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The type 2 helper effector program is driven by the master transcrip-
tion factor GATA3 and can be expressed by subsets of both innate
lymphoid cells (ILCs) and adaptive CD4+ T helper (Th) cells. While ILC2s
and Th2 cells acquire their type 2 differentiation program under very
different contexts, the distinct regulatory mechanisms governing this
common program are only partially understood. Here we show that
the differentiation of ILC2s, and their concomitant high level of
GATA3 expression, are controlled by a Gata3 enhancer, Gata3 +674/
762, that plays only a minimal role in Th2 cell differentiation. Mice
lacking this enhancer exhibited defects in several but not all type 2
inflammatory responses, depending on the respective degree of ILC2
and Th2 cell involvement. Our study provides molecular insights into
the different gene regulatory pathways leading to the acquisition of
the GATA3-driven type 2 helper effector program in innate and
adaptive lymphocytes.
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Innate lymphoid cells (ILCs) are classically considered tissue-
resident lymphocytes that are functionally divided into three

groups (groups 1, 2, and 3), mirroring CD4+ T helper (Th) cell
subsets, in accordance with their transcription factor (TF) expres-
sion profile and rapid cytokine response under varied homeostatic
and inflammatory conditions (1). ILCs and T cells express a highly
overlapping subset of TFs, yet these two lineages differ in their
temporal acquisition of effector properties through development or
activation, respectively (2, 3). Among the shared TFs expressed in
both lineages, GATA3 (encoded by Gata3) in particular plays a
central role. GATA3 is well established as an essential regulator of
both ILC and T cell development, differentiation, and function
(4, 5). In T cells, GATA3 controls the development of early thymic
progenitors (ETPs) and thymopoiesis (6, 7); CD4–CD8 T cell
lineage commitment (8); T cell homeostasis (9); and Th2 cell dif-
ferentiation and function (10–12). Akin to its functions in T cells,
GATA3 regulates ILC precursor development (13, 14), peripheral
ILC maintenance (14, 15), ILC2 differentiation and function (16,
17), and may contribute to ILC vs. lymphoid tissue–inducer (LTi)
lineage specification (18, 19). Importantly, GATA3 expression
dramatically increases above developmental levels during type 2
lymphocyte lineage commitment in both ILC2s and Th2 cells (10,
18, 20, 21). GATA3 up-regulation promotes ILC2 and Th2 cell
differentiation by activating type 2 helper effector genes (e.g., Il4/Il5/
Il13 and Il33ra) and suppressing alternate lineage promoting factors
(e.g., Tbx21 and Ifng) (4). How exactly the expression of Gata3 is
regulated at multiple distinct stages within the ILC and T cell
lineages remains poorly understood.
Proper tissue- and stage-specific regulation of gene expression is

achieved partly through the combined interaction of cis-regulatory
elements both proximal (promoters) and distal (i.e., enhancers).
GATA3 is critically expressed in a variety of tissue contexts apart
from the immune system. Gata3-null mice exhibit embryonic le-
thality (22), and tissue-specific enhancers regulate GATA3 ex-
pression during the development of the craniofacial ganglia (23),
central nervous system, endocardium, urogenital system (24),

kidney (25), inner ear (26), and embryonic lens (27). Of particular
importance to the immune system, Engel and coworkers identified
a 7.1-kb T cell–specific Gata3 enhancer (TCE7.1, Gata3 +278/
285), which resides ∼280 kb downstream of Gata3 within a 2.5-Mb
gene desert (21, 28). Through a combination of bacterial artificial
chromosome and CRISPR/Cas9-mediated deletion approaches,
Ohmura et al. demonstrated that a core 1.2-kb element of TCE7.1,
Gata3 +283/284, was necessary for optimal Gata3 expression in
ETPs, CD4 single positive (CD4SP) thymocytes, and naïve CD4+

T cells (28). However, no element of Gata3 +278/285 fully reca-
pitulated the elevated pattern ofGata3 expression seen in Th2 cells
(21, 28). Furthermore, the contribution of Gata3 +278/285 or
other regulatory elements to Gata3 expression throughout the ILC
lineage remained unexplored. While it is well established that the
Gata3-mediated type 2 helper effector program of ILC2s and Th2
cells is acquired in very different contexts, i.e., development vs.
immune challenge, respectively (2, 3), it is unclear whether these
differences are reflected in the use of or reliance on discrete Gata3
regulatory elements. This question is of fundamental interest not
only to understand the evolution of the type 2 helper effector
program in these lineages, but also to develop potential strategies
to selectively dissect and manipulate the innate and adaptive arms
of type 2 immunity. For example, whether an innate type 2 re-
sponse by ILC2s is a prerequisite for the effective differentiation of
Th2 cells remains controversial (3, 29–31) and could be addressed
using mice lacking an ILC2-specific enhancer.
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Group 2 innate lymphoid cells (ILC2s) and adaptive CD4+ T
helper type 2 (Th2) cells express a common effector program
orchestrated by the “master” transcription factor GATA3 that is
acquired through development or differentiation, respectively.
To elucidate the regulatory mechanisms controlling the acqui-
sition of this shared program, we used a combination of
chromatin accessibility data and CRISPR/Cas9-mediated dele-
tion, which revealed a Gata3 enhancer necessary for ILC2 de-
velopment and function. Notably, this enhancer was largely
dispensable for Th2 cell differentiation. Thus, ILC2s and Th2
cells display different requirements for the induction of a
common type 2 helper effector program.
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Through a comparison of accessible chromatin regions within
the Gata3 locus gene desert, we identified a regulatory region
674-kb downstream of the Gata3 gene that functions as a type
2–specific Gata3 enhancer (Gata3 +674/762). Deletion of this

cis-regulatory region via CRISPR/Cas9 selectively impaired the
differentiation and function of ILC2s at homeostasis, as well as
during type 2 inflammation. This enhancer was highly selective
for ILC2s and only partially and mostly indirectly impacted Th2
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Fig. 1. Chromatin accessibility at the Gata3 locus and impact of Gata3 +674/762 deletion on lymphocyte subsets. (A) ATAC-seq accessibility coverage tracks in
BM CLP, ILCP, and ILC2P. Red and purple windows represent Gata3 +674/762 and Gata3 +278/285 regions, respectively. (B) Zoomed in ATAC-seq accessibility
coverage tracks for the Gata3 +674/762 and Gata3 +278/285 regions in sequential BM progenitors to the ILC lineage, including CLP, αLP (α4β7 lymphoid
precursor), rEILP, iILCP, ILCP, and ILC2P. (C) Published ATAC-seq tracks of splenic NK cells, liver ILC1s, lung ILC2s, SI LP NCR+ ILC3s, SI LP CD4+ LTis, splenic CD4+

T cells, and N. brasiliensis–activated lung Th2 cells (2). Expression levels of Gata3-Citrine relative to lung ILC2s are shown to the Right of B and C (18).
Representative flow cytometry plots and summary data of cell numbers in WT vs. Gata3 +674/762Δ/Δ mice for (D) BM ILC2P (pregated on Lin−α4β7+IL-7Rα+), (E)
lung ILC2s (pregated on CD45.2+CD19−CD11c−CD3e−TCRβ−IL-7Rα+CD90.2+), (F) vWAT ILC2s (pregated on CD45.2+CD19−CD11c−CD3e−TCRβ−IL-
7Rα+CD90.2+CD25+), and SI LP ILC2s (pregated on CD45.2+CD19−CD11c−CD3e−TCRβ−IL-7Rα+CD90.2+Sca-1+). Summary data of cell numbers for (H) spleen NK
cells and liver ILC1s, (I) SI LP ILC3s, (J) CD4SP thymocytes, and (K) splenic CD4+ T cells in WT vs. Gata3 +674/762Δ/Δ mice. Dots represent individual mice; n
ranging from 6 to 15 in different groups pooled from multiple independent experiments; data are presented as mean ± SEM. Statistical comparison was
performed via unpaired t test. ***P < 0.001; ****P < 0.0001.
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cells, resulting in variable functional defects in allergic and hel-
minthic inflammatory responses, depending on the degree of
requirement for ILC2s vs. Th2 cells. Other lymphoid lineages
such as group 1 (natural killer [NK] cell and ILC1) and group 3
(NCR+ ILC3 and CD4+ LTi) ILCs as well as undifferentiated
CD4+ T cells remained unperturbed. In contrast, we found that
the previously identified enhancer Gata3 +278/285 functioned
mainly during the early development of ILCs but not in the
differentiation or function of ILC2s, indicating distinct control of
these processes. Finally, application of an in vivo enhancer re-
porter strategy in conjunction with the analysis of chromatin
accessibility profiles revealed that elements of Gata3 +674/762
and Gata3 +278/285 are available and active at distinct stages of
Gata3 expression during ILC and T cell development, differen-
tiation, and function.

Results
A Distal Enhancer of Gata3 Regulates ILC2 Homeostasis. To identify
potential cis-regulatory elements of Gata3 associated with ILC2
development we examined chromatin accessibility in bone marrow
(BM) ILC progenitors using the assay for transposase-accessible
chromatin with sequencing (ATAC-seq) (Fig. 1A). Approximately
674-kb downstream ofGata3 we identified an 88-kb region (Gata3
+674/762) containing signatures of type 2–specific activity.
Chromatin accessibility increased in this region from the common
lymphoid progenitor (CLP) to the ILC2 precursor (ILC2P), co-
inciding with ILC2 lineage differentiation. Moreover, within the
88-kb locus, an uncharacterized long noncoding RNA (lncRNA)
1700061F12Rik was expressed specifically in peripheral ILC2s, as
determined by RNA-seq data from Immgen (SI Appendix, Fig.
S1A) (32). Cell type–specific transcription of lncRNAs has been
increasingly recognized as a correlate of active cis-regulatory ele-
ments. For example, the lncRNA Rroid was previously found to
demarcate a group 1 ILC-specific enhancer of Id2 (33). Similarly,
theGata3 enhancer TCE7.1 (Gata3+278/285) resides adjacent to
the lncRNA Dreg1, which was coexpressed with Gata3 in T cells
(Fig. 1A) (34, 35). A more detailed examination of accessibility
within sequential progenitors throughout BM ILC development
revealed that elements within theGata3+674/762 region began to
show increased accessibility in the ILC precursor (ILCP), the stage
in which ILC1/2/3 multilineage priming occurs, and were further
augmented in the ILC2P where Gata3 expression is maximal
(Fig. 1B, red window and side bar) (18, 36). In contrast, there was
no detectable accessibility at earlier stages such as the refined
early innate lymphoid precursor (rEILP) and the incipient ILC
precursor (iILCP) where Gata3 expression was low (Fig. 1B, side
bar). These results stood in contrast to accessibility at the previ-
ously identified enhancer Gata3 +278/285, which was accessible
from the rEILP to the ILCP, but closed upon ILC2 differentiation
(Fig. 1B, purple window).
Given that Gata3 is expressed throughout T cell development in

the thymus and in mature ILCs and differentiated T cells in the
periphery, we next evaluated chromatin accessibility in these pop-
ulations using publicly available ATAC-seq data (2, 37). The distal
Gata3 +674/762 region was conspicuously inaccessible in thymo-
cytes, while Gata3 +278/285 accessibility persisted throughout
T cell development, consistent with previously reported experiments
(SI Appendix, Fig. S1B) (21, 28, 37). Among peripheral mature ILCs
and T cells, only ILC2s and lung Th2 cells from Nippostrongylus
brasiliensis–infected mice displayed sections of open chromatin
within the Gata3 +674/762 locus, coinciding with differentiation
and enhanced Gata3 expression (Fig. 1C, red window and side bar)
(2, 10, 18). A comparison of accessibility across the Gata3 locus
revealed no ILC2- vs. Th2 cell–specific peaks (SI Appendix, Fig. S2).
At the Gata3 +278/285 enhancer, however, only group 3 ILCs and
CD4+ T cells maintained some minor accessibility while this en-
hancer was closed in group 1 ILCs, ILC2s, and Th2 cells, despite
continuous Gata3 expression throughout all populations (Fig. 1C,

purple window and side bar). These results suggest that chromatin
accessibility within the distal Gata3 +674/762 region is regulated in
a distinct manner from Gata3 +278/285 in both ILCs and T cells,
with opening of elements in Gata3 +674/762 coinciding with the
acquisition and expression of a type 2 helper effector program by
developing ILC2s and differentiating Th2 cells.
To directly evaluate the role of the Gata3 +674/762 region

in vivo, we employed a CRISPR/Cas9-mediated deletion strategy
to generate mice lacking this locus and evaluated representative
populations (SI Appendix, Fig. S1C). Strikingly,Gata3+674/762Δ/Δ

mice displayed markedly diminished numbers of group 2 ILCs at
homeostasis. ILC2P in the adult BM as well as mature ILC2 in the
lung, visceral white adipose tissue (vWAT), and small intestinal
lamina propria (SI LP) were reduced 62 to 89% compared to wild-
type (WT) littermate controls (Fig. 1 D–G). Conversely, group 1
ILCs (NK cells and/or ILC1s) in the spleen, liver, lung, and vWAT
as well as ILC3s in the SI LP were preserved in the absence of the
Gata3+674/762 region (Fig. 1 H and I and SI Appendix, Fig. S1D).
Similarly, thymocytes, splenic T cells, and splenic B cells were also
unaltered in the absence of Gata3 +674/762 (Fig. 1 J and K and SI
Appendix, Fig. S1 E and F). Taken together, these results indicate a
specific reliance on the Gata3 +674/762 region in ILC2s, which
coincides with regional chromatin accessibility and heightened
Gata3 expression, that was not observed in other Gata3-expressing
cells at homeostasis. Hereafter we will refer to the deleted 88-kb
region as the type 2–specific Gata3 enhancer (Gata3 +674/762).

ILC2s Bearing a Deletion of Gata3 +674/762 Are Functionally Impaired
at Homeostasis. We next evaluated the differentiation and func-
tion of residual ILC2s at homeostasis in mice lacking the Gata3
+674/762 region. We found that Gata3 +674/762Δ/Δ mature
ILC2s expressed 50 to 60% less GATA3 than WT littermate
ILC2s in the lung and SI LP, while SI LP ILC3s, CD4SP thy-
mocytes, and ETPs showed no reduction in GATA3 expression
(Fig. 2A and SI Appendix, Fig. S1G). As GATA3 expression was
significantly diminished in Gata3 +674/762Δ/Δ ILC2s, we then
examined the expression of several GATA3 target genes. The
surface receptor IL-33Rα is expressed by ILC2s in peripheral
tissues, such as the lung and vWAT, and its expression is regu-
lated by GATA3 in both ILC2s and Th2 cells (14, 38, 39). Rel-
ative to WT littermate controls, lung and vWAT ILC2s from
Gata3 +674/762Δ/Δ mice displayed 28 to 33% lower levels of
surface IL-33Rα (Fig. 2B and SI Appendix, Fig. S1H). GATA3
binds to several cis-regulatory elements within the Il4/Il5/Il13
cytokine locus in ILC2s and Th2 cells to control locus accessi-
bility and gene expression (14, 17, 40–43). Basal production of
IL-5 by ILC2s underlies the homeostatic recruitment and
maintenance of eosinophils in several tissues (44, 45). In both the
lung and vWAT, eosinophil numbers were reduced 61 to 79% in
Gata3 +674/762Δ/Δ mice compared to WT littermate controls
(Fig. 2C and SI Appendix, Fig. S1I). Diminished numbers of
eosinophils could result from a combined effect of reduced ILC2
numbers and an impaired capacity to sense local IL-33; there-
fore, we addressed the intrinsic capacity of ILC2s to produce
type 2 cytokines ex vivo. ILC2s haploinsufficient for GATA3
produce less IL-5 and IL-13 than their WT counterparts (17).
Indeed, ILC2s from the lung and SI LP of Gata3 +674/762Δ/Δ

mice, which expressed ∼50% less GATA3, contained 64% fewer
IL-5/IL-13 double producers when stimulated ex vivo with
phorbol myristate acetate (PMA) and ionomycin (Fig. 2D and SI
Appendix, Fig. S1J). In sum, the aforementioned results indicate
that deletion of the Gata3 +674/762 locus massively and globally
impairs the frequency, differentiation, and function of ILC2s at
homeostasis.
To ascertain the functional deficiency of Gata3 +674/762Δ/Δ

ILC2s in vivo, we applied a 3-d regimen of type 2 pulmonary in-
flammation via intranasal (i.n.) administration of IL-33 (SI Appen-
dix, Fig. S1K) (46, 47). Using this model, we found that eosinophilia
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was reduced in the lung and bronchoalveolar lavage (BAL) in
Gata3 +674/762Δ/Δ mice, and infiltration of ILC2s into the bron-
choalveolar space did not reach levels seen in WT littermate mice
(SI Appendix, Fig. S1L). Thus, the inflammatory response to i.n. IL-
33 administration is impaired in Gata3 +674/762Δ/Δ mice, likely a
combined result of diminished ILC2 numbers and function.
To determine whether the observed reduction in ILC2s in

Gata3 +674/762Δ/Δ mice was cell intrinsic, we used congenically
marked mice to generate mixed bone marrow chimeras con-
taining a 50:50 ratio of Gata3 +674/762Δ/Δ and WT bone mar-
row (Fig. 2E). Following 6 wk of reconstitution, ILC2s of Gata3
+674/762Δ/Δ origin were outcompeted 1:7 in the BM, 1:11 in the
lung and vWAT, and 1:14 in the SI LP by WT ILC2s (Fig. 2F). In
contrast, groups 1 and 3 ILCs as well as eosinophils, B cells, and
T cells showed comparable reconstitution between Gata3 +674/
762Δ/Δ and WT cells. From these results, we conclude that the
Gata3 +674/762 region is intrinsically required to achieve nor-
mal numbers of ILC2s.
A subset of regulatory T (Treg) cells normally present within

the adipose tissue express a type 2–like program characterized by
the expression of GATA3 and IL-33Rα (44, 48, 49). At homeo-
stasis, we observed a 77% reduction in GATA3+ Treg cells from
Gata3 +674/762Δ/Δ mice compared to WT littermate controls (SI
Appendix, Fig. S1M). Furthermore, this defect appeared to be cell
extrinsic, as it was corrected in mixed (Gata3 +674/762Δ/Δ:WT)
bone marrow chimeras (SI Appendix, Fig. S1N). Given that vWAT
GATA3+ Treg cells proliferate in response to IL-33 (49), and
adventitial stromal cells produce IL-33 in response to IL-13 from
ILC2s (50), the homeostatic defect in the vWAT may be sec-
ondary to the ILC2 defect in Gata3 +674/762Δ/Δ mice.

Gata3 +278/285 Regulates Pan-ILC Development before Differentiation.
The previously identified enhancer, Gata3+278/285, was shown to
control the development and persistence of T cells at homeostasis;
however, the contribution of Gata3 +278/285 to Gata3 expression
within the ILC lineage was not explored (21, 28). To characterize
the impact of Gata3 +278/285 on ILC development and function,
we generated mice deficient in Gata3+278/285 via CRISPR/Cas9-
mediated deletion (SI Appendix, Fig. S3A). Similar to Gata3+674/
762Δ/Δ mice, Gata3 +278/285Δ/Δ mice showed a dramatic reduc-
tion in the number of ILC2P in the BM and ILC2 in the lung and
SI LP compared to WT littermate controls (SI Appendix, Fig.
S3 B–D). However, in contrast with Gata3 +674/762Δ/Δ, Gata3
+278/285 deletion also had a broad impact on other ILCs. In the
spleen, liver, and lung of Gata3 +278/285Δ/Δ mice, group 1 ILCs
were diminished, while ILC3s were overrepresented in the SI LP,
possibly a result of an expanded niche from the loss of SI LP
ILC2s (SI Appendix, Fig. S3 E and F) (51). Consistent with initial
observations in Gata3 +278/285Δ/Δ mice, CD4SP T cells were
considerably underrepresented in the spleen and in the thymus,
causing an inversion of the CD4/CD8 ratio (SI Appendix, Fig. S3G
and H) (28). Splenic B cell numbers were unaffected by the de-
letion of Gata3 +278/285Δ/Δ (SI Appendix, Fig. S3I). Taken to-
gether, these results indicate a general reliance on Gata3 +278/
285 for the development or homeostatic maintenance of GATA3-
expressing ILCs and CD4+ T cells.
We next assessed the impact of Gata3 +278/285 deletion on the

expression of GATA3 and GATA3 target genes. In striking contrast
with Gata3 +674/762Δ/Δ mice, the residual mature ILC2s in the
lung and SI LP of Gata3 +278/285Δ/Δ mice expressed unaltered
levels of GATA3 compared to WT littermate ILC2s (SI Appendix,
Fig. S3J). Conversely, GATA3 expression in ETPs and CD4SP
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Fig. 2. Impact of Gata3 +674/762 deletion on homeostatic ILC2 function. (A) Representative histogram and summary bar graph of GATA3 median fluorescent
intensity (MFI) in lung ILC2s and summary bar graph for CD4SP thymocytes. White histogram denotes lung ILC2 GATA3 stain blocked with unlabeled antibody
(cold competitor). (B) Summary bar graph of normalized IL-33RαMFI on lung ILC2s. (C) Summary data of lung eosinophil cell numbers. (D) Representative flow
cytometry plots and summary data for frequency of IL-5 and IL-13 cytokine production from lung ILC2s (pregated on CD45.2+CD19−CD11c−CD3e−TCRβ−IL-
7Rα+CD90.2+CD25+IL-33Rα+) stimulated in vitro with PMA and ionomycin for 4 h. (E) Schematic for establishing congenically marked mixed bone marrow
chimeric mice. (F) Gata3 +674/762Δ/Δ:WT reconstitution ratio for the indicated populations in mixed bone marrow chimeric mice. Dots represent individual
mice; n ranging from 6 to 10 in different groups pooled from multiple independent experiments; data are presented as mean ± SEM. Statistical comparison
was performed via unpaired t test, multiple unpaired t test, or one-way ANOVA. **P < 0.01; ****P < 0.0001.
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thymocytes was diminished in Gata3+278/285Δ/Δ mice, in line with
a previous publication (28). Further contrasting observations made
in Gata3 +674/762Δ/Δ mice, IL-33Rα expression on the residual
Gata3 +278/285Δ/Δ lung ILC2s, and expression of IL-5 and IL-13
from stimulated Gata3 +278/285Δ/Δ lung and SI LP ILC2s, were
also unaltered compared with that of WT littermate ILC2s (SI
Appendix, Fig. S3 K and L). Collectively, these results demonstrate a
differential impact for Gata3 +278/285 and Gata3 +674/762, with
the former contributing more globally to the low/medium level of
GATA3 expression during the development of ILCs and T cells and
the latter specifically regulating elevated levels of GATA3 expres-
sion and acquisition of the type 2 helper effector program in ILC2s.
Notably these findings correlate with the temporal pattern of ac-
cessibility of these enhancers and the relative expression ofGata3 in
the different lymphocyte subsets (Fig. 1 B and C and SI Appendix,
Fig. S1B) (18).

Gata3 +674/762Δ/Δ Mice Have an Impaired Type 2 Inflammatory
Response. Th2 cells, like ILC2s, up-regulate GATA3 above their
undifferentiated CD4+ counterparts (10, 21), and may similarly
depend on Gata3 +674/762 for this enhanced expression. Rapid
challenge with IL-33 in the absence of protein antigen precludes
any significant contribution of Th2 cells to type 2 pulmonary in-
flammation (46). To broadly assess the impact of Gata3 +674/762
deletion in vivo, we used two experimental models of type 2 airway
inflammation, which elicit both ILC2 and Th2 cell responses. First,
we applied a 14-d protocol of intratracheal (i.t.) allergen sensiti-
zation and challenge using house dust mite (HDM) extract
(Fig. 3A) (47). Following HDM challenge on days 7 to 10, Gata3
+674/762Δ/Δ mice exhibited 60 to 78% diminished eosinophilia in
the lung and BAL, while maintaining a 94 to 96% reduction in
ILC2 numbers (Fig. 3 B and C and SI Appendix, Fig. S4 A and B).
Unlike studies at homeostasis, this model also permitted the as-
sessment of Th2 cell generation and function, demonstrating a 68
to 86% impaired Th2 cell differentiation and infiltration in both
the lung and BAL compared to WT littermate controls (Fig. 3D
and SI Appendix, Fig. S4C). Furthermore, like ILC2s, GATA3
expression and the frequency of IL-5/IL-13 double producers were
lower in Gata3 +674/762Δ/Δ Th2 cells (Fig. 3 E–H and SI Ap-
pendix, Fig. S4D and E). Notably, however, the degree of reduction
in each of these parameters was much less pronounced in Th2 cells
compared to ILC2s: e.g., 94% vs. 68% for cell number, 48% vs.
24% for GATA3 expression, and 49% vs. 22% for IL-5/IL-13
double producers in lung ILC2s vs. lung Th2 cells, respectively.
Thus, while ILC2s were drastically impaired in both number and
function, relatively large numbers of Th2 cells were preserved with
near normal function. Together these results explain why hallmarks
of allergic inflammation were only partially compromised, includ-
ing a 60% decrease in lung eosinophilia (Fig. 3B), and unaltered
bronchial goblet cell hyperplasia (SI Appendix, Fig. S4F).
We confirmed the conclusions made in the HDM challenge

model by employing a second model of type 2 inflammation using
the helminth Strongyloides venezuelensis. From the site of subcu-
taneous (s.c.) infection, S. venezuelensis migrates through the lung
where it induces a type 2 inflammatory response via activation of
ILC2s and Th2 cells before eventual maturation in the duodenum
of the small intestine and clearance within ∼2 wk in mice with a
functional adaptive immune system (31, 52, 53). Subsequent to the
resolution of helminth infection, Gata3 +674/762Δ/Δ mice showed
weaker eosinophilia (63 to 84%); decreased numbers of ILC2s (84
to 94%) with lower expression of GATA3 (71 to 77%) and dual
production of IL-5/IL-13 (17 to 57%); and blunted Th2 cell dif-
ferentiation and/or infiltration (53 to 72%) with lower GATA3
expression (16 to 26%) in both the lung and BAL (SI Appendix,
Fig. S4 G–P). As with the HDM challenge model, the impact of
Gata3 +674/762 deletion on Th2 cells was markedly less pro-
nounced than on ILC2s in both the lung and BAL following S.
venezuelensis infection. These results, and the persistence of some

residual ILC2s, may explain why the time course of helminth
clearance was similar in Gata3+674/762Δ/Δ mice compared to WT
littermates (SI Appendix, Fig. S4Q). In sum, the type 2 inflamma-
tory response following exposure to HDM extract and S. ven-
ezuelensis infection is defective inGata3+674/762Δ/Δ mice, and the
defect is more pronounced in ILC2s compared with Th2 cells.
Lastly, we used a third model of type 2 pulmonary inflamma-

tion, based on antigen adjuvanted allergen challenge via intra-
peritoneal (i.p.) systemic ovalbumin (OVA)–alum administration
followed by i.n. challenge with OVA (Fig. 3I). The rationale for
this additional model was that, unlike HDM and S. venezuelensis,
OVA–alum-induced allergic airway inflammation was previously
suggested to be largely independent of ILC2s (29, 46). Strikingly,
in contrast with HDM and S. venezuelensis–challenged mice, the
extent of eosinophilia in the lung and BAL was comparable be-
tween WT littermate and Gata3 +674/762Δ/Δ mice treated with
the OVA–alum protocol (Fig. 3J). Furthermore, despite the per-
sistent reduction in cell numbers (∼75%) and GATA3 expression
(∼45%) by ILC2s, Th2 cells showed unaltered expansion, differ-
entiation, infiltration, GATA3 expression, and type 2 cytokine
production in the lung and BAL of OVA–alum-treated Gata3
+674/762Δ/Δ mice compared withWT littermate mice (Fig. 3 K–N).
These results not only support prior observations that ILC2s are
largely dispensable in the systemic OVA–alum model, but also
demonstrate that Gata3 +674/762Δ/Δ Th2 cells are fully capable
of eliciting a normal, robust type 2 inflammatory response.

Gata3 +674/762Δ/Δ Mice Exhibit a Profound Cell-Intrinsic ILC2 Defect
and a Modest, Partially Cell-Extrinsic Th2 Cell Defect. In Gata3+674/
762Δ/Δ mice, extrinsic factors could contribute to the impaired dif-
ferentiation and response of Th2 cells to HDM challenge and S.
venezuelensis infection. Though CD4+ T cell numbers were normal
and did not require Gata3 +674/762 at homeostasis or in compe-
tition with WT cells (Figs. 1I and 2F), the deficiency in ILC2
numbers and early type 2 cytokine production in Gata3 +674/
762Δ/Δ mice may hinder the proper priming and progression of an
adaptive type 2 response (29–31, 46). To address this possibility, we
evaluated the intrinsic differentiation capacity of Gata3 +674/
762Δ/Δ Th2 cells through a competitive (Gata3 +674/762Δ/Δ:WT)
mixed bone marrow chimera model where mice were sensitized and
challenged i.t. with HDM extract (Fig. 4A). In this model, the dif-
ferentiation of Gata3 +674/762Δ/Δ Th2 cells occurs in the presence
of a WT ILC2 compartment, permitting an assessment of the in-
trinsic type 2 differentiation capability of WT and Gata3 +674/
762Δ/Δ CD4+ T cells. As expected from unchallenged mixed bone
marrow chimeras, the reconstitution frequency of Gata3 +674/
762Δ/Δ and WT eosinophils and CD4+ T cells was equivalent while
ILC2s from Gata3 +674/762Δ/Δ BM were profoundly outcompeted
1:20 in the lung and 1:4 in the BAL by WT ILC2s (Fig. 4B). In
contrast to ILC2s, however, differentiated Th2 cells of both geno-
types were equally represented in the mediastinal lymph node
(medLN), lung, and BAL. Nevertheless, Gata3 +674/762Δ/Δ Th2
cells expressed ∼25% lower levels of GATA3 in the lung and BAL
(Fig. 4C). Furthermore, while Gata3 +674/762Δ/Δ ILC2s were in-
trinsically and profoundly deficient in their ability to produce both
IL-5 and IL-13 (47% reduction compared to WT ILC2s), Th2 cells
exhibited only a minor nonsignificant defect (13% reduction com-
pared to WT Th2 cells) (Fig. 4D). When the deficiency in ILC2 and
Th2 cell cytokine production was directly evaluated in a pairwise
comparison, Gata3 +674/762Δ/Δ ILC2s were found to be signifi-
cantly more impaired than Gata3 +674/762Δ/Δ Th2 cells (40%
lower than Th2 cells). Taken together, these findings support the
conclusion of a predominant and profound cell-intrinsic impact of
Gata3 +674/762 deletion on ILC2 function and a modest, largely
cell-extrinsic impact on Th2 cells that may be secondary to ILC2
dysfunction. This interpretation is also consistent with the preserved
Th2 cell frequency and function in the ILC2-independent model of
OVA–alum allergic inflammation.
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Fig. 3. Impact of Gata3 +674/762 deletion on allergic airway inflammation. (A) Schematic for i.t. sensitization and challenge with HDM extract. (B) Rep-
resentative flow cytometry plot and summary data for alveolar macrophages (AMac) and eosinophils in the lung of HDM-challenged mice. Representative
flow cytometry plots and summary data of (C) ILC2 (pregated on CD45.2+CD19−CD11c−CD3e−TCRβ−IL-7Rα+CD90.2+CD25+) and (D) Th2 cell (pregated on
CD45.2+CD3e+TCRβ+CD90.2+CD4+) numbers in the lung. (E) Summary plots of GATA3 MFI in lung ILC2s. (F) Representative flow cytometry plots and summary
data for frequency of IL-5 and IL-13 cytokine production from lung ILC2s (pregated on CD45.2+CD19−CD11c−CD3e−TCRβ−IL-7Rα+CD90.2+CD25+IL-33Rα+)
stimulated in vitro with PMA and ionomycin for 4 h. (G) Summary plots of GATA3 MFI in lung Th2 cells. (H) Representative flow cytometry plots and summary
data for frequency of IL-5 and IL-13 cytokine production from lung Th2 cells (pregated on CD45.2+CD3e+TCRβ+CD90.2+CD4+IL-33Rα+) stimulated in vitro with
PMA and ionomycin for 4 h. (I) Schematic of the OVA–alum model for induction of allergic airway inflammation via i.p. immunization with OVA–alum and
subsequent i.n. challenge with OVA. (J) Summary data for eosinophils in the lung and BAL of OVA–alum-challenged mice. Summary data of (K) ILC2 and (L)
Th2 cell numbers in the lung and BAL. (M) Summary plots of GATA3 MFI in ILC2s and Th2 cells from the lung and BAL. (N) Summary data for frequency of IL-5
and IL-13 cytokine production from lung Th2 cells stimulated in vitro with PMA and ionomycin for 4 h. Dots represent individual mice; n = 5 or 6 (HDM) and
n = 7 or 6 (OVA–alum) for WT or Gata3 +674/762Δ/Δ mice. Data are pooled from multiple independent experiments and presented as mean ± SEM. Values of
0 were converted to a value of 1 on a log scale. Statistical comparison was performed via unpaired t test or multiple unpaired t test. *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001.
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Characterization of Gata3 +761/762, a Regulatory Element Recapitulating
Gata3 Regulation in ILC2s.Our results indicated that the Gata3+674/
762 region controlled the proper differentiation and function of
ILC2s and, to a minor degree, Th2 cells. To identify which elements
within Gata3 +674/762 contributed to the regulatory function, we
utilized public chromatin immunoprecipitation (ChIP)-seq data to
assess additional parameters typical of enhancer elements. Align-
ment of histone 3 K27 acetylation (H3K27Ac) and TF binding in
ILC2s and Th2 cells, in addition to genomic conservation, revealed
a top candidate subdomain, Gata3 +761/762, with enhancer-like
characteristics in ILC2s and Th2 cells (Fig. 5A, maroon window).
Gata3 +761/762 was conserved in placental mammalian genomes
and its flanking regions accumulated H3K27Ac marks (54, 55).
Furthermore, this segment was bound by several key type 2 lineage-
determining TFs, including GATA3, BCL11B, GFI1, and STAT6,
as well as other TFs such as RUNX1, RUNX3, and CBFB (15,
54–58). Another putative enhancer, Gata3 +736/737, exhibited
somewhat similar though markedly weaker features and did not
show genomic conservation (Fig. 5A, black window). Notably, nei-
ther H3K27Ac nor any of the analyzed TFs accumulated at the 1.2-
kb core element of Gata3 +278/285, Gata3 +283/284, in mature
ILC2s. or differentiated Th2 cells, consistent with the distinct
functions of these enhancer regions (Fig. 5A, cornflower blue win-
dow). We next scanned for immune-specific TF motifs present
within the Gata3 +761/762, Gata3 +736/737, and Gata3 +283/284
regions using the TRANSFAC database to gain insight into po-
tential regulatory mechanisms (SI Appendix, Fig. S5A) (59). Strik-
ingly, Gata3 +761/762 contained a multitude of predicted GATA3
motifs, seven in total, while Gata3 +736/737 and Gata3 +283/284
only contained three and one GATA3 motif, respectively. Enrich-
ment for GATA3 motifs within Gata3 +761/762 agrees with the
observed ChIP-seq enrichment seen in ILC2s and Th2 cells
(Fig. 5A), suggesting a potential autoregulatory role for GATA3 in
type 2–specific Gata3 expression (41, 60, 61). In sum, these results
indicate that Gata3 +674/762, and Gata3 +761/762 in particular,

are enriched for TF binding in vivo and binding motifs in silico,
suggestive of type 2–specific function.
To further dissect the Gata3+674/762 enhancer region, we next

generated deletion strains with CRISPR/Cas9 targeting (SI Ap-
pendix, Fig. S5B). However, deletion of Gata3 +674/710 or the
complementary Gata3 +710/762 segment appeared to only mar-
ginally, or nonsignificantly, compromise ILC2 numbers in the lung,
failing to recapitulate the magnitude of the ILC2 defect associated
with the larger Gata3 +674/762 deletion (SI Appendix, Fig. S5 C
and D), indicating the presence of redundant regulatory elements,
a well-established feature of many important enhancers (62).
Moreover, these results demonstrated that while lncRNA
1700061F12Rik was expressed in ILC2s (SI Appendix, Fig. S1A), it
was not necessary for ILC2 development. To determine the suffi-
ciency of Gata3 +761/762, the top candidate regulatory element
within Gata3 +674/762, to contribute to the regions characterized
type 2–specific Gata3 regulatory function, we generated in vivo
enhancer reporter mice via CRISPR/Cas9-mediated integration
(18). Genomic integration of an enhancer element upstream of a
minimal promoter, such as the heat shock protein 68 (HSP68)
minimal promoter, has been used to track in vivo enhancer activity
by driving the expression of Cre, lacZ, fluorescent proteins, or
coding genes (63–66). However, traditional methods used to gen-
erate transgenic mice are hampered by concerns of uncontrolled
integration and multiple copy number. Site-specific integration into
a safe harbor locus, such as Rosa26 or H11, provides a means to
control these factors while additionally increasing efficiency and
minimizing time to generation (63, 67). We therefore applied a
CRISPR/Cas9-mediated integration strategy to target the H11 lo-
cus (SI Appendix, Fig. S5E) (18). To this end, we generated H11
Gata3 +761/762 enhanced green fluorescent protein (EGFP) re-
porter mice and characterized the pattern of EGFP expression in
ILCs and T cells. Following treatment of H11 Gata3 +761/762
EGFP reporter mice with HDM extract as described before
(Fig. 3A), we found that ILC2s and, to a lesser degree Th2 cells, in
the lung and BAL were marked by EGFP expression, whereas
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Fig. 4. Cell-intrinsic impact of Gata3 +674/762 deletion on Th2 cell differentiation and function. (A) Schematic for HDM-induced allergic airway inflammation
in congenically marked mixed bone marrow chimeras. (B) Gata3 +674/762Δ/Δ:WT reconstitution ratio for the indicated populations in the medLN, lung, and
BAL from HDM-treated mixed bone marrow chimeric mice. (C) Summary plots of GATA3 MFI in medLN, lung, and BAL Th2 cells. (D) Summary data for
frequency of IL-5/IL-13 cytokine double producers from lung ILC2s and Th2 cells, and summary data showing the pairwise comparison of the fold reduction in
the frequency of IL-5/IL-13 cytokine double producers for lung ILC2s (Gata3 +674/762Δ/Δ:WT) vs. lung Th2 cells (Gata3 +674/762Δ/Δ:WT) in mixed bone marrow
chimeras. Dots represent individual mice; n = 6 for mixed bone marrow chimeras and data are pooled from multiple independent experiments; data are
presented as mean ± SEM. Values of 0 were converted to a value of 1 on a log scale. Statistical comparison was performed via paired t test or one-way
ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.
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Fig. 5. Characterization of Gata3 +674/762, and a GATA3 binding element in Gata3 +674/762. (A) ATAC-seq accessibility coverage (beige), ChIP-seq histone
modification (blue), ChIP-seq transcription factor binding (green), and UCSC conservation (black) tracks for the Gata3 +674/762 and Gata3 +278/285 regions in
the indicated populations from public sequencing data (2, 15, 54–58). Maroon, black, and cornflower blue windows represent Gata3 +761/762, Gata3 +736/
737, and Gata3 +283/284 regions, respectively. (B) Representative flow cytometry plot of H11 Gata3 +761/762 EGFP reporter expression in ILC2s (pregated on
CD45.2+CD19−CD11c−CD3e−TCRβ−IL-7Rα+CD90.2+CD25+IL-33Rα+) and Th2 cells (pregated on CD45.2+CD3e+TCRβ+CD90.2+CD4+IL-33Rα+) from the lung fol-
lowing HDM challenge. Summary bar graph shows H11 Gata3 +761/762 EGFP reporter expression in ILC2s, Th2 cells, and NK/ILC1 from the lung and BAL. (C)
H11 Gata3 +761/762 EGFP reporter expression in various lymphocyte populations from different tissues as indicated. Dots represent individual mice; n ranging
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group 1 ILCs were not (Fig. 5B). More broadly, we observed high
levels of EGFP expression specifically in ILC2s from the BM, SI
LP, and vWAT, but not in group 1 or 3 ILCs, thymocytes, CD4+

T cells, or B cells (Fig. 5C). From these observations, we concluded
that the Gata3 +761/762 element is sufficient to recapitulate the
pattern of type 2–specific Gata3 enhancer activity in ILC2s and
Th2 cells.

Discussion
ILC2s and Th2 cells express a similar GATA3-driven type 2 helper
effector program and contribute to a variety of allergic and hel-
minthic inflammatory processes, but their differentiation occurs in
very different contexts (2, 3). While optimal Th2 cell differentiation
from naïve CD4+ T cells occurs in the lymph nodes following an-
tigen exposure and IL-4–mediated activation of STAT6 (42, 61, 68,
69), ILC2s differentiate from precursors in the BM and peripheral
tissues (16, 70) and are maintained in the periphery at homeostasis
independently of STAT6 or exposure to type 2 cytokines (71). To
understand the mechanisms underlying these differences, we lev-
eraged ATAC-seq chromatin accessibility data in combination with
CRISPR/Cas9-mediated deletion to identify cis-regulatory elements
controlling the Gata3 locus. Our studies identified a distal regula-
tory region, Gata3 +674/762, that primarily controls the frequency
and differentiation of ILC2s and, to a lesser and mostly indirect
degree, Th2 cells. Chromatin accessibility within Gata3 +674/762
coincided with elevated Gata3 expression in ILC2s and Th2 cells
(2, 10, 18, 20, 21), and deletion of this region specifically and pro-
foundly impacted the frequency and function of ILC2s, and to a
more minor extent Th2 cells, leaving group 1 and 3 ILCs as well as
CD4+ T cells unperturbed. In comparison, the previously identified
enhancer Gata3 +278/285 did not impact ILC2 differentiation or
function, but instead contributed broadly to the development of all
ILC subsets. Following HDM allergen, S. venezuelensis helminth,
or OVA–alum challenge, Gata3 +674/762Δ/Δ mice were variably
compromised in their ability to mount a type 2 inflammatory re-
sponse. Notably, while ILC2s were profoundly and intrinsically
impaired by deletion of Gata3 +674/762 in all contexts, the impact
of enhancer deletion on Th2 cells was milder or completely absent,
depending on the nature of the type 2 challenge. The limited Th2
cell defect stemmed from both an extrinsic reduction in ILC2
numbers and function and a partial cell-intrinsic deficiency. The
lack of a substantial Th2 cell defect explained the generally modest
impact of Gata3 +674/762 deletion on eosinophilia and goblet cell
hyperplasia that characterize the overall type 2 inflammatory re-
sponse. Lastly, we identified a highly conserved element of the
Gata3 +674/762 region, Gata3 +761/762, that was sufficient to
recapitulate key features of the entire region, including its specific
activity in ILC2s, upon incorporation into an in vivo enhancer
reporter system.
Functionally, Gata3 +674/762 controlled the number, type 2

differentiation, and function of ILC2s at homeostasis and during a
variety of type 2 inflammatory challenges, including HDM, S.
venezuelensis, and OVA–alum. Lung ILC2s were profoundly de-
creased by 75 to 96% at homeostasis and after allergic and hel-
minthic challenges in mice bearing a deletion of Gata3 +674/762.
Furthermore, the few residual ILC2s in Gata3 +674/762Δ/Δ mice
were impaired by ∼50% in GATA3 expression, a level previously
shown to significantly alter their ability to produce type 2 cytokines
(17), consistent with a 64% reduction in IL-5/IL-13 double-
producer lung ILC2s. In contrast, Th2 cells showed a more lim-
ited and mostly indirect dependency on Gata3 +674/762 for ex-
pansion and differentiation following allergic and helminthic
challenge. Whereas lung ILC2s were profoundly decreased at
homeostasis and after type 2 inflammatory challenges in mice
bearing a deletion of Gata3 +674/762, Th2 cells were diminished
by 53 to 86% following HDM or S. venezuelensis challenge, or not
decreased at all in the case of the ILC2-independent OVA–alum
challenge model (29, 46). Furthermore, this decrease in Th2 cells

was largely corrected in a mixed bone marrow chimera setting,
indicating a predominantly cell-extrinsic origin for the Th2 cell
defect in Gata3 +674/762Δ/Δ mice that may be secondary to the
deficiency in type 2 cytokine production from ILC2s. For example,
production of IL-13 by ILC2s has been suggested to promote
dendritic cell migration to the draining lymph node (30, 72).
Separately, production of IL-4 by Th2 cells could further enhance
Th2 cell differentiation in an autocrine or paracrine manner (61,
73). Accordingly, our findings indicated that deletion of Gata3
+674/762 induced a major numerical and functional defect in
ILC2s but had only a partial, mostly indirect impact on Th2 cells,
explaining the relatively minor overall functional impact of the
Gata3 +674/762 deletion on a variety of type 2 responses, partic-
ularly those, like OVA–alum, that do not appear to involve signif-
icant ILC2 contribution (29, 46). Thus, our study provides a genetic
basis for the distinct mechanisms involved in driving innate vs.
adaptive type 2 responses, with potential evolutionary implications
for their association with distinct types of immune challenges.
Our study also established that the previously described Gata3

+278/285 enhancer, termed TCE7.1 (21, 28), had a very distinct
pattern of dynamic accessibility and function compared with Gata3
+674/762. Gata3 +278/285 appeared to control the low/medium
levels of GATA3 expression required for the development of early
ILC precursors and thymocytes but had little impact on the ac-
quisition of the type 2 helper effector program in ILC2s, including
the elevated GATA3, IL-33Rα, and cytokine expressions that are
driven instead by Gata3 +674/762 in ILC2s.
Our efforts to further dissect the active elements in the Gata3

+674/762 enhancer region were partially hampered by the finding
that distinct portions of this region seemed to contribute to en-
hancer function in an apparently redundant manner (SI Appendix,
Fig. S5 C and D). Deletion of either Gata3 +674/710 or the
complementary Gata3 +710/762 segments did not significantly
impair or only marginally impaired enhancer function as judged by
lung ILC2 numbers remaining within twofold of WT littermate
ILC2s. The presence of separate but redundant regulatory ele-
ments is a well-characterized phenomenon across both vertebrates
and invertebrates that confers robustness, patterning precision, and
evolvability to gene expression (62). Nevertheless, it was possible to
characterize at least one potent regulatory element, Gata3 +761/
762, contained within Gata3 +674/762 based on several key
properties. First Gata3 +761/762 displayed chromatin accessibility
in ILC2s and exhibited markers of activation such as H3K27
acetylation (2, 54). Second, binding of GATA3, CBFB, RUNX1
and RUNX3, BCL11B, and GFI1 was enriched within Gata3
+761/762, as determined by published ILC2 ChIP-seq data (15,
55–57). Lastly, Gata3 +761/762 showed high sequence conserva-
tion in placental mammals. Based on these suggestive features, we
established an in vivo enhancer reporter that demonstrated specific
and high levels of reporter expression in ILC2s, and to a lesser
degree, Th2 cells, but not in various other innate or adaptive cell
subsets. Notably, this enhancer reporter system may be exploited,
for example, to drive the expression of an inducible Cre or diph-
theria toxin receptor, providing “next-generation” tools to assess or
manipulate the distinct contribution of ILC2s toward type 2 in-
flammatory challenges in the context of an unperturbed adaptive
immune response.
Thus, while further dissection of the distal Gata3 +674/762

region is warranted, our studies demonstrate and partially char-
acterize the presence of a Gata3 enhancer controlling ILC2 de-
velopment and function that is largely dispensable for Th2 cells
and suggest the existence of additional, distinct regulatory ele-
ments controlling Gata3 expression in Th2 cells. Furthermore, in
addition to the GATA3 binding site identified by direct ChIP-seq
analysis, motif analysis in accessible portions of this region
revealed several additional putative GATA3 binding motifs. These
observations support the possibility that GATA3 may exert a
prominent positive feedback on its own expression (41, 60, 61),
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providing a potential mechanistic explanation for achieving the
elevated levels of GATA3 required to support the type 2 helper
effector program of ILC2s.

Materials and Methods
Mice. C57BL/6J (CD45.2+; stock No. 000664) and B6.SJL-Ptprca Pepcb/Boy
(CD45.1+; stock No. 002014) mice were purchased from The Jackson Laboratory
and maintained in house. Male and female littermate mice ranging from 6 to
8 wk were used in all experiments of this study. All mice were bred and housed
in a specific pathogen-free facility at the University of Chicago. Experiments
were conducted under the guidelines of the University of Chicago Institutional
Animal Care and Use Committee.

Generation of Enhancer Deletion and Reporter Mice. Gata3 +674/762Δ/Δ, Gata3
+674/710Δ/Δ, Gata3 +710/762Δ/Δ, and Gata3 +278/285Δ/Δ mice were generated
via CRISPR/Cas9-mediated deletion. Guide sites were selected using IDT design
tools, and Alt-R CRISPR/Cas9 crRNA, tracrRNA, and Cas9 nuclease were pur-
chased from IDT. Targeting strategies and crRNA sequences are displayed in SI
Appendix, Figs. S1C, S3A, and S5B. For microinjections, guide RNA (gRNA) was
assembled with crRNA and tracrRNA according to the manufacturer’s in-
structions and added to the final injection mix at 50 ng/μL and 50 ng/μL Cas9
per guide in embryo grade water. Mixes were injected into the nuclei of
C57BL/6J embryos. Successful deletions were determined by PCR and sequence
verified. Deletion mice were maintained on the C57BL/6J background and
backcrossed for four generations unless otherwise indicated. H11 enhancer
reporter mice were generated via CRISPR/Cas9-mediated insertion as before (SI
Appendix, Fig. S5E) (18). Targeting strategy and crRNA sequence are displayed
in SI Appendix, Fig. S5E. Briefly, the Gata3 +761/762 sequence was cloned
upstream of the murine minHSP68 promoter and EGFP, which was then
inserted into a pUC19 vector between 1-kb and 3-kb asymmetric homology
arms. Microinjection mixes were assembled as above with 20 ng/μL gRNA,
50 ng/μL Cas9 nuclease, and 12.5 ng/μL plasmid in embryo grade water. Suc-
cessful integrations were determined by targeting PCR using two primer sets
that generate a product spanning the insert out beyond the homology arms,
which was sequence verified.

Preparation of Cell Suspensions. Bone marrow was collected from the femur,
tibia, and ilium (six bones in total), crushed with the syringe plunger flange,
passed through a 70-μm cell strainer, and resuspended in fluorescence-
activated cell sorting (FACS) buffer (1× Hank’s Balanced Salt Solution [HBSS]
[Gibco], 0.25% bovine serum albumin [BSA] [Millipore-Sigma], 50 ng/mL DN-
ase, and 5 mM sodium azide [Millipore-Sigma]). Spleens, thymi, and lymph
nodes were prepared by passing through a 70-μm cell strainer and resus-
pending in FACS buffer. Adult livers were passed through a 70-μm cell strainer
and resuspended in FACS buffer. Fat was removed by centrifugation in 0.45%
Percoll (Millipore-Sigma). Red blood cells (RBC) were removed with 1× RBC lysis
buffer (Thermo Fisher). The lung was perfused with 1× phosphate buffered
saline (PBS) (Corning), chopped into small pieces, and digested by shaking
(250 rpm) at 37 °C for 20 min in Roswell Park Memorial Institute (RPMI)
medium (HyClone) with 650 U/mL Collagenase A (Roche) and 0.01% DNase
(Millipore-Sigma). The SI LP was prepared by removing Peyer’s patches,
washing out intestinal contents with ice cold 1× PBS, and cutting length and
width wise into small pieces. Intraepithelial lymphocytes were removed by two
37 °C 15 min shakes (250 rpm) in RPMI with 5 mM ethylenediaminetetraacetic
acid (EDTA) (Fisher Scientific) and 1% fetal bovine serum (FBS) (Atlanta Bio-
logicals), and lamina propria was digested by shaking (250 rpm) at 37 °C for
30 min in RPMI with 20% FBS, 0.5 mg/mL collagenase A, and 0.17 mg/mL
DNase. vWAT was digested by shaking (250 rpm) at 37 °C for 45 min in RPMI
with 1 mg/mL collagenase A. Digests for the lung, SI LP, and vWAT were
passed through 70-μm or 100-μm cell strainers, followed by excess fat removal
and RBC lysis as above. BAL was prepared by inserting a cannula into the
trachea followed by flushing of the lungs four times with 1× PBS 5 mM EDTA
to collect a total of 3.5 mL BAL fluid.

Flow Cytometry. Single cell suspensions were incubated with BD FcBlock for
15 min on ice. The following fluorochrome- or biotin-conjugated antibodies
were used: α4β7 (DATK32), CCR6 (29-2L17), CD11b (M1/70), CD11c (N418),
CD45.1 (A20), CD45.2 (104), CD90.2 (Thy1.2; 53-2.1), CD127 (IL-7Rα; A7R34), GR-
1 (RB6-8C5), ICOS (C398.4A), IL-4 (11B11), IL-17RB (9B10), IL-33Rα (DIH9), KLRG1
(MAFA), NK1.1 (PK136), NKp46 (29A1.4), PD-1 (29F.1A12), TCRγδ (GL3), mouse
IgG1 κ-chain (MG1-45), mouse IgG2a κ-chain (MG2a-53), rat IgG1 κ-chain
(RTK20-71), rat IgG2a κ-chain (RTK27-58), and rat IgG2b κ-chain (RTK45-30)
(all from BioLegend); B220 (RA3-6B2), CD3e (145-2C11), CD4 (GK1.5), CD8α (53-
6.7), CD11b (M1/70), CD11c (HL3), CD19 (1D3), CD25 (PC61), CD45.2 (104), CD49a

(Ha31/8), CD117 (cKit, 2B8), CD121a (35F5), Flt3 (A2F10.1), GR-1 (RB6-8C5), IL-5
(TRFK5), Ly6A/E (Sca-1, D7), NK1.1 (PK136), Siglec-F (E50-2440), TCRβ (H57-597),
and Ter119 (TER-119) (all from BD Biosciences); GATA3 (TWAJ), IL-13 (eBio13A),
and FOXP3 (FJK-16s) (all from Thermo Fisher); and NRP-1 (761705) from R&D
Systems. To exclude dead cells, Zombie NIR, yellow, or violet fixable viability dye
(BioLegend) was added to live cells. Intracellular transcription factor staining
was performed using the Foxp3 Transcription Factor Staining Buffer Kit
(Thermo Fisher) according to the manufacturer’s instructions. Staining for cy-
tokines was performed using the BD Cytofix/Cytoperm Fixation/Permeabiliza-
tion Kit according to the manufacturer’s instructions with fixation in 4%
paraformaldehyde (PFA) (Electron Microscopy Science). Cells were blocked with
unlabeled isotype-matched antibody (above) and negative controls were pre-
pared using 20-fold excess unlabeled antibody to the transcription factor or
cytokine (cold competitor). Samples were acquired on a 4-laser LSRII (BD Bio-
scences) and analyzed using FlowJo software (TreeStar). The following lineage
(Lin) stain was used for the BM: B220, CD3e, CD4, CD8α, CD11b, CD11c,
CD19, GR-1, NK1.1, TCRβ, and Ter119. Unless otherwise indicated, cell
populations were identified as follows while excluding alternate lineages:
BM CLP (Lin−IL-7Rα+Flt3+Sca-1+cKit+), BM αLP (Lin−α4β7+CD90.2−IL-
7Rα+Tcf7mCherry-PD-1−Flt3+), BM rEILP (Lin−α4β7+CD90.2−IL-7Rα−Tcf7mCherry+PD-
1−), BM iILCP (Lin−α4β7+CD90.2−IL-7Rα−Tcf7mCherry+PD-1+), BM ILCP (Lin−α4β7+IL-
7Rα+Tcf7mCherry+PD-1+), BM ILC2P (Lin−α4β7+IL-7Rα+CD90.2+ICOS+PD-1−),
splenic NK cells (CD45.2+CD19−CD3e−TCRβ−NK1.1+), liver NK cells (CD45.2+

CD19−CD3e−TCRβ−NK1.1+DX5+CD49a−), liver ILC1s (CD45.2+CD19−CD3e−TCRβ−

NK1.1+DX5−CD49a+), lung and vWAT NK/ILC1 (CD45.2+CD19−CD11c−CD3e−TCRβ−

NK1.1+), lung and BAL ILC2s (CD45.2+CD19−CD11c−CD3e−TCRβ−IL-7Rα+CD90.2+

CD25+IL-33Rα+), vWAT ILC2s (CD45.2+CD19−CD11c−CD3e−TCRβ−IL-7Rα+CD90.2+

CD25+IL-33Rα+KLRG1+), SI LP ILC2s (CD45.2+CD19−CD11c−CD3e−TCRβ−IL-
7Rα+CD90.2+KLRG1+Sca-1+IL-17RB+), SI LP NCR+ ILC3s (CD45.2+CD19−CD11c−

CD3e−TCRβ−IL-7Rα+CD90.2+CD121a+CCR6−NKp46+), SI LP LTis (CD45.2+CD19−

CD11c−CD3e−TCRβ−IL-7Rα+CD90.2+CD121a+CCR6+NKp46−NRP1+), SI LP ILC3s
(CD45.2+CD19−CD11c−CD3e−TCRβ−IL-7Rα+CD90.2+CD121a+), Thy ETP (B220−

CD11b−CD11c−CD19−GR-1−CD4−CD8α−TCRγδ−CD1d-Tet−TCRβ−CD25−CD44+), Thy
CD4SP (B220−CD11b−CD11c−CD19−GR-1−CD4+CD8α−TCRγδ−CD1d-Tet−), Thy
CD8SP (B220−CD11b−CD11c−CD19−GR-1−CD4−CD8α+TCRγδ−CD1d-Tet−TCRβ+),
splenic T cells (CD45.2+CD3e+TCRβ+, CD4+ or CD8α+), lung and BAL Th2 cells
(CD45.2+CD3e+TCRβ+CD90.2+CD4+IL-33Rα+GATA3+), medLN Th2 cells (CD45.2+

CD3e+TCRβ+CD90.2+CD4+GATA3+), splenic B cells (CD45.2+B220+CD19+),
splenic neutrophils (CD45.2+CD11b+GR-1+FSCHiSSCHi), lung, vWAT, BAL, and
medLN eosinophils (CD45.2+Siglec-F+SSCHi), lung and BAL AMac (CD45.2+CD11c+

Siglec-F+), vWAT GATA3+ Treg cells (CD45.2+CD3e+TCRβ+CD90.2+CD4+

FOXP3+GATA3+IL-33Rα+KLRG1+), and vWAT GATA3− Treg cells (CD45.2+CD3e+

TCRβ+CD90.2+CD4+FOXP3+GATA3−).

Mixed BoneMarrow Chimeras. To generatemixed chimeras, bonemarrowwas
isolated as described above for Gata3 +674/762Δ/Δ (CD45.2) mice and WT
(CD45.1 or CD45.1/0.2) mice, depleted of T cells, and mixed at a 50:50 ratio.
Ten million mixed cells were injected retroorbitally into lethally irradiated
(1,000 rad) CD45.1/0.2 or CD45.1 recipients to allow for discrimination of
donor Gata3 +674/762Δ/Δ and WT cells from host cells. Host mice were
allowed to recover for 6 wk prior to analysis or treatment. Populations were
normalized to the reconstitution frequency of splenic neutrophils or splenic
B cells.

IL-33 Challenge. A total of 500 ng of IL-33 (BioLegend) in PBS was adminis-
tered i.n. in 40 μL to isoflurane (Henry Schein) anesthetized mice on days 0,
1, and 2, followed by analysis on day 3 (SI Appendix, Fig. S1L). Control mice
were administered PBS alone.

HDM Challenge.HDMextracts (StallergenesGreer Lenoir) were suspended in 1×
sterile endotoxin-free PBS (Sigma) to a concentration of 4 mg/mL. Lots were
titrated to induce a minimum of 2 × 106 eosinophils in the BAL of C57BL/6 mice
on day 13 using an i.t. challenge model (Figs. 3A and 4A). Briefly, mice were
anesthetized with i.p. injection of ketamine/xylazine (Covetrus) and sensitized
via administration of 50 μg HDM extract in 50 μL 1× sterile endotoxin-free PBS
through i.t. instillation on day 0. After 7 d, mice were challenged i.t. with 25 μg
HDM extract in 50 μL 1× sterile endotoxin-free PBS on days 7 through 10
followed by analysis on day 13. Control mice were treated with PBS alone
during the sensitization and challenge phases.

S. venezuelensis Passage and Infection. S. venezuelensis was propagated in
NOD-scid IL2Rγ-/- (NSG) mice (The Jackson Laboratory) by s.c. infection with
10,000 larvae. Prior to infection of mice, feces were collected and spread on
Whatman paper, and the paper was placed into a beaker with 28 °C water.
Hatching live larvae were collected after 4 d. Mice were s.c. infected with 700
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L3 larvae per mouse. For egg count, feces were collected, weighed, and ho-
mogenized with counts normalized to feces weight.

OVA–Alum Challenge. Mice were treated using a 23-d model of sensitization
and challenge as previously described (Fig. 3I) (46). Briefly, 50 μL of 1 mg/mL
grade V OVA (Sigma) in 1× PBS was mixed with 50 μL of Imject alum (Thermo
Fisher), and 100 μL of the mixture was injected i.p. on days 0, 7, and 14 for
sensitization. Subsequently, mice were challenged i.n. with 100 μg OVA in
40 μL of 1× PBS or PBS only on days 20 to 22 and analyzed on day 23.

Histology. Subsequent to perfusion, as described above, the left lobe of the
lung was removed and fixed in 10% neutral buffered formalin (Azer Sci-
entific) for a minimum of 24 h before transfer to 70% ethanol (Fisher Sci-
entific) for storage. Lobes were embedded in paraffin and cut into 5-μm
sections before staining with periodic acid–Schiff (PAS). Histology slides were
scanned using the Pannoramic SCAN 40× Whole Slide Scanner and analyzed
with QuPath whole slide image analysis software (https://qupath.github.io/).
Histology slides were blinded for PAS scoring and scored on a scale from 0 to
5 as follows: 0 = no PAS staining, 1 = 0 to 25% PAS+ cells, 2 = 26 to 50% PAS+

cells, 3 = 51 to 75% PAS+ cells, 4 = 76 to 100% PAS+ cells, and 5 = 100% PAS+

cells and evidence of mucus plugs.

ATAC-Seq Sample Preparation. ATAC-seq was performed as described in the
published Omni-ATAC protocol (74). Briefly, 5,000 to 10,000 cells were sorted
into FACS buffer and washed twice with 1 mL ice-cold ATAC-seq resuspension
buffer (RSB) (10 mM Tris, pH 7.4 [Invitrogen], 10 mM NaCl [Sigma], 3 mM
MgCl2 [Sigma]) by centrifugation at 0.5 × g for 5 min at 4 °C. After centrifu-
gation, the supernatant was carefully removed to avoid the cell pellet, which
was then gently resuspended in 50 μL ATAC-seq RSB containing 0.1% Nonidet
P-40 (Roche), 0.1% Tween-20 (Sigma), and 0.1% digitonin (Sigma). The lysis
reaction was incubated on ice for 3 min, 1 mL ATAC-seq RSB containing 0.1%
Tween-20 was added, and the nuclei were centrifuged at 0.5 × g for 10 min at
4 °C. The supernatant was subsequently removed, and the pelleted nuclei were
gently resuspended in 50 μL transposition mix (25 μL 2× TD buffer [Illumina],
2.5 μL Tn5 transposase [Illumina], 16.5 μL 1× PBS, 0.5 μL 1% digitonin, 0.5 μL 1%
Tween-20, and 5 μL water). Transposition reactions were incubated for
30 min in a 37 °C water bath. Zymo DNA Clean and Concentrator kits were
used to clean up the transposition reactions, and libraries were prepared as
previously described (75). Libraries were sequenced by 50-bp single-end,
dual-index sequencing on an Illumina HiSEq. 4000.

Bioinformatic Analysis. Publicly available data were downloaded from the
National Center for Biotechnology Information Sequence Read Archive

database (2, 15, 54–58). Reads were aligned to the mouse genome (mm10)
with Bowtie and duplicate reads were removed using Picard Tools. Bed-
graphs were generated using HOMER (76) and files were converted to big-
Wig format for visualization using the University of California Santa Cruz
(UCSC) bedGraphToBigWig program. The R package Gviz was used for
coverage track visualization.

Statistical Analysis. Student’s t test, multiple t tests controlling for false dis-
covery rate, and one-way ANOVA with Tukey’s multiple comparisons test
were performed in GraphPad Prism 8.

Online Supplemental Material. SI Appendix, Fig. S1 provides a schematic for
the generation of Gata3 +674/762Δ/Δ mice and analysis of select immune cell
populations (related to Figs. 1 and 2). SI Appendix, Fig. S2 provides ATAC-seq
coverage tracks across the Gata3 locus for select immune cell populations
(related to Fig. 1). SI Appendix, Fig. S3 provides a schematic for the gener-
ation of Gata3 +278/285Δ/Δ mice and analysis of select immune cell pop-
ulations. SI Appendix, Fig. S4 provides additional phenotyping of immune
cell populations from HDM-challenged mice and S. venezuelensis–infected
mice (related to Fig. 3). SI Appendix, Fig. S5 provides in silico transcription
factor motif data, a schematic for the generation of Gata3 +674/710Δ/Δ and
Gata3 +710/762Δ/Δ mice, analysis of lung ILC2s in said mice, and a schematic
for generating H11 enhancer reporter mice (related to Fig. 5).

Data Availability. ATAC-seq data have been deposited in Gene Expression
Omnibus (GSE169542) (77). All other study data are included in the article
and/or supporting information.
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