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Abstract

Innate lymphoid cells (ILCs) are important regulators in various immune responses. Current
paradigm states that all newly-made ILCs originate from common lymphoid progenitors (CLP) in
the bone marrow. 1d2, an inhibitor of E protein transcription factors, is indispensable for ILC
differentiation. Unexpectedly, we found that ectopically expressing Id1 or deleting two E protein
genes in the thymus drastically increased ILC2 counts in the thymus and other organs where ILC2
normally reside. Further evidence suggests a thymic origin of these mutant ILC2s. The mutant
mice exhibit augmented spontaneous infiltration of eosinophils and heightened responses to papain
in the lung and increased ability to expulse the helminth parasite, Nippostrongylus brasiliensis.
These results prompt the question whether the thymus naturally has the capacity to produce ILC2s
and E proteins restrain such a potential. The abundance of ILC2s in Id1 transgenic mice also offers
a unique opportunity for testing the biological functions of ILC2s.

INTRODUCTION

Innate lymphoid cells (ILCs) play pivotal roles in mounting innate immunity against
pathogens as well as in contributing to the pathogenesis of immunological illnesses (1,2).
Therefore, understanding the regulation of their ontology will provide insights into
therapeutic strategies to modulate the function of these ILCs. Rapid progress has led to the
notion that ILCs originate from lymphoid-primed multipotent progenitors (LMPP) or
common lymphoid progenitors (CLP), the same progenitors that give rise to adaptive
lymphoid cells (1-3). Several populations of ILC progenitors have been identified and are
thought to develop from CLP in the bone marrow. They cannot differentiate into adaptive
lymphoid cells while retaining the ability to generate all ILC subsets (2,4-6). However, it is
unclear if ILC differentiation follows this single linear path or if multipotent progenitors
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distinct from LMPP or CLP or those residing outside of the bone marrow also possess the
ability to produce ILCs. For example, progenitors thought to lie upstream of CLP in the
hierarchy of hematopoiesis have been shown to travel to the thymus (7,8), which then
propagate into the earliest T cell progenitors called ETP (9). Whether progenitors seeding
the thymus can generate all ILC subsets has not been fully investigated but thymus can be a
fertile ground for ILC2s, because it provides ample IL-7 and Notch signals, essential for
ILC2 differentiation (10-12). T cell progenitors also possess transcription factors necessary
for ILC2 differentiation, which include Bcl11lb, GATA3 and TCF1 (10,13-16). Although the
thymus is not essential for ILC2 production, CD4 and CD8 double-negative thymocytes
(DN1 and DN2) were shown to give rise to ILC2 cells when cultured extensively with IL-7
and IL-33 (17,18). However, their capacity to produce ILC2 in vivo has not been
demonstrated.

1d2 is a member of the family of helix-loop-helix Id proteins, consisting of 1d1-4, which all
inhibit the DNA-binding activity of a group of E protein transcription factors encoded by the
E2A, HEB and E2-2 genes (19,20). Id2-deficient mice lack not only NK cells but also all
ILC subsets (21). 1d2 is highly expressed in both ILCs and ILC progenitors (6,22,23). In the
thymus, E2A and HEB are both expressed and play redundant roles in controlling T cell
differentiation (24-30). Ablation of both E2A and HEB blocks T cell development at the
DN3 stage whereas loss of either of these genes leads to partial impairment (31). 1d2 and 1d3
are known to be involved in later stages of T and NKT cell development in the thymus and
the 1d3 gene is known to be activated by pre-TCR and TCR signaling (32-36).

Although the Id1 gene is normally not expressed in lymphoid cells, we have previously used
it as a tool to inhibit all E proteins in thymocytes by ectopically expressing 1d1 off the Ick
proximal promoter (plck). Homozygous Id1 transgenic mice were found to have T cell
development blocked at the DN stage in the thymus, lacking any T lineage committed cells
(37-39). Re-examination of 1d1 transgenic mice with ILC2 parameters revealed a large
number of ILC2s in the thymus and in peripheral organs such as the lung, mesenteric lymph
nodes (MLN), and spleen. Augmented ILC2 production in the thymus is found to be cell
autonomous and likely responsible for the accumulation of ILC2 in the periphery. Consistent
with the role of Id proteins as inhibitors of E proteins, deletion of both E2A and HEB genes
in the thymus (31) using the plck-Cre transgene also led to similar phenotypes as 1d1
transgenic mice. 1d1 transgenic ILC2s display overlapping but distinct transcriptional
profiles compared to wild type ILC2s. Furthermore, 1d1 transgenic mice exhibit augmented
recruitment of eosinophils to the lung before and after challenges with an allergen, papain.
These mice are more adept at expulsing the helminth parasite, Nippostrongylus brasiliensis
(N. brasiliensis). Together, our findings suggest that specific down-regulation of E proteins
in the thymus highlights a previously unappreciated potential of the thymus as an organ for
ILC2 production.

MATERIALS AND METHODS

Mice and in vivo treatments

C57BL/6 (CD45.2), TCRB™~, and B6-CD45.1 mice were purchased from the Jackson
Laboratory and Charles River Laboratory. pLck-1d1 transgenic mice and
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LckCre;E2AT::HEBTf mice are as described (38,40). All animal experiments were
performed according to protocols approved by the Institutional Animal Care and Use
Committee at the Oklahoma Medical Research Foundation (OMRF).

For protease challenge, 10 pg papain was intra-nasally administrated into mice every 24 h on
day 0, day 1, and day 2. Mice were sacrificed 12 h after the last challenge. Bronchoalveolar
lavage fluid (BALF) and lungs were analyzed.

For infections with A. brasiliensis, mice were subcutaneously inoculated with 500 third-
stage infective larvae (L3) and sacrificed 6 days later for analysis of ILC2 responses. BALF,
lungs, mediastinal and mesenteric lymph nodes were analyzed, and adult worm burden was
determined by enumerating worms present in the proximal half of the small intestine.

Isolation of Lung Hematopoietic Cells

Perfused lungs were cut into small fragments and digested in Hank’s balanced salt solution
containing 2.5 mg/ml collagenase (Sigma) and 160 U/ml DNase | (Sigma) for 30 m. Cells
were filtered by using a 70um cell strainer.

Flow Cytometry and Cell Sorting

All antibodies (Abs) used were purchased from BioLegend unless specified otherwise. Abs
in the lineage (Lin) cocktail included anti-FceR (MAR-1; eBioscience), anti-B220
(RA3-6B2), anti-CD19 (ID3; BD Biosciences), anti-Mac-1 (M1/70; BD Biosciences), anti-
Gr-1 (R86-8C5; BD Biosciences), anti-CD11c (HL3; BD Biosciences), anti-NK1.1 (PK
136), anti-Ter-119 (Ter-119), anti-CD3 (145-2C11), anti-CD8a (53-6.7; BD Biosciences),
anti-CD5 (53-7.3), anti-TCRp (H57-597), and anti-y8TCR (GL-3; BD Biosciences).
Additional Abs used included anti-CD45.2 (104), anti-CD45.1 (A20), anti-CD4 (RM4-5;
BD Biosciences), anti-cKit (2B8), anti-Sca-1(D7), anti-Thy1.2 (53-2.1), anti-1L-5 (TRFKD5),
anti-1L-13 (eBio13A; eBioscience), anti-Siglec F (E50-2440; BD Biosciences), anti-IL7Ra
(A019D5), anti-a4p7 (DATK32; eBioscience), anti-CD25 (PC61), anti-PLZF (Mags.21F7,;
eBioscience), and anti-ST2 (DIH9).

Cell sorting was performed on a FACSAria Il (BD Biosciences), and flow cytometric
analysis was performed on a LSR-I1 (BD Biosciences). Intracellular staining of transcription
factors was done using Foxp3 Staining Buffer kit (eBioscience). Staining of cytokines was
carried out using Cytofix/cytoperm kit (BD Bioscience).

Bone Marrow Transplantation

To generate mixed bone marrow chimeras, 10° sorted Lin"Thy1~ bone marrow cells from
CD45.2* C57BL/6 or Id1 transgenic mice, were mixed with 10° wild type (WT)
CD45.1*Lin"Thy1" cells and intravenously transferred into lethally irradiated WT hosts
(CD45.1). Recipients were analyzed 7 weeks after transplantation.

RNA-Seq analysis
Total RNA was purified from ILC2 cells of 1d1 transgenic thymus and MLN as well as from
MLN ILC2s cultured as described (16). Approximately 300,000 cells were used in the
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preparation of each sample. RNA-Seq was performed in duplicates by the Genomics Core
Facility at OMRF using lllumina Truseq Stranded mRNA library prep kits followed by
sequencing on an lllumina Hiseq 2500 in Rapid mode with 50bp, paired-end reads (I1lumina,
San Diego, CA). In addition, transcriptomes of WT ILC2 cells from small intestine
(GSE47851) (16) and WT DN3 thymocytes (GSE31235) (41) were included in our analyses.
Sequencing reads were aligned to the Mus musculus genome reference (mm9) using Star
ver. 2.4.0h. Gene-level read counts were determined using HTSeq ver. 0.5.3p9 with the
Ensembl Mus musculus NCBIM37 (release 67) annotation. Non- and low-expressed genes
were filtered out and 20,471 genes remained in the analysis. The read counts were
normalized using DESeq ver. 1.18.0. Principal component analysis (PCA) was performed
using the Fluidigm SINGULAR Analysis Toolset 2.0 in R (42). The top-ranked PCA genes
were determined based on the maximum absolute value of each gene loading score in the
first three principal components. Hierarchical clustering using complete linkage and
Euclidean distance as the similarity metric and heat map analyses were performed using
Cluster 3.0 and Java TreeView respectively (43,44).

Pairwise comparison was performed using Student’s ¢test or one-way ANOVA.

Down-regulation of E proteins promotes ILC2 production

To study the collective role of E proteins in T cell development, we previously created 1d1
transgenic mice by using the proximal promoter of the Ick gene, known to direct gene
expression specifically in the thymus at an early stage. In homozygotes (1d119/9), T cell
differentiation is completely blocked (37-39). Within the CD4 and CD8 double negative
compartment depleted of B, myeloid, or NK cells, we detected subsets of cells with atypical
CD44 and CD25 profiles (Fig. S1A). Interestingly, these cells could produce IL-5 and IL-13
but very little IFN-y and IL-17 upon stimulation with PMA and ionomycin (Fig. S1B).
Further analyses of the lineage negative fraction (Lin™) for the expression of ILC2 surface
markers such as Thyl and ST2 revealed an approximate 60 fold increase in ILC2 counts
when comparing Id1 transgenic to WT thymuses (Fig. 1A). These cells were also found to
be able to produce IL-5 and 1L-13 (Fig. S1C). Moreover, the ILC2 levels in other organs
such as the lung, spleen, bone marrow and MLN were also 10-100 fold higher (Fig. 1A). We
also detected increased numbers of ILC2s in the white adipose tissue, blood and small
intestine of the transgenic mice (data not shown). In heterozygous transgenic mice (1d1'9),
the numbers of ILC2 in different organs were also dramatically elevated even though T cell
development was not completely blocked (data not shown). In contrast, the numbers of ILC1
in the liver and ILC3 in the small intestine of 1d1 transgenic mice were not dramatically
altered (data not shown).

Further characterization of ILC2s (Lin"Thy1*ST2*) was carried out with additional markers
associated with ILC2 phenotypes, which include IL-7Ra, CD25, ICOS and KLRG1. While
the expression of these markers on wild type ILC2s in different organs are variable, 1d1
transgenic ILC2s in the thymus, BM and lung displayed a similar pattern, namely
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Lin~Thy1*ST2*IL-7Ra*ICOS*CD25MKLRG1* (Fig. 1B). This result suggests that the
putative ILC2s found in Id1 transgenic mice carry multiple characteristics of well-
recognized ILC2s. Interestingly, the fact that Id1 transgenic ILC2s from different organs
exhibit a similar phenotype raised the possibility that these cells come from the same source
such as the thymus.

To test if 1d1 acted by inhibiting E protein transcription factors (encoded by the E2A, HEB
and E2-2 genes), we generated plck-Cre/E2AfT JHEBTf mice to specifically delete both the
E2A and HEB genes with the plck-Cre transgene, whose expression is known to be
restricted to the thymus. These mice were reported to have impaired T cell development (31)
but we found them to possess large humbers of ILC2s in the thymus and other organs (Fig.
1C), suggesting that E protein ablation in the thymus enhances the production of ILC2 cells,
a phenotype similar to that found in Id1 transgenic mice.

Augmented ILC2 differentiation in the thymus is cell autonomous

To determine if the 1d1 transgene promoted ILC2 differentiation in a cell autonomous
manner, we created mixed bone marrow chimeras where Lin"Thy1.2~ bone marrow cells
from CD45.2* WT or 1d19/'9 mice were mixed with equal numbers of CD45.1*Lin"Thy1.1~
WT cells and injected into lethally irradiated CD45.1*C57BL/6 hosts. Seven weeks later, the
recipients were analyzed for chimerism and ILC2 production (Fig. 2A). Bone marrow
reconstitution with CD45.2* WT and 1d1199 cells achieved 44% and 37% chimerism,
respectively. Likewise, CD45.2" cells also represented substantial fractions of hematopoietic
cells in the lung. While WT CD45.2* thymocytes were abundant, 1d1 transgenic cells in the
thymus were barely detectable due to a complete block in T cell development. In contrast,
ILC2s of 1d119/%9 origin in the bone marrow, lung and thymus vastly outnumbered
CD45.17ILC2s derived from the CD45.1* donors or hosts even though the chimerism of WT
CD45.2*1L.C2s was only about 20% in each of these locations (Fig. 2A). These results
suggest that the promotion of ILC2 production by the 1d1 transgene is likely through cell
autonomous mechanisms rather than alterations in secreted factors which would have
stimulated ILC2 differentiation from both transgenic and CD45.1* progenitors. Admittedly,
the number of ILC2 produced from Id1 donors in the thymus of these recipients (Fig. 2A)
was not as high as that found in 1d119/%9 mice themselves (Fig. 1A). ILC2 differentiation of
1d1'9'Y9 progenitors was probably hindered by robust T cell development from CD45.1*
progenitors, which competes for space and cytokines. However, the massive production of
ILC2 in 1d1%9/%9 mice is not caused by a blockage of T cell development itself because
TCRPB~~ mice, despite the block in T cell development and lack of regulatory T cells, do not
have dramatically augmented ILC2 counts (Fig. 2B). We have also ruled out the possibility
that 1d1 expression stimulates the proliferation of ILC2s since no increase in cycling cells
was detected in various tissues of 1d1'9'9 mice as measured using Ki67 and DAPI staining
(Fig. S2A). In fact, WT thymic ILC2s had a larger fraction of cells in S-G2 phases than
1d119t9 counterparts, possibly due to more robust homeostatic proliferation. Likewise, we
obtained no evidence of increased survival of Id1 transgenic ILC2s in the thymus or
periphery. Instead, 1d1 transgenic ILC2s appeared to exhibit increased apoptosis in the bone
marrow (Fig. S2B).
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Data from the transplantation studies also showed that ILC2s generated from donor bone
marrow readily repopulated adult lymphoid and non-lymphoid organs in irradiated recipients
(Fig. 2A). Although the representation of WT CD45.2*I1LC2s was somewhat lower than the
overall chimerism, possibly due to the radio-resistance of host ILC2s, 1d1 transgenic donors
supplied a large number of ILC2s to all of the organs examined. These results suggest that
transplanted bone marrow progenitors are capable of giving rise to ILC2s either in the bone
marrow or thymus and these ILC2s can home to peripheral tissues such as the lung of
irradiated hosts. These results are in contrast to the observations made with parabiotic mice
(45), which showed little exchange of lung ILC2s between the two mice under physiological
conditions.

ILC2 differentiation in the bone marrow is not perturbed in Id1 transgenic mice

To verify whether increased production of ILC2s is due to the specific expression of the Id1
transgene in the thymus, we analyzed 1d1 mRNA in total thymocytes of 1d1'9 mice and
different fractions of lineage negative BM of 1d19/9 mice. Because ILC2 cells generated in
the thymus can migrate to the BM may express the transgene, ILC2 cells were excluded
from the BM preparations (Fig. 3A). The c-kit*/I°IL-7R* fraction likely contains common
lymphoid and ILC progenitors whereas the c-kit*/!°IL-7R~ fraction includes myeloid
progenitors. The c-kit™ fraction consists of the remainder of the Lin-Sca-1!9-ST2~ BM.
While 1d1 levels were 760 fold higher in 1d1% thymus than WT controls, the levels in the
different populations of bone marrow were comparable, suggesting that the transgene was
not expressed in the bone marrow though the possibility of the transgene expression in rare
unknown subsets have not been ruled out (Fig. 3A).

To further verify if any undetectable levels of 1d1 expression in rare progenitors promoted
ILC2 differentiation in the bone marrow, we determined the numbers of PLZF-positive ILC
progenitors (ILCP) in the bone marrow (6). We found that WT and 1d1'9/'9 mice have similar
numbers, suggesting early stages of ILC differentiation in the bone marrow was not altered
(Fig. 3B). The large number of Lin"Thy1*ST2* cells in the transgenic bone marrow, which
can also be characterized as Lin~Sca"1* CD25/" (data not shown), could be attributed to
increased thymus output.

Lineage tracing data support the thymic origin of excess ILC2s in Id1 transgenic mice

In an attempt to mark ILC2s generated in the thymus, we took advantage of the thymus-
specific expression driven by the proximal promoter of the Ick gene (plck). We created plck-
Cre/ROSA26-Stop-tdTomato mice with or without the 1d1 transgene and first confirmed that
Cre expression labeled most cells in the thymus, but not non-T cells including ILCPs in the
bone marrow (Fig. 4A). Within the CD4 and CD8 double negative compartment of
thymocytes, an appreciable proportion of DN3 cells were tdTomato™ but DN1 and DN2 cells
had very low levels of reporter expression (Fig. 4A). In the absence of the Id1 transgene, a
significant fraction of ILC2s in the thymus were tdTomato* but BM ILC2s were not (Fig.
4B). Interestingly, a remarkable percentage of lung ILC2s expressed tdTomato, but other
peripheral organs such as white adipose tissue (WAT) had much lower fractions of
tdTomato* ILC2s (Fig. 4B). This result suggests that thymus-derived ILC2s preferentially
home to the lung under natural conditions. Whether thymus-derived ILC2s play an
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important role in lung physiology or pathophysiology however remains to be investigated in
the future.

1d1%9/plck-Cre/ROSA26-Stop-tdTomato mice had about 12% of tdTomato*ILC2s in the
thymus. This percentage was lower than that found in mice on the wild type background,
probably because 1d1 expression beginning at the DN1 or DN2 stages (39) diverted the cells
at these stages to ILC2 before tdTomato was turned on. Nevertheless, the percentages of
tdTomato* ILC2s were found to be around 10% in all organs of 1d1 transgenic mice (Fig.
4B). These results are in contrast to the observations in wild type mice, where ILC2s in the
BM, MLN, spleen and white adipose tissue showed little tdTomato expression (Fig. 4B).
One-way ANONA analyses showed that the difference in tdTomato percentages in different
organs on the wild type background was highly significant (p <0.0001) whereas that on the
Id1 transgenic background was not (p=0.24). Therefore, these findings, combined with data
shown in Figs 1-3, suggest that ILC2s overproduced in the 1d1 transgenic thymus, supply
these cells to all peripheral organs, leading to the dramatic increases of ILC2s with similar
characteristics of the thymic ILC2s in these organs.

Id1 transgenic ILC2s display ILC2 signature gene expression

As a means of further phenotyping Id1 transgenic ILC2s, we performed RNA-seq analyses
of ILC2s (Lin"Thy1*ST2*) freshly isolated from 1d1'9/99 thymus and MLN (Fig. 5A) and
compared data reported by Yagi et al. for WT ILC2s from small intestine (16). We also
cultured 1d119/%9 |LLC2s from MLN in the presence of IL-7, IL-25 and IL-33 in the same
manner as Yagi et al (16). In addition, we included gene expression profiles of WT DN3
thymocytes in our analyses (41). Principal component analysis (PCA) showed that 1d119/19
ILC2s from the thymus and MLN closely resemble each other and share substantial
similarities with WT ILC2s from the small intestine (Fig. 5B). In contrast, these ILC2s are
distinct from DN3 thymocytes. After culturing for a week, WT and 1d119/9 [LC2s remain
closely related, though the cultured cells have very different transcriptomes from freshly
isolated cells. These results help validate the identity of the 1d1 transgenic ILC2s.

Indeed, hierarchical clustering and heat map analyses of the top 500 PCA genes in different
preparations of ILC2s and DN3 thymocytes revealed large blocks of genes specifically
expressed in DN3 or ILC2 cells (Fig. 5C). 1d119/9 |LC2s share a group of over 100 ILC2
signature genes with WT ILC2s, which include Rora, Rarg, Icos, I11rl1, Kirg1, Argl, IL2rb,
IL13 and IL6 (Supplemental Table 1). Noticeably, there are also small clusters of genes that
are different among WT ILC2s from the small intestine, and 111919 ILC2s from the MLN
and thymus (clusters 1-3, Fig. 5C and supplemental Table 1). These differences may be due
to the influences of tissue environments, Id1 overexpression, or the maturity of the ILC2
cells even though the possibility of technical variations among data generated in different
laboratories has not been ruled out. Interestingly, ILC2s from the thymus also transcribe
some genes found in DN3 developing T lineage cells (cluster 4). This is unlikely dueto T
cell contamination in the preparation, as 1d1!9/'9 mice do not have T cells. Although a few of
the genes in cluster 4 are related to cell cycle control, the similarities also raise a question
whether both DN3 and ILC2 cells in the thymus are derived from common progenitors.
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Taken together, the transcriptome analyses provide further evidence to suggest that the
phenotypic ILC2s found in 1d1 transgenic mice exhibit characteristics of wild type ILC2s.

Incidentally, comparison of the transcript levels of E and Id proteins between 1d119/'9 thymic
ILC2 and WT DN3 cells revealed a slight decrease (around 2.5 fold) in E2A and HEB levels
in ILC2s. In contrast, Id1 expression was 725 fold higher as a result of transgene expression.
1d2 levels in 1d119/9 cells were 59 fold higher, which is consistent with their commitment to
the ILC2 lineage. However, 1d3 expression in transgenic ILC2s decreased by 55-fold
probably due to a lack of pre-TCR signaling, which drives 1d3 expression (34). The levels of
E2A, HEB, 1d2 and Id3 were similar in all ILC2 preparations analyzed. Therefore, these
results reflect the expression patterns of E and Id proteins in their respective cell type.

Id1 transgenic mice exhibit spontaneous inflammation and hypersensitivity to allergen

stimulation

To test the functionality of 1d1 transgenic ILC2s, we examined the type 2 immune responses
in the lung. First of all, histological examination revealed that naive 1d1 transgenic lungs
showed more pronounced infiltration of lymphoid-looking cells around small bronchioles, a
location where ILC2s are thought to congregate (Fig. 6A). This is consistent with the
dramatic increases in the numbers of ILC2s but not B or T cells in the lung in Id1 transgenic
mice. Moreover, marked elevation in steady-state eosinophil counts were observed in the
BALF and lung of untreated 1d119/'9 mice, which suggests increased ILC2 function (Fig.
6B). Since 1d19"9 mice lack any T cells, we used TCRB™~ mice to control for the lack of T
helper 2 and regulatory T cell functions and they did not show elevated eosinophil
recruitment.

When the mice were treated with papain, an allergen delivered intra-nasally, substantial
increases in eosinophil recruitment were seen in mice of all three genotypes. In addition,
marked increases of IL-5 and IL-13 producing ILC2 cells were detected (Fig. 6C). These
results suggest that 1d1 transgenic ILC2s can mount type 2 immune responses and the
elevated ILC2 counts in the lung of 1d19/®9 mice leads to greater allergic reactions in steady
state and upon allergen exposure.

Id1 transgenic mice exhibit enhanced ability to expulse helminth parasites

One of the major functions of ILC2s is to help the hosts clear parasite infection. Infection
with helminth parasite such as N. brasiliensis has been widely used as a test for ILC2
functions. We inoculated WT, TCRB™~ and 1d119/19 transgenic mice with 500 third-stage
infective larvae (L3) subcutaneously and measured adult worm burden in the small intestine
6 days later (Fig. 7A). At this time point, WT mice retained about 200 adult worms, while T
cell deficient TCRB™~ mice had significantly greater numbers of worms. In contrast, 1d119/9
mice, despite their T cell defect, exhibited enhanced worm clearance compared to both WT
and TCRB™/~ mice, suggesting enhanced worm expulsion in the presence of excessive ILC2s
(Fig 7B). Consistent with the data on worm burden, 1d1'9/'9 mice harbored many more ILC2s
capable of producing IL-5 and IL-13 (Fig. 7C) and recruited significantly larger numbers of
eosinophils in the BALF and lung (Fig. D). These results suggest that the large numbers of
ILC2 cells in 1d1 transgenic mice lead to augmented type 2 immune responses.
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DISCUSSION

The unexpected findings in our 1d1 transgenic mice taught us several important lessons: (1)
Multipotent progenitors that normally seed the thymus or T cell precursors are capable of
generating functional ILC2s; (2) E proteins suppress the innate lymphoid fate while driving
T cell differentiation; (3) Elevated ILC2 counts lead to heightened, spontaneous and induced
type 2 immune responses. These findings also prompt the question as to whether down-
regulation of E protein activities simply highlight a natural capacity of the thymus as a
second site for ILC2 production. Indeed, previous studies have shown that DN thymocytes
are able to give rise to ILC2 cells /n vitro (17,18). The phenotypes of Id1 transgenic mice are
the first examples that illustrate the extraordinary capacity of the thymus to generate ILC2s
in vivo. This is likely due to the ideal environment the thymus provides and the intrinsic
properties of thymic T cell progenitors poised for ILC2 differentiation, namely the
combination of Notch and IL-7 signaling and the presence of critical transcription factors
such as TCF1, GATA3 and Bcl11b (10,13,15,16). It would be extremely interesting to
determine how E proteins restrain such a potential.

It would also be informative to determine the developmental stages at which T cell
progenitors can be hijacked to become ILC2s by down-regulating E protein function.
Reporter expression induced by plck-Cre is helpful in addressing this question. Although
ILCs have been shown to express some levels of the Ick gene (46), patterns of gene
expression driven by the proximal promoter of the Ick gene in transgenic constructs are
unlikely the same as that of the native Ick gene. Indeed, we have shown plck-Cre only marks
T lineage cells and ILC2s in the thymus but not ILC2s in the bone marrow, MLN, spleen,
white adipose tissue and skin (Fig. 4B and Bajana and Sun, data not shown). The tdTomato*
fraction in thymic ILC2s is generally higher than that in DN3 thymocytes (Fig. 4A and B),
which would mean that ILC2s arise after the DN3 stage, or that tdTomato is turned on
independently in ILC2s in the thymus. Although the 1d1 transgene is also driven by the
proximal promoter of the Ick gene, its expression is known to occur at the DN1 to DN2 stage
(39). As a result, a significant portion of ILC2s were probably derived from T cell
progenitors before plck-Cre is expressed, leading to a lower percentage of tdTomato™ ILC2s
in the Id1 transgenic thymus.

The fact that about 10% of lung ILC2s were labeled with tdTomato suggests that thymus-
derived ILC2s preferentially home to the lung though the possibility that tdTomato is
expressed independently in the lung remains to be ruled out. Considering that only 30% of
the thymic ILC2s were tdTomato*, the actual fraction of lung ILC2s that come from the
thymus could be as high as 30%. If thymic ILC2s indeed contribute to the pool of lung
ILC2s, it would be interesting to determine if these cells have distinct properties and serve
different functions, which could be of great significance in understanding certain illnesses
such as childhood asthma.

Finally, the heightened type 2 immune responses seen in Id1 transgenic mice illustrate the
impact of augmented ILC2 production. This observation complements findings obtained
using animals stimulated with 1L-33, which might have effects beyond expanding ILC2. It is
also interesting to point out that the surface phenotypes of 1d1 transgenic ILC2s in the lung
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are different from their wild type counterparts, e.g. KLRG1 expression (Fig. 1B), even
though they both can mount type 2 immune responses, exemplifying the heterogeneity of
ILC subsets (47,48). Thus, this 1d1 transgenic mouse model will be useful for investigating
different aspects of ILC2 function implicated in respiratory disorders, dermatitis, obesity and
glucose intolerance.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Down-regulation of E protein function augments L C2 production
(A) Analyses of Lin~ cells from C57BL/6J (WT) and 1d19"9 mice. Cells from indicated

tissues of mice of indicated genotypes were stained for lineage markers (FceR, B220, CD19,
Mac-1, Gr-1, CD11c, NK1.1, Ter-119, CD3, CD8a, TCRp and y8TCR) together with
antibodies against Thyl and ST2. The lineage negative gates and expression profiles of Thyl
and ST2 on Lin~ cells are presented. The percentage of ILC2s defined as Lin"Thy1*ST2* is
shown. Bar graphs show average cell numbers in each tissue (n=4-9). (B) Additional
analyses for the indicated markers on ILC2s defined as in (A). Shaded peaks represent the
profiles of WT ILC2s in indicated tissues and the solid lines depict those of 1d119/19 |LC2s.
(C) Analyses of Lin~ cells from plck-Cre/E2AT;HEBf and littermate controls without
plck-Cre as described for (A) (n=6-8). Bar graphs show data pooled from five (A) or three
(C) independent experiments. Error bars are SEM. Student’s #test was used for statistical
analyses. * p< 0.05; ** p< 0.01 and *** p< 0.001.
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Figure 2. Augmented | L C2 production in Id1 transgenic miceiscell intrinsic
(A) Mixed bone marrow chimera. Lin"Thy1~ BM cells of C57BL/6 (CD45.2*) or Id1

transgenic (CD45.2%) mice were mixed with the same cells from CD45.1* B6 mice at 1:1
ratio and transplanted into lethally irradiated CD45.1* B6 mice (5 per cohort). Total CD45*
and ILC2 cells in indicated organs were analyzed 7 weeks after transplantation. Chimerism
was defined as percent of CD45.2" fractions of CD45.1* plus CD45.2* cells. The numbers
of CD45.2*1LC2s are shown on the right. Error bars are SEM. Data shown is a
representative of three independent experiments. (B) Comparison of ILC2 counts in WT and
TCRB~~ mice. ILC2s were defined as described in the legend for Fig. 1 except that anti-
CD5 was also included in the lineage cocktail. Student’s #test was used for statistical
analyses.
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Figure 3. The frequency of I L C progenitor s was not affected by thymus-specific expression of the

1d1 transgene

(A) The Id1 transgene was specifically expressed in transgenic thymocytes. Total Id1 mRNA

levels in thymocytes and bone marrow cells of WT and 1d1%9 mice were determined using

gRT-PCR and normalized against the levels of B-actin. Bone marrow cells of WT and
11199 mice were fractionated by first enriching for Lin"Sca-1!9~ST2~ cells and then

dividing the resulting population into c-kit*IL-7Ra*, c-kit*IL-7Ra~ and c-kit™ subsets. The
c-kit* fractions include both c-kith and c-kiti" cells. The normalized Id1 levels relative to

the WT fractions are shown. (B) Similar numbers of bone marrow ILC progenitors

(Lin"Thy1*IL7Ra* ST2 Sca-1"a4B7*PLZF*) were found in WT and 1d19"9 mice. Gating
strategy was shown on the left and the average ILCP number was shown on the right (n=3).
Data shown are representative of at least two independent experiments. Student’s #test was

used for statistical analyses.
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Figure 4. Lineage tracing data suggest the thymic origin of 1d1 transgenic ILC2s
(A) The Cre transgene is driven by the proximal promoter of the Ick gene in plck-Cre mice,

which were crossed with ROSA26-STOP-tdTomato reporter mice. Percentages of tdTomato™
cells in subsets of thymocytes and B220* or Mac-1* bone marrow cells as well as ILCP are
shown. CD4, CD8, CD19, B220, Mac-1, Grl, FcyR, Ter119, NK1.1, and TCR-y6 negative
thymocytes were further defined by c-kit and CD25 expression in DN populations: DN1 (C-
kittCD257), DN2 (C-kit*CD25™), DN3 (C-kit"CD25") and DN4 (C-kit"CD257). (B)
Analyses of tdTomato expression in ILC2s in mice of indicated genotypes. To ensure the
elimination of any potential contamination of T lineage cells, ILC2s were defined as in Fig.
2B except that the Lin~ population was further gated for TCRB"TCRy&™ based on staining
with antibodies against these TCRs conjugated with different fluorophores from that used
for lineage staining, and analyzed for Thyl and ST2. It is noted that the fluorescence
intensity in WT thymic ILC2s was reproducibly lower than their 1d1'9 counterparts. Bar
graph shows the average percentage of tdTomato* cells in the ILC2 population of pooled
data from several experiments (n= 3-10). One-way ANOVA was used to determine the
statistical significance of the variations of tdTomato levels in different tissues in each strain.
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Figure5. Id1 transgenic | L C2s have overlapping and distinct trancriptomesfrom WT ILC2s
(A) Representative sorting data for ILC2s from the thymus and MLN of 1d19/89 mice. For

each sort, single cell preparations from three mice were depleted with antibodies against
CD3, B220, Mac1l, Ter119 and NK1.1. The unbound cells were stained and gated as
indicated. Approximately 300,000 ILC2s were obtained from each sort. (B) Principal
component analyses. RNA-seq analyses of 1d1t9/19 ILLC2s from the thymus (T) and
mesenteric lymph nodes (M) compared to WT ILC2 from small intestine (SI) and
CD4~CD8~CD44~CD25* thymocytes (DN3). Data of MLN ILC2 cells cultured /n vitro for
7 days were also included for both WT and Td19/t9 mice. (C) Hierarchical clustering and

J Immunol. Author manuscript; available in PMC 2018 April 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wang et al.

Page 18

heat map of top 500 PCA genes. The log, of gene-level read counts were centered on the
mean and normalized.
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Figure 6. I d1 transgenic mice exhibit spontaneous inflammation and hyper responseto allergen
(A) H&E staining of lung sections of 2-month old WT and 1d19/t9 lungs. Areas with higher

magnification are pointed by arrows. Representative graphs from two mice of each genotype
are shown. (B) Eosinophil infiltration in mice of indicated genotypes following intra-nasal
exposure to papain or in untreated controls. Eosinophil gates in total BALF were shown on
the left, percent of eosinophils in total CD45* cells of BALF and lungs of untreated and
treated mice were shown on the right (n=3-6). (C) Lung ILC2s in the same mice as (B).
CD45*Lin~ cells were analyzed for Thy1 and ST2 expression and ILC2s are gated as shown.
Percent of lung ILC2s and IL5*1L13*ILC2s of total CD45" cells were shown on the right.
Error bars are SEM. Student’s ftest was used for statistical analyses. * p< 0.05; and *** p<
0.001. Data shown are representative of 2—3 experiments.
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Figure 7. Augmented helminth expulsion by 1d1 transgenic mice

Mice of indicated genotypes were inoculated subcutaneously with 500 third-stage .
brasiliensis larvae. Six days later mice were analyzed. (A) Worm counts in the small

Page 20

intestine (n=5-9). (B). ILC2 cells in the lung. (C) ILC2 cells in mediastinal (mLN) and
mesenteric lymph nodes (MLN). (D) Percent of Eosinophils in the CD45™ fraction in the
BALF and lung. * < 0.05; **, p<0.01 and *** p< 0.001. Error bars are SEM. Data shown

are representative of at least 3 experiments.
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