (n = 5 control, n = 7 WT transferred, n = 6 KO 
transferred). (l) CFUs in the faeces of NCG recipients 9 days after infection (n = 5 
control, n = 7 WT transferred, n = 6 KO transferred). (m) Changes in body weight 
were recorded at the indicated time points (n = 5 control, n = 7 WT transferred, 
n = 8 KO transferred). (n) Histological analysis of colonic tissues by H&E staining. 
Bar graphs are presented as mean ± SEM. A two-tailed Student’s t-test was 
performed for comparisons. The data are representative of two independent 
experiments (a-g, i-n) and three independent experiments (h).
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Extended Data Fig. 8 | The epigenetic program of DN ILC3s and NKp46+ 
ILC3s. (a, b) Heatmap for genome-wide distribution of Cxxc1-binding signals 
at peak centers in DN ILC3s (a) and NKp46+ ILC3s (b) sorted from control and 
Cxxc1-deficient mice by CUT&Tag. (c) Donut chart showing the percentages of 
Cxxc1-binding at promoter regions, gene body regions, or intergenic regions. 
(d, e) Heatmaps illustrating enrichment of H3K4me3 CUT&Tag signals at all 
gene promoters ( ± 3 kb of TSS) in DN ILC3s (d) and NKp46+ ILC3s (e). (f) Donut 
chart showing the percentages of H3K4me3 peaks at promoter regions, gene 
body regions, or intergenic regions. Peak annotation was performed by HOMER. 

UTR, untranslated region. (g, h) Venn diagram showing genes with reduced 
enrichment of Cxxc1 and H3K4me3 modification in the indicated cells in the 
graphs (Chi-squared test was used to calculate the P values. Adjusted absolute 
log2fc value > 0.25 and adjusted P value < 0.05). (i) Overlaid histograms show 
expression of indicated protein in aged mice (red), control mice (blue) and 
Isotype (grey). ( j) Overlaid histograms show expression of indicated protein 
in Cxxc1f/f RorcCre mice (red), control mice (blue) and Isotype (grey). The data 
are representative of two independent experiments (i) and four independent 
experiments ( j).
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Extended Data Fig. 9 | Homeostasis and function of ILC3s in aged mice 
can be rescued by Klf4. (a) Immunoblot images showing Klf4 protein in ILC3 
subsets sorted from the young and aged mice. (b) The relative protein content 
was normalized to β-Actin (n = 3). (c-f) Rescue experiments with ILC3s in aged 
mice. (c) Flow cytometry of CD45.2+GFP+ ILC3 subsets isolated from the siLP in 
mice that received retrovirus-transfected CLPs from the young and aged mice. 
ILC3 subsets are gated as CD45.2+GFP+Lin−RORγt+ and then CCR6+NKp46−, 
CCR6−NKp46+, or CCR6−NKp46− (upper). The CD4+ ILC3 subset among the CCR6+ 

ILC3s was analyzed (below). (d) The percentages of the indicated subsets were 
compared (n = 6 or 7 young +PMX, n = 6,7 or 8 aged +PMX, n = 6,7 or 8 aged +Klf4). 
(e) Cytokine production in siLP CD45.2+GFP+ ILC3s from the indicated recipient 
mice. (f) The percentages of IL-22+ ILC3s were compared (n = 8 young+PMX, n = 8 
aged+PMX, n = 9 aged+Klf4). The percentages of IL-17A+ ILC3s were compared 
(n = 8 young+PMX, n = 7 aged+PMX, n = 9 aged+ Klf4). Bar graphs are presented 
as mean ± SEM. A two-tailed Student’s t-test was performed for comparisons.  
The data are representative of at least three independent experiments (a-f).
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