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Group 2 innate lymphoid cells (ILC2s) are a subset of ILCs 
that reside at mucosal surfaces and contribute to immune 
response against extracellular pathogens, such as helminthes. 
These cells are present at a low frequency in the lungs of WT 
mice, but they expand substantially in response to IL-33 and 
IL-25, which are produced by damaged epithelial cells. ILC2s 
contribute to pathogen clearance by producing multiple cy-
tokines, including IL-5 and IL-13, which recruit and activate 
eosinophils and neutrophils as well as amphiregulin, which 
contributes to the maintenance of the epithelium (McKenzie 
et al., 2014). Although involved in pathogen clearance, aber-
rant activation of ILC2s in the lungs leads to eosinophilia and 
airway inflammation, a hallmark of allergic asthma (McKen-
zie et al., 2014). Despite the critical role that these cells play in 
immunity and disease, the key mechanisms controlling ILC2 
development and function are just beginning to be revealed.

ILC2s are a subset of ILCs that share properties with 
T helper type 2 (Th2) cells. In adult mice, ILC2s develop in 
the BM from a common helper innate lymphoid progenitor 
(CHI LP), which arises from common lymphoid progenitors 
(CLPs) but has lost adaptive lymphoid (B and T lymphocyte) 
and NK cell potential (Verykokakis et al., 2014). All of the 
helper-like ILCs share a requirement for the transcription 
factors GATA3 and TCF1 and for the E protein transcrip-
tion factor inhibitor ID2 (Moro et al., 2010; Satoh-Takayama 

et al., 2010; Yagi et al., 2014; Yang et al., 2015). Downstream 
of CHI LPs, ILC2 differentiation depends on the transcrip-
tion factors ROR-α, GFI1, and BCL11b (Wong et al., 2012; 
Spooner et al., 2013; Califano et al., 2015; Walker et al., 2015; 
Yu et al., 2015). GFI1 promotes ILC2 development by main-
taining GATA3, and it represses the expression of the ILC3 
cytokine IL-17 (Spooner et al., 2013). BCL11b enforces the 
expression of GFI1 and similarly controls the development 
and functional properties of ILC2s (Califano et al., 2015).

We previously demonstrated that the ETS1 transcrip-
tion factor regulates Id2 transcription in NK cells (Pereira 
de Sousa et al., 2012; Ramirez et al., 2012). However, it is 
not known whether ETS1 plays a role in the transcriptional 
network that controls the emergence or activation of ILCs. 
Indeed, there have been few studies of ETS1 function in any 
cell type because of the high rate of neonatal lethality in mice 
carrying a germline deletion of Ets1 (Gao et al., 2010). Here, 
we report on a novel mouse model for the conditional de-
letion of ETS1. We demonstrate that BM CHI LPs could de-
velop in the absence of ETS1 but are compromised in their 
fitness and their ability to generate ILC2s. ETS1 functions, at 
least in part, to promote the up-regulation of Id2 mRNA that 
is observed in ILC2s. We also identified a role for ETS1 in 
the cytokine-induced expansion of lung ILC2s and for their 
production of IL-5 and IL-13. Our data place ETS1 as a very 
early regulator in the transcriptional network controlling the 
emergence and function of ILC2s.

Group 2 innate lymphoid cells (ILC2s) are a subset of ILCs that play a protective role in the response to helminth infection, but 
they also contribute to allergic lung inflammation. Here, we report that the deletion of the ETS1 transcription factor in lym-
phoid cells resulted in a loss of ILC2s in the bone marrow and lymph nodes and that ETS1 promotes the fitness of the common 
progenitor of all ILCs. ETS1-deficient ILC2 progenitors failed to up-regulate messenger RNA for the E protein transcription 
factor inhibitor ID2, a critical factor for ILCs, and these cells were unable to expand in cytokine-driven in vitro cultures. In 
vivo, ETS1 was required for the IL-33–induced accumulation of lung ILC2s and for the production of the T helper type 2 cy-
tokines IL-5 and IL-13. IL-25 also failed to elicit an expansion of inflammatory ILC2s when these cells lacked ETS1. Our data 
reveal ETS1 as a critical regulator of ILC2 expansion and cytokine production and implicate ETS1 in the regulation of Id2 at 
the inception of ILC2 development.

The ETS1 transcription factor is required for the 
development and cytokine-induced expansion of ILC2

Erin C. Zook,1* Kevin Ramirez,1* Xiaohuan Guo,1 Grant van der Voort,2 Mikael Sigvardsson,4 
Eric C. Svensson,3 Yang-Xin Fu,1,2 and Barbara L. Kee1,2

1Committee on Immunology, 2Department of Pathology, and 3Department of Medicine, Section of Cardiology, The University of Chicago, Chicago, IL 60637
4Experimental Hematopoiesis Unit, Department of Clinical and Experimental Medicine, Faculty of Medicine for Health Sciences, Linköping University, 58183 
Linköping, Sweden

© 2016 Zook 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 /).

*E. Zook and K. Ramirez contributed equally to this paper.

 Correspondence to Barbara L. Kee: bkee@bsd.uchicago.edu

Abbreviations used: CHI LP, common helper innate lymphoid progenitor; CLP, com-
mon lymphoid progenitor; iILC2, inflammatory ILC2; ILC, innate lymphoid cell; LMC, 
littermate control; mLN, mesenteric LN; nILC2, natural ILC2; qPCR, quantitative PCR; 
RLMC, Rag1−/− LMC; SCF, stem cell factor.

T
h
e 

Jo
u
rn

al
 o

f 
E
xp

er
im

en
ta

l 
M

ed
ic

in
e

on O
ctober 12, 2016

D
ow

nloaded from
 

Published April 11, 2016

/content/suppl/2016/03/31/jem.20150851.DC1.html 
Supplemental Material can be found at:

http://crossmark.crossref.org/dialog/?doi=10.1084/jem.20150851&domain=pdf
http://www.rupress.org/terms
http://www.rupress.org/terms
http://creativecommons.org/licenses/by-nc-sa/3.0/
mailto:


ETS1 promotes ILC2 development and function | Zook et al.688

RES ULTS AND DIS CUS SION
Lymphoid-specific deletion of Ets1 
mimics germline deletion
We previously demonstrated that ETS1 is required for the de-
velopment of NK cells (Ramirez et al., 2012). However, our 
studies were severely hampered by the neonatal lethality of 
ETS1 deficiency (Bories et al., 1995; Barton et al., 1998; Gao 
et al., 2010). To overcome this limitation, we created mice in 
which the Ets1 gene could be inactivated by Cre-mediated 
recombination. We flanked the exons coding for the ETS1 
DNA–binding domain by loxp sequences such that Cre- 
mediated recombination results in a mutation analogous to 
the germline mutation described by Bories et al. (1995), from 
which no truncated ETS1 protein is produced (Fig. S1 A). 
We crossed Ets1f/f mice to Il7raCre mice, which produce Cre 
in IL-7 receptor–expressing (CD127+) cells, including CLPs 
(Schlenner et al., 2010), the progenitors of all lymphoid cells. 
No ETS1 protein was detected in thymocytes isolated from 
Il7raCre/+Ets1f/f (Ets1Δ/Δ) mice, consistent with the deletion of 
Ets1 exons 8 and 9 in all lymphoid cells (Fig. S1 B).

To confirm that Ets1Δ/Δ NK cells phenocopy NK cells in 
Ets1−/− mice, we performed flow cytometry to examine NK 
cell numbers and receptor expression. As anticipated, Ets1Δ/Δ 
mice had a decreased frequency and number of mature NK 
(mNK) cells, and these cells expressed less of the activating 
receptor NKp46 compared with littermate controls (LMCs; 
Fig. S1, C–E; Ramirez et al., 2012). These data demonstrate 
the utility of this Ets1f allele for the analysis of ETS1 function 
after Cre-mediated recombination.

ETS1 was essential for the generation of BM ILC2s
We noted a dramatic reduction in Lin−CD127+ cells in 
ETS1-deficient mice, which led us to question whether the 
development of ILC2s requires ETS1, because ILC2s are 
the major BM cells with this phenotype. Quantitative PCR 
(qPCR) analysis revealed that Ets1 mRNA was expressed in 
BM ILC2s in amounts higher than the mRNA encoding ID2 
or ROR-α, both of which are required for ILC2 develop-
ment (Fig. 1 A; Diefenbach et al., 2014). Analysis of BM cells 
from Ets1Δ/Δ mice revealed a reduced frequency and num-
ber of Lin−CD127+SCA1+ ILC2s as compared with LMCs 
(Fig. 1, B and C). The LMC Lin−CD127+SCA1+ cells also 
expressed the IL-33 receptor component IL1RL1 (ST2) and 
ICOS, and a subset of these cells expressed KLRG1, further 
confirming that these cells are ILC2s (Fig.1 B and not de-
picted). We crossed the Ets1Δ/Δ mice to Rag1−/− mice to de-
termine whether Ets1Δ/Δ T cells influence ILC2 development 
because these cells have been reported to aberrantly produce 
cytokines that could affect ILC2s (Garrett-Sinha, 2013). 
Rag1−/−Ets1Δ/Δ (REts1Δ/Δ) mice also had reduced numbers 
of BM ILC2s compared with Rag1−/− LMC (RLMC) cells 
(Fig. 1 C). These data demonstrate that ETS1 was required for 
the development of BM ILC2s.

It is possible that ETS1 was required for the generation 
of ILC2s because it impacted another lymphoid cell type that 

was required for ILC2 development, as recently described 
for NK cell maturation (Kim et al., 2014). To rigorously test 
whether the requirement for ETS1 was intrinsic to ILC2s or 
their progenitors, we created chimeric mice in which CD45.2+ 
Ets1Δ/Δ or LMC BM cells were injected into lethally irradiated 
CD45.1+ hosts along with WT CD45.1+ BM cells. 8 wk later, 
CD45.2+ cells were equally represented among the CLPs and 
ILC2s in the BM of RLMC:WT chimeras (Fig. 1, D and E). 
In contrast, in REts1Δ/Δ:WT chimeras, CD45.2+ cells contrib-
uted to the CLP population, but ILC2s were almost exclusively 
CD45.1+ (Fig. 1, D and E). Therefore, ETS1 was required for 
the generation of ILC2s even when the hematopoietic envi-
ronment contained ETS1-sufficient BM cells.

ETS1 was required for the development of LN ILC2s
A recent study revealed that ILC2s in peripheral tissues and 
secondary lymphoid organs are tissue resident and that under 
homeostatic conditions, ILC2s are not replenished from BM 
progenitors (Gasteiger et al., 2015). Therefore, we tested 
whether ILC2s in mesenteric LNs (mLNs) were present in 
Ets1Δ/Δ mice. We found that the number of mLN ILC2s was 
substantially reduced in Ets1Δ/Δ mice compared with LMCs 
(Fig. 2, A and B). In contrast, the numbers of ILC2s in the 
lungs of Ets1Δ/Δ and LMC mice were not statistically differ-
ent (Fig. 2, C and D). Interestingly, similar to what we found 
in Ets1Δ/Δ mice, ILC2s in secondary lymphoid organs and 
lungs appear to have different requirements for the transcrip-
tion factor BCL11b (Califano et al., 2015; Yu et al., 2015). 
Although lung ILC2s are tissue resident, they can expand in 
response to chronic inflammation (Gasteiger et al., 2015). 
Therefore, it is possible that mice with ILC2 developmen-
tal defects experience more inflammation in the lungs than 
LMCs and that a few ILC2s that make it to that tissue expand 
in response to this inflammation. Alternatively, when ILC2 
numbers are low, the lung niche may support their prolifera-
tion or immigration. Consistent with the tissue-resident sta-
tus of ILC2s, we were unable to detect significant numbers of 
RLMC or REts1Δ/Δ ILC2s in the mLNs or lungs of recipient 
mice in mixed BM chimeras (Fig. 2 E). Our data demonstrate 
a requirement for ETS1 for the development of mLN ILC2s.

ETS1 promoted the development of CHI LPs in the BM
Ets1 mRNA initiates in lymphoid primed multipotent pro-
genitors (Ramirez et al., 2012) and, therefore, ETS1 could be 
required for the transition from lymphoid primed multipo-
tent progenitors/CLPs to ILC2s. ILC2s arise from CHI LPs, 
which are phenotypically identified as Lin−Flt3− cells that 
express CD127, α4β7, and SCA1 but not CD25 (Fig. 3 A; 
Klose et al., 2014). Notably, the frequency and number of 
CHI LPs was similar in REts1Δ/Δ and RLMC BM (Fig.  3, 
A and B). In contrast, in Ets1Δ/Δ mice, which had an intact 
Rag1 gene, there was an ∼23-fold decrease in the number 
of CHI LPs compared with LMC mice (Fig. 3 B). These data 
raise the possibility that although ETS1 was not required 
for the development of CHI LPs, Ets1Δ/Δ CHI LPs failed to 
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compete with RAG1-dependent cells. Alternatively, Ets1Δ/Δ 
T cells may have exerted an inhibitory effect on CHI LPs, 
for example, by producing inhibitory cytokines or by occu-
pying a limiting BM niche that supports CHI LPs. To address 
these possibilities, we created mixed BM chimeric mice in 
which REts1Δ/Δ and RLMC CD45.2+ cells were in compe-
tition with Rag1+/+CD45.1+ cells. Under these conditions, 
RLMC cells were able to generate CLPs and CHI LPs effi-
ciently (Fig. 3 C). In contrast, in the REts1Δ/Δ:WT chimeras, 
REts1Δ/Δ cells generated CLPs, but they contributed to <5% 
of CHI LPs (Fig. 3 C). These data support the hypothesis that 
ETS1 deficiency compromised the fitness of CHI LPs and 
that these cells were unable to compete with WT CHI LPs or 
WT B or T lymphocytes.

ETS1 was required for appropriate 
Id2 expression in BM ILC2s
Our data indicate that ETS1 is a component of the early 
transcriptional network for ILC2 development. In NK cells, 
ETS1 is required for the increase in Id2 expression that ac-
companies NK cell maturation (Ramirez et al., 2012). There-
fore, we tested whether ETS1 was required for Id2 expression 

in CHI LPs or ILC2s using an Id2GFP reporter. Expression of 
GFP from the Id2GFP reporter was highly variable in Ets1Δ/Δ 
CHI LPs, suggesting that ETS1 may be required for stable Id2 
transcription; however, the mean intensity of GFP was similar 
in both strains (Fig. 3, D and E). In the LMCs, Id2GFP expres-
sion was higher in ILC2s than in CHI LP, but this increase was 
not observed in the few ILC2s present in Ets1Δ/Δ mice (Fig. 3, 
D and E). In contrast to Id2 mRNA, GATA3 and TCF1 were 
expressed at similar or higher levels in Ets1Δ/Δ CHI LPs and 
ILC2s when compared with LMCs (Fig. 3 D). These data in-
dicate that ETS1 was required for stable and high Id2 mRNA 
expression in CHI LPs as they differentiate into ILC2s.

ETS1 was required for the cytokine-
driven expansion of ILC2s
The paucity of ILC2s in the BM of Ets1Δ/Δ mice impeded 
an analysis of protein or gene expression. Therefore, we 
tested whether BM ILC2s could be expanded in vitro. We 
isolated Lin−CD127+SCA1+ ILC2s from the BM of RLMC 
and REts1Δ/Δ mice and cultured them in vitro under de-
fined ILC2 conditions for 2 wk: OP9–delta-like ligand 1 
(DL1) in the presence of IL-7 and IL-33 or stem cell factor 

Figure 1. ETS1 is required for ILC2 development. (A) Ets1, Id2, and Rora mRNA expression relative to Hprt in BM ILC2s from WT mice ± SD. ILC2s were 
sorted as Lin−SCA1+CD127+ICOS+IL1RL1+ cells. (B) FACS analysis for BM ILC2s in Ets1Δ/Δ and LMC mice. Lin− cells are shown. (C) Numbers of Lin−SCA1+CD127+ 
BM ILC2s in LMC, Ets1Δ/Δ, RLMC, and REts1Δ/Δ mice. (D) FACS analysis showing the representation of RLMC or REts1Δ/Δ (CD45.2) BM cells among CLPs 
(Lin−CD127+CD117intSCA1int) and ILC2s (Lin−CD127+SCA1+) in mixed BM chimeras. (E) Percentage of CLPs or ILC2s that were CD45.2+ in mixed BM chimeras. 
Data are from three independent experiments. For E, each circle is one mouse and the bar is the mean. Error bars are SD. *, P < 0.05; ***, P < 0.001.
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(SCF), IL-7, and IL-2 (Neill et al., 2010; Klose et al., 2014). 
Under either condition, RLMC cells expanded well and 
generated progeny that were Lin−ICOS+SCA1+CD127+ 
ILC2s. In contrast, cultures initiated with REts1Δ/Δ cells 
generated few ICOS+ cells (Fig. 4 A). Overall, there was a 
20-fold decrease in the number of ICOS+ cells generated 
from REts1Δ/Δ Lin−CD127+SCA1+ cells compared with 
RLMC cells regardless of the culture conditions used, in-
dicating that ETS1 was required for their in vitro expan-
sion (Fig.  4  B). Identical results were obtained when we 
isolated the ILC2s from Rag1-expressing Ets1Δ/Δ mice (not 
depicted). To rule out that a decrease in ILC2 purity con-
tributed to the reduced expansion, we performed similar 
experiments starting with CLPs. REts1Δ/Δ CLPs also failed 

to generate substantial numbers of ILC2s in vitro compared 
with RLMC CLPs (not depicted). Therefore, ETS-deficient 
ILC2s failed to expand efficiently in vitro.

Despite the reduced expansion of Ets1Δ/Δ ILC2s in vitro, 
we were able to generate more ILC2s than were available 
in vivo. In an attempt to gain insight into the requirements 
for ETS1 in ILC2s, we performed a microarray analysis on 
mRNA isolated from the ICOS+ cells that expanded from 
LMC and Ets1Δ/Δ ILC2s cultured on OP9-DL1 with IL-7 
and IL-33. There were 986 probe sets that were differen-
tially expressed by at least 1.5-fold (P < 0.05), of which 
418 were decreased (1.9% of LMC expressed probes) and 
568 were increased (2.4% of Ets1Δ/Δ expressed probes) in 
Ets1Δ/Δ cells (Fig. 4 C). As expected, the expression of Ets1 

Figure 2. Ets1 is required for mLN but not lung 
ILC2s. (A and B) FACS analysis for (A) and number of 
(B) Lin−KLRG1+SCA1+IL1RL1+ICOS+ ILC2s in the mLNs of 
LMC and Ets1Δ/Δ mice. (C and D) FACS analysis for (C) and 
number of (D) ILC2s in the lungs of LMC and Ets1Δ/Δ mice. 
(E) FACS analysis showing the contributions of RLMC or 
REts1Δ/Δ (CD45.2) BM cells to the ILC2 population in the 
mLNs and lungs of mixed BM chimeras. ILC2s were iden-
tified using the staining strategies shown in A and C. For 
B and D, each symbol is one mouse and each bar is the 
mean. Error bars are SD. *, P < 0.05.
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mRNA was lower in Ets1Δ/Δ cells (Fig. 4 E). In addition, 
Klrg1 and Areg, genes associated with mature ILC2s, were 
decreased in the Ets1Δ/Δ cells, and KLRG1 protein was not 
detected on the Ets1Δ/Δ cells by flow cytometry (Fig. 4, E 
and G). An analysis of Gene Ontology terms revealed that 
54 of the differentially expressed genes encoded proteins 
involved in cell proliferation (P < 1.5 × 10−8), including 
Ccnd2, 34 were involved in the regulation of phosphory-
lation (P < 3.4 × 10−7), and 71 encoded proteins involved 
in intracellular signaling cascades (P < 1.7 × 10−6; Table 
S1; Fig. 4 D). GSEA revealed that LMC cells had higher 
expression of genes associated with T effector cell differ-
entiation than Ets1Δ/Δ cells (Fig.  4  D). Therefore, despite 
selection for cells that can grow in vitro, genes involved 

in cell proliferation and signaling were dysregulated in the 
absence of ETS1, and no KLRG1+ ILC2s were generated.

In addition to the obvious failure to generate mature 
ILC2s, a KEGG pathway analysis revealed dysregulation 
of cytokine–cytokine receptor signaling (P = 4.5 × 10−6). 
Interestingly, the signature cytokines for ILC2s, IL-5 and 
IL-13, were not highly expressed in LMC or Ets1Δ/Δ in vitro– 
expanded cells. In contrast, Il24 and Il6 were among the most 
differentially expressed transcripts, and we confirmed that 
mRNA encoding these cytokines was increased in Ets1Δ/Δ 
ILC2s expanded in vitro by qPCR (Fig. 4, E and G). Cd160, 
which encodes a cell surface protein involved in mucosal bar-
rier function and cytokine production from NK cells, was 
also more highly expressed in Ets1Δ/Δ cells compared with 

Figure 3. ETS1 regulates CHI LP fitness and 
expression of Id2. (A) FACS staining strategy 
for BM CHI LPs in Lin− cells from Ets1Δ/Δ and LMC 
mice. (B) Number of BM CHI LPs as determined 
in A. (C) Percentage of CLPs or CHI LPs that were 
CD45.2+ in mixed RLMC:WT or REts1Δ/Δ:WT chi-
meras. (D) Id2GFP, GATA3, and TCF1 expression in 
RLMC and REts1Δ/Δ CHI LPs and ILC2s. (E) Id2GFP 
mean fluorescence intensity in LMC and Ets1Δ/Δ 
CHI LPs and ILC2s. For C and E, each symbol is one 
mouse and each bar is the mean. Error bars are 
SD. *, P < 0.05; **, P < 0.01.
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LMC cells (Fig. 4 F; Shui et al., 2012; Tu et al., 2015). Because 
no mature ILC2s were generated in our in vitro cultures, we 
considered the possibility that CD160 was a marker of im-
mature ILC2s. However, BM KLRG1− or KLRG1+ ILC2s 
did not express CD160, indicating that CD160 was not a 
marker of this ILC2 progenitor population. Collectively, our 
data demonstrate that ETS1 was required for the in vitro gen-
eration of mature ILC2s and that the cells generated in vitro 
from Ets1Δ/Δ Lin−ICOS+ cells differ from LMC ILC2s in the 
expression of genes involved in intracellular signaling as well 
as cytokine expression.

ETS1 was required for the cytokine-induced expansion of 
lung ILC2s and their production of cytokines
Given that lung ILC2 numbers were not severely affected by 
ETS1 deficiency, we tested whether ETS1 was required for 
ILC2 expansion after systemic administration of the alarmin IL-
33. Intravenous injection of IL-33 into LMC mice resulted in an 
approximately eightfold expansion of ILC2s within 72 h (Fig. 5, 
A and B). In contrast, in Ets1Δ/Δ mice, IL-33 injection resulted in 
only a 3.8-fold expansion of ILC2s (Fig. 5, A and B). Therefore, 
similar to what was observed in vitro, ETS1 was required for 
the appropriate expansion of lung ILC2s in response to IL-33.

Figure 4. Ets1Δ/Δ BM ILC2s expand poorly in vitro and have altered gene expression. (A) FACS analysis of BM ILC2s from RLMC and REts1Δ/Δ mice after 
in vitro expansion for 2 wk on OP9-DL1 with IL-33 and IL-7. Lin−CD45+ cells were analyzed for ICOS, Sca1, and CD127. (B) Number of Lin−CD45+ICOS+CD127+ 
ILC2s recovered from LMC and Ets1Δ/Δ cells after culture with IL-7 and IL-33 or SCF, IL-2, and IL-7 + SD. (C) Representation of overlap in probe sets from mi-
croarray analysis of LMC and Ets1Δ/Δ ILC2s after in vitro expansion on OP9-DL1, IL-7, and IL-33. (D) GSEA of the microarray dataset revealed an enrichment 
of genes in the LMCs that were down in the gene sets from naive versus KLRG1hi effector CD8+ T cells or day 4/5 effector CD8+ T cells. (E) Relative mRNA 
expression as determined by microarray analysis for a subset of genes in Ets1Δ/Δ compared with LMC ILC2s. (F) qPCR for Il24 and Il6 mRNA relative to Hprt 
in cultured LMC and Ets1Δ/Δ ILC2s + SD. (G) CD160 and KLRG1 on Ets1Δ/Δ and LMC cultured ILC2s as gated as in A. *, P < 0.05; ***, P < 0.001.
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We next tested whether the few lung ILC2s that ex-
panded in response to IL-33 in vivo could produce the Th2 
cytokines IL-5 and IL-13. Upon stimulation, ∼70% of LMC 
ILC2s were able to produce IL-13 and >50% could pro-
duce IL-5 (Fig. 5, C and D). In contrast, only 3% of ILC2s 
from Ets1Δ/Δ lungs produced IL-13 and <7% produced IL-5 
(Fig. 5, C and D). Ets1Δ/Δ ILC2s also produced less IL-6 com-
pared with LMCs, in contrast to what was observed in the in 
vitro–expanded BM ILC2s (not depicted). Collectively, our 

data indicate that ETS1 was required for cytokine production 
from lung ILC2s after exposure to IL-33.

ETS1 was required for the generation of 
inflammatory ILC2s (iILC2s)
Recently, iILC2s were described in the lungs that express 
KLRG1 but lack the receptor for IL-33, IL1RL1/ST2 
(Huang et al., 2014). In contrast to natural ILC2s (nILC2s) 
that respond to IL-33, iILC2s proliferate and become acti-

Figure 5. Lung ILC2s from Ets1Δ/Δ mice show reduced expansion in vivo after exposure to IL-33 and IL-25. (A) FACS analysis for ILC2s in the 
lungs of LMC and Ets1Δ/Δ mice injected i.p. with PBS or IL-33. Plots are gated on Lin− cells. (B) Relative number of lung ILC2s in PBS or IL-33–injected mice 
+ SD. (C) Intracellular IL-5 and IL-13 production in lung ILC2s from IL-33–treated LMC and Ets1Δ/Δ mice. ILC2s are gated as Lin−SCA1+KLRG1+CD90+IL1RL1+. 
(D) Percentage of lung ILC2s that produce IL-5 and IL-13 after IL-33 stimulation + SD. (E) FACS analysis for lung iILC2s in LMC and Ets1Δ/Δ mice treated 
with PBS or IL-25. The plots show IL1RL1 and KLRG1 on Lin− cells. (F) Total number of iILC2s isolated from the lungs of LMC and Ets1Δ/Δ mice + SD.  
*, P < 0.05; ***, P < 0.001.
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vated in response to IL-25. After activation, iILC2s were pro-
posed to differentiate into nILC2s. To determine whether 
IL-25 could elicit the expansion of Ets1Δ/Δ iILC2s, we in-
jected IL-25 into Ets1Δ/Δ and LMC mice and quantified the 
number of iILC2s 3 d later. iILC2s could not be detected in 
the lungs of untreated LMC or Ets1Δ/Δ mice (Fig. 5, E and 
F). 3 d after the injection of IL-25, there was a 115-fold ex-
pansion in the number of iILC2s in the lungs of LMC mice. 
In contrast, at the same time point, iILC2s remained near 
the limit of detection in the lungs of Ets1Δ/Δ mice (Fig.  5, 
E and F). Our data demonstrate that in addition to being 
required for ILC2 development in the BM and expansion 
of nILC2s by IL-33, ETS1 was required for the expansion of 
iILC2s in response to IL-25.

In conclusion, we have created a conditional allele for 
Ets1 that allowed us to demonstrate a role for ETS1 in the reg-
ulation of Id2 in ILC2s, the fitness of CHI LPs, and the devel-
opment of ILC2s in the BM and mLNs. Despite the presence 
of ILC2s in the lungs, ETS1 was required for their expan-
sion and for the expression of IL-5 and IL-13 in response to 
IL-33 and for the expansion of iILC2s in response to IL-25. 
Although we could expand a small number of ILC2s in vitro 
from Ets1Δ/Δ BM ILC2s, these cells failed to express critical 
markers of mature ILC2s, and they expressed genes that were 
not typical of ILC2 progenitors such as Cd160. These findings 
raise the possibility that the cells we expanded in vitro are 
not bone fide ILC2s; they could be rare ILC2 progenitors, 
ILC2 progenitors with dysregulated gene expressions, or dis-
tinct cell types. The cells do not appear to be NK cells, ILC1s, 
or ILC3s because they did not express critical transcription 
factors for these lineages such as Tbx21, Eomes, or Rorc, but 
they did express Rora, Gata3, and Id2, suggesting that they had 
entered the ILC2 program. Because these cells expressed Id2 
and had altered expression of numerous signaling proteins, we 
propose that they were selected for alterations that allow them 
to overcome the most severe requirements for ETS1 in ILC2 
expansion, thus masking the critical targets of ETS1. One can-
didate factor that could drive the survival of these cells is IL-9, 
which is highly expressed in the in vitro–expanded Ets1Δ/Δ 
cells (Turner et al., 2013). Future studies in which ETS1 is 
removed after the expansion of ILC2s may allow for more 
insight into the direct targets of ETS1 in these cells.

In some important aspects, the requirements for ETS1 
in ILC2s parallel those in NK cells. Although ETS1 was re-
quired for the up-regulation of Id2 mRNA during NK cell 
and ILC2 development, the requirements for ETS1 in both 
lineages is likely to extend beyond Id2. Dysregulation of 
multiple surface receptors and intracellular signaling path-
ways also occur in ETS1-deficient NK cells and other lym-
phoid cells (Ramirez et al., 2012). However, the NK cells and  
B cells that develop in Ets1−/− mice show hyperreactivity to 
cytokines and increased activation through some receptors, 
whereas Ets1Δ/Δ ILC2s appear less activated and have reduced 
cellular expansion. Whether these distinctions reflect unique 
functions for ETS1 in ILC2s or distinct selective pressures 

placed on these cells in vivo remains to be determined. The 
availability of a conditional allele for Ets1 makes it feasible to 
test whether the hyperresponsiveness of NK cells and B cells 
in the absence of ETS1 is a consequence of selection or an 
intrinsic function for ETS1 in these mature cell types.

MAT ERI ALS AND MET HODS
Mice.  Ets1f/f mice were generated in the University of Chi-
cago Transgenic Core Facility using 129/SvJ embryonic stem 
cells. The offspring were backcrossed onto the C57BL/6 
background for >12 generations. In brief, a targeting vector 
containing the floxed sites along with exons 8 and 9 contain-
ing the Ets1 binding domain was generated and introduced 
to germline DNA through homologous recombination. After 
backcrossing, the Ets1f/f mice were crossed to Il7racre mice, 
which had also been crossed onto the C57BL/6 background 
for >12 generations (Schlenner et al., 2010). C57BL/6 
Rag1−/− mice and CD45.1+ C57BL/6 mice were purchased 
through The Jackson Laboratory. All mouse lines were housed 
at the University of Chicago Animal Resource Center in 
accordance with the guidelines of the Institutional Animal 
Care and Use Committee.

Antibodies and flow cytometry.  Cells suspensions were in-
cubated with an unlabeled purified CD16/32 (2.4G2.1) 
blocking antibody before the addition of any biotinulated 
or flourochrome-conjugated antibodies (FITC, PE, APC, 
PECY7, Percp-cy5.5, AF780, and Brilliant violet 421). Anti-
bodies were purchased from eBioscience, BD, or BioLegend 
unless noted otherwise. Lineage cocktails for ILC2s included 
CD3 (145-2C11), CD4 (GK1.5), CD8 (2.43.1), TCR-β 
(H57-597), TCR-γδ (UC7-13D3), CD11c (N418), NK1.1 
(PK136), GR1 (RB6-8C5), B220 (RA3-6B2), CD19 (1D3), 
and Ter119 (TER-119). ILC2s were identified using a com-
bination of antibodies against SCA1 (D7), CD127 (A7R34), 
ICOS (7E.17G9), ST2 (DJ8; MD Biologicals), KLRG1 (2F1), 
and GATA3 (TWAJ). ILC2s were also stained for the expres-
sion of CD160 (7H1). To stain for CHI LPs, BM was depleted 
using B220, Gr1, and Ter119. Cells were then stained for lin-
eage markers (B220, Gr1, Ter119, CD3, CD19, and NK1.1), 
Flt3 (A2F1D), CD127, SCA1, α4β7 (LPAM1), and CD25 
(PC61.5). NK cells and CLPs were stained as previously de-
scribed (Ramirez et al., 2012).

qPCR.  BM ILC2s were sorted from WT mice. Total RNA was 
isolated using the RNeasy Micro kit (QIA GEN). cDNA was 
synthesized using Superscript III (Invitrogen). qPCR was 
performed using the following primers: Hprt, forward (5′-
ACC TCT CGA AGT GTT GGA TA-3′) and reverse (5′-CAA 
CAA CAA ACT TGT CTG GA-3′); Ets1, forward (5′-CTG 
ACC TCA ACA AGG ACA AGCC-3′) and reverse (5′-TTC 
CAG AAG AAA CTG CCA CAGC-3′); Id2, forward (5′-CAC 
AGA GTA CTT TGC TAT CAT TCG-3′) and reverse (5′-
CCT GAA CAC GGA CAT CAGC-3′); Rora, forward (5′-
TGA TCG GAC CAG CAG AAA-3′) and reverse (5′-CTT 
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GGA CAT CCG ACC AAAC-3′); Il24, forward (5′-GCC CAG 
TAA GGA CAA TTC CA-3′) and reverse (5′-ATT TCT GCA 
TCC AGG TCA GG-3′); and Il6, forward (5′-CCG GAG AGG 
AGA CTT CAC AG-3′) and reverse (5′-GGA AAT TGG GGT 
AGG AAG GA-3′). Samples were run in duplicate or triplicate 
and expression was measured relative to HPRT (hypoxanthine- 
guanine phosphoribosyltransferase).

BM chimeric mice.  CD45.2 Ets1Δ/Δ, LMC, REts1Δ/Δ, or RLMC 
BM cells were mixed with CD45.1 Rag1+/+ BM cells at a 1:1 
ratio. A total of 5 × 106 BM cells were injected retroorbitally 
into lethally irradiated CD45.1 hosts. At 8 wk after reconsti-
tution, the frequency of CD45.2+ cells to the CLP, ILC2, or 
CHI LP populations was determined by flow cytometry.

Cytokine administration and analysis of lung ILC2s.  Mice 
were injected with 0.4 µg IL-33 (BioLegend), 0.4 µg IL-25 
(R&D Systems), or PBS for three consecutive days. On the 
fourth day, the mice were sacrificed and the lungs were ana-
lyzed for ILC2s. The lung tissue was minced into small pieces 
and placed into 10 ml DMEM supplemented with 10% FBS, 
1× pen/strep, and DNase I. 1,500 U collagenase I (Gibco) 
was added to the media, and tissue was digested by shaking at 
37°C for 30 min. Tissue was further digested by mechanical 
disruption to break up the remaining pieces before staining. 
Lymphocytes were isolated using a Percoll gradient and ana-
lyzed by flow cytometry from which the frequency or relative 
or total number of lung ILC2s or iILC2s was calculated.

ILC2 stimulation and cytokine production.  Ets1Δ/Δ and LMC 
mice were treated with IL-33 or PBS for three consecutive 
days before isolating the lungs as described in the previous 
section. Lymphocytes were stimulated in vitro with 1 µg/ml 
ionomycin and 20 ng/ml PMA in the presence of brefeldin A 
for 5 h followed by staining for ILC2 cell surface markers. 
Cells were then fixed and permeabilized using a cytofix/cy-
toperm kit (BD) and then stained for IL-13 (ebio13A) and 
IL-5 (TRFK5) before analysis by flow cytometry.

Cell culture and microarray.  Sorted ILC2s were cultured for 
2 wk on OP9-DL1 with 10 ng/ml each of IL-7 and IL-33 or 
on OP9-DL1 with 10 ng/ml of SCF and IL-7 and 2,000 U/
ml of IL-2. OP9-DL1 was provided by J.C. Zuniga-Pflucker 
(University of Toronto, Toronto, ON, Canada). RNA from 
100,000 cultured ILC2s was isolated using the RNeasy Micro 
kit, and cDNA was prepared to probe Affymetrix MOE 
430_2 arrays (GEO accession number GSE79742) as previ-
ously described (Dias et al., 2008). Raw data were nor-
malized using RMAExpress.

Statistical analysis.  Statistical differences between groups were 
calculated using Student’s t test, with p-values <0.05 consid-
ered significant. All statistics were performed using Prism 5 
(GraphPad Software). All error bars are SD. *, P < 0.05; **, P 
< 0.01; ***, P < 0.001.

Online supplemental material.  Fig. S1 shows that ETS1 
was required for the development of BM ILC2s. Table S1 is 
provided as an Excel file and shows the gene expression in 
LMC and Ets1Δ/Δ Lin−ICOS+ cells expanded in vitro. Online 
supplemental material is available at http ://www .jem .org /cgi 
/content /full /jem .20150851 /DC1.
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