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Abstract

Group 3 innate lymphoid cells (ILC3s) expressing the transcription factor (TF) RORγt are 

important for the defense and homeostasis of host intestinal tissues. The zinc finger TF Ikaros 

encoded by Ikzf1 is essential for RORγt+ fetal lymphoid tissue inducer (LTi) cell development and 

lymphoid organogenesis, but its role in postnatal ILC3s is unknown. Here, we showed that small 

intestinal ILC3s had the lowest expression of Ikaros compared to ILC precursors and other ILC 

subsets. Ikaros inhibited ILC3s in a cell-intrinsic manner through zinc finger-dependent inhibition 
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of transcriptional activity of the aryl hydrocarbon receptor, a key regulator of ILC3 maintenance 

and function. Ablation of Ikzf1 in RORγt+ ILC3s resulted in increased expansion and cytokine 

production of intestinal ILC3s and protection against infection and colitis. Therefore, in contrast to 

its requirement for LTi development, Ikaros inhibits postnatal ILC3 development and function to 

regulate gut immune responses at steady state and in disease.

eTOC Blurb

Ikaros is necessary for fetal lymphoid tissue inducer cell development, but its role in postnatal 

ILC3s is unknown. Zhou and colleagues demonstrate that Ikaros negatively regulates ILC3 

development and function by suppressing Ahr transcriptional activity. These findings indicate that 

Ikaros-mediated regulation of gut immunity occurs in a cell type-specific manner.

 Introduction

Group 3 innate lymphoid cells (ILC3s) expressing the transcription factor (TF) RORγt are 

involved in maintaining intestinal homeostasis by protecting the host from pathogen 

infections, controlling the gut microflora, and contributing to the development of gut 

lymphoid tissues like cryptopatches (Artis and Spits, 2015). Disruption of the ILC3 

compartment is associated with the occurrence of inflammatory bowel disease (IBD) and 

can result in susceptibility to gut infection, such as Citrobacter rodentium, a mouse pathogen 

that models human pathogenic Escherichia coli infection (McKenzie et al., 2014; Pearson et 

al., 2012). Control of C. rodentium infection requires both innate and adaptive immunity, 

such as ILC3s, T helper 17 (Th17) cells, and Th22 cells (Basu et al., 2012; Song et al., 2015; 

Sonnenberg et al., 2011). Production of effector cytokine interleukin 22 (IL-22) by ILC3s 

and T cells is important for host defense during pathogenic bacterial infection and for 

shaping host commensal microbiota (Rutz et al., 2014). Innate and adaptive immune cells 
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including ILC3s and T cells can also provide protection against gut inflammation caused by 

tissue damage (e.g., Dextran Sulfate Sodium (DSS)-induced colitis), at least in part through 

the action of the effector cytokines IL-22 and IL-17 to maintain gut epithelial integrity (Lee 

et al., 2015; Sawa et al., 2011; Sugimoto et al., 2008).

The aryl hydrocarbon receptor (Ahr) is a ligand-dependent environmental sensor and its 

transcriptional activity requires ligand-induced nuclear translocation and dimerization with 

its partner, the aryl hydrocarbon receptor nuclear translocator (ARNT) (Fukunaga et al., 

1995). Ahr is essential for the postnatal accumulation of ILC3s and for the gut immunity 

during microbial infections (Kiss et al., 2011; Lee et al., 2012; Qiu et al., 2012; Zelante et 

al., 2013). There are multiple mechanisms of action of Ahr in ILC3 maintenance, for 

example, through promotion of cell survival, proliferation, and/or Notch-dependent 

pathways in ILC3s (Kiss et al., 2011; Lee et al., 2012; Qiu et al., 2012). In addition, 

recruitment of Ahr to ILC3 target gene Il22 requires RORγt, presumably mediated by 

protein-protein interaction between Ahr and RORγt (Qiu et al., 2012). However, how Ahr 

activity is regulated during ILC3 development is unknown.

ILC3s, together with the other two subsets of innate lymphoid cells, ILC1s and ILC2s, are 

derived from a common lymphoid progenitor (CLP) in the bone marrow (Artis and Spits, 

2015). CLP gives rise to the common helper innate lymphoid progenitor (CHILP), which 

has the potential to differentiate into all the ILC subsets, except conventional NK cells 

(Serafini et al., 2015). In contrast to postnatal ILC3s, fetal lymphoid tissue-inducing (LTi) 

cells in which RORγt is also highly expressed are derived from the fetal liver (Kim et al., 

2009). Distinct modes of transcriptional regulation of postnatal ILC3s and fetal LTi cells 

occur; for instance, Notch signaling is required for adult ILC3s but not fetal LTi cell 

development (Possot et al., 2011). Similarly, Ahr is not needed for fetal LTi cells or 

lymphoid organogenesis such as lymph node formation, while Ahr deficiency results in a 

significant decrease of ILC3s and cryptopatches after birth (Kiss et al., 2011; Lee et al., 

2012; Qiu et al., 2012).

The C2H2 zinc finger transcription factor Ikaros is a key regulator of hematopoiesis, 

including the development of fetal T cells, B cells, and natural killer cells by affecting CLP, 

pro-B cells, and NK precursors (Yoshida et al., 2010). Additionally, Ikaros is crucial for the 

generation of secondary lymphoid organs (e.g., lymph nodes and Peyer’s Patches), through 

its role in promoting fetal LTi cells (Schjerven et al., 2013; Wang et al., 1996). However, it 

remains unclear whether Ikaros plays a similar role in the development and function of 

postnatal ILC3s, including LTi-like cells without the expression of natural cytotoxicity 

receptor NKp46 (NKp46−ILC3s) and ILC3s with the expression of NKp46 (NKp46+ILC3s). 

Here, we showed that Ikaros played a differential role in fetal and postnatal ILC3 

development. Ikaros negatively regulated postnatal ILC3s in the gut by inhibiting Ahr 

activity. Our data suggest that downregulation of Ikaros represents a cell-intrinsic 

requirement for normal ILC3 lineage specification and expansion, and is beneficial to host 

immunity during infection and inflammation.
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 Result

 Reduced expression of Ikaros in ILC3 compartment

Although Ikaros is required for fetal LTi cells and postnatal CLP generation, the role of 

Ikaros in the development of gut ILCs, which are thought to originate from CLP and 

subsequently from CHILP (Artis and Spits, 2015), is unknown. As Ikaros is ubiquitously 

expressed in hematopoietic cells (Georgopoulos et al., 1994), we analyzed the expression of 

Ikaros by ILC precursors in the bone marrow (CLP, CHILP, and ILC2 progenitor (ILC2P)) 

and by mature ILC subsets in the gut (ILC1s, ILC2s, and ILC3s) (Figure S1A). Compared to 

other cell populations, ILC3s expressed the lowest amounts of Ikaros protein and mRNA, as 

measured by intracellular staining and realtime RT-PCR (Figures 1A, 1B, and S1B). In 

addition, lower amounts of Ikaros protein were found in ILC3s in the small intestine than the 

large intestine, which might be related with the expansion of ILC3s in the small intestine 

(Figures 1C to 1E). These data prompted us to hypothesize that downregulation of Ikaros 

might represent an important molecular event for ILC3 lineage specification and expansion.

 Ikaros inhibits postnatal ILC3 accumulation in the gut

To investigate the role of Ikaros in gut ILC3s, we utilized mice with germline-targeted 

deletion of the Ikzf1 exon encoding zinc finger 4 (Ikzf1ΔF4/ΔF4) on a C57BL/6 genetic 

background (Schjerven et al., 2013). Unlike mice with germline-targeted deletion of the 

Ikzf1 exon encoding zinc finger 1 (Ikzf1ΔF4/ΔF4) that have normal fetal LTi compartment 

and lymphoid organogenesis, Ikzf1ΔF4/ΔF4 mice phenocopy the Ikaros null mice (Ikzf1−/−) in 

respect to deficiency in fetal LTi cells and secondary lymphoid tissues (e.g., lymph nodes 

and Peyer’s Patches) (Schjerven et al., 2013; Wang et al., 1996). Further analyses reveal that 

Ikzf1ΔF4/ΔF4 mice have a substantial loss of DNA-binding activity, which is consistent with 

lack-of-function of Ikaros in specific immune aspects of this mouse strain (Schjerven et al., 

2013). In sharp contrast to the lack of fetal LTi cells, we observed a marked increase in 

frequency and number of RORγt+ ILC3s, including NKp46+ ILC3s (CD3−NKp46+RORγt+ 

cells), and LTi-like cells with CD4 (CD3−NKp46−CD4+RORγt+ cells) or without CD4 

expression (CD3−NKp46−CD4−RORγt+ cells) in the intestine of adult Ikzf1ΔF4/ΔF4mice 

(Figures 1F to 1I). In the intestine under the steady state, ILC3s are the major producers of 

IL-22, a key cytokine to protect the host from pathogenic inflammation and colitis (Artis and 

Spits, 2015). Accordingly, we found more IL-22-producing ILC3s in Ikzf1ΔF4/ΔF4 mice, 

suggesting that these ILC3s were functional (Figures S1C and S1D). Of note, the increased 

ILC3 compartment was only apparent in Ikzf1ΔF4/ΔF4 mice, but not in Ikzf1ΔF4/ΔF4 mice 

(data not shown), suggesting an important role for Ikaros zinc finger 4 in the regulation of 

ILC3s. We also observed higher proliferation of ILC3s revealed by Ki67 staining in 

Ikzf1ΔF4/ΔF4 mice, consistent with increased ILC3s in the gut (Figure 1J). Together, these 

data suggest that Ikaros functions as a suppressor of the accumulation of ILC3s in the gut, 

and its downregulation during development may relieve Ikaros’ inhibition of ILC3 lineage.

 Ikaros regulates ILC3 ontogeny

Postnatally-developed cryptopatches located at the base of the villi in the intestine are 

mainly populated by RORγt-expressing ILC3s (Kanamori et al., 1996; Serafini et al., 2015). 

Consistent with the increase of ILC3s in the gut, there was a 3-fold increase in the number 
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of cryptopatches both in the small and large intestines of Ikzf1ΔF4/ΔF4 mice compared to 

wildtype littermate mice (Figures 2A and 2B). The chemokine receptor CCR6, mainly 

expressed by NKp46− ILC3s (i.e., LTi-like cells), is required for the formation of 

cryptopatches (Bouskra et al., 2008; Lugering et al., 2010). In accordance with the higher 

number of observed cryptopatches, both the percentage and number of CCR6+ ILC3s in 

Ikzf1ΔF4/ΔF4 mice were markedly elevated (Figures 2C and 2D).

We next investigated the ontogeny of ILC3s in Ikzf1ΔF4/ΔF4 mice after birth. Substantial 

defects in intestinal ILC3s were evident in newborn Ikzf1ΔF4/ΔF4 mice (day 0), consistent 

with the lack of fetal LTi cells caused by Ikaros deficiency (Figures 2E and 2F) (Schjerven et 

al., 2013). However, one week-old Ikzf1ΔF4/ΔF4 mice started to show increased frequency of 

RORγt+ ILC3s, especially NKp46− ILC3s, in both the small and large intestines, while the 

increase of NKp46+ ILC3s became more evident at 3 weeks after birth (Figures 2E and 2F). 

Given the expansion of commensal flora after birth, we next assessed the contribution of 

microbiota to the increase of ILC3s in Ikzf1ΔF4/ΔF4 mice. Although antibiotic treatment 

reduced the gut Th17 cells as reported (Figures S2A and S2B) (Ivanov et al., 2008), 

depletion of gut microbiota by antibiotics did not reduce the frequency of ILC3s in 

Ikzf1ΔF4/ΔF4 mice (Figures S2C and S2D), demonstrating a microbiota-independent 

upregulation of ILC3s in the absence of wildtype full-length Ikaros. Together, these data 

indicate that in contrast to its requirement for fetal ILC3s, Ikaros inhibits postnatal ILC3 

development.

 Ikaros negatively regulates postnatal ILC3s in a cell-intrinsic manner

Ikaros is expressed by multiple hematopoietic cell populations (Georgopoulos et al., 1994). 

We next investigated whether Ikaros regulated ILC3s cell intrinsically. We crossed mice with 

loxP-flanked alleles of Ikzf1 exon 8 that encodes C-terminal zinc finger dimerization 

domain (Heizmann et al., 2013) with transgenic mice expressing of Rorc-driven Cre 

recombinase to specifically delete Ikaros in RORγt-expressing cells (i.e., ILC3s and T cells). 

The deletion efficiency of Ikaros was confirmed by intracellular staining of Ikaros in ILC3s 

and T cells (Figure 3A). Similar to Ikzf1ΔF4/ΔF4 mice, Ikzf1f/f Rorc-cre mice showed 

increased percentages of ILC3s (Figures 3B and 3C). The Cd4-cre transgene only functions 

in T cells but not in RORγt+ ILC3s despite the expression of CD4 in some adult LTi-like 

cells, presumably due to the lack of cis-acting elements that are crucial for LTi or LTi-like 

cells in the Cd4 transgene driving Cre expression (Ivanov et al., 2006). In agreement with 

this, the ILC3 compartment in the gut was not affected in Ikzf1f/f Cd4-cre mice (Figures 3D 

and 3E), in which Ikaros was only ablated in T cells (Figure 3A). Similar to Ikzf1ΔF4/ΔF4 

mice (Figure 2), the number of cryptopatches in both the small and large intestines of 

Ikzf1f/f Rorc-cre mice was increased compared to wildtype littermate mice (Figures S2E and 

S2F). However, in contrast to Ikzf1ΔF4/ΔF4 mice, Ikzf1f/f Rorc-cre mice exhibited normal 

lymphoid tissue development, such as Peyer’s patches and lymph nodes (Figure S2G). 

Together, these data suggest that the regulation of postnatal ILC3s by Ikaros is cell-intrinsic.

 Ahr is required for the upregulation of ILC3s in the gut of Ikzf1ΔF4/ΔF4 mice

Ahr has been shown to function as a key transcription factor for the maintenance of adult 

ILC3s (Kiss et al., 2011; Lee et al., 2012; Qiu et al., 2012). We hypothesized that Ikaros may 
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regulate Ahr expression and/or function in ILC3s. Although the expression of Ahr-regulated 

genes (Dere et al., 2011) was increased in Ikzf1ΔF4/ΔF4 ILC3s, the Ahr mRNA remained 

unchanged in Ikzf1ΔF4/ΔF4 ILC3s (Figure S3A). Thus, we sought to investigate the 

requirement of Ahr pathway in upregulation of ILC3 compartment in Ikzf1ΔF4/ΔF4 mice. We 

generated Ikzf1ΔF4/ΔF4Ahr−/− mice to genetically ablate Ahr in Ikzf1ΔF4/ΔF4 mice. The 

increase in the frequency of ILC3s was completely abolished in Ikzf1ΔF4/ΔF4Ahr−/− mice as 

well as in Ikzf1ΔF4/+Ahr−/− controls (Figures 4A and 4B), suggesting that similar to its 

essential role in regulating adult ILC3s (Kiss et al., 2011; Lee et al., 2012; Qiu et al., 2012), 

Ahr is indispensable for the increase in the frequency of ILC3s in Ikzf1ΔF4/ΔF4 mice.

Ahr has been reported to be critical for proliferation and IL-22 production of ILC3s (Kiss et 

al., 2011; Lee et al., 2012; Qiu et al., 2012). Therefore, we wanted to determine the post-

developmental role of Ahr in Ikzf1ΔF4/ΔF4 ILC3s. Large intestinal LPLs were isolated and 

cultured in the presence of the Ahr ligand 6-formylindolo[3,2-b]carbazole (FICZ) or the Ahr 

antagonist that was previously used (Gagliani et al., 2015). The proliferation of wildtype and 

Ikzf1ΔF4/ΔF4 ILC3s revealed by Ki-67 staining was increased by FICZ but inhibited by Ahr 

antagonist (Figures S3B and S3C), consistent with the role of Ahr activation in promoting 

ILC3 proliferation (Kiss et al., 2011). Although IL-22+ ILC3s were increased in 

Ikzf1ΔF4/ΔF4 mice (Figures S1C and S1D), there was no significant increase in IL-22 

production in Ikzf1ΔF4/ΔF4 ILC3s on a per cell basis, and FICZ had little effect on IL-22 

production in wildtype or Ikzf1ΔF4/ΔF4 ILC3s (Figures S3D and S3E). In contrast, treatment 

of the Ahr antagonist could markedly inhibit IL-22 (Figures S3D and S3E), consistent with 

the requirement of Ahr for ILC3 function (e.g., production of IL-22) (Kiss et al., 2011; Lee 

et al., 2012; Qiu et al., 2012). Together, genetic and pharmacological data suggest that the 

activation of Ahr pathway was a key molecular event responsible for the expansion of 

Ikaros-deficient ILC3s.

 Ikaros interacts with Ahr and regulates the dimerization between Ahr and ARNT

We next investigated the potential crosstalk between Ikaros and Ahr in the regulation of 

ILC3 compartment. Using proximity ligation assay (PLA), a fluorescence-based technique 

that allows the detection of protein-protein interaction based on physical proximity 

(Weibrecht et al., 2010), interaction between Ikaros and Ahr was detected as 

immunofluorescence dots in wildtype CD3−CD45lowCD90hi cells that mainly consist of 

ILC3s in the gut (Guo et al., 2014), while minimal positive signals were observed in cells 

from Ikzf1ΔF4/ΔF4 mice (Figure 4C). The antibody against Ikaros used for PLA recognized 

both full-length Ikaros and Ikaros lacking zinc finger 4 in ILC3s (Figure S3F), suggesting 

that the substantial decrease of PLA signals was not due to biased binding of primary 

antibody. Consistent with PLA results, the interaction between Ahr and full-length Ikaros 

was also demonstrated by co-immunoprecipitation in HEK293T cells (Figures 4D and S4A). 

Ikaros that lacks zinc finger 4 had no effect on its interaction with ATP-dependent 

nucleosome remodeling protein Mi2β (data not shown) (Koipally and Georgopoulos, 2002; 

Sridharan and Smale, 2007), but lost its association with Ahr, while Ikaros lacking zinc 

finger 1 retained its ability to interact with Ahr (Figure S4A).
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Domain-mapping of Ahr showed that its PAS-A domain was responsible for Ahr-Ikaros 

interaction (Figures S4B and S4C). It has been demonstrated that the transcriptional function 

of Ahr requires dimerization with its partner, the aryl hydrocarbon receptor nuclear 

translocator (ARNT), through the PAS-A domain (Wu et al., 2013). We then wondered 

whether Ikaros would play a role in Ahr-ARNT dimerization. Upon stimulation with the Ahr 

ligand FICZ, Ahr showed enhanced binding with ARNT (Figure 4D). Forced expression of 

full-length Ikaros in a dose-dependent manner markedly suppressed the dimerization of Ahr 

and ARNT (Figures 4D and S4D), while expression of Ikaros lacking zinc finger 4 failed to 

do so (Figure 4D). As cell scarcity prevented us from examining the role of Ikaros in 

primary ILC3s biochemically, we took advantage of T cells that share similarity to ILCs in 

transcriptional regulation. We investigated the binding of endogenous Ahr and ARNT in 

primary Th17 cells differentiated in vitro from wildtype or Ikzf1ΔF4/ΔF4 mice. Ahr protein 

level was decreased in Ikzf1ΔF4/ΔF4 Th17 cells (Figure S4E), consistent with our previous 

study (Heller et al., 2014). However, enhanced binding between Ahr and ARNT was 

observed in these cells after normalization of Ahr protein expression, supporting that Ikaros 

may perturb Ahr-ARNT dimerization (Figure S4E). It has been shown that the Ahr-ARNT 

heterodimer can bind to and promote the transcription of Dioxin Responsive Element 

(DRE)-containing genes (Stockinger et al., 2014). Indeed, full-length Ikaros suppressed the 

FICZ-induced DRE-driven luciferase activity, whereas Ikaros lacking zinc finger 4 lost the 

suppressive ability (Figure S4F). We also observed increased expression of Kit in 

Ikzf1ΔF4/ΔF4 ILC3s, consistent with the observation that Kit was a DRE-containing gene 

regulated by Ahr in ILC3s (Figure S3A) (Kiss et al., 2011). Additionally, Ahr-ChIP revealed 

increased enrichment of Ahr binding at its target genes, such as Kit and Fmo2 (Dere et al., 

2011; Kiss et al., 2011), in gut ILC3s of Ikzf1ΔF4/ΔF4 mice (Figure 4E), consistent with the 

enhanced transcriptional activity of Ahr. Together, these data demonstrate that Ikaros 

negatively regulates Ahr transcriptional activity through blocking Ahr-ARNT interaction in 

a zinc finger 4-dependent manner.

 Ikaros regulates gut immunity to Citrobacter rodentium infection in a cell type-specific 
manner

Control of C. rodentium infection in mice, which resembles attaching and effacing E. coli 
infection in humans, requires coordinated actions of the innate and adaptive immune 

systems (Collins et al., 2014). Consistent with the protective role of Th22 cells in C. 
rodentium infection (Basu et al., 2012), our previous data suggest that adoptive transfer of 

Ikzf1ΔF4/ΔF4 T cells can more efficiently protect the host from the infection due to elevated 

IL-22 production (Heller et al., 2014). Given the upregulation of IL-22+ ILC3s in 

Ikzf1ΔF4/ΔF4 mice, we next investigated the role of Ikaros in gut immunity during C. 
rodentium infection.

To this end, we adoptively transferred gut ILC3s purified from either Ikzf1ΔF4/ΔF4 or 

wildtype mice into RORγt-deficient mice (Rorcgfp/gfp), in which no ILC3s exist and most if 

not all Th22 and Th17 cells are absent, to determine whether Ikzf1ΔF4/ΔF4 ILC3s could 

provide early protection in Rorcgfp/gfp mice. At day 4 post infection, Rorcgfp/gfp mice 

without adoptive transfer exhibited approximately 10-fold higher bacterial colony-forming 

units (CFUs) of C. rodentium in their feces than wildtype C57BL/6 mice (Figure 5A). In 
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contrast, Rorcgfp/gfp mice receiving ILC3s had a significant decrease of bacterial load in 

their feces (Figure 5A). Rorcgfp/gfp mice receiving Ikzf1ΔF4/ΔF4 ILC3s controlled bacterial 

load even better than those receiving wildtype ILC3s (Figure 5A). The protection from 

ILC3s ameliorated the weight loss significantly and prevented these mice from early death 

(Figures 5B and 5C). However, at day 9, Rorcgfp/gfp mice receiving either wildtype or 

Ikzf1ΔF4/ΔF4 ILC3s had higher CFUs of C. rodentium, highlighting the indispensable role of 

adaptive Th22 and Th17 cells in eliminating the infection (Figure S5A). Although the same 

number of donor ILC3s was adoptively transferred, Ikzf1ΔF4/ΔF4 ILC3s showed higher 

accumulation in the lamina propria of Rorcgfp/gfp mice than wildtype ILC3s (Figure S5B), 

and more IL-22-producing Ikzf1ΔF4/ΔF4 ILC3s were also observed (Figure S5C). These data 

were corroborated by the observation that Ikzf1ΔF4/ΔF4 ILC3s exhibited increased 

proliferation revealed by Ki67 staining compared to wildtype ILC3s in the gut (Figure S5D).

To further determine the cell-intrinsic mechanisms of Ikaros, we subjected three mouse 

genetic models that alter or ablate Ikaros expression in different cell compartments (i.e., 

Ikzf1ΔF4/ΔF4 mice, Ikzf1f/f Rorc-cre mice, and Ikzf1f/f Cd4-cre mice) to C. rodentium 
infection. At day 4 post C. rodentium infection when innate responses are more prevalent 

compared to day 9 post infection (Figures 5D to 5F), IL-22+ ILC3s were markedly enhanced 

in Ikzf1ΔF4/ΔF4 mice and Ikzf1f/f Rorc-cre mice, but not in Ikzf1f/f Cd4-cre mice (Figures 5D 

to 5F). Compared to their wildtype littermate mice, Ikzf1ΔF4/ΔF4 and Ikzf1f/f Rorc-cre mice 

controlled bacterial infection more efficiently with reduced bacterial load (CFU counts) in 

feces at Day 4 (Figures 5G to 5I), consistent with enhanced ILC3-mediated immune 

responses. Together, these data support the conclusion that Ikaros regulates ILC3s cell-

intrinsically during infection.

A complex role of Ikaros in regulation of T cell responses emerged when we examined the 

mice under the steady state and during C. rodentium infection. Without infection, all three 

Ikaros-targeted mice showed enhanced production of IL-22 by T cells under the steady state 

(Figure S6, and data not shown (Heller et al., 2014) ), consistent with the role of Ikaros in 

suppressing Th22 cells (Heller et al., 2014). However, during C. rodentium infection, at day 

9 when T cell responses were pronounced in wildtype littermate mice (Figures 5D to 5F and 

S7A to S7C), IL-22 and IL-17 expression by T cells were significantly reduced in 

Ikzf1ΔF4/ΔF4 mice and Ikzf1f/f Cd4-cre mice and to a less extent in Ikzf1f/f Rorc-cre mice 

(Figures 5D to 5E and S7A to S7C). Despite the reduced T cell responses at day 9 after C. 
rodentium infection, Ikzf1ΔF4/ΔF4 mice but not Ikzf1f/f Cd4-cre or Ikzf1f/f Rorc-cre mice 

showed progressive weight loss with high CFU counts in feces at day 9 after infection 

(Figures S7D to S7F and 5G to 5I). Increased IL-22+ ILC3s and/or elevated steady-state 

IL-22/IL-17 expression by T cells in Ikzf1f/f Rorc-cre mice or Ikzf1f/f Cd4-cre mice may 

contribute to anti-bacterial immunity and control of C. rodentium. However, other yet-to-be 

defined mechanisms may be responsible for reduced T cell responses at the late stage of 

infection in Ikzf1f/f Rorc-cre mice or Ikzf1f/f Cd4-cre mice, which nevertheless maintain 

efficient control of C. rodentium.

These data are in sharp contrast to our previous data showing enhanced anti-bacterial 

immunity mediated by Th22 cells in Rag1−/− mice after adoptive transfer of Ikzf1ΔF4/ΔF4 

CD4+ T cells, in which the innate immune system is presumably intact in the Rag1−/− 
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recipients (Heller et al., 2014). These paradoxical effects of Ikaros in regulation of T cell 

responses may be due to the contribution of Ikaros in other cellular compartments that are 

potentially altered under the steady state or during infection. Consistent with the crucial role 

of dendritic cells (DCs) in controlling C. rodentium (Schreiber et al., 2013), Ikzf1ΔF4/ΔF4 

mice showed a marked reduction of DCs (Figure S7G), supporting the regulation of DCs by 

Ikaros (Wu et al., 1997). Although we cannot rule out the possibility that specific aspects of 

DCs (certain subsets and/or function) might be affected in Ikzf1f/f Rorc-cre mice or Ikzf1f/f 

Cd4-cre mice during infection, no apparently numerical perturbation of DC compartment 

was observed in either Ikzf1f/f Rorc-cre mice or Ikzf1f/f Cd4-cre mice (Figures S7H and 

S7I), consistent with Rorc-cre and Cd4-cre-restricted deletion in lymphocyte lineages.

 Deletion of Ikaros in ILC3s protects mice from DSS-induced colitis

To further corroborate our findings of regulation of ILC3s by Ikaros, we used DSS-induced 

innate colitis model to determine the role of Ikaros in ILC3s during gut inflammation. While 

Ikzf1f/f Cd4-cre mice had similar weight loss kinetics, colon length and pathohistological 

changes in the colon to those of wildtype littermate controls, both Ikzf1ΔF4/ΔF4 mice and 

Ikzf1f/f Rorc-cre mice showed higher resistance to DSS treatment (Figure 6), suggesting that 

deletion of Ikaros in ILC3s protects the mice from DSS-induced colitis. Accordingly, 

enhanced IL-22+ ILC3s and IL-17+ ILC3s were observed in Ikzf1ΔF4/ΔF4 mice and Ikzf1f/f 

Rorc-cre mice (Figures 7A and 7B), consistent with the protective role of IL-22 and IL-17 in 

DSS-induced colitis (Lee et al., 2015; Sawa et al., 2011; Sugimoto et al., 2008). 

Granulocyte-macrophage colony-stimulating factor (GM-CSF)-producing ILC3s also 

increased in Ikzf1ΔF4/ΔF4 mice and Ikzf1f/f Rorc-cre mice in DSS-induced colitis despite the 

inflammatory role of GM-CSF in certain innate colitis model (i.e., anti-CD40 model) 

(Figure 7C) (Song et al., 2015). These data collectively indicate that Ikaros negatively 

regulates ILC3 function during colitis, and inhibition of Ikaros in ILC3s may alleviate gut 

tissue damage.

 Discussion

Our results showed that downregulation of Ikaros expression during development favored 

ILC3 lineage specification and expansion. This conclusion was consistent with the 

observation that ILC3s expressed lower amounts of Ikaros compared to their progenitors or 

other ILC subsets. The wildtype level and/or function of Ikaros may be important to keep the 

ILC3-mediated immune responses in check to maintain gut homeostasis under the steady 

state. However, during infection and inflammation, inhibition of Ikaros expression or 

function resulted in enhanced ILC3s in the gut, thus beneficial in certain disease settings to 

the host immunity.

Ikaros played a differential role in fetal versus postnatal ILC3 development. Our data 

showed that it acted as a suppressor of the development of postnatal ILC3s via its zinc finger 

4, in contrast to its function in promoting fetal LTi cells (Schjerven et al., 2013; Wang et al., 

1996). Despite the expression of RORγt in fetal LTi cells, Ikzf1f/f Rorc-cre mice had normal 

development of lymph nodes and Peyer’s patches, in contrast to Ikzf1−/− mice or 

Ikzf1ΔF4/ΔF4 mice. These data suggested sufficient amounts of Ikaros remaining for 
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secondary lymphoid organogenesis after Rorc-cre mediated Ikzf1 gene ablation, or a 

dispensable role for Ikaros in regulation of fetal LTi cells after induction of Rorc 
transcription during development.

Our data showed that Ikaros promoted postnatal ILC3 compartment in the gut in an Ahr-

dependent manner. Ahr promoted ILC3 survival (Qiu et al., 2012); however, no 

enhancement of ILC3 survival was observed in Ikzf1ΔF4/ΔF4 mice despite enhanced Ahr 

activity (data not shown), suggesting that Ikaros regulates ILC3s by a survival-independent 

mechanism and/or Ikaros deficiency counteracts the pro-survival effects of Ahr. Ahr 

activation also promotes the expansion of ILC3s (Kiss et al., 2011). Accordingly, ILC3 

proliferation was increased in Ikzf1ΔF4/ΔF4 mice, consistent with the enhancement of Ahr 

activity in Ikzf1ΔF4/ΔF4 ILC3s. The Notch pathway is required for postnatal ILC3 

differentiation from CLPs (Possot et al., 2011). In addition, Ahr activation has been shown 

to promote Notch1 and Notch2 transcription, one of the reported mechanisms by which Ahr 

regulates adult ILC3 compartment (Lee et al., 2012). Neither Notch 1 or Notch 2 
transcription was affected in Ikzf1ΔF4/ΔF4 ILC3s (data not shown). The progenitor of ILC3s, 

CLP, is markedly decreased in the bone marrow of Ikzf1ΔF4/ΔF4 mice (Schjerven et al., 

2013). Despite the reduction in number, CLP from the bone marrow of Ikzf1ΔF4/ΔF4 mice 

appeared to more readily differentiate into ILC3s in an OP9 in vitro culturing system (data 

not shown). This enhanced potential of CLP to become ILC3s could also account for the 

increased postnatal ILC3s in the gut. Recent study demonstrated that intestinal ILC3s are 

tissue-resident, which are maintained and expanded locally (Gasteiger et al., 2015). Thus, 

Ikaros-mediated regulation of postnatal ILC3s in the gut may be different from the role of 

Ikaros in the bone marrow. Extrahepatic fetal ILC precursors have been identified to 

populate the fetal gut and become the local source of all the ILC populations (Bando et al., 

2015); however, it remains to be determined whether ILC precursors can reside in the adult 

gut and differentiate to ILCs locally in the intestine.

Ahr is a member of the basic helix-loop-helix (bHLH)/Per-Arnt-Sim (PAS) family of 

proteins. Both bHLH and PAS-A domains of Ahr are thought to be involved in hetero-

dimerization with ARNT; however, the PAS-A domain of Ahr has recently been 

demonstrated to be essential (Wu et al., 2013). Although Ikaros interacted with PAS-A 

domain of Ahr, no conclusive interaction could be detected between Ikaros and ARNT that 

also contains PAS-A domain (Li and Zhou, unpublished). Ahr repressor (Ahrr) is another 

member of the bHLH protein family and structurally similar to Ahr but lacks a ligand-

binding domain (PAS-B domain) and an activation domain (Mimura et al., 1999). Ahrr is 

thought to compete with Ahr for interaction with ARNT and thus to inhibit Ahr-ARNT 

binding to DNA (Stockinger et al., 2014). Our data showed that Ahr-ARNT dimer was also 

susceptible to disruption by Ikaros, a protein that does not contain the bHLH domain or 

PAS-A domain. This unexpected data requires future detailed structural and biochemical 

characterization of the interactions among Ahr, ARNT, and Ikaros proteins without 

overexpression in a physiological context.

It is worthwhile to point out that our data does not rule out the possibility that the Ikaros-Ahr 

interaction could be inhibitory even if the interaction does not completely disrupt the Ahr-

ARNT dimer, and/or Ikaros may exert its inhibitory action in ILC3 development by 
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additional mechanism(s) independent of Ahr. For example, Ikaros is well known to regulate 

the chromatin structure of genes. In the absence of Ikaros, the chromatin structure of ILC3 

target genes may be altered, thus favoring ILC3 development. Ikaros has been shown to 

interact with multiple proteins such as chromatin modifiers to exert its transcriptional 

function (Kim et al., 1999; Koipally and Georgopoulos, 2000; Naito et al., 2007; Zhang et 

al., 2012). Identification of Ikaros-interacting partners in ILC3s may shed light on the 

additional mode of regulation of ILC3s by Ikaros. Of note, Ahr interacts with RORγt that is 

important for Ahr recruitment to the Il22 locus (Qiu et al., 2012). Thus, Ikaros may also 

participate in Ahr-RORγt complex to regulate RORγt activity in ILC3 development and/or 

function.

Due to Ikaros’ broad expression in the hematopoietic compartment, it may regulate immune 

responses in a cell-type specific manner and participate the crosstalk between innate and 

adaptive immune systems in vivo. We observed substantial increase of NKp46+RORγt− cells 

in Ikzf1ΔF4/ΔF4 mice, suggesting potential regulation of ILC1s by Ikaros. Given the plasticity 

of ILC3s (Bernink et al., 2015; Klose et al., 2014), the precise role of Ikaros in ILC1s 

involving its potential impact on the conversion of ILC3s to ILC1s (i.e., exILC3s) needs 

future investigation using Rorc-fate mapping mice. Our data also highlighted the complex 

role of Ikaros in the regulation of gut lymphocyte development and anti-bacterial immunity 

against C. rodentium that requires coordinated actions of both innate and adaptive immune 

cells. Our data showed that suppression of Ahr activity by Ikaros through its specific zinc 

finger may represent a mechanism of action of Ikaros in regulating the homeostasis of ILC3s 

in the gut.

 Experimental procedures

 Mice

All the mice in this study were maintained in Specific Pathogen Free (SPF) facilities at 

Northwestern University or University of Florida. Mice were littermates and were 6–8 

weeks old unless otherwise indicated in the text. Ikzf1ΔF4/ΔF4, Ikzf1f/f and Ahr−/− mice were 

described previously and are backcrossed to C57BL/6 background (Fernandez-Salguero et 

al., 1995; Heizmann et al., 2013; Schjerven et al., 2013). Cd4-cre mice were purchased from 

Taconic Farms. Rorc-cre mice and Rorcgfp/gfp mice were generated previously (Eberl and 

Littman, 2004; Sun et al., 2000). All studies with mice were approved by the Animal Care 

and Use Committee of Northwestern University and University of Florida.

 Isolation of Intestinal Lamina Propria Lymphocytes (LPLs) and Flow Cytometry

Isolation of intestinal lamina propria cells and flow cytometry were done as previously 

described (Qiu et al., 2012). Flow cytometry analyses were done as described (Supplemental 

Information).

 Immunohistology of Cryptopatches

To prepare gut tissue samples, the large and small intestines of wild-type (Ikzf1+/+) or 

Ikzf1ΔF4/ΔF4 mice were dissected. After removing fat tissues, intestines were cut open 

longitudinally and washed in PBS. Tissues were fixed in 4% paraformaldehyde in phosphate 
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buffer (77 mM Na2HPO4, 23 mM NaH2PO4) with protease inhibitors (Roche) overnight, 

and made into Swiss rolls. The samples were then saturated in a 30% sucrose gradient 

overnight. The samples were embedded in OCT (Optimal Cutting Temperature, Tissue-Tek), 

snap frozen in a dry ice-alcohol bath, and stored at −80 C. Sections were cut3 at 5 μm and 

stained using human/mouse RORγt monoclonal antibody (1:200; eBioscience), anti-mouse 

CD3-FITC (1:800; eBioscience), and goat anti-rat IgG Cy3 (1:400; Jackson 

ImmunoResearch). The number of all RORγt+CD3− cell clusters (cryptopatches) in each 

section were counted at 10x magnification and calculated as described (Supplemental 

Information).

 Chromatin Immunoprecipitation (ChIP) Assay

1×104 sorted small intestinal ILC3s (CD3−CD45lowCD90hi) were treated with or without 

FICZ (200 nM) for 4 hours. ChIP assay was performed as described (Supplemental 

Information).

 Plasmids, Transient Transfection, Immunoprecipitation, and Western blot

Plasmids were generated as described (Supplemental Information) and polyethylenimine 

(MW25000; Polysciences) were mixed at the ratio of 1:4 for 20 minutes at room 

temperature before adding into HEK293T cell culture medium. 24 hours later, transfected 

HEK293T cells were lysed in lysis buffer (1% TritonX-100, 150 mM NaCl, 20 mM HEPES 

[pH7.5], 1 mM EDTA) containing protease inhibitor cocktails (Roche). The lysates were 

immunoprecipitated with corresponding antibodies at 4°C for 3 hours and subjected to SDS-

PAGE and immunobloting with Flag antibody (Sigma), HA antibody (Sigma), Ahr antibody 

(Novus), or ARNT antibody (Novus). To detect the dimerization between Ahr and ARNT, 

transfected cells were treated with or without 200 nM FICZ (Enzo) for 3 hours prior to the 

immunoprecipitation.

 Proximity Ligation Assay (PLA)

Sorted ILC3s (CD3−CD45lowCD90hi) were centrifuged onto the slides using Cytospin 

(Thermo Scientific), fixed in 4% paraformaldehyde for 10 minutes, and then permeabilized 

in 1% TritonX-100 for 10 minutes. The primary antibodies against Ikaros (Hahm et al., 

1998) and Ahr (goat; Santa Cruz) were used for PLA according to Duolink In Situ 

Probemaker Instruction (Sigma). The interaction of Ikaros and Ahr was detected using 

fluorescent microscope (Leica).

 C. rodentium Infection and Colony-forming Units (CFUs)

C. rodentium (DBS100, ATCC51459) was cultured in LB medium overnight in shaker and 

the cell density was determined at OD600. Each mouse was gavaged with 1010 CFUs in 200 

μl PBS. The survival rates and body weight were measured at indicated time points. Fecal 

pellets were collected, weighed and homogenized in PBS. Fecal contents were plated on 

MacConkey plates after serial dilution and the CFUs of C. rodentium were counted after 

incubation of plate at 37°C for 24 hours.
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 DSS-induced Colitis

Mice were treated with 3% (w/v) DSS (MP Biomedicals) in drinking water for 7 days. The 

body weight was recorded every day to determine percentages of weight change. Colon 

length was measured. Middle part of the colon tissue was fixed with 10% formalin, 

embedded in paraffin, sectioned and stained with hematoxylin and eosin. Sections were 

blindly analyzed by a trained gastrointestinal pathologist. Histology scores were given with 

a standard described previously (Pavlick et al., 2006; Qiu et al., 2013).

 Statistical Methods

Unless otherwise noted, statistical analysis was performed with the unpaired two-tailed 

Student’s t test on individual biological samples with GraphPad Prism.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Ikaros suppresses postnatal ILC3 development in a cell-intrinsic 

manner.

• Suppression of ILC3 development depends on the zinc-finger 4 domain 

of Ikaros.

• Ikaros interacts with Ahr and inhibits Ahr transcriptional activity.

• Ikaros regulates gut immunity in a cell-type specific manner.
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Figure 1. Reduced Ikaros expression in ILC3s and upregulation of ILC3s in Ikzf1ΔF4/ΔF4 mice
(A) Analysis of intracellular Ikaros in CLP (Lin−CD117lowSca-1lowCD127+), CHILP 

(Lin−CD127+α4β7+CD25−Flt3−), ILC1s (Lin−T-bet+EOMES−RORγt−), NK cells (Lin−T-

bet+EOMES+RORγt−), ILC2s (Lin−GATA3+RORγt−), and ILC3s (Lin−RORγt+GATA3−) by 

flow cytometry. CLP and CHILP were examined in bone marrow. ILC1s, ILC2s, and ILC3s 

were examined in small intestinal lamina propria leukocytes (LPLs). Data are representative 

of two independent experiments. Rabbit IgG isotype antibody was used to stain small 

intestinal ILC3s as a negative control. (B) Mean fluorescence intensity (MFI) of intracellular 

Ikaros in indicated populations. Data are shown as mean ± SEM (n=8 mice per group). 

**p<0.01, ***p<0.001. (C) MFI of intracellular Ikaros in ILC3s isolated from LPLs of the 

small intestine (SI) and large intestine (LI). Data were compiled from two independent 

experiments and are shown as mean ± SEM (n=6 mice per group). *p<0.05. (D) Flow 

cytometry analysis of Lin−RORγt+ cells in the small (SI) and large (LI) intestines. Data are 

representative of two independent experiments. (E) Percentages of ILC3s after gating on 

Lin− LPLs. Data are shown as mean ± SEM (n=6 mice per group). ***p<0.001. (F) Flow 

cytometry analysis of RORγt and NKp46 expression after gating on CD3− cells in LPLs of 

Ikzf1+/+ and Ikzf1ΔF4/ΔF4 littermate mice. CD4 and RORγt expression were analyzed after 

gating on CD3−NKp46− cells. Data are representative of five independent experiments. (G to 

I) Percentages and absolute numbers of NKp46+ ILC3s (NKp46+RORγt+ among CD3−) (G), 

CD4+ ILC3s (CD4+RORγt+ among CD3−NKp46−) (H), and CD4− ILC3s (CD4−RORγt+ 

among CD3−NKp46−) (I) in the small (SI) and large (LI) intestinal LPLs (n=6 to 7 mice per 
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group). (J) Percentages of Ki67+ ILC3s (CD3− RORγt+) in LPLs of the small (SI) or large 

intestinal (LI) LPLs of Ikzf1+/+ and Ikzf1ΔF4/ΔF4 littermate mice (n=4 mice per group). Data 

are shown as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001.

See also Figure S1.
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Figure 2. Increased cryptopatches and postnatal ILC3s in the gut of Ikzf1ΔF4/ΔF4 mice
(A) Cryptopatches in representative sections of small (SI) or large intestines (LI) of Ikzf1+/+ 

and Ikzf1ΔF4/ΔF4 littermate mice were stained with RORγt (red), CD3 (green), and DAPI 

(blue) and analyzed by fluorescence microscopy. Scale bar, SI, 100 μm; LI, 50 μm. Data are 

representative of three independent experiments. (B) Numbers of cryptopatches in the small 

(SI) and large intestine (LI) of indicated mice. Data are shown as mean ± SEM (n=3 mice 

per group). *p<0.05, ***p<0.001. (C) Analysis of RORγt and CCR6 expression in LPLs 

isolated from the small (SI) and large (LI) intestines of Ikzf1+/+ and Ikzf1ΔF4/ΔF4 littermate 

mice after gating on CD3− cells are shown. Data are representative of three independent 

experiments. (D) Numbers of CCR6+ ILC3s (CD3−RORγt+CCR6+) in the small (SI) and 

large intestinal (LI) LPLs. Data are shown as mean ± SEM (n=3 to 4 mice per group). 

*p<0.05, **p<0.01. (E) Small and large intestinal LPLs were isolated from Ikzf1+/+ and 

Ikzf1ΔF4/ΔF4 littermate mice at different ages. RORγt and NKp46 expression were analyzed 

after gating on CD3− cells. Data are representative of two independent experiments. (F) 

Percentage of NKp46+ ILC3s and NKp46− ILC3s in LPLs. Data are shown as mean ± SEM 

(n=3 to 5 mice per group). *p<0.05, ***p<0.001.

See also Figure S2.
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Figure 3. Ikaros inhibits intestinal ILC3s in a cell-intrinsic manner
(A) Analysis of intracellular Ikaros in ILC3s (CD3−RORγt+), T cells (CD3+) and DCs 

(CD11c+MHC-II+) by flow cytometry. Rabbit IgG isotype antibody was used for each cell 

type as negative controls. Data are representative of two independent experiments. (B) 

Analysis of RORγt and NKp46 expression in LPLs from Ikzf1f/f Rorc-cre or wildtype (WT: 

Ikzf1f/f or Ikzf1f/+) littermate mice after gating on CD3− cells. Data are representative of 

four independent experiments. (C) Percentages of NKp46+ ILC3s and NKp46− ILC3s in the 

small (SI) and large intestinal (LI) LPLs (n=6 to 7 mice per group). (D) Analysis of RORγt 

and NKp46 expression in LPLs of Ikzf1f/f Cd4-cre or wildtype (WT: Ikzf1f/f or Ikzf1f/+) 

littermate mice after gating on CD3− cells. Data are representative of three independent 

experiments. (E) Percentages of NKp46+ ILC3s and NKp46− ILC3s in the small (SI) and 

large intestinal (LI) LPLs (n=4 to 5 mice per group). Data are shown as mean ± SEM. 

*p<0.05, **p<0.01.

See also Figure S2.
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Figure 4. Ahr is required for the upregulation of ILC3s in Ikzf1ΔF4/ΔF4 mice
(A) Analysis of RORγt and NKp46 expression in the small (SI) and large (LI) intestinal 

LPLs isolated from littermate mice with indicated genotypes after gating on CD3− cells. 

Data are representative of four independent experiments. (B) Percentages of NKp46+ ILC3s 

and NKp46− ILC3s in the intestines of indicated mice. Data are shown as mean ± SEM (n=4 

to 5 mice per group). *p<0.05, **p<0.01, ***p<0.001. (C) The interaction between Ikaros 

and Ahr in sorted ILC3s (CD3−CD45lowCD90hi) from Ikzf1+/+ and Ikzf1ΔF4/ΔF4 littermate 

mice was examined by proximity ligation assay (PLA). Data are representative of two 

independent experiments. (D) ARNT and Flag-tagged Ahr were expressed with HA-tagged 

full-length Ikaros or zinc finger 4-deleted Ikaros in HEK293T cells for 24 hours. The cells 

were treated with DMSO (None) or FICZ for 3 hours. Total cell lysates were 

immunoprecipitated (IP) with anti-Flag beads and blotted (IB) with indicated antibodies. 

Data are representative of two independent experiments. (E) ILC3s (CD3−CD45lowCD90hi) 

were sorted from the small intestine of Ikzf1+/+ and Ikzf1ΔF4/ΔF4 littermate mice. Cells were 

treated with DMSO (None) or FICZ for 4 hours and subjected to Ahr ChIP analysis. 

Enrichment of Ahr at the Kit promoter, Fmo2 intron 1, and negative control Il12b promoter 

was determined by real-time PCR. Data are representative of two independent experiments. 

ILC3s were pooled from 2 mice per group in each experiment. Data are shown as mean ± 

SEM, and error bars were generated from triplicates in realtime PCR reaction. *p<0.05, 

**p<0.01.

See also Figures S3 and S4.
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Figure 5. Ikaros regulates gut immunity against C. rodentium infection in a cell type-specific 
manner
(A to C) Rorcgfp/gfp mice were adoptively transferred with ILC3s (CD3−CD45lowCD90hi) 

sorted from the small intestine of Ikzf1+/+ (Rorcgfp/gfp + ILC3 (Ikzf1+/+)) or Ikzf1ΔF4/ΔF4 

littermate mice (Rorcgfp/gfp + ILC3 (Ikzf1ΔF4/ΔF4)). Wildtype C57BL/6 (n=4 mice per 

group), and Rorcgfp/gfp with or without transfer (n=5 mice per group) were infected with C. 
rodentium 24 hours after adoptive transfer. Bacterial counts (CFUs) at day 4 (A) after 

infection, normalized to per gram of feces, are shown. Data are shown as mean ± SEM. 

***p<0.001. Body weight changes (B) and survival rates (C) were monitored at the 

indicated time points. Mice were excluded from analyses after death. *p<0.05, comparing 

Rorcgfp/gfp + ILC3 (Ikzf1+/+) group and Rorcgfp/gfp + ILC3 (Ikzf1ΔF4/ΔF4) group (B). (D–I) 

Ikzf1ΔF4/ΔF4 or Ikzf1+/+ littermate mice (n=5 to 6 mice per group), Ikzf1f/f Rorc-cre or 

wildtype (WT: Ikzf1f/f or Ikzf1f/+) littermate mice (n=3 to 4 mice per group), and Ikzf1f/f 

Cd4-cre or wildtype (WT: Ikzf1f/f or Ikzf1f/+) littermate mice (n=3 to 4 mice per group) 

were infected with C. rodentium. IL-22+ ILC3s (CD3−RORγt+) and IL-22+ T cells 

(CD4+TCRβ+) were determined by flow cytometry (D–F). Bacterial counts (CFUs) were 

measured at day 4 or day 9 after infection and normalized to per gram of feces (G–I). Data 

were compiled from two independent experiments and are shown as mean ± SEM. *p<0.05, 

**p<0.01, ***p<0.001.

See also Figures S5 to S7.
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Figure 6. Ablation of Ikaros in ILC3s protects mice from DSS-induced innate colitis
Littermate mice were fed with 3% DSS water for 7 days. (A to C) Body weight changes of 

Ikzf1ΔF4/ΔF4 (n=4) or Ikzf1+/+ (n=4) mice, Ikzf1f/f Rorc-cre (n=4) or wildtype (WT: Ikzf1f/f 

or Ikzf1f/+; n=3) mice, and Ikzf1f/f Cd4-cre (n=4) or wildtype (WT: Ikzf1f/f or Ikzf1f/+; n=5) 

mice were monitored at the indicated time points. (D) Colon lengths of Ikzf1ΔF4/ΔF4 (n=5) or 

Ikzf1+/+ (n=4) mice, Ikzf1f/f Rorc-cre (n=4) or wildtype (WT: Ikzf1f/f or Ikzf1f/+; n=3) mice, 

and Ikzf1f/f Cd4-cre (n=3) or wildtype (WT: Ikzf1f/f or Ikzf1f/+; n=5) mice were measured. 

(E) Representative H&E histology sections (10X) of the colon. (F) Histology scores of 

Ikzf1ΔF4/ΔF4 (n=5) or Ikzf1+/+ (n=4) mice, Ikzf1f/f Rorc-cre (n=3) or wildtype (WT: Ikzf1f/f 

or Ikzf1f/+; n=3) mice, and Ikzf1f/f Cd4-cre (n=3) or wildtype (WT: Ikzf1f/f or Ikzf1f/+; n=5) 

mice were measured. Data were compiled from two to three independent experiments and 

are shown as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001.
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Figure 7. Enhanced cytokine production by Ikaros-deficient ILC3s during DSS-induced innate 
colitis
Ikzf1ΔF4/ΔF4 or Ikzf1+/+ littermate mice (n=3 to 4 mice per group), Ikzf1f/f Rorc-cre or 

wildtype (WT: Ikzf1f/f or Ikzf1f/+) littermate mice (n=3 to 4 mice per group), and Ikzf1f/f 

Cd4-cre or wildtype (WT: Ikzf1f/f or Ikzf1f/+) littermate mice (n=3 to 5 mice per group) 

were fed with 3% DSS water for 7 days. (A) Percentages and numbers of IL-22+ ILC3s in 

the large intestinal LPLs of indicated mice after DSS treatment are shown. (B) Percentages 

and numbers of IL-17+ ILC3s in the large intestinal LPLs of indicated mice after DSS 

treatment are shown. (C) Percentages and numbers of GM-CSF+ ILC3s in the large 

intestinal LPLs of indicated mice after DSS treatment are shown. Data were compiled from 

two independent experiments and are shown as mean ± SEM. *p<0.05, **p<0.01, 

***p<0.001.
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