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Brief Definit ive Report

Innate lymphoid cells (ILCs) represent a novel 
subset of hematopoietic effector cells that have 
rapid and potent cytokine production capacity 
and are enriched in mucosal tissues, including 
the gut, lung, and skin (Spits and Di Santo, 
2011; Spits et al., 2013). ILCs have important 
roles in lymphoid tissue formation during both 
embryonic and adult life, play protective roles 
in immunity and during inflammation, and  
are implicated in tissue homeostasis and repair. 
Three groups of ILCs have been identified that 
show developmental and functional similarities 
with T helper subsets: group 1 ILC (ILC1) in-
clude NK cells and other innate cells that ex-
press the transcription factor T-bet (Tbx21) and 
produce the TH1-associated cytokines IFN- 
(Townsend et al., 2004; Yu et al., 2007; Gordon 
et al., 2012; Bernink et al., 2013). ILC2 produce 
TH2-associated cytokines (including IL-5 and  
IL-13, which are important for helminth resistance  
and are able to provoke airway inflammation;  

Moro et al., 2010; Neill et al., 2010; Price et al., 
2010; Monticelli et al., 2011). The transcription 
factors Rora, Gata3, and Tcf 7 are important reg
ulators of ILC2 development and homeostasis 
(Yang et al., 2011; Halim et al., 2012; Hoyler  
et al., 2012; Liang et al., 2012; Mjösberg et al., 
2012; Wong et al., 2012; Klein Wolterink et al., 
2013; Furusawa et al., 2013; Mielke et al., 2013; 
Yang et al., 2013). ILC3 include three RORt+ 
mucosal subsets that produce TH17-associated 
IL-17 and IL-22 (Romera-Hernandez et al., 
2013). Lymphoid tissue inducer (LTi) cells are 
RORt+ ILC3 that are critical for lymphoid 
tissue organogenesis during fetal life and are 
present in adult tissues where they promote 
lymphoid follicle formation; LTi cells can be 
further divided based on CD4 and CCR6 ex-
pression (Cupedo et al., 2009; Sawa et al., 2010; 
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Group 3 innate lymphoid cells (ILC3) include IL-22–producing NKp46+ cells and IL-17A/IL-
22–producing CD4+ lymphoid tissue inducerlike cells that express RORt and are implicated 
in protective immunity at mucosal surfaces. Whereas the transcription factor Gata3 is 
essential for T cell and ILC2 development from hematopoietic stem cells (HSCs) and for  
IL-5 and IL-13 production by T cells and ILC2, the role for Gata3 in the generation or 
function of other ILC subsets is not known. We found that abundant GATA-3 protein is 
expressed in mucosa-associated ILC3 subsets with levels intermediate between mature  
B cells and ILC2. Chimeric mice generated with Gata3-deficient fetal liver hematopoietic 
precursors lack all intestinal RORt+ ILC3 subsets, and these mice show defective produc-
tion of IL-22 early after infection with the intestinal pathogen Citrobacter rodentium, 
leading to impaired survival. Further analyses demonstrated that ILC3 development requires 
cell-intrinsic Gata3 expression in fetal liver hematopoietic precursors. Our results demon-
strate that Gata3 plays a generalized role in ILC lineage determination and is critical for 
the development of gut RORt+ ILC3 subsets that maintain mucosal barrier homeostasis. 
These results further extend the paradigm of Gata3-dependent regulation of diversified 
innate ILC and adaptive T cell subsets.

© 2014 Serfini et al.  This article is distributed under the terms of an Attribution– 
Noncommercial–Share Alike–No Mirror Sites license for the first six months 
after the publication date (see http://www.rupress.org/terms). After six months 
it is available under a Creative Commons License (Attribution–Noncommercial– 
Share Alike 3.0 Unported license, as described at http://creativecommons.org/ 
licenses/by-nc-sa/3.0/).
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Intestinal ILC3s are the most abundant ILC group in the SI 
and PP, and they clearly expressed GATA-3 at levels exceed-
ing those found in B cells, although at reduced levels (roughly 
fivefold) compared with intestinal ILC2 (Fig. 1 B). Inter
estingly, GATA-3 was not homogeneously expressed in the  
gut: ILC3 in the LI expressed about twofold higher levels  
of GATA-3 compared with ILC3 in the SI or PP (Fig. 1 B). 
GATA-3 levels were similar within intestinal ILC3 subsets 
that differentially expressed NKp46 and/or CD4 (Fig. 1 C). 
The fact that all intestinal ILC3 subsets were GATA-3+ raise 
the possibility that GATA-3 could play a role in ILC3 differ-
entiation, as has recently been shown for ILC2 (Furusawa  
et al., 2013; Hoyler et al., 2012; Klein Wolterink et al., 2013; 
Mjösberg et al., 2012).

Gata3 expression required for ILC3 subset  
development in vivo
Previous studies demonstrated that deletion of Gata3 leads to 
lethality during mouse embryogenesis (Pandolfi et al., 1995; 
Ting et al., 1996). To elucidate the in vivo requirement for 
Gata3 in ILC3 development, we analyzed mice engrafted 
with Gata3-deficient (Gata3/) hematopoietic precursor 
cells from rare E12.5–13.5 embryos that could be rescued  
by pharmacological treatment with -adrenergic agonists 
(Kaufman et al., 2003). Rag2/Il2rg/ mice were recipients 
for the adoptive transfer as these hosts lack endogenous ILC 
(Moro et al., 2010; Neill et al., 2010; Price et al., 2010). As 
such, ILC present in these chimeric mice are donor derived 
(Klein Wolterink et al., 2013). Gata3+/+ and Gata3/ hema-
topoietic precursors engrafted to a similar extent in Rag2/ 
Il2rg/ mice, leading to robust B, NK cell, and myeloid cell 
reconstitution as previously described (Samson et al., 2003; 
Vosshenrich et al., 2006; García-Ojeda et al., 2013).

We could identify CD127+RORt+ ILC3 in the SI and 
LI of Gata3+/+ chimeras that expressed GATA-3 protein lev-
els similar to that observed in ILC3 from control C57BL/6 
mice (Figs. 1, D and E). In the Gata3/ chimeras, total num-
bers of CD127+ ILC expressing RORt were dramatically 
reduced and the remaining RORt+ ILC3 lacked GATA-3 
expression and were depleted in NKp46+ and CD4+ cells 
(Fig. 1, D–F). Moreover, these residual Gata3/ ILC3 were 
unable to normally produce IL-22 after ex vivo IL-23 stimu-
lation (Fig. 1 G). Collectively, these results clearly demonstrate 
that Gata3 is essential for normal generation of intestinal 
ILC3 subsets in fetal liver hematopoietic chimeras.

Cell-intrinsic Gata3 is required for ILC3 development
To exclude the possibility that cell-extrinsic effects caused by 
Gata3-deficiency in non-ILC lineages underlie the observed 
defects in ILC3 development, we generated and analyzed BM 
chimeras generated using mixtures (90%/10%) of CD45.2+ 
Gata3/ and CD45.1+ wild type C57BL/6 hematopoietic 
precursors, respectively into CD45.1+ Rag2/Il2rg/ hosts. 
Recipient mice injected with the same mixtures of CD45.2+ 
Gata3+/ and CD45.1+ Gata3+/+ precursors served as con-
trols. We previously reported that these mixed Gata3 chimeras 

Klose et al., 2013). A second subset of RORt+ ILC3 can be 
distinguished by the expression of the NK cell marker NKp46 
(Satoh-Takayama et al., 2008; Cella et al., 2009; Sanos et al., 
2009; Sawa et al., 2010). NKp46+ ILC3 reside in the small  
intestine (SI) lamina propria and are potent IL-22 producers. 
The transcription factor Tbx21 is critical for the development 
of NKp46+ ILC3 (Sciumé et al., 2012; Klose et al., 2013; 
Rankin et al., 2013) and both LTi and NKp46+ ILC3 require 
signaling through the aryl hydrocarbon receptor (Ahr; Kiss  
et al., 2011; Lee et al., 2012; Qiu et al., 2012). Lastly, a hetero-
geneous population of NKp46 CD4 ILC3 exists that has 
been implicated in intestinal inflammation and colonic tumor 
formation (Buonocore et al., 2010; Kirchberger et al., 2013).

Although several of the molecular pathways that generate 
diverse ILC subsets have been identified, the signals that regu-
late the earliest stages of ILC lineage development are less 
well understood. It has been suggested that all ILCs develop 
from a common ILC precursor based on the common depen-
dence of all known ILC groups for inhibitor of DNA bind-
ing 2 (Id2) expression (Yokota et al., 1999; Moro et al., 2010;  
Satoh-Takayama et al., 2010). In a current model (Vosshenrich 
and Di Santo, 2013), Id2 expression serves to titrate E protein 
levels in hematopoietic precursors (including common lym-
phoid precursors [CLPs]) as these have been shown to have 
potential to give rise to ILC1, ILC2, and ILC3 subsets (Walker 
et al., 2013), thereby repressing B and T cell potential in favor 
of ILC potential. The transcription factors that regulate Id2 are 
not known, but their deficiency would be expected to impact on 
the subsequent development of several (or all) ILC groups.

The zinc finger transcription factor Gata3 is required at 
the earliest stages of T cell development to facilitate T cell 
specification and at later stages to promote differentiation to 
the TH2 fate (Ansel et al., 2006; Rothenberg, 2012). Similarly, 
Gata3 is required for generation of ILC2 from lymphoid pre-
cursors and to maintain effector functions in fully differenti-
ated ILC2 (Liang et al., 2012; Hoyler et al., 2012; Furusawa  
et al., 2013; Klein Wolterink et al., 2013). Although Gata3 plays 
a limited role in bone marrow NK cell development (Samson 
et al., 2003), Gata3 is essential for the development of thymic 
NK cells (Vosshenrich et al., 2006) and has been reported as 
redundant for ILC3 function (Hoyler et al., 2012). In this re-
port, we provide evidence that Gata3 plays a critical role in 
the development and function of fetal liver hematopoietic 
cell–derived intestinal ILC3. These results suggest a broader 
role for Gata3 in ILC lineage specification.

RESULTS AND DISCUSSION
GATA-3 protein is expressed in diverse gut ILC3 subsets
We first analyzed GATA-3 protein expression in CD4+, 
NKp46+ and CD4NKp46 ILC3 subsets (Fig. 1, A–C; and 
Fig. S1). As RORt+ ILCs are enriched in mucosal sites, we 
focused our attention on ILC3 present in the lamina propria 
of the SI and large intestine (LI) and in the Peyer’s patches 
(PP). ILC3s were identified as CD3 cells that co-expressed 
CD90.2 (Thy1.2), CD127 (IL-7R), and RORt as previously 
described (Satoh-Takayama et al., 2008; Sawa et al., 2010).  
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affected by the absence of GATA-3 in mixed chimeras, result-
ing in a predominance of CD45.1+ WT cells in Gata3/ mixed 
chimeras (Fig. 2, E–G). These results demonstrate that Gata3 is  
required in a cell-intrinsic fashion for ILC3 development.

GATA-3 is required for IL-22–dependent  
innate responses to C. rodentium
We next investigated the importance of Gata3 for ILC3 func-
tion in the protection against infection by C. rodentium. In this 
model, the control of bacterial infection requires IL-23 sig-
naling that promotes a sequential wave of IL-22 production, 
first by ILC and later by T cells that results in the clearance of 
C. rodentium (Zheng et al., 2008; Basu et al., 2012). RORt+ 
ILC3 subsets are important producers of IL-22 in the intestinal 

reconstituted to a similar extent with normal B, myeloid and 
NK cell development from both Gata3/ and Gata3+/+ precur-
sors at the expected frequencies (Klein Wolterink et al., 2013).

Both sets of mixed chimeras developed phenotypically 
mature NKp46+, CD4+, and CD4NKp46 (here referred to 
as double negative [DN]) RORt+ ILC3 subsets in the gut  
as well as the spleen (Figs. 2 A). However, the origin of  
these ILC3 subsets differed dramatically in these two sets of  
mice. In mixed chimeras generated with CD45.2+ Gata3+//
CD45.1+ Gata3+/+ precursors, RORt+ ILC3 derived from 
both donors, whereas these cells were almost exclusively de-
rived from CD45.1+ B6 (Gata3+/+) precursors in CD45.2+ 
Gata3//CD45.1+ Gata3+/+ chimeras (Fig. 2, B and D). The 
generation of all ILC3 subsets (NKp46+, CD4+, or DN) was 

Figure 1.  Gata3 is required for ILC3  
development. (A) Gating strategy for FACS 
analysis of mouse SI. ILC3 were gated on 
CD45.2+ CD3 CD90.2+ CD127+ RORt+ cells 
and ILC2 were gated on CD45.2+ CD3 
CD90.2+ CD127+ RORtSca1+CD25+ cells. 
Numbers adjacent to boxed areas indicate 
relative percentage of gated populations. 
Representative results from four independent 
experiments (n = 8 mice analyzed). (B) GATA-3 
protein expression in ILC3 (blue area), ILC2 
(gray line and dark area), and CD19+ B cells 
(light gray area) in SI, LI (cecum and colon), 
and Peyer’s patches (PP) was analyzed by flow 
cytometry. Four independent experiments 
were performed. (C) GATA-3 expression in 
NKp46+, CD4+ LTi, and NKp46 CD4 (DN) 
ILC3 subsets. Representative histograms show 
intracellular expression of GATA-3 in ILC3 
subsets (gray area) in SI. Bar graphs depict 
GATA-3 expression as measured by MFI in the 
different intestine ILC subsets analyzed in SI. 
Each bar corresponds to the mean ± SEM  
(n = 6 mice analyzed). (D) Rag2/IL2rg/ 
CD45.1+ mice were transplanted with 
Gata3+/+ and Gata3/ CD45.2+ precursors 
and ILC3 subsets in the SI and LI lamina pro-
pria were analyzed by flow cytometry. Num-
bers adjacent to boxed areas indicate relative 
percentage of gated populations. Representa-
tive results from three independent experi-
ments with n = 6 total mice analyzed for each 
genotype. (E) Intracellular GATA-3 protein 
expression in ILC3 in Gata3+/+ (gray area) and 
Gata3/ (black line) chimera was assessed by 
flow cytometry. Background staining was 
assessed in Gata3+/+ B cells (light gray area). 
Representative results from three indepen-
dent experiments with n = 6 mice analyzed 
for each genotype. (F) Absolute numbers of 
ILC3 in SI and LI were determined in Gata3+/+ 

and Gata3/ chimeras. Bars correspond to the mean ± SEM of the values obtained (3 independent experiments with n = 6 mice analyzed for each geno-
type). *, P < 0.05; ***, P < 0.001. (G) SI lamina propria cells were stimulated for 4 h with IL-23 and IL-22 expression in ILC3 (CD3CD127+CD90.2+ cells) 
was assessed by intracellular cytokine staining and flow cytometry. Bar graph represents the percentage (mean ± SEM; n = 4 for each genotype) of  
IL-22+ cells. Representative results from two independent experiments. *, P < 0.05.
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in mice lacking adaptive immunity (Rag2/ mice) but not in 
mice lacking innate and adaptive lymphocytes (Rag2/Il2rg/ 
mice; Zheng et al., 2008; Satoh-Takayama et al., 2008).

Mice were infected with bioluminescent C. rodentium to 
noninvasively monitor bacterial growth and dissemination 
(Wiles et al., 2006). Infected Gata3/ chimeric mice rapidly 
lost body weight, developed pathological symptoms (diarrhea 
and rectal bleeding) as indicated by the global clinical score 
and succumbed to infection (Fig. 3, A–C). Whole-body  

tract, and genetic deficiencies in ILC3 development or anti-
body-mediated depletion of ILC render mice susceptible to 
C. rodentium dissemination and lethality (Satoh-Takayama et al., 
2008; Cella et al., 2009; Qiu et al., 2012; Sonnenberg et al., 
2011b). As C. rodentium induces IL-22–producing CD4+ T cells 
starting from day 8 after infection (Basu et al., 2012), we focused 
our attention on the early phase of C. rodentium infection to as-
sess the innate immune response in Gata3+/+ and Gata3/ chi-
meric mice. This early protection against C. rodentium is present 

Figure 2.  Cell-intrinsic role for Gata3 in 
ILC3 development. Mixed chimeras were 
generated and analyzed as indicated in the 
Materials and methods. (A and B) ILC3 
(CD3CD127+CD90.2+ cells) in SI lamina pro-
pria were analyzed for CD45 allotypes using 
flow cytometry. Relative percentage of gated 
populations is indicated. Representative re-
sults from two independent experiments.  
(C) Absolute numbers of SI ILC3 were deter-
mined in Gata3+/ and Gata3/ mixed chi-
meras. Bars correspond to the mean ± SEM of 
the values obtained with five Gata3+/ and 
four Gata3/ mixed chimeras (two indepen-
dent experiments). *, P < 0.05. (D) Ratio of 
absolute numbers of CD45.2+ (Gata3+/ or 
Gata3/) to CD45.1+ (B6) ILC3 in SI. Each bar 
corresponds to the mean ± SEM of the values 
obtained with five Gata3+/ and four 
Gata3/ mixed chimeras (two independent 
experiments). ***, P < 0.001. (E) Representative 
FACS analysis of ILC3 subsets in SI of Gata3+/+ 
and Gata3/ mixed chimeras. ILC3 subsets 
were subsequently analyzed for expression of 
CD45 allotypes. (F) Absolute numbers of the 
indicated SI ILC3 subsets were determined in 
Gata3+/ and Gata3/ mixed chimeras. Bars 
correspond to mean ± SEM of the values ob-
tained with five Gata3+/ and four Gata3/ 
mixed chimeras (two independent experi-
ments). *, P < 0.05. (G) Ratio of the absolute 
numbers of CD45.2+ (Gata3+/ or Gata3/) 
and CD45.1+ (B6) SI ILC3 subsets in mixed 
chimeras. Bars correspond to the mean ± SEM 
of the values obtained with five Gata3+/ and 
four Gata3/ mixed chimeras (two indepen-
dent experiments). ***, P < 0.001.
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susceptibility of Gata3/ chimeras to C. rodentium infection 
was associated with the loss of intestinal ILC3 (Fig. 3, G and H) 
and their capacity to produce IL-22 (Fig. 3, I and J). Collectively, 
these results demonstrate that Gata3 is required for innate im-
mune responses that protect against C. rodentium infection.

GATA-3 required for normal development  
of RORt+ cells in the fetal liver
To gain insights into the stage at which Gata3 controls ILC3 
development, we analyzed RORt+ fetal liver hematopoietic 

in vivo imaging revealed that Gata3/ mice had higher C. ro-
dentium loads, notably in LI, whereas bacterial growth was con-
trolled in Gata3+/+ chimeras (Fig. 3, D and E). Intestinal IL-22 
expression regulates antimicrobial peptides expression by epithe-
lial cells that maintain barrier function (reviewed in (Sonnenberg 
et al., 2011a). IL-22 expression was clearly reduced in lamina 
propria cells of infected Gata3/ chimeras compared with 
their Gata3+/+ counterparts, and as a result, intestinal epithe-
lial cell expression of the antimicrobial peptide RegIII 
was reduced in absence of Gata3 (Fig. 3 F). The enhanced 

Figure 3.  Gata3 is required for resistance to C. rodentium infection. (A–D) Gata3+/+ (white circle; n = 10), Gata3/ (black circle; n = 6) chimeras, 
Rag2/ mice (dark gray circles; n = 8) and Rag2/IL2rg/ mice (light gray circles; n = 8) were infected via oral gavage with 109 bioluminescent  
C. rodentium (CR) and survival (A), body weight (B), clinical score (C), and in vivo CR growth dynamics (D) were assessed at the indicated times after infec-
tion. Composite results from two independent experiments are shown. In pseudocolor images, red represents the most intense light emission and blue 
corresponds to the weakest signal (scale bar, photon/s/cm2/sr). Representative noninvasive CR imaging at 6 d after infection in Gata3+/+ and Gata3/ 
chimera using Xenogen technology. (E) Relative growth of CR was determined in Gata3+/+ and Gata3/ chimeras (n = 6 for each time point). *, P < 0.05. 
(F) Il22 and Reg3g expression was assessed by qRT-PCR in lamina propria cells (LPL) and intestinal epithelial cells (IEC), respectively, isolated from 
Gata3+/+ and Gata3/ chimeras 6 d after CR infection (n = 4 for each genotype from two independent experiments). Results are represented relative to 
Gapdh expression (mean ± SEM). *, P < 0.05. (G–J) RORt+ ILC3 (G and H) and IL-22–producing ILC3 (I and J) were determined in SI and LI from Gata3+/+ 
and Gata3/ chimeras 6 d after CR infection. Relative percentage of gated populations is indicated. Bar graphs show quantification (mean ± SEM) of 
each population (H and J). *, P < 0.05. Representative results from two independent experiments (n = 4 for each genotype).
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precursors and is critical to promote innate immune responses 
in the gut that protects against intestinal pathogens. Condi-
tional Gata3 ablation in HSC from adult mice results in de-
fects in ILC2 development (Furusawa et al., 2013); whether 
ILC3 differentiation is affected in this context will require 
further study. Previous studies suggested that Gata3 was re-
dundant for the homeostasis of Id2-expressing intestinal ILC3 
as the frequency of RORt+ ILC3 was unchanged when 
Gata3 was deleted in Id2+ cells (Hoyler et al., 2012). Our re-
sults indicate that the one essential role for Gata3 in ILC3 de-
velopment (and by analogy in ILC2 development) may occur 
during the emergence of putative ILC precursors from CLP. 
Considering the important role for Gata3 in the development 
of both ILC2 and ILC3, a common GATA-3+ progenitor 
shared between group 2 and group 3 ILCs may exist. Alterna-
tively, Gata3 may have an equivalent role in supporting the 
development, maintenance, or differentiation potential of  
distinct ILC2 and ILC3 progenitors. The absence of several 
RORt+ ILC3 subsets in Gata3-deficient fetal liver cells 
demonstrates the critical role for this transcription factor in 
the earliest stages of ILC development (Fig. 4 F).

Does Gata3 play a role as a generic promoter of ILC de-
velopment? Whereas ILC2 (Hoyler et al., 2012; Liang et al., 
2012; Klein Wolterink et al., 2013) and now ILC3 (this 
study) require Gata3 for their development, previous works 
demonstrated that Gata3 was not required for normal ho-
meostasis of BM or splenic NK cells, although Gata3 condi-
tioned liver and thymic NK cell development (Samson et al., 
2003; Vosshenrich et al., 2006). As such, Gata3-dependent 
and -independent pathways of NK cell development are pos-
sible, in contrast with ILC2 and ILC3. A human ILC1 subset 
that strongly produces IFN- but lacks classical NK cell 
markers and is not cytotoxic has recently been described that 
may represent an innate version of CD4+ TH1 cells (Bernink 
et al., 2013). Although a mouse equivalent of this non-NK 
ILC1 has not been identified, it seems that ILC1 subset com-
plexity is already substantial. Concerning the possible Gata3-
dependent transcriptional targets, genes involved in the 
development of multiple ILC subsets (IL-7–dependent path-
ways, Id2) may be involved. The reduction in CD127+ ILC3 
fetal liver cells that we observed in the absence of Gata3 is 
consistent with this hypothesis. Further work will be required 
to understand how Gata3 promotes the differentiation of dis-
tinct ILC subsets.

cells from Gata3+/+, Gata3+/, and the rare Gata3/ em-
bryos (ED12.5) that could be obtained after pharmacological 
rescue in utero (Kaufman et al., 2003). Previous studies have 
shown that CD135+ common lymphoid progenitors (CLPs) 
shed their B then T cell potential concomitant with acquisi-
tion of the integrin 47 (Yoshida et al., 2001; Walker et al., 
2013). Within the subset of fetal liver Lin 47+ cells, a 
subset expressing Rorc transcripts and RORt protein can 
give rise to CD4+ ILC3 cells in vitro (Sawa et al., 2010;  
Possot et al., 2011; Cherrier et al., 2012). In contrast, NKp46+ 
RORt+ ILC3s derive from distinct 47 RORt+ fetal 
liver precursors (Sawa et al., 2010). Using CD135 (Flk2/Flt3) 
and 47, we identified these different RORt+ subsets 
within fetal liver LinCD117+CD127+ cells (Fig. 4, A and B). 
47+RORt+ cells included both CD135+ and CD135 
subsets with a distinct population of cells expressing higher 
levels of CD127 in Gata3-competent hosts. In contrast, this 
CD127hi subset of 47+RORt+ cells was essentially absent 
from Gata3-deficient fetal liver cells, although RORt+ cells 
with lower levels of CD127 were still present (Fig. 4, A and C). 
A small subset of CD135+47 cells expresses RORt,  
and we found that these cells also require GATA-3 to de-
velop (Fig. 4, B and D). This population corresponds to the 
previously described NKp46+ ILC3 precursor (Sawa et al., 
2010), and its GATA-3 dependency could explain the NKp46+ 
ILC3 deficiency in our Gata3/ chimeras (Fig. 1 D and  
Fig. 2, F–H). Interestingly, GATA-3 protein levels varied 
within 47+ cells with lowest levels in RORt cells and 
progressively higher levels as cells acquire RORt and in-
crease CD127 expression (Fig. 4 E). These results suggest that 
GATA-3 is not essential for RORt expression in the ILC3 
subset that emerges from 47+ fetal liver cells, but is re-
quired for normal homeostasis of CD127hi RORt+ ILC3; 
the latter subset has been previously shown to include CD4+ 
LTi cells that populate the intestine and promote lymphoid 
tissue organogenesis (Mebius et al., 1996; Sawa et al., 2011; 
Cherrier et al., 2012).

Concluding remarks
In this report, we show that the transcription factor Gata3 is 
essential for the differentiation of ILC3 that express RORt 
and can produce IL-17 and/or IL-22 (Spits and Di Santo, 
2011; Spits et al., 2013). Gata3 is required in a cell-intrinsic 
fashion for ILC3 development from fetal liver hematopoietic 

Figure 4.  Characterization of RORt+ cells in Gata3-deficient fetal liver cells. (A) Lymphohematopoietic precursors (CD3CD19GR-1CD11c

Ter119CD45.2+CD117+CD127+) in E12.5 fetal liver cells of Gata3+/+, Gata3+/, and Gata3/ mice were analyzed by flow cytometry. CD117+CD127+ fetal 
liver cells were gated for CD135 and 47 expression before analysis of CD127 and RORt expression. RORt versus CD127 expression on 47+ cells 
gated on CD135+ (R2; red box) or CD135 (R3; blue box). Representative results from three independent experiments. (B) Expression of RORt (green box) 
was analyzed in CD135+47 cells (R1; black box) in Gata3+/+, Gata3+/, and Gata3/ embryos. Representative results from three independent experi-
ments. (C and D) Bar graph shows the quantification for each precursor subset. Each bar corresponds to the mean ± SEM of the values obtained from 
Gata3+/+, Gata3+/, and Gata3/ embryos (n = 7, 10, and 4, respectively). *, P < 0.05. (E) Representative histograms show intracellular expression of 
GATA-3 in ILC precursors (gray area for CD135+ 47 cells and black line for the others subsets) as indicated in the plots from E12.5 fetal liver. Repre-
sentative results from three independent experiments. (F) Distinct roles for GATA-3 in ILC3 subset development. CLP generates ILC subsets under the 
influence of diverse transcription factors including RORt, ROR, Notch, and GATA-3 as shown.
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RNA isolation and quantitative PCR. RNA was isolated from purified 
intestinal cell preparations with the Uneasy Mini kit (QIAGEN) and con-
verted to cDNA with Transcriptor First strand sDNA synthesis kit (Roche). 
For quantitative PCR, reactions were performed using SYBR Green Jump-
start Taq ready mix (Sigma-Aldrich). Primers (EasyOligo; Sigma-Aldrich) used 
are listed in Table S2. Samples were normalized to Gapdh expression.

Statistical analysis. Experimental results are reported as mean ± SEM. Sta-
tistical differences between groups were determined using the unpaired Stu-
dent’s t test. P values <0.05 were considered significant. Significance for 
survival rates of Kaplan-Meier curves was calculated using the log-rank test. 
All data were analyzed with Prism v6 software (GraphPad).

Online supplemental material. Fig. S1 shows the gating strategy for FACS 
analysis of ILC. Table S1 shows antibodies used for analysis of cell surface 
phenotype, intracellular cytokines, and transcription factors. Table S2 lists prim-
ers used for quantitative PCR. Online supplemental material is available at 
http://www.jem.org/cgi/content/full/jem.20131038/DC1.
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Because Gata3 is essential for T cell development 
(Rothenberg, 2012), it was logical to assume that Gata3 would 
activate transcriptional targets involved in T cell specification 
and commitment. However, despite 20 yr of research, the 
Gata3 targets that specifically promote T cell fate remain un-
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and water ad libitum, and analyzed 10–15 wk after transplantation. Experi-
mental animal protocols were performed in accordance with guidelines of 
the Animal Care Use Committee at the Institut Pasteur and were approved 
by the French Research Ministry (project #2013-0033).

Cell isolation and FACS analysis. Fetal liver cells and lamina propria 
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lyzed by FACS as previously described (Klein Wolterink et al., 2013; Satoh-
Takayama et al., 2008). Antibodies used for analysis of cell surface phenotype, 
intracellular cytokines, and transcription factors are described in Table S1.  
Intracellular staining for cytokines and transcription factors was performed  
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C. rodentium infection and whole body imaging. Log phase cultures of 
bioluminescent C. rodentium (Wiles et al., 2006) were washed in PBS and mice 
were orally gavaged with 109 CFU as previously described. Mice were weighed 
daily and monitored for diarrhea and bloody stool. A clinical score was calcu-
lated as follows: normal stool and no blood (0), soft stool and no blood (+1), 
very soft stool and blood traces (+2), diarrhea and rectal bleeding (+3), normal 
weight (0), weight loss between 1 and 5% (+1), weight loss between 5 and 10% 
(+2), and weight loss between 10 and 20% (+3). For in vivo tracking of  
C. rodentium, mice were anesthetized with ketamine (Imalgene 1000) and xy-
lazine (Rompun). Before BLI, the abdominal region was shaved and mice were 
placed in a confinement box (TEM SEGA) and imaged using an IVIS 100 sys-
tem (Caliper Life Sciences). Image acquisition and analysis were performed 
with the Living Image 3.2 software (Caliper Life Sciences). To quantify the 
amount of light emitted by bioluminescent bacteria in a specific organ, the re-
gion corresponding to this organ (ROI [region of interest]) was defined in the 
software and the average radiance of the defined region was calculated. For 
functional studies, infected mice were sacrificed and analyzed on day 5 after in-
fection. Bacterial dissemination was confirmed by culture of livers and spleen 
suspensions from infected mice on kanamycin-containing agar plates.

 on F
ebruary 4, 2014

jem
.rupress.org

D
ow

nloaded from
 

Published January 13, 2014

http://www.jem.org/cgi/content/full/jem.20131038/DC1
http://dx.doi.org/10.1146/annurev.immunol.23.021704.115821
http://dx.doi.org/10.1016/j.immuni.2013.01.014
http://dx.doi.org/10.1016/j.immuni.2012.08.024
http://dx.doi.org/10.1038/ni.2534
http://dx.doi.org/10.1038/nature08949
http://dx.doi.org/10.1038/nature07537
http://dx.doi.org/10.1084/jem.20111594
http://dx.doi.org/10.1038/ni.1668
http://dx.doi.org/10.1038/ni.1668
http://dx.doi.org/10.4049/jimmunol.1300379
http://dx.doi.org/10.4049/jimmunol.1300379
http://www.jem.org/cgi/content/full/jem.20131038/DC1
http://jem.rupress.org/
http://jem.rupress.org/


JEM� � of 10

Br ief Definit ive Repor t

et al. 2011. Innate lymphoid cells promote lung-tissue homeostasis after  
infection with influenza virus. Nat. Immunol. 12:1045–1054. http://dx 
.doi.org/10.1038/ni.2131

Moro, K., T. Yamada, M. Tanabe, T. Takeuchi, T. Ikawa, H. Kawamoto, J. 
Furusawa, M. Ohtani, H. Fujii, and S. Koyasu. 2010. Innate production of 
T(H)2 cytokines by adipose tissue-associated c-Kit(+)Sca-1(+) lymphoid 
cells. Nature. 463:540–544. http://dx.doi.org/10.1038/nature08636

Neill, D.R., S.H. Wong, A. Bellosi, R.J. Flynn, M. Daly, T.K. Langford, C. 
Bucks, C.M. Kane, P.G. Fallon, R. Pannell, et al. 2010. Nuocytes rep-
resent a new innate effector leukocyte that mediates type-2 immunity. 
Nature. 464:1367–1370. http://dx.doi.org/10.1038/nature08900

Pandolfi, P.P., M.E. Roth, A. Karis, M.W. Leonard, E. Dzierzak, F.G. Grosveld, 
J.D. Engel, and M.H. Lindenbaum. 1995. Targeted disruption of the 
GATA3 gene causes severe abnormalities in the nervous system and in 
fetal liver haematopoiesis. Nat. Genet. 11:40–44. http://dx.doi.org/10 
.1038/ng0995-40

Possot, C., S. Schmutz, S. Chea, L. Boucontet, A. Louise, A. Cumano, and R. 
Golub. 2011. Notch signaling is necessary for adult, but not fetal, devel-
opment of RORt(+) innate lymphoid cells. Nat. Immunol. 12:949–958. 
http://dx.doi.org/10.1038/ni.2105

Price, A.E., H.E. Liang, B.M. Sullivan, R.L. Reinhardt, C.J. Eisley, D.J. Erle, 
and R.M. Locksley. 2010. Systemically dispersed innate IL-13-expressing 
cells in type 2 immunity. Proc. Natl. Acad. Sci. USA. 107:11489–11494. 
http://dx.doi.org/10.1073/pnas.1003988107

Qiu, J., J.J. Heller, X. Guo, Z.M. Chen, K. Fish, Y.X. Fu, and L. Zhou. 2012. 
The aryl hydrocarbon receptor regulates gut immunity through modula-
tion of innate lymphoid cells. Immunity. 36:92–104. http://dx.doi.org/ 
10.1016/j.immuni.2011.11.011

Rankin, L.C., J.R. Groom, M. Chopin, M.J. Herold, J.A. Walker, L.A. Mielke, 
A.N. McKenzie, S. Carotta, S.L. Nutt, and G.T. Belz. 2013. The transcrip-
tion factor T-bet is essential for the development of NKp46+ innate lym-
phocytes via the Notch pathway. Nat. Immunol. 14:389–395. http://dx.doi 
.org/10.1038/ni.2545

Romera-Hernandez, M., P. Aparicio-Domingo, and T. Cupedo. 2013. Damage 
control: Rort+ innate lymphoid cells in tissue regeneration. Curr. Opin. 
Immunol. 25:156–160. http://dx.doi.org/10.1016/j.coi.2013.01.007

Rothenberg, E.V. 2012. Transcriptional drivers of the T-cell lineage program. 
Curr. Opin. Immunol. 24:132–138. http://dx.doi.org/10.1016/j.coi.2011 
.12.012

Samson, S.I., O. Richard, M. Tavian, T. Ranson, C.A. Vosshenrich, F. Colucci, 
J. Buer, F. Grosveld, I. Godin, and J.P. Di Santo. 2003. GATA-3 pro-
motes maturation, IFN-gamma production, and liver-specific homing  
of NK cells. Immunity. 19:701–711. http://dx.doi.org/10.1016/S1074- 
7613(03)00294-2

Sanos, S.L., V.L. Bui, A. Mortha, K. Oberle, C. Heners, C. Johner, and A. 
Diefenbach. 2009. RORgammat and commensal microflora are required 
for the differentiation of mucosal interleukin 22-producing NKp46+ 
cells. Nat. Immunol. 10:83–91. http://dx.doi.org/10.1038/ni.1684

Satoh-Takayama, N., C.A. Vosshenrich, S. Lesjean-Pottier, S. Sawa, M. Lochner, 
F. Rattis, J.J. Mention, K. Thiam, N. Cerf-Bensussan, O. Mandelboim,  
et al. 2008. Microbial flora drives interleukin 22 production in intestinal 
NKp46+ cells that provide innate mucosal immune defense. Immunity. 
29:958–970. http://dx.doi.org/10.1016/j.immuni.2008.11.001

Satoh-Takayama, N., L. Dumoutier, S. Lesjean-Pottier, V.S. Ribeiro, O. 
Mandelboim, J.C. Renauld, C.A. Vosshenrich, and J.P. Di Santo. 2009. The 
natural cytotoxicity receptor NKp46 is dispensable for IL-22-mediated  
innate intestinal immune defense against Citrobacter rodentium. J. Immunol. 
183:6579–6587. http://dx.doi.org/10.4049/jimmunol.0901935

Satoh-Takayama, N., S. Lesjean-Pottier, P. Vieira, S. Sawa, G. Eberl, C.A. 
Vosshenrich, and J.P. Di Santo. 2010. IL-7 and IL-15 independently pro-
gram the differentiation of intestinal CD3-NKp46+ cell subsets from  
Id2-dependent precursors. J. Exp. Med. 207:273–280. http://dx.doi.org/ 
10.1084/jem.20092029

Sawa, S., M. Cherrier, M. Lochner, N. Satoh-Takayama, H.J. Fehling, F. 
Langa, J.P. Di Santo, and G. Eberl. 2010. Lineage relationship analysis 
of RORgammat+ innate lymphoid cells. Science. 330:665–669. http://
dx.doi.org/10.1126/science.1194597

Sawa, S., M. Lochner, N. Satoh-Takayama, S. Dulauroy, M. Bérard, M. 
Kleinschek, D. Cua, J.P. Di Santo, and G. Eberl. 2011. RORt+ innate 

García-Ojeda, M.E., R.G. Klein Wolterink, F. Lemaître, O. Richard-Le Goff, M. 
Hasan, R.W. Hendriks, A. Cumano, and J.P. Di Santo. 2013. GATA-3 pro-
motes T-cell specification by repressing B-cell potential in pro-T cells in mice. 
Blood. 121:1749–1759. http://dx.doi.org/10.1182/blood-2012-06-440065

Gordon, S.M., J. Chaix, L.J. Rupp, J. Wu, S. Madera, J.C. Sun, T. Lindsten, 
and S.L. Reiner. 2012. The transcription factors T-bet and Eomes con-
trol key checkpoints of natural killer cell maturation. Immunity. 36:55–
67. http://dx.doi.org/10.1016/j.immuni.2011.11.016

Halim, T.Y., A. MacLaren, M.T. Romanish, M.J. Gold, K.M. McNagny, and F. 
Takei. 2012. Retinoic-acid-receptor-related orphan nuclear receptor alpha 
is required for natural helper cell development and allergic inflammation. 
Immunity. 37:463–474. http://dx.doi.org/10.1016/j.immuni.2012.06.012

Hendriks, R.W., M.C. Nawijn, J.D. Engel, H. van Doorninck, F. Grosveld, 
and A. Karis. 1999. Expression of the transcription factor GATA-3 is re-
quired for the development of the earliest T cell progenitors and correlates 
with stages of cellular proliferation in the thymus. Eur. J. Immunol. 29:1912–
1918. http://dx.doi.org/10.1002/(SICI)1521-4141(199906)29:06<1912::
AID-IMMU1912>3.0.CO;2-D

Hoyler, T., C.S. Klose, A. Souabni, A. Turqueti-Neves, D. Pfeifer, E.L. Rawlins, D. 
Voehringer, M. Busslinger, and A. Diefenbach. 2012. The transcription factor 
GATA-3 controls cell fate and maintenance of type 2 innate lymphoid cells. 
Immunity. 37:634–648. http://dx.doi.org/10.1016/j.immuni.2012.06.020

Kaufman, C.K., P. Zhou, H.A. Pasolli, M. Rendl, D. Bolotin, K.C. Lim, X. 
Dai, M.L. Alegre, and E. Fuchs. 2003. GATA-3: an unexpected regu-
lator of cell lineage determination in skin. Genes Dev. 17:2108–2122. 
http://dx.doi.org/10.1101/gad.1115203

Kirchberger, S., D.J. Royston, O. Boulard, E. Thornton, F. Franchini, R.L. 
Szabady, O. Harrison, and F. Powrie. 2013. Innate lymphoid cells sustain 
colon cancer through production of interleukin-22 in a mouse model.  
J. Exp. Med. 210:917–931. http://dx.doi.org/10.1084/jem.20122308

Kiss, E.A., C. Vonarbourg, S. Kopfmann, E. Hobeika, D. Finke, C. Esser, 
and A. Diefenbach. 2011. Natural aryl hydrocarbon receptor ligands 
control organogenesis of intestinal lymphoid follicles. Science. 334:1561–
1565. http://dx.doi.org/10.1126/science.1214914

Klein Wolterink, R.G., N. Serafini, M. van Nimwegen, C.A. Vosshenrich,  
M.J. de Bruijn, D. Fonseca Pereira, H. Veiga Fernandes, R.W. Hendriks, 
and J.P. Di Santo. 2013. Essential, dose-dependent role for the transcrip-
tion factor Gata3 in the development of IL-5+ and IL-13+ type 2 innate 
lymphoid cells. Proc. Natl. Acad. Sci. USA. 110:10240–10245. http://dx.doi 
.org/10.1073/pnas.1217158110

Klose, C.S., E.A. Kiss, V. Schwierzeck, K. Ebert, T. Hoyler, Y. d’Hargues, N. 
Göppert, A.L. Croxford, A. Waisman, Y. Tanriver, and A. Diefenbach. 
2013. A T-bet gradient controls the fate and function of CCR6-
RORt+ innate lymphoid cells. Nature. 494:261–265. http://dx.doi.org/10 
.1038/nature11813

Lee, J.S., M. Cella, K.G. McDonald, C. Garlanda, G.D. Kennedy, M. Nukaya, A. 
Mantovani, R. Kopan, C.A. Bradfield, R.D. Newberry, and M. Colonna. 
2012. AHR drives the development of gut ILC22 cells and postnatal 
lymphoid tissues via pathways dependent on and independent of Notch. 
Nat. Immunol. 13:144–151. http://dx.doi.org/10.1038/ni.2187

Liang, H.E., R.L. Reinhardt, J.K. Bando, B.M. Sullivan, I.C. Ho, and R.M. 
Locksley. 2012. Divergent expression patterns of IL-4 and IL-13 define 
unique functions in allergic immunity. Nat. Immunol. 13:58–66. http://
dx.doi.org/10.1038/ni.2182

Mebius, R.E., P.R. Streeter, S. Michie, E.C. Butcher, and I.L. Weissman. 1996. 
A developmental switch in lymphocyte homing receptor and endothelial 
vascular addressin expression regulates lymphocyte homing and permits 
CD4+ CD3- cells to colonize lymph nodes. Proc. Natl. Acad. Sci. USA. 
93:11019–11024. http://dx.doi.org/10.1073/pnas.93.20.11019

Mielke, L.A., J.R. Groom, L.C. Rankin, C. Seillet, F. Masson, T. Putoczki, and G.T. 
Belz. 2013. TCF-1 controls ILC2 and NKp46+RORt+ innate lympho-
cyte differentiation and protection in intestinal inflammation. J. Immunol. 
191:4383–4391. http://dx.doi.org/10.4049/jimmunol.1301228

Mjösberg, J., J. Bernink, K. Golebski, J.J. Karrich, C.P. Peters, B. Blom, A.A. te Velde, 
W.J. Fokkens, C.M. van Drunen, and H. Spits. 2012. The transcription factor 
GATA3 is essential for the function of human type 2 innate lymphoid cells. 
Immunity. 37:649–659. http://dx.doi.org/10.1016/j.immuni.2012.08.015

Monticelli, L.A., G.F. Sonnenberg, M.C. Abt, T. Alenghat, C.G. Ziegler, T.A. 
Doering, J.M. Angelosanto, B.J. Laidlaw, C.Y. Yang, T. Sathaliyawala,  

 on F
ebruary 4, 2014

jem
.rupress.org

D
ow

nloaded from
 

Published January 13, 2014

http://dx.doi.org/10.1038/ni.2131
http://dx.doi.org/10.1038/ni.2131
http://dx.doi.org/10.1038/nature08636
http://dx.doi.org/10.1038/nature08900
http://dx.doi.org/10.1038/ng0995-40
http://dx.doi.org/10.1038/ng0995-40
http://dx.doi.org/10.1038/ni.2105
http://dx.doi.org/10.1073/pnas.1003988107
http://dx.doi.org/10.1016/j.immuni.2011.11.011
http://dx.doi.org/10.1016/j.immuni.2011.11.011
http://dx.doi.org/10.1038/ni.2545
http://dx.doi.org/10.1038/ni.2545
http://dx.doi.org/10.1016/j.coi.2013.01.007
http://dx.doi.org/10.1016/j.coi.2011.12.012
http://dx.doi.org/10.1016/j.coi.2011.12.012
http://dx.doi.org/10.1016/S1074-7613(03)00294-2
http://dx.doi.org/10.1016/S1074-7613(03)00294-2
http://dx.doi.org/10.1038/ni.1684
http://dx.doi.org/10.1016/j.immuni.2008.11.001
http://dx.doi.org/10.4049/jimmunol.0901935
http://dx.doi.org/10.1084/jem.20092029
http://dx.doi.org/10.1084/jem.20092029
http://dx.doi.org/10.1126/science.1194597
http://dx.doi.org/10.1126/science.1194597
http://dx.doi.org/10.1182/blood-2012-06-440065
http://dx.doi.org/10.1016/j.immuni.2011.11.016
http://dx.doi.org/10.1016/j.immuni.2012.06.012
http://dx.doi.org/10.1002/(SICI)1521-4141(199906)29:06<1912::AID-IMMU1912>3.0.CO;2-D
http://dx.doi.org/10.1002/(SICI)1521-4141(199906)29:06<1912::AID-IMMU1912>3.0.CO;2-D
http://dx.doi.org/10.1016/j.immuni.2012.06.020
http://dx.doi.org/10.1101/gad.1115203
http://dx.doi.org/10.1084/jem.20122308
http://dx.doi.org/10.1126/science.1214914
http://dx.doi.org/10.1073/pnas.1217158110
http://dx.doi.org/10.1073/pnas.1217158110
http://dx.doi.org/10.1038/nature11813
http://dx.doi.org/10.1038/nature11813
http://dx.doi.org/10.1038/ni.2187
http://dx.doi.org/10.1038/ni.2182
http://dx.doi.org/10.1038/ni.2182
http://dx.doi.org/10.1073/pnas.93.20.11019
http://dx.doi.org/10.4049/jimmunol.1301228
http://dx.doi.org/10.1016/j.immuni.2012.08.015
http://jem.rupress.org/
http://jem.rupress.org/


10 of 10 Gata3 is required for ILC3 development | Serafini et al.

lymphoid cells regulate intestinal homeostasis by integrating nega-
tive signals from the symbiotic microbiota. Nat. Immunol. 12:320–326. 
http://dx.doi.org/10.1038/ni.2002

Sciumé, G., K. Hirahara, H. Takahashi, A. Laurence, A.V. Villarino, K.L. 
Singleton, S.P. Spencer, C. Wilhelm, A.C. Poholek, G. Vahedi, et al. 2012. 
Distinct requirements for T-bet in gut innate lymphoid cells. J. Exp. Med. 
209:2331–2338. http://dx.doi.org/10.1084/jem.20122097

Sonnenberg, G.F., L.A. Fouser, and D. Artis. 2011a. Border patrol: regulation 
of immunity, inflammation and tissue homeostasis at barrier surfaces 
by IL-22. Nat. Immunol. 12:383–390. http://dx.doi.org/10.1038/ni 
.2025

Sonnenberg, G.F., L.A. Monticelli, M.M. Elloso, L.A. Fouser, and D. Artis. 
2011b. CD4(+) lymphoid tissue-inducer cells promote innate immunity 
in the gut. Immunity. 34:122–134. http://dx.doi.org/10.1016/j.immuni 
.2010.12.009

Spits, H., and J.P. Di Santo. 2011. The expanding family of innate lymphoid 
cells: regulators and effectors of immunity and tissue remodeling. Nat. 
Immunol. 12:21–27. http://dx.doi.org/10.1038/ni.1962

Spits, H., D. Artis, M. Colonna, A. Diefenbach, J.P. Di Santo, G. Eberl, 
S. Koyasu, R.M. Locksley, A.N. McKenzie, R.E. Mebius, et al. 2013. 
Innate lymphoid cells—a proposal for uniform nomenclature. Nat. Rev. 
Immunol. 13:145–149. http://dx.doi.org/10.1038/nri3365

Ting, C.N., M.C. Olson, K.P. Barton, and J.M. Leiden. 1996. Transcription 
factor GATA-3 is required for development of the T-cell lineage. Nature. 
384:474–478. http://dx.doi.org/10.1038/384474a0

Townsend, M.J., A.S. Weinmann, J.L. Matsuda, R. Salomon, P.J. Farnham, 
C.A. Biron, L. Gapin, and L.H. Glimcher. 2004. T-bet regulates the 
terminal maturation and homeostasis of NK and Valpha14i NKT 
cells. Immunity. 20:477–494. http://dx.doi.org/10.1016/S1074- 
7613(04)00076-7

Vosshenrich, C.A., and J.P. Di Santo. 2013. Developmental programming of 
natural killer and innate lymphoid cells. Curr. Opin. Immunol. 25:130–
138. http://dx.doi.org/10.1016/j.coi.2013.02.002

Vosshenrich, C.A., M.E. García-Ojeda, S.I. Samson-Villéger, V. Pasqualetto, 
L. Enault, O. Richard-Le Goff, E. Corcuff, D. Guy-Grand, B. Rocha, 
A. Cumano, et al. 2006. A thymic pathway of mouse natural killer cell 

development characterized by expression of GATA-3 and CD127. Nat. 
Immunol. 7:1217–1224. http://dx.doi.org/10.1038/ni1395

Walker, J.A., J.L. Barlow, and A.N. McKenzie. 2013. Innate lymphoid cells—
how did we miss them? Nat. Rev. Immunol. 13:75–87. http://dx.doi.org/ 
10.1038/nri3349

Wiles, S., K.M. Pickard, K. Peng, T.T. MacDonald, and G. Frankel. 2006. In vivo 
bioluminescence imaging of the murine pathogen Citrobacter rodentium. 
Infect. Immun. 74:5391–5396. http://dx.doi.org/10.1128/IAI.00848-06

Wong, S.H., J.A. Walker, H.E. Jolin, L.F. Drynan, E. Hams, A. Camelo, J.L. 
Barlow, D.R. Neill, V. Panova, U. Koch, et al. 2012. Transcription factor 
ROR is critical for nuocyte development. Nat. Immunol. 13:229–236. 
http://dx.doi.org/10.1038/ni.2208

Yang, Q., S.A. Saenz, D.A. Zlotoff, D. Artis, and A. Bhandoola. 2011. Cutting 
edge: Natural helper cells derive from lymphoid progenitors. J. Immunol. 
187:5505–5509. http://dx.doi.org/10.4049/jimmunol.1102039

Yang, Q., L.A. Monticelli, S.A. Saenz, A.W. Chi, G.F. Sonnenberg, J. Tang, 
M.E. De Obaldia, W. Bailis, J.L. Bryson, K. Toscano, et al. 2013. T cell fac-
tor 1 is required for group 2 innate lymphoid cell generation. Immunity. 
38:694–704. http://dx.doi.org/10.1016/j.immuni.2012.12.003

Yokota, Y., A. Mansouri, S. Mori, S. Sugawara, S. Adachi, S. Nishikawa, and P. 
Gruss. 1999. Development of peripheral lymphoid organs and natural 
killer cells depends on the helix-loop-helix inhibitor Id2. Nature. 397:702–
706. http://dx.doi.org/10.1038/17812

Yoshida, H., H. Kawamoto, S.M. Santee, H. Hashi, K. Honda, S. Nishikawa, 
C.F. Ware, Y. Katsura, and S.I. Nishikawa. 2001. Expression of 
alpha(4)beta(7) integrin defines a distinct pathway of lymphoid progeni-
tors committed to T cells, fetal intestinal lymphotoxin producer, NK, 
and dendritic cells. J. Immunol. 167:2511–2521.

Yu, J., M. Wei, Z. Boyd, E.B. Lehmann, R. Trotta, H. Mao, S. Liu, B. 
Becknell, M.S. Jaung, D. Jarjoura, et al. 2007. Transcriptional control 
of human T-BET expression: the role of Sp1. Eur. J. Immunol. 37:2549–
2561. http://dx.doi.org/10.1002/eji.200737088

Zheng, Y., P.A. Valdez, D.M. Danilenko, Y. Hu, S.M. Sa, Q. Gong, A.R. Abbas, Z. 
Modrusan, N. Ghilardi, F.J. de Sauvage, and W. Ouyang. 2008. Interleukin-22 
mediates early host defense against attaching and effacing bacterial patho-
gens. Nat. Med. 14:282–289. http://dx.doi.org/10.1038/nm1720  on F

ebruary 4, 2014
jem

.rupress.org
D

ow
nloaded from

 
Published January 13, 2014

http://dx.doi.org/10.1038/ni.2002
http://dx.doi.org/10.1084/jem.20122097
http://dx.doi.org/10.1038/ni.2025
http://dx.doi.org/10.1038/ni.2025
http://dx.doi.org/10.1016/j.immuni.2010.12.009
http://dx.doi.org/10.1016/j.immuni.2010.12.009
http://dx.doi.org/10.1038/ni.1962
http://dx.doi.org/10.1038/nri3365
http://dx.doi.org/10.1038/384474a0
http://dx.doi.org/10.1016/S1074-7613(04)00076-7
http://dx.doi.org/10.1016/S1074-7613(04)00076-7
http://dx.doi.org/10.1016/j.coi.2013.02.002
http://dx.doi.org/10.1038/ni1395
http://dx.doi.org/10.1038/nri3349
http://dx.doi.org/10.1038/nri3349
http://dx.doi.org/10.1128/IAI.00848-06
http://dx.doi.org/10.1038/ni.2208
http://dx.doi.org/10.4049/jimmunol.1102039
http://dx.doi.org/10.1016/j.immuni.2012.12.003
http://dx.doi.org/10.1038/17812
http://dx.doi.org/10.1002/eji.200737088
http://dx.doi.org/10.1038/nm1720
http://jem.rupress.org/
http://jem.rupress.org/


JEM S1

T
h

e
 
J
o

u
r
n

a
l
 
o

f
 
E

x
p

e
r
i
m

e
n

t
a

l
 
M

e
d

i
c

i
n

e

 SUPPLEMENTAL MATERIAL 

 Serafi ni et al., http://www.jem.org/cgi/content/full/jem.20131038/DC1 

 [ID]FIGS1[/ID] 

 [ID]TBLS1[/ID] 

 [ID]TBLS2[/ID] 

   

  Figure S1. Representative FACS gating scheme for ILC2 and ILC3 analysis in the SI .    

  Table S1.    Antibodies used for FACS analysis 

Antibody Clone Manufacturer

CD3 145-211 BD

NK1.1 PK136 eBioscience

GATA-3 TWAJ eBioscience

ROR � t AFKJS-9 eBioscience

CD127 A7R34 eBioscience

NKp46 29A1-4 eBioscience

CD4 RM4-5 eBioscience

CD19 ebio1D3 eBioscience

Sca-1 D7 eBioscience

CD25 PC61.5 eBioscience

CD45.1 A20 eBioscience

CD45.2 104 eBioscience

CD135 A2F10.1 eBioscience

 � 4 � 7 DATK32 eBioscience

CD117 2B8 eBioscience

CD11c HL3 eBioscience

Te-r119 TER119 eBioscience

Gr-1 RB6 8C5 eBioscience

CD45.2 104 eBioscience

CD90.2 53-2.1 eBioscience
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  Table S2.    Primers used for quantitative PCR 

Gene name Forward primers Reverse primers

 Gapdh 5�-AGGTCGGTCGTGAACGGATTTTG-3� 5�-TGTAGACCATGTAGTTGAGGTCA-3�

 IL22 5�-TTGAGGTCGTCCAACTTCCAGCA-3� 5�-AGCCGGACGTCGTGTTGTTA-3�

 Reg3g 5�-CCGTGCCTATGGCTCCTATTG-3� 5�-GCACAGACACAAGATGTCCTG-3�


